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Introduction

For nearly a decade and a half an International Symposium Series Frontiers of
Fundamental Physics has attracted some of the brightest and greatest Physicists in
the world.

The broad objective of the Series is to provide a platform for exchange of ideas and
status reports of several frontier areas of physics like in particular Astronomy and
Astrophysics, Particle Physics, Theoretical Physics, Gravitation and Cosmology,
Computational.

These Symposia have been held in India, Italy (3), Spain, Canada, Australia,
and France. The eminent physicists who have deliver Special Lectures over the
years, sometimes more than once, have included Nobel Laureates Professors G.’t
Hooft, S. Chu, C. Townes, Von Klitzing, P. Gilles De Gennes, D. D. Osheroff,
H. Kroto, A. Leggett, and several other prominent scholars like Prof. Yuval
Ne’eman.

A striking feature of the Series has been the involvement of physicists from
different parts of the world including the Middle East, Europe, Russia, US, South
America, Asia, and elsewhere.

The Symposium format has been one of Special Lectures, Invited Lectures,
Contributed Papers, and Posters.

Over the years, Special sessions have been devoted to a wider range of topics
which involve a larger community for people.

The International Symposium ‘‘Frontiers of Fundamental Physics—FFP12’’
held in Udine was organized by the University of Udine in collaboration with the
International Centre for Theoretical Physics (ICPE) in Trieste, the BM Birla
Science Centre in Hyderabad in India, the International Centre for Mechanical
Sciences (CISM) in Udine and with the support of the Italian Society of General
Relativity and Gravitational Physics (SIGRAV), the Italian National Institute of
Nuclear Physics (INFN), and the Municipality of Udine. Scientific institution
cooperating were the European Physical Society (EPS), the Latin American
Physics Education Network (LAPEN), the Group International de Research in
Physics Education (GIREP), the European Science Education Research Associ-
ation (ESERA), the International Commission on Physics Education (ICPE), the
Multimedia in Physics Teaching and Learning Group (MPTL), the Multimedia
Educational Resource for Learning and Online Teaching (MERLOT), the Italian
Physical Society (SIF), and the Association for Physics Teaching (AIF). FFP12

xvii



offered an excellent opportunity to meet high-level scholars working in various
fields of research in physics to exchange expertise, ideas, results, and reflections on
new prospects and for the development of research studies, to share and enhance
knowledge. It addressed 12 important areas of research in Physics (Astrophysics,
High Energy Physics and Particle Physics, Theoretical Physics, Gravitation and
Cosmology, Condensed Matter Physics, Statistical Physics, Computational
Physics, Physics, Mathematics, Physics Education, Training teachers of physics
and Popularization of Physics). Among these, a significant role and importance for
the dissemination of science and educational research, with particular attention to
teacher training was achieved. The scientific value of FFP12 was enhanced by the
participation of Prof. Douglas Osheroff of Stanford University (USA), a Nobel
Prize laureate in physics for the discovery of superfluidity of helium-3. The
wonderful success for this symposium is due in large part, to explicitly emphasize,
of the 9 General Talks in the plenary session, the 29 invited talks in specific subject
area, with 59 oral presentations, and 21 posters which formed the contents of the
Symposium, presented in 30 sessions chaired by the respective heads of subject
areas, spread over 3 days. They not only provided an overview on the
fundamentals of physics but also on the advanced research in different thematic
areas, providing everyone a great opportunity for an overview on the frontiers of
research in different fields of physics. The poster session was structured and
organized as adynamic forum among presenters and other participants in the
Symposium. This has encouraged the discussion and exchange of ideas and
perspectives. The European Physics Society (EPS) has enhanced the Symposium
by funding, a poster prize for the best poster presented by a Ph.D. student. All
conference participants had the opportunity to vote for, one of the best posters
presented. The result of the votes was also consistent and in accordance with the
Scientific Committee responsible for assessment.

The scientific level of the Symposium was provided by responsible of the
topics, who are the members of the editorial board of the present book of selected
papers. The topics’ responsible operated with the help of anonymous referees
for the selection of out of the 250 proposals received from 28 countries of
5 continents. They have taken care of the scientific activity associated with the
topics of their expertise. The contributions published here were intact further
selected by them contribution. Abstracts of the selected papers for presentation in
FFP12 Symposium are published FFP12 Europhysics Conference Abstract
Booklet (ISBN 2-914771-61-4).

Part I of this volume contains four papers that represent the general aspects of
frontier treated in the Symposium on crystal lattices and theory of gravity and on
mass generation, an history of physics contribution on Enrico Fermi and Ettore
Majorana and a research-based contribution on teacher education. Parts II–XI
contain the best papers received, respectively, on Astronomy and Astrophysics,
Particle physics and high energy physics, gravitation and cosmology, condensed
matter physics, statistical physics, theoretical physics, mathematical physics,
computational physics, Physics Teaching/Learning and teacher formation, and
popularization of physics.

xviii Introduction



This book is very rich in important results of the current research in physics,
highlighting the great fertility and liveliness of research in the various fields of this
discipline. The last three parts of this volume exemplify how the physics education
research and the teacher education research contribute to the social responsibility
of scientists to form a scientific culture in future generations, because science is a
part of the cultural heritage of all citizens. The last part of the book provides
examples of the important contributions of scientists to society through scientific
popularization. We hope that this book is useful for the mutual understanding
between scientists and research forming the basis for the cross-fertilization
between them.

Burra G. Sidharth
Marisa Michelini

Lorenzo Santi

Introduction xix
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Chapter 1
Two-Dimensional Anharmonic Crystal Lattices:
Solitons, Solectrons, and Electric Conduction

Manuel G. Velarde, Werner Ebeling and Alexander P. Chetverikov

Abstract Reported here are salient features of soliton-mediated electron transport
in anharmonic crystal lattices. After recalling how an electron-soliton bound state
(solectron) can be formed we comment on consequences like electron surfing on a
sound wave and ballistic transport, possible percolation in 2d lattices, and a novel
form of electron pairing with strongly correlated electrons both in real space and
momentum space.

1.1 Introduction

Electrons, holes, or their dressed forms as “quasiparticles”, in the approach intro-
duced by Landau [28, 29], play a key role in transferring charge, energy, information
or signals in technological and biological systems [38]. Engineers have invented
ingenious methods for, e.g., long range electron transfer (ET) such that an electron
and its “carrier”, forming a quasiparticle, go together all along the path hence with
space and time synchrony. Figure 1.1 illustrates the simplest geometry between a
donor (D) and an acceptor (A). Velocities reported are in the range of sound velocity
which in bio-systems or in GaAs layers are about Angstrom/picosecond (Km/s). Such
values are indeed much lower than the velocity of light propagation in the medium.
Thus at first sight, leaving aside a deeper discussion concerning specific purposes
[12, 35], controlling electrons seems to be more feasible with sound (or even super-
sonic) waves than with photons. Electron surfing on an appropriate highly mono-
chromatic, quite strong albeit linear/harmonic wave has recently being observed [27,
32]. Earlier the present authors have proposed the solectron concept as a new “qua-
siparticle” [3, 4, 6–9, 17, 25, 40–43, 45, 46] encompassing lattice anharmonicity
(hence invoking nonlinear elasticity beyond Hooke’s law) and (Holstein-Fröhlich)
electron-lattice interactions thus generalizing the polaron concept and quasiparticle

M. G. Velarde (B) · W. Ebeling · A. P. Chetverikov
Instituto Pluridisciplinar, Universidad Complutense de Madrid, Madrid, Spain

B. G. Sidharth et al. (eds.), Frontiers of Fundamental Physics and Physics Education 3
Research, Springer Proceedings in Physics 145, DOI: 10.1007/978-3-319-00297-2_1,
© Springer International Publishing Switzerland 2014



4 M. G. Velarde et al.

Fig. 1.1 Electron transfer from a donor (D) to an acceptor (A) along a 1d crystal lattice. The
springs mimic either harmonic interactions or otherwise. In this text they are assumed to corre-
spond to (anharmonic) Morse potentials. The figure also illustrates the electron-soliton bound state
(solectron) formation. Depending on the material ways other than photoexcitation at the donor site
could lead to the same consequences

introduced by Landau and Pekar [16, 29, 34]. Anharmonic, generally supersonic
waves are naturally robust due to, e.g., a balance between nonlinearity and disper-
sion (or dissipation). In the following Sections we succinctly describe some of our
findings and predictions for one-dimensional (1d) crystal lattices for which exact ana-
lytical and numerical results exist (Sect. 1.2) and, subsequently, for two-dimensional
(2d) lattices for which only numerical results are available (Sects. 1.3, 1.4 and 1.5).
Comments about theory and experiments are provided in Sect. 1.6 of this text.

1.2 Soliton Assisted Electron Transfer in 1d Lattices

Although the basic phenomenological theory exists [31] yet long range ET (beyond
20 Å) in biomolecules is an outstanding problem [23, 24]. Recent experiments by
Barton and collaborators [38] with synthetic DNA show an apparent ballistic trans-
port over 34 nm for which no theory exists. Let us see how we can address this
question building upon our solectron concept (Fig. 1.1).

We consider the 1d-crystal lattice with anharmonic forces described by the fol-
lowing Hamiltonian

Hlattice =
∑

n

{
Mν2

n

2
+ D

(
1 − exp

[−B (xn − xn−1 − σ)
])2

}
, (1.1)

where xn , νn , M, D, B and σ denote, respectively, space lattice coordinates/sites,
lattice particle/unit velocities, unit masses (all taken equal), the potential depth or
dissociation energy of the Morse potential (akin to the 12–6 Lennard-Jones poten-
tial), lattice stiffness constant and interparticle equilibrium distance or initial lattice
spacing. For our purpose here we introduce suitably rescaled relative lattice displace-
ments, qn = B (xn − nσ). Around the minimum of the potential well we can define
ω0 = (

2DB2/M
)1/2

as the linear (harmonic) vibration frequency. For biomolecules
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like azurin ω0 = 1013 s−1, M ≈ 100 amu. Then for D = 0.1 eV (D = 1.0 eV ) we
can set B = 2.3 Å−1 (B = 0.72 Å−1) [46].

If an excess electron is added to the lattice we can take it in the tight binding
approximation (TBA) and hence

Helectron =
∑

n

EnC∗
n Cn −

∑

n

Vn,n−1 (qk)
(
C∗

n Cn−1 + CnC∗
n−1

)
, (1.2)

with n denoting the lattice site where the electron is placed (in probability density,
wn = |Cn|2 ,

∑
n wn = 1). We want to emphasize the significance of hopping in the

transport process relative to effects due to onsite energy shifts and hence we assume
En = E0 for all n save those referring to D and A. The quantities Vn,n−1 belong to
the transfer matrix or overlapping integrals. They depend on actual relative lattice
displacements, and we can set [37]

Vn,n−1 = V0 exp
[−α (qn − qn−1)

]
, (1.3)

where V0 and α account for the electron-lattice coupling strength. Accordingly,
τ = V0/�ω0 provides the ratio of the two dynamical time scales (electronic over
mechanical/sound).

From (1.1)–(1.3) follow the equations of motion in suitable dimensionless form:

d2qn
dt2 = [

1 − e(qn−qn+1)
]

e(qn−qn+1) − [
1 − e(qn−1−qn)

]
e(qn−1−qn)+

+2αV
[
Re

(
Cn+1C∗

n

)
eα(qn−qn+1) − Re

(
CnC∗

n−1

)
eα(qn−1−qn)

] (1.4)

dCn

dt
= iτ

[
Cn+1eα(qn−qn+1) + Cn−1eα(qn−1−qn)

]
. (1.5)

It is worth recalling that if rather than the Morse potential (1) we use a simi-
lar potential introduced by Toda the lattice dynamic problem defined by Eq. (1.4)
in the absence of the added electron (α = 0) is exactly solvable [5, 39]. Thus we
know analytical expressions for lattice motions and, moreover, for the thermodynam-
ics/statistical mechanics (including specific heats, dynamic structure factor, etc.) of
such 1d many-body problem. For the Morse potential (1) it has been numerically
shown that no significant differences exist for lattice motions and other physical
quantities [15, 36]. Temperature can be incorporated in the dynamics by adding
to Eq. (1.4) Langevin sources by using an appropriate heat bath (delta-correlated
Gaussian white noise) and using Einstein’s relation between noise strength and tem-
perature. To avoid redundancy we illustrate this point in Sect. 1.3.

The implementation of the scheme shown in Fig. 1.1 is one prediction with veloc-
ities in the sonic and supersonic range. Figure 1.2 illustrates the possibility using
Eqs. (1.4)– (1.5) of extracting an electron placed in a potential well in the 1d Morse
lattice by a generally supersonic soliton. For the geometry of Fig. 1.1 we can use it to
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Fig. 1.2 Extraction of an electron from a potential well (a donor) and ballistic transport to an
acceptor observed using the electron probability density|Cn |2. Left panel: shallow well|E | = 10,
extraction 100 %. Right panel: deep well|E | = 18, no extraction. Parameter values: α = 1.75,
V0 = 0.35 and τ = 10

Fig. 1.3 Logarithm of reciprocal time lapse (in seconds) which an electron bound to a soliton
needs to travel a distancel (in Angstrom) for the geometry of Fig. 1.1. The upper dotted (blue)
curve corresponds to a sound velocity of 17 Angstrom/ps, illustrating a ballistic transport. The
second dotted (green) curve from above shows the reciprocal time needed if the electron hops
stochastically between thermally excited solitons. The bottom solid line embraces data illustrating
a tunneling process. The dots are reciprocal times measured for natural bio-molecules [23], [24].
The transfer times found for synthetic DNA are much shorter [38] bearing similarity to our model
findings—upper dotted (blue) line—for solectron transfer

estimate the ballistic process time lapse to go from the donor to the acceptor. For the
computation with a lattice of N = 100 units the well is assumed Gaussian of depth
|E | (in units of �ω0) with E < O localized at site 50. The soliton initially spans a
few lattice sites (two or three) excited at site 40. If the well depth is shallow enough
the extraction is ensured up to 100 % whereas if the well is too deep no extraction
occurs. Needless to say extraction is possible with probability varying from zero to
unity as the well depth is decreased. Time lapse from D to A is obtained by simply
dividing length over soliton speed. Illustration is provided in Fig. 1.3 where “ψ” (see
Fig. 1.1) accounts for the distance travelled (in principle from D to an appropriately
placed acceptor A). Comparison is provided between the ballistic case and other
possibilities like diffusion-like transport with thermally (hence randomly) excited
solitons [7] and tunneling transport [13].



1 Two-Dimensional Anharmonic Crystal Lattices 7

1.3 Two-Dimensional Crystal Lattices

Recently, two groups of experimentalists have observed how an electron can “surf”
on a suitably strong albeit linear, highly monochromatic sound wave (in GaAs layers
at 300 mK). Sound demands lattice compressions and hence is accompanied by
electric/polarization fields which for piezoelectric crystals integrate to macroscopic
level. Our theoretical solectron approach targets sound-wave electron surfing due to
nonlinear soliton excitations in 2d-anharmonic crystal lattice layers, with velocities
ranging from supersonic to sub-sonic [5, 25, 30]. We do not pretend here to explain
the GaAs experimental results. We simply wish to point out that appropriate sound
waves in suitable nonlinear crystalline materials, could provide long range ET in 2d,
with sonic or supersonic velocities for temperatures much higher than that so far
achieved in experiments.

In 2d the Morse potential needs to be truncated to avoid overcounting lattice sites.
Then using complex coordinatesZ = x +iy, where x and y are Cartesian coordinates,
the equations of motion replacing Eq. (1.4) are

d2 Zn

dt2 =
∑

k

Fnk (|Znk |)znk +
[
−γ

d Zn

dt
+ √

2Dv

(
ξnx + iξny

)]
, (1.6)

withFnk (|Znk |) = − (dV /dr)r=|Znk |, znk = (Zn − Zk)/|Zn − Zk |. In Eq. (1.6)
we have incorporated thermal effects. The quantities γ (friction coefficient), Dν

(diffusion coefficient) and the ξs (noise generators) characterize the Gaussian noise.
Dv = kB T γ /M is Einstein’s relation with kB , Boltzmann constant.

To illustrate lattice motions we consider each lattice unit as a sphere represent-
ing the core electron Gaussian distribution at the corresponding site: ρ (Z , t) =
∑

|Z−Zi (t)|<1.5 exp
(
− ∣∣Z − Z j (t)

∣∣2
/2λ2

)
with λ a parameter. Thus overlapping of

two such Gaussians permit to “detect” the expected “mechanical” compression of
two lattice units as Fig. 1.4 illustrates [10, 11]. The evolution of the electron follows
Eq. (1.5) for the 2d lattice geometry.

Fig. 1.4 Cumulative
sequence of snapshots using
ρ (Z , t) to track a soliton
running along the x-axis
of a triangular lattice using
Eqs. (1.4), (1.6). Parameter
values: B σ = 4, T = 0.001
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1.4 Two-Dimensional Crystal Lattices. Pauli’s Master
Equation Approach

Continuing with the 2d case, we now consider an alternative approach to using the
Schrödinger Eq. (1.5). We shall consider how transport is achieved following Pauli’s
master equation approach [17]. Equation (1.2) is now considered withVn n≥

(
Zn,n≥

)
.

The energy levels are taken in the polarization approximation En = E0 − ∑
n{

Ueh4/
[∣∣Zn,n≥

∣∣2 + h2
]2

}
, where Ue is the electric potential strength and h defines

the range of the electric field polarization interaction. Rather than relying on the
Schrödinger description of the TBA we follow Pauli’s master equation approach
with transition probabilities

Wn,n≥ =
(

t2
0 /�

)
exp

[−2α
∣∣Zn,n≥

∣∣] E
(
n, n≥;β

)
, (1.7)

dwn

dt
=

∑
[Wn n≥wn≥ − Wn≥ nwn] , (1.8)

where E
(
n, n≥;β

) = 1 if En < En≥ and E
(
n, n≥;β

) = exp [−β (En − En≥)] if
En > En≥ , β = 1/kB T . Equations. (1.7)– (1.8) are solved with Eq. (1.6) to obtain
the electron probability density wn (t) neglecting the feedback of the electron on the
lattice dynamics.

Figures 1.5 and 1.6 illustrate electron and solectron evolution along a 2d lattice.
Figure 1.5 refers to electron taken alone while Fig. 1.6 illustrates how, after switching-
on the electron-lattice interaction, the soliton from Fig. 1.4 is able to trap the electron
from Fig. 1.5 and after forming the solectron transports charge along the lattice (see
also [42]).

Fig. 1.5 An electron alone placed at a given lattice site (left panel). The quantity w here accounts
for the probability density (otherwise |Cn |2 in Fig. (1.3). As time progresses the electron spreads
over the slightly heated lattice (T = 0.002D) following Pauli’s equation from the initial condition
(left panel) to a subsequent time instant (right panel)
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Fig. 1.6 Solectron formation and eventual evolution when the electron-phonon (here electron-
soliton) interaction is switched-on (α ∼= 0 in the corresponding to Eq. (1.4) for the 2d case). We
see that the electron is trapped by a soliton (like that of Fig. 1.4) thus forming the solectron which
transfers the electron probability density without spreading at variance with the result illustrated in
Fig. 1.5 (right panel)

1.5 Percolation and Other Features in 2d-Lattices

Solitons can be excited in a crystal lattice by several actions. One is to add finite
momentum to a group of nearby lattice units, another is by heating the crystal all-
together. Then one expects quite many excitations including phonons and solitons
randomly appearing along the 2d lattice and having finite life times thus leaving finite-
length traces. Figure 1.7 illustrates thermal excitations leading to spots of instant
electron density ne (x, y; t) due to higher than equilibrium electric/polarization field
maxima. Here in the simplest Boltzmann approximation

nel (Z/x, y; t) =
{

exp − [U (Z , t)/kB T ]/n0
el

}
, (1.9)

Fig. 1.7 Towards percolation. Instantaneous space distribution of electron probability density
n (x, y) associated to lattice solitons (sound) in a triangular Morse lattice (N = 100) at, respectively,
low (T = 0.02 D) (left panel) and high (T = 0.4 D) (right panel) temperatures. The latter exhibits
an almost percolating path. Parameter values: B σ = 3, Ue = 0.4D, h = 0.7 σ
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With n0
el the normalizing factor, n0

el = ∫
exp [−U (Z , t)/kB T ]d Z .

Only at temperatures high enough one expects a distribution of “local” spots
permitting in kind of zig-zag the occurrence of an “infinite” path thus percolating from
side to side of the 2d lattice [6, 8]. Indeed by increasing temperature one increases the
significance as well as the “density” of soliton excitations/traces. If percolation does
occur by adding an excess electron and playing with an external field we have a novel
way of one-sided electric conduction mediated by the solitons. We have just explored
this possibility but have not yet been able to draw conclusions about the scaling laws
of the process. On the other hand since percolation is expected as a second-order phase
transition it seems worth investigating the possible connection with the pseudo-gap
transition observed in such superconducting materials as cuprates.

1.6 Concluding Remarks

We have illustrated how lattice solitons arising from finite amplitude compression-
expansion longitudinal motions bring sound and also create electric polarization
fields [29]. The latter are able to trap charges and provide long-range ET in a wide
range of temperatures (up to e.g., 300K for bio-molecules). Such “sound” waves
could exhibit subsonic, sonic or supersonic velocity, whose actual value depends
on the strength of the electron-phonon/soliton interaction. Noteworthy is that such
interaction and subsequent electric transport, in the most general case, embraces a
genuine polaron effect [16, 34] and also a genuine soliton/solectron effect [3]. For
piezoelectric materials like GaAs that sound waves can transport electrons there is
now experimental evidence [27, 32]. This was achieved by means of strong albeit
linear/infinitesimal, highly monochromatic waves appropriately creating the elec-
tric/polarization field that due to the specificity of the crystal symmetry and other
features integrate to macroscopic level. These experiments done at 300 mK due to
quantum limitations imposed to the set-up provide hope for similar long-range ET
at “high” temperatures. Indeed the limitations are only due to the electron entry and
exit/detector gates. The solectron theory predicts such a possibility in appropriate
non-linearly elastic crystal materials capable of sustaining lattice solitons. Recent
experiments using synthetic DNA [38] show a kind of ballistic ET over 34 nm which
as Fig. 1.3 illustrates bears similarity with a prediction of our solectron theory [42].
In 2d crystal lattices the solectron theory predicts the possibility of percolation as
a way of long range charge transport when the material is heated up to the range
of robustness/stability of lattice solitons, as Fig. 1.7 illustrates. Work remains to be
carried out to assess the corresponding percolation scaling laws.

Finally, we have recently shown that the solectron theory offers a new way of
electron pairing by having two electrons strongly correlated (both in real space and
in momentum space with due account of Pauli’s exclusion principle and Coulomb
repulsion using Hubbard’s local approximation) due to their trapping by lattice soli-
tons [2, 26, 41, 44, 47–49]. This feature shows the quite significant role played by
the lattice dynamics well beyond the role played in the formation of Cooper pairs
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(in momentum space) underlying the BCS theory [14] or in the bipolaron theory [1]
and much in the spirit of Fröhlich approach to the problem unfortunately using a
harmonic lattice Hamiltonian at a time before (lattice) solitons were known [19–22,
33, 39, 50]; see also[51]. Incidentally, Einstein [18] was the first who used the con-
cept of molecular conduction chains trying to understand superconduction. Thus it is
reasonable to expect that a soliton-mediated Bose-Einstein condensation could take
place in appropriate 2d anharmonic crystal lattices well above absolute zero. This is
yet to be shown.
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Chapter 2
Generating the Mass of Particles from Extended
Theories of Gravity

Salvatore Capozziello and Mariafelicia De Laurentis

Abstract A geometrical approach to produce the mass of particles is derived. The
results could be suitably tested at LHC. Starting from a 5D unification scheme, we
show that all the known interactions could be induced by a symmetry breaking of
the non-unitary GL(4)-group of diffeomorphisms. The further gravitational degrees
of freedom, emerging from the reduction mechanism in 4D, eliminate the hierarchy
problem generating a cut-off comparable with electroweak scales.

2.1 Introduction

The Standard Model of Particles can be considered a successful relativistic quantum
field theory both from particle physics and group theory points of view. Technically, it
is a non-Abelian gauge theory (a Yang-Mills theory) associated to the tensor product
of the internal symmetry groups SU (3)×SU (2)×U (1), where the SU (3) color sym-
metry for quantum chromodynamics is treated as exact, whereas the SU (2) × U (1)

symmetry, responsible for the electro-weak gauge fields, is considered spontaneously
broken. So far, as we know, there are four fundamental forces in Nature; namely,
electromagnetic, weak, strong and gravitational forces. The Standard Model well
represents the first three, but not the gravitational interaction. On the other hand,
General Relativity (GR) is a geometric theory of the gravitational field which is
described by the metric tensor gμν defined on pseudo-Riemannian space-times. The
Einstein field equations are nonlinear and have to be satisfied by the metric tensor.
This nonlinearity is indeed a source of difficulty in quantization of GR. Since the
Standard Model is a gauge theory where all the fields mediating the interactions
are represented by gauge potentials, the question is why the fields mediating the
gravitational interaction are different from those of the other fundamental forces. It
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is reasonable to expect that there may be a gauge theory in which the gravitational
fields stand on the same footing as those of the other fields. As it is well-known, this
expectation has prompted a re-examination of GR from the point of view of gauge
theories. While the gauge groups involved in the Standard Model are all internal
symmetry groups, the gauge groups in GR is associated to external space-time sym-
metries. Therefore, the gauge theory of gravity cannot be dealt under the standard of
the usual Yang-Mills theories.

Nevertheless, the idea of an unification theory, capable of describing all the fun-
damental interactions of physics under the same standard, has been one of the main
issues of modern physics, starting from the early efforts by Einstein, Weyl, Kaluza
and Klein until the most recent approaches. In any case, the large number of ideas, up
to now proposed, results unsuccessful due to several reasons: the technical difficulties
connected with the lack of a unitary mathematical description of all the interactions;
the huge number of parameters introduced to “build up” the unified theory and the
fact that most of them cannot be observed neither at laboratory nor at astrophysical
(or cosmological) scales; the very wide (and several times questionable since not-
testable) number of extra-dimensions requested by several approaches. Due to this
situation, it seems that unification is a useful (and aesthetic) paradigm, but far to be
achieved, if the trend is continuing to unify interactions by adding and adding new
particles and new parameters (e.g. dark matter forest).

A different approach could be to consider the very essential physical quantities
and try to achieve unification without any ad hoc new ingredients. This approach
can be pursued starting from straightforward considerations which lead to recon-
sider modern physics under a sort of economic issue aimed to unify forces without
adding new parameters. A prominent role in this view deserves conservation laws
and symmetries.

As a general remark, the Noether Theorem states that, for every conservation law
of Nature, a symmetry must exist. This leads to a fundamental result also from a
mathematical point of view since the presence of symmetries technically reduces
dynamics (i.e. gives rise to first integrals of motion) and, in several cases, allows to
get the general solution. With these considerations in mind, we can try to change our
point of view and investigate what will be the consequences of the absolute validity
of conservation laws without introducing any arbitrary symmetry breaking [1].

In order to see what happens as soon as we ask for the absolute validity of con-
servation laws, we could take into account the Bianchi identities. Such geometrical
identities work in every covariant field theory (e.g. Electromagnetism or GR) and
can be read as equations of motion also in a fiber bundle approach [2]. It is possible
to show that, the absolute validity of conservation laws, intrinsically contains sym-
metric dynamics; moreover, reducing dynamics from 5D to 4D, it gives rise to the
physical quantities characterizing particles as the mass [3].

The minimal ingredient which we require is the fact that a 5-dimensional, singu-
larity free space, where conservation laws are always and absolutely conserved, has
to be defined. Specifically, in such a space, Bianchi identities are asked to be always
valid and, moreover, the process of reduction to 4D-space generates the mass spectra
of particles. In this sense, a dynamical unification scheme will be achieved where a
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fifth dimension has the physical meaning of inducing the mass of particles. In other
words, “effective” scalar fields coming from dimensional reduction mechanisms are
related to the GL(4)-group of diffeomorphisms. In this sense, we do not need any
spontaneous symmetry breaking but just a self-consistent way to classify space-time
deformations and reductions as “gauge bosons” [3].

2.2 The 5D-space and the Reduction to 4D-dynamics

Let us start with a 5D-variational principle with

δ

∫
d(5)x

√
−g(5)

[
(5) R + λ(g44 − εν2)

]
= 0, (2.1)

where λ is a Lagrange multiplier, ν a scalar field and ε = ±1. This approach is
completely general and used in theoretical physics when we want to put in evidence
some specific feature [4]. In this case, we need it in order to derive the physical gauge
for the 5D-metric. We can write the metric as

d S2 = gABdx Adx B = gαβdxαdxβ + g44

(
dx4

)2 = gαβdxαdxβ + εν2
(

dx4
)2

,

(2.2)
from which we obtain directly particle-like solutions (ε = −1) or wave-like solutions
(ε = +1) in the 4D-reduction procedure. The standard signature of 4D-component
of the metric is (+ − −−) and α,β = 0, 1, 2, 3. Furthermore, the 5D-metric can be
written in a Kaluza-Klein fashion as the matrix

gAB =
(

gαβ 0
0 εν2

)
, (2.3)

and the 5D-curvature Ricci tensor is

(5) Rαβ = Rαβ − ν,α;β
ν

+ ε

2ν2

(
ν,4gαβ,4

ν
− gαβ,44 + gλμgαλ,4gβμ,4 − gμν gμν,4gαβ,4

2

)
, (2.4)

where Rαβ is the 4D-Ricci tensor. The expressions for (5) R44 and (5) R4α can be
analogously derived. After the projection from 5D to 4D, gαβ , derived from gAB ,
no longer explicitly depends on x4. From Eq. 2.4, a useful expression for the Ricci
scalar can be derived:

(5) R = R − 1

ν
�ν (2.5)

where the dependence on ε is explicitly disappeared and � is the 4D-d’Alembert
operator. The action in Eq. 2.1 can be recast in a 4D-reduced Brans-Dicke form
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A = − 1

16πG N

∫
d4x

≈−g [νR + Lν], (2.6)

where the Newton constant is given by

G N =
(5)G

2πl
(2.7)

with l a characteristic length in 5D which can be related to a suitable Compton
length. Defining a generic function of a 4D-scalar field φ as

− ν

16πG N
= F (φ) , (2.8)

we get, in 4D, a general action in which gravity is non-minimally coupled to a scalar
field, that is

A =
∫

M
d4x

≈−g

[
F (φ) R + 1

2
gμνφ;μφ;ν − V (φ)

]
+

∫

∂M
d3x

≈−bK , (2.9)

where the form and the role of V (φ) are still general. The second integral is a
boundary term where K ∗ hi j Ki j is the trace of the extrinsic curvature tensor
Ki j of the hypersurface ∂M which is embedded in the 4D-manifold M; b is the
metric determinant of the 3D-manifold. The Einstein field equations can be derived
by varying with respect to the 4D-metric gμν

Gμν = Rμν − 1
2 gμν R = T̃μν , (2.10)

where

T̃μν = 1

F (φ)

{
−1

2
φ;μφ;ν + 1

4
gμνφ;αφ;α − 1

2
gμν V (φ) − gμν�F (φ) + F (φ);μν

}

(2.11)
is the effective stress–energy tensor containing the non-minimal coupling contribu-
tions, the kinetic terms and the potential of the scalar field φ. In the case in which
F(φ) is a constant F0 (in our units, F0 = −1/(16πG N )), we get the stress–energy
tensor of a scalar field minimally coupled to gravity, that is

Tμν = φ;μφ;ν − 1

2
gμνφ;αφ;α + gμνV (φ) . (2.12)

By varying with respect to φ, we get the 4D-Klein–Gordon equation

�φ − RF ≥ (φ) + V ≥ (φ) = 0 (2.13)
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where F ≥(φ) = d F(φ)/dφ and V ≥(φ) = dV (φ)/dφ. It is possible to show that
Eq. (2.13) is nothing else but the contracted Bianchi identity. This feature shows that
the effective stress–energy tensor at right hand side of (2.10) is a zero–divergence
tensor and this fact is fully compatible with Einstein theory of gravity also if we
started from a 5D-space. Specifically, the reduction procedure, which we have used,
preserves the standard features of GR since we are in the realm of the conformal-
affine structure [3].

In order to give a physical meaning to the fifth dimension, let us recast the above
Klein-Gordon Eq. (2.13) as

(
� + m2

e f f

)
φ = 0, (2.14)

where
m2

e f f = [
V ≥ (φ) − RF ≥ (φ)

]
φ−1, (2.15)

is the effective mass, i.e. a function of φ, where self-gravity contributions, RF ≥(φ),
and scalar field self-interactions, V ≥(φ), are taken into account. In any quantum field
theory formulated on curved space-times, these contributions, at one-loop level, have
the same “weight” [5]. This toy model shows that a “natural” way to generate particle
masses can be achieved starting from a 5D picture. In other words, the concept of
mass can be derived from a very geometrical viewpoint.

2.3 Massive Gravitational States and the Induced
Symmetry Breaking

The above results could be interesting to investigate quantum gravity effects and
symmetry breaking in the range between GeV and TeV scales. Such scales are actu-
ally investigated by the today running experiments at LHC. It is important to stress
that any ultra-violet model of gravity (e.g. at TeV scales) have to explain also the
observed weakness of gravitational effects at largest (infra-red) scales. This means
that massless (or quasi-massless) modes have to be considered in any case.

The above 5D-action is an example of higher dimensional action where the effec-
tive gravitational energy scale (Planck scale) can be “rescaled” according to Eqs. (2.7)
and (2.8). In terms of mass, being M2

p = c�

G N
the constraint coming from the ultra-

violet limit of the theory (1019 GeV), we can set M2
p = M D−2

σ VD−4, where VD−4
is the “volume” coming from the extra dimension. It is easy to see that VD−4, in the
5D case, is related to the fifth component of ν. Mσ is a cut-off mass that becomes
relevant as soon as the Lorentz invariance is violated. Such a scale could be of TeV
order. As we have shown, it is quite natural to obtain effective theories containing
scalar fields of gravitational origin. In this sense, Mσ is the result of a dimensional
reduction. To be more explicit, the 4D dynamics is led by the effective potential V (φ)

and the non-minimal coupling F(φ). Such functions could be experimentally tested
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since related to massive states. In particular, the effective model, produced by the
reduction mechanism from 5D to 4D, can be chosen as

A =
∫

d4x
≈−g

[
−φ2

2
R + 1

2
gμν∂μφ∂νφ − V

]
(2.16)

plus contributions of ordinary matter terms. The potential for φ can be assumed as

V (φ) = M2
σ

2
φ2 + λ

4
φ4 , (2.17)

where massive and self-interaction terms are present. This is the standard choice of
quantum field theory which perfectly fits with the arguments of dimensional reduc-
tion. Let us recall again that the scalar field φ is not put by hand into dynamics but
it is given by the extra degrees of freedom of gravitational field generated by the
reduction process in 4D. It is easy to derive the vacuum expectation value of φ, being

M2
σ = 2λM2

p, (2.18)

which is a fundamental scale of the theory. Such a scale can be confronted with
the Higgs vacuum expectation value which is 246 GeV and then with the hierarchy
problem. If Mσ is larger than the Higgs mass, the problem is obviously circumvented.
It is important to recall that hierarchy problem occurs when couplings and masses of
effective theories are very different than the parameters measured by experiments.
This happen since measured parameters are related to the fundamental parameters by
renormalization and fine cancellations between fundamental quantities and quantum
corrections are necessary. The hierarchy problem is essentially a fine-tuning problem.
In particle physics, the question is why the weak force is stronger and stronger than
gravity. Both of these forces involve constants of Nature: Fermi’s constant for the
weak force and Newton’s constant for gravity. From the Standard Model, it appears
that Fermi’s constant is unnaturally large and should be closer to Newton’s constant.

Technically, the question is why the Higgs boson is so much lighter than the Planck
mass (or the grand unification energy). In fact, researchers are searching for Higgs
masses ranging from 115 up to 350 GeV with different selected decay channels from
bb̄ to t t̄ (see for example [6] and references therein). One would expect that the large
quantum contributions to the square of the Higgs boson mass would inevitably make
the mass huge, comparable to the scale at which new physics appears, unless there
is an incredible fine-tuning cancellation between the quadratic radiative corrections
and the bare mass. With this state of art, the problem cannot be formulated in the
context of the Standard Model where the Higgs mass cannot be calculated. In a
sense, the problem is solvable if, in a given effective theory of particles, where the
Higgs boson mass is calculable, there are no fine-tunings. If one accepts the big-
desert assumption and the existence of a hierarchy problem, some new mechanism
(at Higgs scale) becomes necessary to avoid fine-tunings.



2 Generating the Mass of Particles from Extended Theories of Gravity 21

The model which we are discussing contains a “running” scale that could avoid
to set precisely the Higgs scale. If the mass of the field φ is in TeV region, there is
no hierarchy problem being φ a gravitational scale. In this case, the Standard Model
holds up plus an extended gravitational sector derived from the fifth dimension.

In other words, the Planck scale can be dynamically derived from the vacuum
expectation value of φ. In some sense, our model, in its low energy realization, works
like the model proposed by Antoniadis et al. [7]. The Planck scale can be recovered,
as soon as the coupling λ is of the order 10−31. Action (2.16) is an effective model
valid up to a cutoff scale of a few Mσ ∼ TeV (see also [8]). The tiny value of λ,
coming from the extra dimension, allows the presence of physical (quasi-) massless
gravitons with very large interaction lengths [9].

Also the string theory limit corresponds to a large scalar field vacuum expectation
value at TeV [7]. It is important to stress that, by a conformal transformation from the
Jordan frame to the Einstein frame, the Planck scale is decoupled from the vacuum
expectation of the scalar field φ. However the scalar field redefinition has to preserve
the vacuum of the theory. Besides, the gauge couplings and masses depend on the
vacuum expectation value of φ and are dynamically determined. This means that
Standard Model and Einstein Gravity (in the conformal-affine sense [3]) could be
recovered without the hierarchy problem. As discussed in [10], it is possible to show
that the operators generated by the self-interaction of the scalar field are of the form

1

M N−4
σ

λ
N
2 φN (2.19)

and they are always suppressed by the small parameter λ and do not destabilize the
potential of the theory. This result holds also for perturbative corrections coming
from quantum gravity.

Considering again the problem of mass generation, one can assume that particles
of Standard Model have sizes related to the cut off, that is M−1

σ , and their collisions
could lead to the formation of bound states as in [7]. Potentially, such a phenomenon
could mimic the decay of semi-classical quantum black holes and, at lower energies,
it could be useful to investigate substructures of StandardModel. This means that
we should expect some strong scattering effects in the TeV region involving the
coupling of φ to the Standard Model fields. The “signature” of this phenomenon could
lead to polarization effects of the particle beam. Furthermore the strong dynamics
derived from the phenomenon could resemble compositeness as discussed in [11].
Furthermore, bounds on the production of mini-black holes can be derived from
astroparticle physics. In [12] a bound on the cross-section is

σνN→B H+X <
0.5

TeV2 . (2.20)

Assuming, in our case, the cross-section σ = M−2
σ , we get a bound of TeV order.

If the fundamental scale of our theory is of this order, strong scattering processes at
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LHC would have the cross-section

σ(pp→grav.ghosts+X) ∼ 1 × 107fb (2.21)

and would dominate the cross-sections expected from the Standard Model. In this
case, the Higgs boson could not be detected and no hierarchy problem would be
present.

In summary, Higgs mechanism is an approach that allows: (i) to generate the
masses of electroweak gauge bosons; (ii) to preserve the perturbative unitarity of
the S-matrix; (iii) to preserve the renormalizability of the theory. The masses of
the electroweak bosons can be written in a gauge invariant form using either the
non-linear sigma model [14] or a gauge invariant formulation of the electroweak
bosons. However if there is no propagating Higgs boson, quantum field amplitudes
describing modes of the electroweak bosons grow too fast violating the unitarity
around TeV scales [16]. There are several ways in which unitarity could be restored
but the Standard Model without a Higgs boson is non-renormalizable at perturbative
level.

A possibility is that the weak interactions become strongly coupled at TeV scales
and then the related gauge theory becomes unitary at non-perturbative level. Another
possibility for models without a Higgs boson consists in introducing weakly coupled
new particles to delay the unitarity problem into the multi TeV regime where the UV
limit of the Standard Model is expected to become relevant. In [17], it is proposed
that, as black holes in gravitational scattering, classical objects could form in the
scattering of longitudinal W-bosons leading to unitary scattering amplitude.

These ideas are very intriguing and show several features of electroweak inter-
actions. First of all, the Higgs mechanism is strictly necessary to generatemasses
for the electroweak bosons. Beside, some mechanisms can be unitary but not renor-
malizable or vice-versa. In summary, the paradigm is that three different criteria
should be fulfilled: (i) gauge invariant generation of masses of electroweak bosons,
(ii) perturbative unitarity; (iii) renormalizability of the theory.

Here we have proposed an alternative approach, based on Extended Theories of
Gravity deduced from a 5D- manifold, where the Standard Model is fully recovered
enlarging the gravitational sector but avoiding the Higgs boson and the hierarchy
problem.

It is important to point out that, in both the non-linear sigma model and in gauge
invariant formulation of Standard Model, it is possible to define an action in terms of
an expansion in the scale of the electroweak interactions v. The action can be written
as

A = ASMw/oHiggs +
∫

d4x
∑

i

Ci

vN
O4+N

i , (2.22)

where O4+N
i are operators compatible with the symmetries of the model. The elec-

troweak bosons are gauge invariant fields defined by
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W i
μ = i

2g
Tr ω† ←→

D μωτ i , (2.23)

with and Dμ = ∂μ − igBμ(x)

ω = 1√
φ†φ

(
φ⊥

2 φ1
−φ⊥

1 φ2

)
, (2.24)

where

φ =
(

φ1
φ2

)
. (2.25)

is a SU (2)L doublet scalar field which is considered to be a dressing field and does
not need to propagate. The same approach can be applied to fermions [19].

The analogy between the effective action for the electroweak interactions (2.22)
and that of Extended Gravity is striking. Considering only the leading terms, the
above theory can be written as a Taylor series of the form

f (R) ∇ α + f
≥
0 R + 1

2! f ≥≥
0 R2 + 1

3! f ≥≥≥
0 R3 + ..... (2.26)

where the coefficients are the derivatives of f (R) calculated at a certain value of R.
Clearly, the extra gravitational degrees of freedom can be suitably transformed into
scalar fields φ which allows to avoid the hierarchy problem [3]. Both electroweak the-
ory and Extended Gravity have a dimensional energy scale which defines the strength
of the interactions. The Planck mass sets the strength of gravitational interactions
while the weak scale λ determines the range and the strength of the electroweak
interactions. As shown above, these scales can be compared at TeV energies.

In other words, the electroweak bosons are not gauge bosons in standard sense
but they can be “derived” from the further gravitational degrees of freedom emerging
in Extended Gravity. The local SU (2)L gauge symmetry is imposed at the level of
quantum fields. However there is a residual global SU (2) symmetry, i.e. the “custo-
dial symmetry”. In the case of gravitational theories formulated as the GL(4)-group
of diffeomorphisms, tetrads are an unavoidable feature necessary to construct the the-
ory. They are gauge fields which transform under the local Lorentz group SO(3, 1)

and under general coordinate transformations, the metric gμν = ea
μeb

νηab which is
the field that is being quantized, transforms under general coordinate transformations
which is the equivalent of the global SU (2) symmetry for the weak interactions (in
our case the residual GL(2) ⊃ SU (2)) . Such an analogy between the tetrad fields
and the Higgs field is extremely relevant. We can say that the Higgs field has the same
role of the tetrads for the electroweak interactions while the electroweak bosons have
the same role of the metric.

A gravitational action like (2.26) is, in principle, non-perturbatively renormaliz-
able if, as shown by Weinberg, there is a non-trivial fixed point which makes the
gravity asymptotically free [24]. This scenario implies that only a finite number of
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the Wilson coefficients in the effective action would need to be measured and the
theory would thus be predictive and probed at LHC.

Measuring the strength of the electroweak interactions in the electroweak W-
boson scattering could easily reveal a non-trivial running of the electroweak scale
v. If an electroweak fixed point exists, an increase in the strength of the electroweak
interactions could be found, as in the strongly interacting W-bosons scenario, before
the electroweak interactions become very weak and eventually irrelevant in the fixed
point regime. In analogy to the non-perturbative running of the non-perturbative
Planck mass, it is possible to introduce an effective weak scale

v2
e f f = v2

(
1 + ω

8π

μ2

v2

)
, (2.27)

where μ is an arbitrary mass scale, ω a non-perturbative parameter which determines
the running of the effective weak scale and v is the weak scale measured at low
energies. If ω is positive, the electroweak interactions would become weaker with
increasing center of mass energy. This asymptotically free weak interaction would
be renormalizable at the non-perturbative level without having a propagating Higgs
boson again in analogy to Extended Gravity [9].

The asymptotically free weak interaction scenario could also solve the unitarity
problem of the Standard Model without a Higgs boson. In this case, there are five
amplitudes contributing at tree-level to the scattering of two longitudinally polarized
electroweak W-bosons. Summing these five amplitudes, one finds at order s/M2

W .

A (
W +

L + W −
L → W +

L + W −
L

) = s

v2
e f f

(
1

2
+ 1

2
cos θ

)
, (2.28)

where s is the center of mass energy squared and θ is the scattering angle. Clearly if
ve f f grows fast enough with energy, the ultra-violet behaviour of these amplitudes can
be compensated and the summed amplitude can remain below the unitary bound. A
similar proposal has been made to solve problems with unitarity in extra-dimensional
models [20].

It is important to stress that our approach does not require new physics but takes
only into account the whole budget of gravitational degrees of freedom. The moni-
toring of the strength of the electroweak interactions in the W-bosons scattering at
LHC could establish the existence of a fixed-point in the weak interactions. Using
the one-loop renormalization group of the weak scale could help in formalizing this
picture [21]. To be more precise, let us consider the scale of electroweak interactions

v(μ) = v0

(
μ

μ0

) γ

16π2

, (2.29)
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where

γ = 9

4

(
1

5
g2

1 + g2
2

)
− Y2 (S) (2.30)

and
Y2 (S) = Tr

(
3Y†

uYu + 3Y†
dYd + Y†

eYe

)
, (2.31)

where Yi are the respective Yukawa matrices. If the theory is in the perturbative
regime e.g. at mW , the Yukawa coupling of the top dominates since at this scale
g1 = 0.31 and g2 = 0.65 and γ is negative. In this case, the scale of the weak
interactions become smaller. If the weak interactions become strongly coupled at
TeV region, g2 becomes large and γ is expected to become positive. We obtain the
expected running and the weak scale becomes larger. This is not possible in the
framework of a perturbative approach. This result could represent a “signature” for
the approach presented here. However, we stress once again that there are indications
of a non-trivial fixed point for thenon-linear sigma model using exact renormalization
group techniques [22]. In conclusion, the unitarity problem of the weak interactions
could be fixed by a non-trivial fixed point in the renormalization group of the weak
scale. A similar mechanism could also fix the unitarity problem for fermions masses
[23] if their masses are not generated by the standard Higgs mechanism but in the
same way considered here (let us remind that also SU (3) could be generated by
the splitting of GL(4)-group). In the case of electroweak interactions this approach
could be soon checked at LHC but good indications are also available for QCD [25].

2.4 Discussion and Conclusions

The goal of the present approach is to pursue a unification scheme of fundamental
interactions based on (i) a non-perturbative dynamics, (ii) the non-introduction of
ad hoc hypotheses and (iii) the consideration of the minimal necessary number of
free parameters and dimensions. In principle, different Extended Theories of Gravity
can be conformally related each other and derived from a 5D manifold where the
fifth dimension can assume the meaning of “mass generator”. In other words, it is
possible to derive a unification scheme based on the assumption that a 5D-space
can be defined where conservation laws are always and absolutely conserved. Such
a General Conservation Principle [15] holds since we ask for the validity of the
5D-Bianchi identities which must be always non-singular and invariant for every
diffeomorphism. The 5D-space is a smooth, connected and compact manifold where
we can derive field equations, geodesic equations and a globally defined Lorentz
structure. The standard physics emerges as soon as we reduce from 5D to 4D-space
recovering the GL(4)-group of diffeomorphisms. By the reduction procedure one is
capable of generating the masses of particles and their organization in families. The
byproduct is a 4D effective theory of gravity where further gravitational degrees of
freedom naturally emerge, induced by the fifth dimension. In other words, we do



26 S. Capozziello and M. De Laurentis

not recover the Standard GR but Extended Theories of Gravity where non-minimal
coupling, scalar field self-interaction potentials and higher-order curvature terms
have to be considered. These theories can be confronted and related by conformal
transformations.

Furthermore, the GL(4)group of diffeomorphisms can be suitably split generating
the fundamental groups of physical interactions. In this respect, a possible the group
splitting can be

GL (4)︸ ︷︷ ︸
4 × 4︸ ︷︷ ︸
diffeom.

⊃ SU (3)︸ ︷︷ ︸
32 − 1︸ ︷︷ ︸

gluons

⊗ SU (2)︸ ︷︷ ︸
22 − 1︸ ︷︷ ︸
vec. bosons

⊗ U (1)︸ ︷︷ ︸
1︸︷︷︸

photon

⊗ GL (2)︸ ︷︷ ︸
2 × 2︸ ︷︷ ︸
gravitons

(2.32)

with further gravitational degrees of freedom [9].
The main feature of this approach is that higher-order terms or induced scalar fields

enlarge the gravitational sector giving rise to massless, massive spin-2 gravitons and
massive spin-0 gravitons [3, 29]. Such gravitational modes results in 6 polarizations,
according to the prescription of the Riemann theorem stating that in a given N -
dimensional space, N (N −1)/2 degrees of freedom are possible. The massive spin-2
gravitational states are ghost particles. Their role result relevant as soon as we can
define a cut-off mass at TeV scale (the vacuum state of the scalar field) that allows
both to circumvent the hierarchy problem and the detection of the Higgs boson. In
such a case, the Standard Model of particles should be confirmed without recurring
to perturbative, renormalizable schemes involving new particles. The weakness of
self-interaction coupling would guarantee the fact that gravity could be compared,
at TeV scale, with electroweak interaction.

However, some crucial points have to be considered in order to improve of the
proposed approach. The main goal of our scenario is that the Standard Model of
particles could be generated by the effective gravitational interactions coming from
higher dimensions. In particular the gauge symmetries and mass generations could
be achieved starting from conservation laws in 5D. It is important to stress that the
Standard Model does not mean only the gauge interaction but also quarks and leptons
with their mass matrices that have to be exactly addressed. In particular, the fermion
sector has to be recovered.

It is well-known that the standard gauge interactions contains the chiral gauge
interactions, which, in our picture, have to be generated from the gravitational inter-
actions otherwise there is no possibility to distinguish between the left-handed and
the right-handed particles. In particular, the SU (2) part of the standard gauge inter-
actions, generated from GL(4), has to be chiral and, consequently, fermions acquire
a chiral representation. To this end, torsion fields have to be incorporated for the fol-
lowing reasons. As discussed in [13], the Cartan torsion tensor plays the role of spin
source in the gravitational field equations where the affine connection is not simply
Levi-Civita. Furthermore, as demonstrated in [2], torsion plays an important role in
Extended Theories of Gravity since brings further gravitational degrees of freedom
responsible of chiral interactions. In other words, torsion is not only the source of
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spin but, thanks to the non-trivial structure of connections τα
βγ , can give rise to chiral

interactions of geometric origin [26]. This means that the SU (2)L and SU (3) could
be related to a gravitationally induced symmetry breaking process where torsion
plays a fundamental role. Due to these facts, the present approach has to be gen-
eralized including torsion fields. Phenomenological studies considering torsion and
fermion interactions are already reported in [27].

Furthermore, as shown in [26], space-like, time-like and null torsion tensors,
generated by non-trivial combinations of vector and bi-vector fields, can be classified
and represented by matrices which could explain mass matrices of fermions and the
hierarchy in the generation of quarks. This approach agrees with other approaches
where the effects of gluonic condensates in holographic QCD can be encoded in
suitable deformations of 5D metrics (see e.g. [18]).

A detailed study in this sense will be the argument of forthcoming studies.
The validity of the presented scheme could be reasonably checked at LHC in short

time, due to the increasing luminosities of the set up. In fact, the LHC experiments
(in particular ATLAS and CMS) are indicating, very preliminary, the presence of
resonances and condensate states that confirm the Standard Model but, up to now,
cannot be considered as evidences for the Higgs boson [25]. Similar results, but with
larger integrated luminosity, are reported also by the CDF collaboration at Fermi Lab
[28]. The interpretation of such data could be that the further gravitational modes
discussed here would induce the formation of resonances and condensates giving
rise to a sort of gravitational Higgs mechanism.
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Chapter 3
Enrico Fermi and Ettore Majorana: So Strong,
So Different

Francesco Guerra and Nadia Robotti

Abstract By exploiting primary sources we will analyze some of the aspects of
the very complex relationship between Enrico Fermi and Ettore Majorana, from
1927 (first contacts of Majorana with the Institute of Physics of Rome, and with
Fermi) until 1938 (disappearance of Majorana). The relationship between Fermi and
Majorana can not be interpreted in the simple scheme Teacher-Student. Majorana,
indeed, played an important role in the development of research in Rome in the field
of the statistical model for the atom and in nuclear physics.

Our current research concerns the development of Nuclear Physics in Italy in the
Thirties of Twentyth Century, and is based exclusively on primary sources (archive
documents, scientific literature printed on the journals of the time, and so on). In
this framework, we will try to outline some aspects of the complex topic concerning
the relationship between Enrico Fermi and Ettore Majorana. Of course, this chapter
will touch only some of the most important issues. For convenience, our exposure
will be connected to a periodization of Majorana scientific activity, which we used
in previous works.

One of our important results is the reassessment of the role played by Majorana for
the decisive orientation of the research in Rome (statistical model of the atom, nuclear
physics). This role is obscured in discussions which place emphasis on the (alleged)
“genius” of Majorana, usually associated with his (alleged) “lack of common sense”.
Perhaps we could summarize, in a very concise and expressive manner, the nature of
the relationship between Majorana and Fermi, and in general the Physical Institute of
Rome, presenting these two important documents stored in the “Archive Heisenberg”,
at the Max Planck Institute of Munich.

On November 9, 1933, the Sweden Academy of Sciences announced that the
Nobel Prize for Physics for the year 1932 was awarded to Werner Heisenberg.
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Fig. 3.1 “Roma” congratulations (Heisenberg archive, Max Planck institute, Munchen)

Immediately, all the exponents of world culture send their congratulations, in various
forms. Heisenberg stored in a folder of his personal archive all received messages.
Among them, a telegram by the Deutsche Reichspost, from Rome and dated 11.11.33
(Fig. 3.1) written in a very cold and formal style, in German: “Most cordial congrat-
ulations corbino fermi rasetti segre amaldi wick.”

We note the order of signing according to the close rank of academic seniority at
the Institute of Physics in Rome (Orso Mario Corbino, Enrico Fermi, Franco Rasetti,
Emilio Segre’, Edoardo Amaldi, Gian Carlo Wick).

Ettore Majorana (who is in Rome) is not included in the list, not even at the very
last place. But Majorana, who had left Leipzig in early August, sends his “Gratula-
tionen”, according to his style. He sends a small personal business card, dated Rome,
11.11.1933 (Fig. 3.2) with the title “Dr.” canceled by hand, written in a poignant
Italian. It is a very intense letter.

“Dear Professor, Let me (if you have not forgotten me !) allow to express my
greetings on the occasion of the new formal recognition of your prodigious work.
With deep admiration Yours Ettore Majorana.”

3.1 The Formation Years Until the Doctoral Degree (1929)

The scientific research activities of Ettore Majorana develop immediately at the
highest international standard, while it is still a university student at the School of
Engineering, in 1928.
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Fig. 3.2 Majorana congratulations (Heisenberg archive, Max Planck institute, Munchen)

His first research concern the applications, the improvement, and the extension of
the statistical model for atoms, introduced by Enrico Fermi at the end of 1927, only
few months before! [1]. This model is now known as the “Thomas-Fermi model”.

As it is well known, Enrico Fermi was called as full Professor in Theoretical
Physics in Rome in 1927, through the effort of the Director of the Institute Orso
Mario Corbino to develop advanced modern physics in Rome. The main Fermi
achievements concern: the so called “Fermi-Dirac statistics”, the statistical model
for the atom, the theory of weak interactions, the discovery of the neutron-induced
radioactivity, the effect of the slowing down of neutrons, (after the 1938 Nobel Prize
and the emigration to the USA) the atomic pile, the Manhattan project, the elementary
particle physics, the computers, and so on).

The first involvement of Majorana on the statistical model subject is a paper in
collaboration with his friend Giovanni Gentile jr., published on the Proceedings of
the “Accademia dei Lincei”, presented on July 24th, 1928 by Orso Mario Corbino [3].

They calculate the splitting of the spectroscopic energy levels due to the hypothesis
of the spinning electrons as recently developed by Dirac. It is a well received paper,
developed completely in the frame of Fermi aproach.

Then Majorana continues his research alone, with full autonomy and effectiveness.
He proposes an improvement of the model (he changes the expression of the

effective potential acting on the optical electron) and includes also positive ions (it is
the first treatment made). Some of the results are communicated to the 22nd General
Meeting of the Italian Society of Physics (Rome, 28–30 December 1928).
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At that time Majorana was still a student, and had recently officially moved from
Engineering to Physics. The communication was presented by Majorana in front of
an audience of famous Physicists and Mathematicians, as O. M. Corbino, T. Levi
Civita, V. Volterra, G. Polvani, Q. Majorana, A. Carrelli, E. Fermi, (he was not a
timid person!)

This communication is regularly published on “IL Nuovo Cimento”, the Journal of
the Society [8], but it has been never mentioned in any scientific paper, nor by any of
the many historians who wrote on the life and activity of Majorana. Historical analysis
is in a paper by F. G. and N. R. [5]. The acknowledgements are very interesting: “The
A. thanks Professor Fermi, for the advice and suggestions around new applications of
this statistical method that has thrown much light on the atomic physics, and whose
fertility, appears far from exhausted, still waiting to be ventured into investigation of
fields of larger scope and more full of promise.”

The results contained in Majorana notebooks (at Domus Galiaeana in Pisa) and
in the communication show that Majorana reached a fully developed scientific per-
sonality, completely independent from Fermi. However, Majorana does not publish
the results announced in the communication, nor the other results contained in his
notebooks. An enlarged paper on the subject would have given a complete represen-
tation of the statistical model, his applications and extensions. As a matter of fact,
Majorana does not work anymore on these subjects.

Fermi convinces himself of Majorana improvement only in late 1933 and puts it
at the basis of the monumental conclusive paper of the Rome School, co-authored
by Fermi and Amaldi in 1934, without any reference to Majorana [2]. It is amazing
to note that all formulas of the general Fermi-Amaldi paper (1934) coincide with the
corresponding formulas of Majorana communication (1929).

Majorana earns his doctoral degree in Physics (July 6th, 1929) with a Thesis on
Nuclear Physics (with the title “On the mechanics of radioactive nuclei”). Fermi is
the supervisor. Majorana Thesis is the first work on Nuclear Physics in Rome, and
also in Italy. Majorana gives a rigorous justification to Gamow model of alpha decay
based on the quantum tunnel effect. Anyway, even if original and internationally
competitive results are achieved, they are not published.

3.2 From the Doctoral Degree to the Private Professorship
(1929–1932)

After graduating a short period of silence: he does not deal at the moment with
Nuclear Physics, but maturates new lines of research (Atomic Physics, Molecular
Physics and Elementary Particle Physics) in complete autonomy from Fermi (which
deals with Quantum Electrodynamics and Hyperfine Structure of Atomic Spectra).

Then follows a very intense activity, oriented toward the ”IL Nuovo Cimento”.
Between the end of 1930 and January 1931 there are ready two papers [9, 10] on

the quantum explanation of the chemical bond (formation of Helium molecular ion
and Hydrogen molecule). The first is presented by Corbino at Accademia dei Lincei,
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December 7, 1930: “I warmly thank Professor Enrico Fermi, who gave me precious
advice and aid”.

Majorana becomes a pioneer in Theoretical Chemistry (this discipline will develop
in Italy only in the 50s of twentyth Century).

In 1931, other two papers will be published, this time in Spectroscopy. Majorana
provides a theoretical interpretation of two new lines of Helium, recently discovered
[11] and some triplets of calcium [12]. These two works are appreciated as ele-
gant examples of applications of group theory. In reality they have a direct physical
interest: for the first time the role of the phenomenon of self-ionization of atoms is
recognized in Spectroscopy.

Follows a very important work (published in 1932): “Atoms oriented in magnetic
field” [13]. In this chapter, he proposes an optimal arrangement of the magnetic
field to show the sudden flip in the spatial quantization of the spin of atoms, and
other related effects. This arrangement is immediately adopted with great success in
the laboratory of Otto Stern in Hamburg (where there is temporarily Emilio Segrè).
Majorana gives the “Announcement” (never quoted in Literature), in the Journal
“Ricerca Scientifica” [14], so as to publicize immediately his results and have priority
of discovery!

Then the fundamental work: “Theory of relativistic particles with arbitrary intrin-
sic momentum” [15]. He formulates a relativistic generalization of the Schrödinger
equation that completely eliminates the existence of negative-energy solutions (pro-
vided instead by the Dirac equation) and valid for particles with arbitrary spin (Dirac
equation instead is valid only for s = 1/2). It is expanded and systematized by Wigner
in 1939, which recognizes the pioneering role of Majorana. He thanks Fermi: “I espe-
cially thank Professor E. Fermi for the discussion of this theory.”

The period 1930–1932 is therefore scientifically very intense. The activity is
carried out in complete independence. In this period we mark an additional pecu-
liar aspect of Majorana scientific career. After earning the doctoral degree he does
not receive any position (all other brilliant young “Panisperna boys” are immedi-
ately hired in the University, at the beginning with temporary “assistant” positions).
Majorana “frequents freely the Institute, by following the scientific movement”. In
November 1932 he earns the abilitation to the private professorship (“libera docenza”)
in Theoretical Physics. Fermi is the Chairman of the Minister examination Commit-
tee.

At the end of 1932, the “strict relationship” between Ettore Majorana and the
Rome Institute of Physics (in particular Enrico Fermi) come to the end, as he explic-
itly remarks in his 1937 curriculum presented in the application for the Palermo
professorship.

3.3 The Visit to Lipsia (1933)

It is a strategic decision! With the support of Fermi, he applies for a fellowship
to be exploited abroad to the National Council for Research (C.N.d.R.). He gets the
fellowship: 12,000 Lire for six months (the salary of an industry worker was less than
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1,000 Lire/month, for a full professor was around 25,000 Lire/year). His program
is very advanced: Nuclear Physics and Elementary Particle Theory. Fermi support
letter to Majorana project is peculiar (more conservative): he says that Majorana will
continue with profit his research on atomic physics, and applications of group theory.
He does not seem aware of the advanced Majorana programs: Nuclear Physics and
Elementary Particles

To understand the apparent discrepancy between two descriptions of the planned
program, it is necessary to recall some crucial aspects of the situation in Rome, in
the strategic year 1932. This is addressed in depth in our articles [4, 5, 7] and in
the monograph [6]. Here we are going to some brief schematic remarks. Since the
beginning of the Thirties, it was clear to Orso Mario Corbino and Enrico Fermi
that the thrust of Atomic Physics, even in its newest quantum aspects, was running
low, and that the new open frontier was that of the physical study of the atomic
nucleus. Hence the decision to organize in Rome, in October 1931, an International
Conference of Nuclear Physics, the first of its kind in the world, which took place
with great success with the support of the Academy of Italy and Volta Foundation,
with a budget of about 200,000 lire (full original documentation is at the Accademia
dei Lincei). But after the Conference the difficulties in starting the actual research
in Nuclear Physics were evident. To witness the deep atmosphere of indecision we
report about significant passages of the letter, dated September 30, 1932, sent by
Fermi, from Arno Mignano, to his collaborator Emilio Segrè, then in Hamburg (the
original is at Fermi Archives of Chicago): “About the work programs for the coming
year, I have none at all: I do not even know whether I will return to play with the
Wilson Chamber, or whether I become again a theoretical physicist. Of course the
problem of equipping the Institute to work on the nuclear physics is becoming more
urgent, if we do not want to reduce us too much in a state of intellectual slumber.”

Moreover, in Rome it is not immediately grasped the significance of the discovery
of the neutron by Chadwick, announced in February 1932 (after preliminary results
of Bothe and Becker, and Joliot and Irene Curie). The Fermi report on the structure of
the nuclei, in an important conference in Paris in July 1932, almost does not mention
it. It merely exposes the situation at the end of the Congress in Rome, many months
before, including the difficulties in the quantum description of the alleged nuclear
electrons (which would have required an alleged new theory radically different from
quantum mechanics). On the other hand, Heisenberg in Leipzig, immediately realizes
the potentialities of the existence of the neutron for a possible quantum-mechanical
description of nuclear structure, as it will be explained later. And Majorana, who
“follows the scientific movement”, snaps the Heisenberg program. Fermi on the other
hand, from the theoretical standpoint, continues with his research, at the highest level,
on the hyperfine structures, where the magnetic properties of the nucleus are revealed
in the change of the spectral lines at the atomic level. While in Rome, experimental
research in the field of nuclear physics is oriented towards the study of energy levels
through the nuclear spectroscopy of gamma rays emitted in nuclear decays.

This strategic decision was certainly influenced by previous experience in Spec-
troscopy in Rome (Franco Rasetti, Professor of Spectroscopy, had obtained, among
other things, extremely important results on Raman effect). And it is significant that,
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in the spring of 1933, the National Research Council plans the national research
in nuclear physics through a rigid division of tasks, so organized: Rome is respon-
sible for the gamma spectroscopy; physics of the neutron is assigned in Florence
to Gilberto Bernardini and collaborators; Padua gets cosmic rays for Bruno Rossi
and collaborators. In this context, Fermi and Rasetti also make up a bizarre gamma
spectrograph with a crystal of bismuth, described in an article in “La Ricerca Scien-
tifica”, but that will never find application in actual research. In some ways, it is really
amazing the Majorana physical intuition, that an effective study of the structure of
the nucleus was within the practical possibilities of the moment.

In Leipzig Majorana enters into good relations with Heisenberg. Heisenberg, start-
ing from July 1932, after the discovery of the neutron, was developing a model for the
nucleus, assuming that it was composed only of protons and neutrons, held together
by exchange forces, very similar to those entering the chemical bond. His results
were explained in a series of three papers published, since July 1932, in the eminent
German Journal “Zeitschrift für Physik”. Majorana in Leipzig gets the chance to
see the third paper before publication and makes two fundamental improvements to
Heisenberg theory: Majorana exchange forces change only the position of the two
interacting proton and neutron, and have a sign opposite to Heisenberg exchange
forces. The advantages of Majorana proposal are very deep. In particular the α parti-
cle is recognized as the most stable nuclear structure, and the almost uniform density
of nuclei is explained. He immediately publishes a paper in the German Review
“Zeitschrift für Physik” [16], as Heisenberg did, and also an “Announcement” (never
quoted in Literature), in the Journal “Ricerca Scientifica” [17]. Heisenberg realizes
immediately the advantages of Majorana scheme, and begins immediately to adver-
tise these results, in particular in his report at the important Solvay Conference in
Bruxelles (October 1933). It is an international triumph for the young Majorana.

After the success of Majorana, research in Nuclear Physics in Rome received by
Fermi an energic re-orientation. The proton-neutron nuclear model of Heisenberg-
Majorana, based on quantum mechanics, opens the way to the Fermi theory of beta
decay (December 1933), based on quantum field theory, where the electron and
neutrino are created at the time of beta decay. There is no pre-existing electron in the
nucleus, in agreement with Heisenberg-Majorana. It is fully recognized the centrality
of the neutron, and Fermi discovers neutron-induced radioactivity in March 1934,
led by his theory of beta decay. The discovery of the effects produced by the slowing
down of neutrons complete the extraordinary results obtained by Fermi in the period
December 1933–October 1934, that will be worth of the Nobel Prize in 1938. These
successes take place along lines of research that completely subvert the schedule
provided above. Rome actually became the world center of the neutron physics (the
bismuth crystal gamma spectrograph no longer exists even in the Museum). Some
merit to this success should surely be attributed to Majorana.
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3.4 The Silence (1933–1937)

After his return from Leipzig (Majorana comes back to Rome at the beginning of
August 1933, at the highest level of his scientific prestige) we have total absence of
publications.

His abilities displayed as a leader in the research can find no effective realization.
Moreover, he attempts to attend to his duties for the private professorship, by

submitting to the Faculty every year very advanced programs (always different) for
the proposed courses. His scientific interests can be reconstructed from the most
advanced parts of his proposed programs. He never succeeds to give the free course.
He never gets a position at the University.

3.5 Ettore Majorana Full Professor of Theoretical Physics
at the University of Naples (1938)

In 1937 Majorana officially reappears in the scientific world, perhaps in connec-
tion with the planned national competition for Theoretical Physics (Palermo): he
publishes on Nuovo Cimento one of the most important works of his life: “The sym-
metrical theory of electrons and positrons” [18]. It is a remarkable paper, completely
up to date even from the experimental point of view, dealing with the quantum theory
of interacting fields, so that the “Dirac sea” (fully occupied negative energy states)
is avoided. It foresees the existence of an elementary particle of spin 1/2, which
coincides with its anti-particle, “the Majorana neutrino”. If the paper was published
in order to make stronger his curriculum, then Majorana is moving along well estab-
lished academic strategies. Nearly one quarter of the manuscript, dated around 1936,
is preserved at the Domus Galilaeana in Pisa.

On the relationship with Fermi, we have a reprint of the article with dedication
(courtesy of Prof. Giacomo Morpurgo): “To His Excellency Enrico Fermi, with very
best regards. Ettore Majorana”. Recently we found a reprint with dedication to Gian
Carlo Wick: “A Gian Carlo Wick with very best regards. Ettore Majorana.” Note
the nuance in the dedications: Fermi (His Excellency), expected President of the
Evaluating Committee, Wick, a candidate in pole position.

The competition for a full professorship in Theoretical Physics at the University
of Palermo (deadline for applications: June 15th, 1937) is a particularly significant
example of the academic practice of the time (rich documentation at the Central
State Archives in Rome). Ettore diligently submits his application (it is the first
occasion for a chance to be officially recognized). Attached to the application are:
“Scientific activity” and “List of Publications”. Obviously in the list it is missing the
communication to Congress in 1928 and the two Announcements on the “Ricerca
Scientifica” (not suitable for a Competition).

On July 7, the Committee was appointed directly by the Minister (in a totalitarian
regime). Of course Fermi is the President of the Committee, so composed: “Fermi
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Enrico; Persico Enrico; Lazzarino Orazio; Polvani Giovanni; Carrelli Antonio”. In
the first meeting (October 25, 1937, Record 1) the Committee decides to propose
to the Minister to appoint directly Majorana as full professor in some University of
the Kingdom, outside the procedures of the competition. The scientific Report on
Majorana is of course very laudatory, albeit with some important omissions. The
Minister accepts the proposal immediately, and on November 2, 1937, Majorana is
appointed Full Professor in Theoretical Physics at the Royal University of Naples.

Having removed Majorana from the competition, the work of Committee resumes
immediately beginning again with the record N◦1! (not number 2!). In November
1937 the Committee, according to the rules, selects the winning “triplet” in the
following order: “Wick Giancarlo; Racah Giulio; Gentile Giovanni”.

3.6 The Disappearence (1938)

Majorana in Naples attends regularly to his course. The contents can be reconstructed
from his notes in Pisa and from the testimony of his students, in particular Prof.
Gilda Senatore. From the notes at the Domus, the intent of Majorana is clearly to
differentiate his course from that of Fermi, in particular by developing in full detail,
some of the important topics, that Fermi had just mentioned (as for example the
relativistic corrections to the quantum Bohr atom).

He disappeared in circumstances not yet clarified in late March 1938.
After his disappearance, a presumed intervention by Fermi on Mussolini, to inten-

sify the police researches, is not confirmed in the central archive in Rome (secretariat
of the Duce). In fact, the alleged letter of Fermi to Mussolini (27 July 1938), preserved
at the Domus (Fig. 3.3), shows puzzling aspects. It contains a central body written
with “unknown” handwriting, in a very rhetoric style, certainly completely unrelated
to Fermi, as even Emilio Segrè recognized in a letter addressed to Amaldi, who had
sent him a copy of the text of the letter. On the other hand, the first and last lines
of the letter are written in the handwriting of Ettore’s brother, Salvatore. Significant
is the attempt to imitate the signature of Fermi. Notice the incredible addressing of
“Fermi” toward Mussolini as “Duce”, while the correct addressing would have been
“Excellency”. This letter is a further step in the complex research theme “Majorana”.
As a matter of fact, a careful comparison of the handwriting of the central body of the
letter with the existing documents, at the Domus Galilaeana in Pisa and the Archive
of the Department of Physics in Rome, leads to a surprising conclusion. The letter
was in reality written by Giovanni Gentile jr, a close friend of Majorana strictly
associated with his Family. The style of the letter is in complete agreement with this
discovery. A full analysis of this disconcerting episode is contained in a forthcoming
paper.
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Fig. 3.3 Presumed “Fermi letter” to Mussolini (Domus Galilaeana, Pisa)

3.7 Conclusions

In the confirmatory report (1930) for Fermi Professor of Theoretical Physics, the
commission (chairman orso mario corbino) recognized, among other things, the
merits of the “construction of a school of young people vigorously trained in the study
of the most advanced problems of modern physics”. Ettore Majorana was certainly
one of them. However, the complex issue of relations between Majorana and Fermi
can not be simplistically interpreted in terms of Teacher-Student. Majorana since the
early activity shows a wide autonomy and independence. His ability to “follow the
scientific movement” allows him to have a significant influence on the development
of research in Rome, mainly on the themes of the statistical model of the atom,
first, and the physics of the nucleus, later. The international prestige achieved by the
development of nuclear models directed him towards an effective role as leader of
the research. The situation of apparent separation from active research, created after
his return from Leipzig in August 1933, has prevented the occurrence of this event.

Italy lost in 1938, almost simultaneously but in different circumstances, the two
leading figures in the field of research in nuclear physics, Majorana and Fermi.
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Chapter 4
Physics Teachers’ Education (PTE): Problems
and Challenges

Elena Sassi and Marisa Michelini

Abstract A vast majority of the research results acknowledge the crucial role of
teacher’s education, as a vital tool in enhancing the quality of physics education. The
projects like PISA, ROSE and TIMMS showcase the impact of teacher’s education as
a qualitative improvement in the physics learning environment. In Physics Education
Research (PER), the impact of teacher’s education had been addressed for the its role
in the enhancement of positive interest among the students. The current world-wide
state of the art characterizes a large variety of boundary conditions, traditions and
practices that are being followed. In our present context, we foucus and discuss on
the multidimensional challanges such as competencies needed, degrees required,
problems encountered, support to be provided and the basic pre-requirements of
Teacher’s education for the secondary schools. We present some of the teaching
methods and practices followed in coherent with, both, the Student centered and
open learning environments along with some of the useful didactical indicators.
Also, we potray a couple of research-based examples successfully experimented in
Italy. Finally we propose some useful recommendations along with the criteria to be
followed in the teachers education for the overall improvement.

4.1 Introduction

This paper discusses different aspects of Physics Teachers’ Education (PET), espe-
cially the problems highlighted by international survey studies on students’ achieve-
ments and teachers’ characteristics; the links between Physics Education Research

E. Sassi (B)

Department of Physics,University of Naples “Federico II”, Naples, Italy
e-mail: elena.sassi@na.infn.it

M. Michelini
Department of Physics, Chemistry and Environment,University of Udine, Udine, Italy
e-mail: marisa.michelini@uniud.it

B. G. Sidharth et al. (eds.), Frontiers of Fundamental Physics and Physics Education 41
Research, Springer Proceedings in Physics 145, DOI: 10.1007/978-3-319-00297-2_4,
© Springer International Publishing Switzerland 2014



42 E. Sassi and M. Michelini

and Teacher Education; some research-based example interventions; a proposal for
a EU Benchmark for physics teaching degrees. The discussion addresses the com-
plex challenge linked to improving the quality of physics teacher preparation, both
pre-service and in-service and suggests some recommendations. The strategic role
of teachers in the learning processes is well acknowledged; together with students
they are key actors of any project aimed at improving scientific education and deeper
awareness of the future of our planet. Physics is crucial in describing, modelling,
understanding the natural world; teaching and learning physics involves many dif-
ferent dimensions (disciplinary, cultural, historical, social…) and many links with
other disciplines. The focus on PTE at school level in the so-called industrialised
countries is motivated by at least three different reasons:

• Young people have goals, interests, ways of learning, lifestyles, … that differ
in many respects from the people used to refer mainly to printed materials; the
same holds for capabilities about Internet, social networks, combination of formal,
non-formal and informal education.

• The key concepts, needs, requests of the Knowledge Society are receiving increas-
ing attention in many countries. In this framework, scientific knowledge/education
is assuming a growing importance, also as a condition for being aware of and deal
with complex socio-political issues, e.g. climate changes, energy, health, …

• Despite the increasing use of technology in education and the growing momentum
of informal learning, teachers remain key actors in education. There are many
factors and issues related to the profession of teacher (such as the vision of the
teaching/learning processes, the increasing number of competences required, the
pre-service and in-service education programs, the current teaching practices, the
common perception of social role of teachers, ...) which require considerable at-
tention and specific actions.

4.2 Students’ Achievements and Teachers’ Competencies

Data and analyses come from several studies1, e.g. in alphabetic order: National Task
Force on Teacher Education in Physics (NTFTEP, USA); PISA; ROSE; STEPSTWO;
TIMSS and Physics Education Research. The main features of students’ achieve-
ments and teachers’ competences induce to reflect on several aspects of the con-

1 National Task Force on Teacher Education in Physics (NTFTEP, USA) http://www.ptec.org/
taskforce OECD Programme for International Student Assessment PISA PISA www.pisa.oecd.
org/ every 3 years 15 years students assessed in Reading, Mathematical and Scientific literacy
PISA 2009: 34 OECD members +41 partners countries, PISA 2009 Results: Executive Summary
ROSE The Relevance of Science Education ROSE http://www.uv.uio.no/ils/english/research/
projects/rose/ STEPS TWO Academic Network (2008–2011) http://www.stepstwo.eu/ To support
Physics Depts. in post Bologna processes, student-centred/flexible learning, Physics Teacher
Education in Universities, to reinforce the study of Physics at Secondary Level Universities from
27 Countries + 7 Associated (Five Universities, EPS, EPSI) TIMSS Trends in International Math-
ematics and Science Study http://www.timss.bc.edu/TIMSS 2007: 59 countries, six benchmark

http://www.ptec.org/taskforce
http://www.ptec.org/taskforce
www.pisa.oecd.org/
www.pisa.oecd.org/
http://www.uv.uio.no/ils/english/research/projects/rose/
http://www.uv.uio.no/ils/english/research/projects/rose/
http://www.stepstwo.eu/
http://www.timss.bc.edu/
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struction of a sound scientific knowledge. The achievements in science and physics
at secondary school (4, 8◦ and final year) indicate various problems and difficulties.
TIMSS Advanced 2008 indicates that Mathematics and Physics programs vary in
duration and intensity (2–5 years, 100–200 hs/y), with generally fewer instructional
hours in Physics. A large gap divides the highest and lowest performing countries,
with a wide range between the highest and lowest achieving students. In Physics the
Netherlands was the top performer; Slovenia and Norway had very similar average
achievement. These three countries, together with the Russian Federation, had higher
achievement in Physics. The measured change in average achievements (1995–2008)
in advanced Mathematics is small in Russian Federation and negative the other three
countries . In Physics, Slovenia had essentially no change, some decline for the other
three countries. In most countries, the majority of students were males. The PISA
2009 comparison of countries with respect to the OECD average indicate several
countries from the East ( Hong-Kong, Korea, Shanghai, Singapore, Taipei, Japan )
amongst the top performer on both Mathematics and Science scale, together with
Canada, Australia and New Zealand. In Europe Finland, the Netherlands, Norway,
Germany, Belgium and Denmark do rank well, better than USA; Italy is below the
average. The ROSE project (The Relevance of Science Education, 40 Countries in
2010) does not test achievement, it addresses factors of importance to the learning
of science and technology (S&T), as perceived by students (about 15 ys), “to con-
tribute to improve curricula, while respecting cultural diversity and gender equity and
empowering the learner for democratic participation and citizenship”. Results from
ROSE show that: students in rich countries, especially girls, have attitudes toward
science and scientific careers less positive than those surveyed in so-called devel-
oping countries; in Northern EU and Japan they are more ambivalent than adults;
girls, in the richest countries, are more negative or sceptical than boys; very many
students, in poor countries, want to become scientists and have not this possibility.

On teachers’ side, the problems come mainly from three areas: policy and orga-
nization, insufficient competencies, inadequate exchange between school and PER;
their solutions present interesting challenges. Some are related with institutional as-
pects, as the features of the educational system (e.g. centrally vs locally decided cur-
ricula and syllabuses, teachers as State employees versus recruitment by the school,
…); the status of Physics when taught as a single discipline or as part of combined
science; the role of Universities and Physics Department in the pre-service education;
the different standards for being a certified teacher; the recruitment procedures; the
type of the agencies entitled to run programs for in-service teachers education and the
contents of PTE programs, etc. Other challenges derive from the shortage of qualified
physics teachers (in several countries; the transformation of the indispensable subject
matter knowledge (SMK) into a richer pedagogical content knowledge (PCK) that
includes applied pedagogy and PER results; the insufficient acquisition of the rapidly

(Footnote 1 continued)
participants; 4 and 8◦ grades; about 434,000 students; 47,000 teachers, 15,000 school principals
TIMSS ADVANCED 2008 (students in last year of secondary school taking or having taken courses
in advanced Mathematics and Physics: Mechanics, E&M, Heat&Temperat., Atoms, Nuclei. Ten
countries: AM, IR, IT, LB, NL, NO, PH, RU, SI, SE. Changes tracked in 1995–2008: 5 Countries.
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increasing number of competences (in physics, physics education, pedagogy, ICT,
communication, class management, team-work, etc…) requested to teachers and
school system in order to cope with the changes in society and in students’ interests
and attitudes; the scarcity of resources devoted to programs for continuous teachers
professional development (funds, design/implementation capabilities, effective eval-
uation, …); intrinsic inertia of well-established and ineffective teaching practices;
insufficient implementation of validated innovations; … Other challenges are linked
to realise concrete ways for: enhancing PTE with knowledge and active experiences
of the most significant results of PER (e.g. common and robust learning difficul-
ties, teaching rituals that may result in lack of understanding, …); experimenting the
advantages and limits of Technology Enhanced Learning (TEL); constructing multi-
faceted supports for both pre and in-service education and for on-field teaching in
standard conditions and contexts. The complex problems of the current PTE are well
represented in the Report 2010 of the National Task Force on Teacher Education
in Physics, by American Association of Physics Teachers, American Physical Soci-
ety, American Institute of Physics. It states that: “Except for a handful of isolated
pockets of excellence, the national system of preparing physics teachers is largely
inefficient, mostly incoherent, and massively unprepared to deal with the current and
future needs of the nation’s students…. Physics departments, schools of education,
university administrators, school systems, state agencies, the federal government, as
well as business and foundations, have indispensable collaborative roles to play so
that every high school student has the opportunity to learn physics with a qualified
teacher…. .... Science education in the United States lags well behind much of the
rest of the world, and in some cases, the gap is growing.... more students than ever
before are taking physics from teachers who are inadequately prepared. There is a
severe shortage of qualified physics teachers…. many current physics teachers lack
the content knowledge and focused pedagogical preparation with which to help their
students most effectively: international assessments show time and again that U.S.
students lag behind their counterparts in other industrialized nations.... the shortage
of qualified teachers is especially severe for those students who take either concep-
tual physics courses or physics as a gateway to other sciences in high school….“ —a
group of students that has experienced the largest increase in size in the last several
years”.

The 2008 TIMSS ADVANCED results on secondary school Physics teachers (10
countries: AM, IR, IT, LB, NL, NO, PH, RU, SI, SE) indicate a complex scenario.
The main area(s) of education are Physics, Mathematics, Chemistry, Engineering,
Biology, Education (in Italy: 40 % Phys, 50 % Math, 10 % Eng). The requirements
for being a teacher are diverse: Bachelor; Master plus Education course; Certificate
Higher Education; Physics studies plus Education plus one year of supervised teach-
ing. The collaboration with teachers of other disciplines varies much, from almost
never to 2–3 times/month to once a week (in Italy: about 46, 49, 5 %). The book is
still the main educational tool used, in about 100 % of the surveyed countries; in more
than half of the time in school the students read “theory” or how to do exercises. The
demonstrations of experiments ex-cathedra are common and vary from 11 to 54 %,
experiments or investigations done by students from 0 to 30 %, use of calculators
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and computers from 0 to 50 %. In our experience the difficulties associated to an
effective use of ICT and TEL based learning environments are less and less linked
with shortage of hardware and software, the insufficient educational competencies
for an effective use being the real bottleneck.

Answers to the above challenges can come from the links between PTE and PER;
PTE is a research field which has been addressed in depth since long time. The main
topics dealt with are: Teaching–Learning Processes (teachers’ naïve epistemologies,
deeply rooted and ineffective practices, common and robust learning difficulties
linked to students’ (and sometime teachers’) naïve ideas and reasoning that conflict
with Subject Matter Knowledge; …); ways to effectively transform Subject Matter
Knowledge in Pedagogical Content Knowledge, focusing on its construction in PTE
programs; the role of lab-work and the associated approaches, proposals and materi-
als; modelling and simulation activities, support by multi-media; validated strategies
to encourage/implement active and critical learning (e.g. Prediction–Experiment–
Comparison learning/teaching cycle); experiential modality of a PTE activity (to
do personally and in detail what will be proposed to the students); critical analysis
of transformations of research-based proposals made by teachers and students in
standard contexts and conditions; models and experimentation of prototypes of PTE
programs (pre and in-service), etc… For sake of brevity it is not possible to discuss
at length all these aspects.

4.3 Research-Based PTE Interventions

The rationale of a research-based PTE program is multi-dimensional. A not exhaus-
tive list of key points has two levels. (A) the integration of different knowledge
domains such as (i) topical knowledge about specific topics: crucial concepts about a
phenomenon, its regularities, aspects, interpreting model(s), laws, applications, de-
sign/run of experiments; (ii) net-worked knowledge that links various types of con-
cepts and skills; (iii) meta-knowledge i.e. the capability to build new theoretical and
experimental knowledge); (iv) the acquisition of multi-competences (e.g. applica-
tion of knowledge, independent learning, analytical and computational capabilities;
ability for criticism, synthesis, communication and teamwork). (B) Focus on: -not-
yet-much-common teaching methods (e.g. student centred and open learning envi-
ronments, problem and project based procedures, peer instruction, …); -experimental
activities via various types of lab-work (in presence with real-time sensor-based ex-
periments and ready-to-go apparatuses, remote-controlled-experiments, virtual lab);
-support by multi-media (extensively interpreted in ); -links amongst phenomeno-
logical observations, data, abstract formal representations, modelling activities and
theoretical reflections; -strategies to feed and enhance students’ interest and motiva-
tion.

Hereafter we briefly discuss four emblematic examples of TE in Physics. The
first two have been designed and implemented at University of Udine on energy for
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perspective primary teacher education (2) and on quantum mechanics basic concepts
for in-service teacher in upper secondary school (3). The others are Projects and
initiatives taken by international entities: Physwere by ICPE and Muse by EPS-PED.

4.3.1 Energy Intervention Module for Prospective Primary
Teachers Education (FIME)

The Formative research based Intervention Module about Energy (FIME) was pro-
posed in two different groups of 250 Prospective Primary Teachers (PPT), 21–22
years old, in two years at University of Udine. FIME include a preliminary subject
centered part (CK) and an innovative proposal about energy for primary school,
based on simple qualitative exploration and inquiry strategy by means of tutorials.
To educate PPT to the Energy concept two different kinds of problems have to be
overcome: (a) the lacks in the disciplinary knowledge [24, 27, 47] and in particular
the identification of energy as a state property of a system; (b) the way of thinking to
the pedagogical approaches only related to forms of Energy and to Energy sources,
typically adopted in the textbook.

The sample was composed by N = 101 PPT in the first experimentation and by
143 PPT in the second one. An additional Conceptual Lab activity involve 37 of the
PPT of the second group.

The first year FIME was organized in the following parts: (1) Pre/questionnaire
(1 h), (2) Discussion on the foundation in physics of the concept of energy in tradi-
tional way and analysis of the main concepts and consequences related to: kinetic
energy theorem, energy conservation principle; the first thermodynamic principle
(4 h), (3) Collection of the questions posed by PPT on energy and relative discussion
(1 h), (4) Presentation and discussion on the rationale of the research based proposal
on energy developed [21], with illustration of the simple everyday experimental
apparatus and explorative activity (4 h), (5) Post/questionnaire (1 h).

The post-questionnaire composed by 15 open ended questions was proposed to
the PPT after the instruction to evaluate the PCK, during the final examination. The
questionnaire was designed on the following main conceptual knots emerging from
literature: energy associated to human or living being, as fuel-like substance which
is possessed by living things; energy possesses only by moving objects (Stead 1980.
Watts 1983) or as product of some process and existing only during this process
([35]; Watts 1983; [11]); energy; energy as force or power (Trumper 1983, [10]);
different forms of energy and recognition of the form associated to standing objects
(Brook and Wells 1988; Carr and Kirkwood 1998); conservation of energy (Duit
1981; Watts 1983; Black and Solomon 1983. Brook and Driver 1984. Driver and

2 Heron et al.[20]
3 Michelini M, Santi L, Stefanel A (2011), Teacher discussion of crucial aspects, cardinal concepts
and elements peculiar to Quantum Mechanics starting from an educational proposal, in Battaglia
et al. [3]
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Warrington 1984, [46]; transformation of energy and process (Carr and Kirkwood
1998; Gilbert and Watts 1983; Duit [11]; Trumper [49] Dawson-Tunik 2005).

The format was a set up in two parts: (I) a CK question; (II) the typical answers of
4–5 students to the CK question posed and the request to describe the characteristics
of the students’ ideas and “what teacher have to do” for each student.

From data analysis it emerged that 87 % of PPT use the types of energy to give
an appropriate description of simple processes in terms of kinetic, potential, internal
energy; only in few cases 30–35 % are present difficulties in distinguishing potential
energy and internal energy, in some case the energy associated with light. Analogous
percentage we obtain for what concern the identification of energy as quantity that is
transformed from a form to another and that is conserved. Concept of transformation
and conservation are often associated (“because it is transformed”). For a group
of PPT (about 40 %) the transformation is in any case associated to a dispersion
or a loss of energy. This results evidence an important modification in the initial
conception about energy with respect the results of the pre- questionnaire. Another
picture emerge, when the Pedagogical Content Knowledge (PCK) is considered,
analyzing in particular the teacher plan on how propose energy to the pupils, how
they organize the topic for school, and ideas expressed in oral examinations. A large
majority of PPT recover the initial ideas and conception when they have to think
educational activity and paths for pupils. For instance about 72 % mentioned as a first
goal the wrong definition of energy, frequently proposed in the textbooks: “Energy is
the capacity to do work”. At the same time one of the most diffused aim was to teach
to pupils that “It exists in different forms: nuclear, kinetic, thermal……”, without any
distinction between type and forms. About this point the more evident change was that
a large majority includes forms of energy: kinetic, potential, internal and the usually
quoted energy forms related to sources solar, hydroelectric, nuclear, wind energy.
Also an ambiguous language was used in some case (es example “it is transformed
(for instance in the movement of a turbine)”) or an assertive approach was used (for
instance: “It is conserved <<nothing is destroyed, nothing is conserved>>”). This
results confirm that a reconstruction of the concepts and a proved CK do not produced
effective changes in the pedagogical organization of the educational proposals..

For this scope, in the second year the FIME was restructured to include personal
reflection and successive group discussion on the main conceptual nuclei and knots
about energy. For a group of 37/143 PPT a PCK lab was carried out using papers
on learning problems taken by literature for design based educational path propos-
als by PPT. PCK-lab imply a personal reflection activity on CK aimed to discuss
pedagogical aspects.

The main Research Questions in second year of FIME study were how sort of
contribute to the PCK formation on Energy produce in perspective primary teachers
a strategy based on:

1. exploration of an innovative teaching/learning proposal on energy?
2. personal involvement in the analysis of conceptual knots and learning questions

combined with a pear to pear discussion?
3. What kind of PCK?
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From an intermediate questionnaire emerge that improvement was obtained in the
CK: Energy is identified as a state properties of a systems (83 %), that can be trans-
formed (87 %) and the process is described in terms of actions and in terms of energy
(75 %). A great personal involvement was needed to transform the content compe-
tences in professional attitudes. In this process the role of peer collaboration and of
idea comparison were relevant. In particular a personal involvement in the analysis
of PCK questions combined with a peer to peer discussion build gradually effec-
tive PCK on energy for the small group of PPT (37). A relevant contribution comes
from the knowledge of typical students learning problems on the topic and how it is
possible to face in school classroom (32/37).

Data emerging from the questionnaire answers are crossed with those obtained by
tutorial worksheets filled during the PCK lab, the portfolios of the prospective teach-
ers and the discussion in large group about the educational path. Results evidenced a
relevant and generalized increasing about the CK, as well the PCK. The way to build
and monitor the PCK competences and to act for their improvement for PPT appear
to be fruitful in the identification of the way of thinking (34/37). The integration of
research results in the FIME offers the opportunity to enrich the formative module
not only with respect to the CK competences, but also for those of PCK.

4.3.2 Research Based Quantum Mechanics Formation for in
Service Teachers

This second example of research based intervention module is on in-service teacher
(IT) education on quantum mechanics in the framework of the Master on Didac-
tic Innovation in Physics Education and Guidance (Master IDIFO) for in-service
teacher education, now at 4th edition from 2006. Master IDIFO4 is instituted at the
University of Udine with the cooperation of more than 20 Italian Universities as
a two years activity for 60 cts organized in blended modality, being the main part
in e-learning with intensive workshops on campus. For e-learning activities a spe-
cific web environment was developed. The formative activities are structured in four
Training Areas (general, characterizing, project-oriented and on site) which are set
out in five thematic Modules: (A) quantum physics (18 cts); (B) Relativity (12 cts);
(C) statistical physics and material sciences (15 cts); (D) nuclear physics, particle
physics and cosmology (2 cts); (E) Formative guidance and problem-solving as an
operative challenge for guidance (6 ctsfu). Each Module include: (a) e-learning for-
mation done by a responsible of the specific course included in a Module, by means
of the material that has been selected and assessed according to research outcomes
(30 cfu); (b ) experimental laboratory activities (4 cfu); (c) three intensive on campus
Workshops of 6 cts (approximately 60 hours) at the University of Udine; (d) plan-
ning activities for teaching / learning intervention on didactic innovation (7 cfu); (e)
teaching–apprentiship: didactic experimentation activities: four activities of at least
6 h on Modules A, B, C & D, E respectively (7–11 cfu).
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A particular focus in each course is on the discussion of didactic proposals, the
analysis and evaluation of results related to research questions brought to light by
didactic research into the various themes under investigation: individual and group
discussion has been favoured.

The formative model individuated with the Master IDIFO integrate cultural, dis-
ciplinary, didactic and professional aspects. It is considered by the teacher-students
participating as the most efficacy and corresponding to their needs. In particular it
combines ‘metacultural’ approach with an experience-based, on situated (4) training
method, offering each person the chance to develop a project according to his or her
needs and motivation.

The rationale for teaching /learning paths in quantum physics for upper secondary
school is widely discussed. The Dirac approach to quantum mechanics (QM) was
discussed with teachers starting from an educational proposal for secondary school.
The QM way of thinking was analyzed in a community of teachers and researchers.
The research on teacher education carried out in this framework was focused on the
following questions:

RQ1. Which are the most problematic knots regarding QM in a group of high level
teachers?

RQ2. Which difficulties one faces in a teacher education based on a new proposal
of QM teaching?

RQ3. Which learning paths results more effective for a real improvement of PCK?
RQ4. How do teachers modify the proposal of reference when asked to design a

didactical path?

The 22 teacher involved had a long teaching experience, except for one, that is
employed in an optic industry. The educational module is subdivided into three main
steps:

1. Course A focused on the presentation and discussion in web forum of the knots
on which the proposal of reference is developed and of the working sheets which
are integral part of it.

2. In-person meeting for discussing with the teachers on the rationale of the proposal
itself and the unsolved knots remaining after the web forum discussion.

3. Course B constituted by a web didactical laboratory, aimed at designing a micro
module focused on the reference proposal analyzed the previous steps.

In a pre-questionnaire teachers have to list three topics on QM of particular inter-
est for high school students, explaining the reasons of the choice (Q1) and to two
elements characterizing quantum mechanics behavior with respect to classic me-
chanics, explaining the reasons of the choice (Q2). The maps produced by teachers
for the educational design at the end of the activities were analyzed on the light of
the aspects emerged in Q1 and Q2 and the discussed aspect in the community.

In the data of Fig. 4.1 the radical change in contents considered important by IT
for the developing of the didactical proposal is clear. In the lists of tasks Q1 and Q2

4 Michelini [30]
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Fig. 4.1 Aspects emerged by Q1 and Q2 inquiry and from Maps prepared by IT to describe the
rationale of the planned paths for a teaching/learning intervention on QM

the predominant category refers to aspects of quantum physics but few of these are
characterizing elements of QM as a theory; in the categories emerged in the final
maps only the basic aspects of the theory are emerged. What can be clearly seen
is the pre-eminence of the polarization context, underlining that for 12 teachers the
reference context stayed the one of the polarization, for other five the context of
diffraction and spin (not present in the diagram because its frequency is two) are also
introduced.

From data it emerged that even well prepared teachers have a vision of the teaching
of QM physics of quanta oriented (RQ1). The indetermination principle is considered
a key one in QM, likewise, for many other student-teachers, the quantization of
physical observables (discrete spectrum).

The main difficulties encountered (RQ2) on the learning path are about leaving
context usually explored with high school students, in particular the indetermination
principle for position and impulse, the context of free propagation, rather that contexts
of two-state systems which are simpler.

The elements of the learning path that led to the main changes in PCK (RQ3)
are: (a) the didactical proposal offered for discussion focused on facing the basic
concepts of QM and on the detailed analysis of the instruments, (b) the rich exchange
developed on the web between the student-teachers and between them and the tutors
about the different basic concepts of QM followed in the reference didactical path,
(c) the direct involvement in the construction of conceptual and organization maps
of contents and work modalities. In particular, the main changes are the passing from
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a vision focused on the physics of quanta, to a vision in which a central role in the
quantum theory is covered by the superposition principle.

In the designing of personal didactical paths, even if the superposition principle
plays a basic role for most of the student-teachers, the attention is mainly focused
on the measurement theory and on the concept of state. In the specific case of high
level competence student-teachers, the main integrations are about other phenom-
enological contexts with a similar approach to the one proposed, like the one of the
spin and the diffraction phenomenology (RQ4).

4.3.3 PHYSWARE Model Workshops

The third example is PHYSWARE, by International Commission of Physics Ed-
ucation (ICPE), held at International Centre for Theoretical Physics, Trieste Italy
(2009, 16–27 Feb) http://cdsagenda5.ictp.trieste.it/full_display.php?ida=a07137. It
has been “designed to enhance the quality of physics education at the tertiary level,
especially in the developing countries, conceptualized as a series of model workshops
and resource materials for physics teachers and teacher trainers that exemplify how
active learning methods can be adapted to meet the needs of students in developing
countries , to provide materials at the undergraduate level using affordable hands-on
equipment that can be locally adapted by teachers and their students, to offer expo-
sure to appropriate technologies and computer-based tools for enhancing conceptual
understanding ..., to provide a forum to the teacher-leaders to share experiences and
exchange ideas about dissemination of active learning methods”. Newtonian Me-
chanics was the theme for PHYSWARE 2009. Out of more than 200 applications
from 48 countries, 35 participants were selected from 27 countries in Africa, Asia,
Latin America and Europe. The ten working days workshop has had four session of
1.45 h on each day plus seven 2 h post dinner sessions for posters and discussions,
involving the participants in research-based conceptual tests , diagnostic tools and
learning cycles promoting active engagement. The first week activities focused on
lab-work and class activities using no-cost, locally available materials (e.g. pendula
of different lengths as clocks to measure time in arbitrary units, a mahogany flower
pendulum to study damping). In the second week the participants worked collabora-
tively on didactic projects using motion and force sensors, photo-gates, video clips
and simulations. All materials used are freely downloadable at the above site. Issues
of multicultural and multiethnic classroom were also discussed. A Discussion Group
and a Blog have been realised by the participants in addition to the PHYSWARE
Workshop site at the ICTP portal and the Wiki created by the directors. Feedback
from participants’ evaluation has been extremely positive. A five year action plan
with ICTP has been agreed, for workshops to be held in Trieste and in developing
countries.

http://cdsagenda5.ictp.trieste.it/full_display.php?ida=a07137
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4.3.4 MUSE Project

The last example is MUSE (More Understanding with Simple Experiments), a
project started in 2008 in the framework of European Physical Society—Physics
Education Division (EPS-PED) http://education.epsdivisions.org/muse . The pur-
pose of MUSE is to contribute to: awareness of relevance of physics in nowa-
days culture; interaction amongst school and university; better quality of physics
teaching/learning by addressing physics and teacher education, new methods/ prac-
tices, differences/similarities in the European educational systems; ... MUSE offers
research-based, free-downloadable materials (nine up-to-now). The Added Value in
Education (AVE) addresses: cognitively dense and easy-to-assemble experiments
using low-cost and easily available materials; Prediction Experiment Comparison
learning cycle; variation approaches (what happens if … is changed?); identifica-
tion/analysis of diverse viewpoints; interactive cognitive dynamics via peer learn-
ing; naïve ideas/reasoning conflicting with physics knowledge; learning difficulties
studied by PER and plausible underlying reasons; teaching rituals resulting in mis-
leading argumentation. The audience aimed at are teachers, the communities of
Physics Education, Physics Teacher Education, Physics Education Research, Educa-
tional Authorities et al. To present the MUSE approaches with in-presence activities,
two workshops held at the GIREP-EPEC 2011 Conference in Finland have involved
about 35 participants with success and interest.

4.4 Some Recommendations for PTE

They can be grouped in three main areas. The first area deals with “experiential
modality”, i.e. teachers have a personal experience of the situations they will propose
to the students as: strategies, approaches, methods, activities, tools, assessment. The
goal is to experience in terms of “hands and minds on” with the most didactically
effective experimental methods and techniques, modelling and simulation activities,
student-centred learning environments, structured collaborative projects. The second
area has to do with the time-scale of PTE that most often is concentrated in a small
numbers of (isolated) training episodes rather than being designed as a continuous
process lasting for the duration of the teaching activity thanks also to the opportunities
offered by ICT and TEL. Communities of practice foster the process of sharing
common problems and their solutions. Commented repositories of best practices,
developed in standard contexts, allow sharing patrimonies of knowledge, expertise
and innovation. This process of autonomous education, together with a series of
in-presence episodes, can realise a continuous professional development program.
The key words are: cooperation, collaboration, synergy amongst school, educational
agencies, Universities.

The third area refers to the many contributions offered by PER to acquire crucial
competences, as. e.g., to re-build zones of SMK, to construct PCK, to address naive

http://education.epsdivisions.org/muse
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ideas/reasoning conflicting with disciplinary knowledge, to integrate diverse types
of knowledge, to effectively and wisely use the increasingly research-based and
technology-based proposals. Modern physics in secondary school require innovation
in contents, strategies and methods and PTE imply a change in the way of thinking
professional work by teachers: a long process is necessary and teachers have to be
supported. The challenges are many, great and complex, deriving from the various
problems/difficulties affecting PTE; therefore they are appealing and call for a great,
focused effort by the communities of Physics Education, Physics Teacher Education,
Physics Education Research and Educational Authorities.
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Astronomy and Astrophysics



Chapter 5
Simulation of High Energy Emission from
Gamma-Ray Bursts

Houri Ziaeepour

Abstract Gamma-Ray Bursts (GRBs) are the must violent explosions after the
Big-Bang. Their high energy radiation can potentially carry information about the
most inner part of the accretion disk of a collapsing star, ionize the surrounding
material in the host galaxy, and thereby influence the process of star formation spe-
cially in the dense environment at high redshifts. They can also have a significant
contribution in the formation of high energy cosmic-rays. Here we present new sim-
ulations of GRBs according to a dynamically consistent relativistic shock model for
the prompt emission, with or without the presence of an magnetic field. They show
that the properties of observed bursts are well reproduced by this model up to GeV
energies. They help to better understand GRB phenomenon, and provide an insight
into characteristics of relativistic jets and particle acceleration which cannot yet be
simulated with enough precision from first principles.

5.1 Introduction

The history of observation of exploding stars goes back quite a long time to 185
AD [1]. From this observations we have learned that the life of massive and inter-
mediate mass stars - with a mass close or slightly higher than the Sun - ends with
violent explosions, generally called supernovae. The progenitor of supernovae are
divided to two main groups [2]: Old white dwarfs which arrive to a critical mass
- Chandrasekhar limit about 1.38M≈ - by accretion of material from a companion
(type Ia), and very massive young stars that collapse on themselves and depending
on absence or presence of hydrogen line in their spectrum, are classified as type Ib/c
or type II.
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In 1960s spy satellites called Vela designed to detect x-ray, gamma-ray, and
neutron from space and atmospheric nuclear tests observed flashes of gamma-ray of
extra-solar system origin [3, 4]. Distribution of their duration shows a clear grouping
of bursts to short with duration �2 sec and long with duration �2 sec. Their occur-
rence at cosmological distance and their association to supernovae and explosion of
stars was first suggested in 1986 by B. Paczynski [5]. The short bursts are believed to
have been generated in the collision of compact objects such as two neutron stars or
a neutron star and a black holes, and long bursts in the core collapse of massive stars.

Motivated by the absence of detection in other wavelengths and by compactness
of the source (see e.g. [7]), a fireball of strongly interacting e± plasma ejected
during the explosion has been suggested as the origin of these Gamma-Ray Bursts
(GRBs) [5, 6]. In this model the annihilation of e± to photons is assumed to be the
origin of detected gamma-ray emission. But this model has various problems. For
instance, it is difficult if not impossible to explain the Fast Rise Exponential Decline
(FRED) shape of the peaks, their randomness, and long-lasting afterglow which
has been observed since 1998 for majority of bursts, thanks to angular resolution
new gamma-ray telescopes such as BATSE, Swift, and Fermi, multi-wavelength
detectors on board of the Swift and Fermi satellites, and fast slew ability of ground
based telescopes. Also it cannot explain the power-law spectrum of observed bursts
and the lack of a thermal emission with a temperature ∗1 MeV.

In the internal shock model, Synchrotron Self-Compton (SSC) emission produced
by collisions between shells inside a relativistic ejecta are considered to be the ori-
gin of observed prompt gamma-ray [8]. Similarly, the afterglow in lower energies
is assumed to be produced by the collision of the remnant of the jet with circum-
burst material or the Inter-Stellar Material (ISM). Other models such as a flow of
magnetized plasma - a Poynting flow - is another popular model for GRBs [15]. In
this model the gamma-ray is emitted by electrons accelerated by reconnection of
magnetic field lines. Variants and combination of these models are also suggested
by various authors to solve some of the short comings of these models.

None of these models is completely flawless. As mentioned above the spectrum
of GRBs is not consistent with a close to thermal spectrum predicted by a standard
fireball model. The Poynting flow model cannot explain in a natural way the fast
variation of GRB emission because the frequency of reconnection is expected to be
very low. SSC that is the most favorite model of GRB emission has also various
issues: To have a sufficiently hard emission the magnetic field must be significant
such that the emission from most popular electrons with a Lorentz factor close to
the minimum νm that make the peak of spectrum be enough hard. This makes the
duration of emission of single electrons very short and is known as fast cooling prob-
lem. Therefore it seems that SSC is not able to sustain long bursts. More seriously,
synchrotron theory predicts a spectrum index σ ∗ −4/3 at E ≥ E peak [16], but
observations show softer distribution with σ � −1 at lower wing is observed. [17].
Recently, observations by the Fermi satellite up to energies ∗100 GeV have detected
a high energy component in both short and long bursts that is delayed by up to
few tens of seconds in long bursts from E ∗ 100 MeV component. It fades much
slower than lower energies. Finally, SSC has a small efficiency. Particle In Cell (PIC)
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simulations show that only �10 % of the total kinetic energy is transfer to
electrons [18]. At present PIC simulations are not yet able to simulate GRB emis-
sion from first principles. In this proceedings we review an approximate but realistic
formulation of SSC in the context of relativistic shocks model [9–11]. The aim of
this exercise has been to see if despite issues discussed above internal shock-SSC
model can explain observations. We also extend the model by considering an external
precessing magnetic field to explain coherent oscillations observed in GRB 090709A
and with less significance in other bursts. Then we present light curves and spectra
of a number of simulated bursts according to this approximation. We show that due
to rapid variation of physical quantities, even in presence of a precessing field, little
evidence of coherent oscillation is imprinted in the emission. This explains the lack
of observation of a significant oscillatory component in the light curves of GRBs. In
this proceedings we present a summary of physical processes and motivations of the
approximations and parameters used in our model, as well as its formulation. Details
can be found in [9, 11].

5.2 Synchrotron Emission by Relativistic Shocks

In the framework of internal shock model, collisions between shells of material
with different densities and velocities ejected by a central source produce mildly
relativistic shocks. They are assumed to be cold and baryon dominated. Apriori
there is no reason why faster shells should be ejected later, nonetheless velocity
segregation can be automatically generated by deceleration of the front shells when
they interact with surrounding material specially in Wolf-Rayet (WR) stars - the
candidate progenitor of long GRBs [12]. Weak precursors observed in many bursts
can be due to this process [13].

During a collision compression of the particles behind the shock front and tur-
bulence create transverse electric and magnetic fields and produce what is called
Electromagnetic Energy Structure (EES) - a solitinic electromagnetic wave across
the shock front. Particles of the slow shell fall along a helical path into the shock
front and are accelerated by this field and by the short range random fields through
Fermi processes. However, their penetration distance in the fast shell (upstream) is
very short and they are reflected to down stream. During this deceleration they emit
a fraction of their kinetic energy due to the presence of the shock induced magnetic
field. The presence of an external magnetic field both helps the acceleration of elec-
trons [19] and as we see below the emission of synchrotron radiation. This process
is continuous i.e. electrons move back and forth across the shocked zone and in this
way, dissipate the kinetic energy of the fast shell through synchrotron emission in
places where the induced magnetic field is strong and transversal. There is phase
shift in the EES between electric and magnetic field. Its presence is crucial for SSC
process in general, and for understanding the origin of high energy delayed tail in
particular. The lifetime this acceleration-dissipation process is short because in a
neutral plasma for each electron that falls to the shock front, one or more baryons—
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protons and neutrons—which are more massive fall too. For an observer in the rest
frame of the slow shell the absorption of these baryons by the fast shell slow it down,
reduces the discontinuity—the shock—and the strength of EES. We do not consider
a significant internal energy for the shells and assume that the turbulence and mixing
transfer the energy from fast shell to slow shell by elastic scattering. In this sense the
collision is radiative, i.e. all the energy excess is radiated out.

One can distinguish two shocked zone in the opposite side of the initial discon-
tinuity. If the velocity of massive particles—presumably baryons—are reduced to
relativistic sound speed in the upstream, a secondary reverse shock front will form
which propagates in the opposite direction of the main forward shock. Although it
was expected that the difference between the dominant synchrotron frequency and
time evolution of emission from forward and reverse shocks make their separation
possible, multi-band and early observations of GRBs have shown the contrary. There-
fore in the present approximation we only consider one radiation emitting region and
call it the active region. Note that what we call active region does not correspond
to shocked material. In particular, its width initially increases to a peak value, then
declines and at the end of the collision i.e. when the two shells are coalesced, it dis-
appears. This is in contrast of shocked region which increases monotonically until
shells are completely mixed.

To simplify the model further, we also assume that the thickness of this emit-
ting region is small, i.e. the propagation time of photons in this region is smaller
than time resolution of this model. In fact for objects moving with ultra relativistic
speeds with respect to a far observer, time and distance are approximately propor-
tional: r ∼(t ∼) = ω ∼(t)ct ∼ → ct ∼.1 Under these approximations evolving quantities
only depend on the average distance of the active region from central engine. Math-
ematically, this approximation is equivalent to assuming a wavelike behaviour for
dynamical quantities i.e they depend on r ∼ − cω ∼t ∼ rather than r ∼ and t ∼ separately.
When ω ∼ = const , i.e. when there is no collision or dissipation, this is an exact
solution. In this case the solution at every point can be obtained from the solution of
one point.

In the standard treatment of SSC models [8, 16] a simple power-law distribution is
assumed for the Lorentz factor of accelerated electrons n∼

e(νe) = Ne(νe/νm)−(p+1)

for νe � νm . The parameters used for the phenomenological modeling of the shock
and SSC emission such as fractions of total kinetic energy transferred to accelerated
electrons αe and to a transversal magnetic field αB are also considered to be fixed.
However, in a phenomenon as fast evolving as a GRB these assumptions do not seem
realistic. For this reason in our formulation it is assumed that αe, αB , and densities
evolve with time. We also consider shorter distances for the collision between shells
in the range of ∗ 1010 − 1012 cm rather than �1014 cm considered in the literature.
This leads to short lags between energy bands consistent with observations. The
motivation for this choice is the detection of variabilities up to the shortest time

1 Through this work quantities with a prime are measured with respect to the rest frame of the
slow shell and without prime with respect to a far observer at the redshift of the central engine.
Parameters do not have a prime even when the parametrization is in the slow shell frame.
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resolution of present instruments—∗ 10−3 sec—and the association of anisotropies
to the accretion disk around the forming compact object, presumably a black hole or
neutron star, in the center of the collapsing star.

As for the external magnetic field, it can have various origins: a precessing Poynt-
ing flow, magnetic field frozen in the plasma, the magnetic field of the central engine
or its accretion disk, and the dynamo field of the envelop if it is not completely inter-
rupted by the explosion. Evidently a combination of all these cases can be present. For
this reason and also because our simple model cannot distinguish between these field,
we do not specify the origin of the magnetic field in the mathematical formulation
or in the simulations, and simply consider a precessing external field i.e. a field with
an origin other than the shock. We have also inspired by findings of PIC simulations
and use them as input and/or motivation in the choices of parameters and distrib-
utions. For instance, simulations of relativistic shocks of e± plasma show that the
distribution of accelerated electrons is close to a power-law with exponential cutoff
n∼

e(νe) = Ne(νe/νm)−(p+1)exp(−νe/νcut ) or a broken power-law [18]. We also use
the penetration distance of accelerated electrons in the slow shell � O(1) × 103τep,
where τep is plasma wavelength of electrons, in the calculation of Inverse Compton
(IC) scattering of photons. This quantity is crucial because if we assume the same
density in the whole slow shell, most of the photons would be scattered before they
can leave colliding shells, leading to significant deviation of their spectrum from
power-law with break expected from synchrotron emission and creates a double
peak spectrum, in contradiction with observations.

5.3 Formulation

Conservation of energy and momentum determines the evolution of the shock. The
velocity ω ∼ of the fast shell/active region decreases due to absorption of particles
from slow shell and dissipation of kinetic energy as radiation due to synchrotron and
self-Compton interactions. After a variable change the dynamic equations - energy-
momentum conservation equations - for the active region can be written as:

d(r ∼2n∼ψr ∼ν ∼)
dr ∼ = ν ∼

(
r ∼2 d(n∼ψr ∼)

dr ∼ + 2r ∼(n∼ψr ∼)
)

+ r ∼2(n∼ψr ∼)dν ∼

dr ∼

= n∼
0(r)r ∼2 − d E ∼

sy

4γmc2dr ∼ (5.1)

d(r ∼2n∼ψr ∼ν ∼ω ∼)
dr ∼ = ω ∼ν ∼(r ∼2 d(n∼ψr ∼)

dr ∼ + 2r ∼(n∼ψr ∼)) + r ∼2(n∼ψr ∼)d(ω ∼ν ∼)
dr ∼

= − d E ∼
sy

4γmc2dr ∼ (5.2)

where r ∼ is the average distance of the active region from central engine, n∼ is the
baryon number density of the fast shell measured in the slow shell frame, n∼

0 is the
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baryon number density of the slow shell in its rest frame and in general it depends
on r ∼. Here we assume that n∼

0(r
∼) = N ∼

0(r
∼/r ∼

0)
−ξ . For the ISM or thin shells where

density difference across them is negligible ξ = 0, i.e. no radial dependence. For a
wind surrounding the central engine ξ = 2. If we neglect the transverse expansion
of the jet, for a thin shell/jet expanding adiabatically ξ = 2 too. If the lifetime of
the collision is short we can neglect the density change due to expansion during
the collision and assume ξ = 0. ψr ∼ is the thickness of the active region, ν ∼ is the
Lorentz factor of the fast shell with respect to the slow shell, ω ∼ = √

ν ∼2 − 1/ν ∼,
m = m p + me → m p, E ∼

sy is the total emitted energy, and c is the speed of light. The
evolution of the average radius of the shell is:

r ∼(t ∼) − r ∼(t ∼0) = c
∫ t ∼

t ∼0
ω ∼(t ∼∼)dt ∼∼ (5.3)

where the initial time t ∼0 is considered to be the beginning of the collision. Equations
(5.1) and (5.2) can be solved exactly for the column density of the active region
n∼(r ∼)ψ(r ∼), but ω ∼(r ∼) does not have an analytical solution. We use an iterative tech-
nique which allow to determine the solution as a function of the coupling defined as:

A ← 4σm2
pρT n∼

0ψr ∼(r ∼
0)α

2
e (r ∼

0)αB(r ∼
0)

3m2
e

(5.4)

In presence of an external magnetic field a second interaction term is also present
which its coupling can be defined as:

A1 ← σm pρT ψr ∼(r ∼
0)α

2
e (r ∼

0)B ∼2
ex⊥(r ∼

0)

6γc2m2
e

(5.5)

Details of this calculation is described in [9, 11]
For the determination of synchrotron flux we use textbook formulations. Nonethe-

less, we have to integrate over angular distribution of emission for the observer.
Notably, we must take into account the fact that due to relativistic effects even the
emission from a spherical shell seems highly collimated at far distances. The angle of
collimation is ∗ 1/2λ(r) where λ(r) is the Lorentz factor of the active region. The
details of this calculation is discussed [9]. Finally, after integration over emission
angle the expression for the received synchrotron flux is:

d P

βdβ
= 4

∇
3e2

3γ
r2 ψr

λ(r)

∫ ⊃

νm

dνen∼
e(νe)ν

−2
e K2/3(

β∼

β∼
c
) + F(β, r) (5.6)

where F(β, r) includes subdominant terms and terms depending on the curvature
of the emission surface. In [9] it is argued that these terms are much smaller than the
dominant term, thus we neglect them in the simulations.
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The advantage of the approximation presented here is that one can use the
approximate analytical solutions to study the effect of various parameters and quanti-
ties on the evolution of dynamics of the ejecta and its synchrotron emission. However,
the price to pay for this simplification is that we cannot determine the evolution of
ψr ∼(r ∼) from first principles and must consider a phenomenological model for it. In
our simulations we have used following phenomenological expressions:

ψr ∼ = ψr ∼⊃
[

1 −
(

r ∼

r ∼
0

)−δ]
χ(r ∼ − r ∼

0) Steady state model (5.7)

ψr ∼ = ψr⊃
[

1 − exp(−δ∼ r ∼

r ∼
0
)

]
χ(r − r ∼

0) Exponential model (5.8)

ψr ∼ = ψr ∼
0

(
ν ∼

0ω
∼

ω ∼
0ν

∼

)ζ

χ(r ∼ − r ∼
0) dynamical model (5.9)

ψr ∼ = ψr ∼
0

(
r ∼

r ∼
0

)−δ

χ(r ∼ − r ∼
0) Power-law model (5.10)

ψr ∼ = ψr ∼
0 exp

(
−δ∼ r ∼

r ∼
0

)
χ(r ∼ − r ∼

0) Exponential decay model (5.11)

The initial width ψr ∼(r ∼
0) in the first two models is zero, therefore they are suitable

for the description of formation of an active region at the beginning of internal or
external shocks. The last three models are suitable for describing more moderate
growth or decline of the active region.

5.4 Simulations

Table 5.1 shows the list of parameters of this model. Due to their large number it is
not possible to explore the totality of parameter space. Therefore, in this section we
show a few examples of simulated light curves and spectra of GRBs. Each simula-
tion consists of at least 3 time-intervals (regimes) during which exponents are kept
constant. Moreover, each time interval corresponds to a given model for the evolu-
tion of the width of the active region. The first regime must be either steady state
or exponential for in which the initial width of the active region is zero. Following
regimes can be either dynamical or power-law. Matching between values of evolving
quantities at the boundary of regimes assures the continuity of physical quantities.

Figure 5.1 show few examples of simulated bursts without and with an external
magnetic fields. It is clear that in presence of an external field the bursts are usually
brighter, harder, and lags between the light curves of the various energy bands are in
general smaller and more consistent with observations. Nonetheless, some simulated
bursts have small lags even in absence of an external field. Therefore, its presence
is not a necessary condition for the formation of a GRB. The light curves of these
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Table 5.1 Parameter set of the phenomenological shock model

model r0 (cm)
ψr ∼

0
r ∼

0
p σp νcut ξ ν ∼

0 ζ δ αB σB

αe σe N ∼
0 (cm−3) n∼ψr ∼(r ∼

0) (cm−2) λ f |B| (Gauss) f (Hz) σx phase (rad.) ( r ∼
r ∼

0
)max

Fig. 5.1 Top row GRB simulations without an external magnetic field. Each simulation includes
three regimes. The lags in the first two models from left is too large to be consistent with observations.
Bottom row Simulations with a precessing external magnetic field. From left to right (1) |B| =
100 kG, f = 0.2 Hz (2) |B| = 12 kG, f = 0.2 Hz, and middle regime dynamical, (3) |B| = 100 kG,
f = 0.2 Hz, and middle regime steady state, (4) |B| = 2.5 kG, f = 0.1 Hz. Other parameters are
the same as simulations in the top row. In all plots of light curves energy bands are written on the
top of the plot and the color of their font corresponds to the color of light curves of the band

examples show that despite the presence of a precessing field - similar to what is
seen in pulsars and magnetars - there is barely any signature of oscillation in these
light curves, specially in high energy bands. Only when the duration of the burst
is a few times longer than oscillation period, the precession of the field creates a
detectable periodic component in the light curves, see Fig. 5.1. We also note that
oscillations are more visible in soft X-ray and UV/optical bands. However, only in
the case of the detection of a well separated precursor low energy data are available
during the prompt emission. Moreover, the necessity of binning of optical data to
reduce the noise can smear fast oscillations, see Fig. 5.1. Therefore such oscillation
can be hardly observed in real GRBs. On the other hand, in many burst e.g. GRB
070129 semi-periodic variations of the early time X-ray light curves, similar to two
of the examples in Fig. 5.1, have been observed for a few hundreds of seconds.

Our model can be applied to both long and short bursts. An example of simulation
of short bursts is shown in Fig. 5.2. The lags in this example is very short - consistent
with observed zero lags - both in presence and absence of an external magnetic field.
It also shows that very fast precession of the field can be confused with the shot
noise. A remarkable properties of simulation with an external magnetic field is the
presence of non-periodic substructures is the light curves from nonlinearity and fast
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Fig. 5.2 From left to right (1) Simulation of a long burst with a precessing magnetic field and (2)
its the power distribution function (PDF) of the total light curve. Oscillatory component in high
energy bands is visible by eye and in the PDF. (3, 4) Simulations of a short burst without and with
a fast precessing f = 500 Hz external magnetic field. The comparison of two plots show that due
to nonlinearity of the dynamics the magnetic field induces substructures at time scales much longer
than the precession period.

Fig. 5.3 From left to right (1) Electron distribution: power-law with exponential cutoff, p = 2.5 and
βcut/βm = 0.5 (full line), 1 (dash-three dots), 10 (dot), 100 (dash-dot); p = 1.9 and βcut/βm =
1000 (dash). The external magnetic field in these simulations is 10 kG. The low amplitude full
line has p = 1.9 and βcut/βm = 1000 but no external magnetic field. (2) Electron distribution:
power-law with exponential cutoff for electrons, |Bext | = 70 kGauss: βcut/βm = 1000, p = 1.5
(full line); βcut/βm = 100, p = 1.5 (dash); βcut/βm = 3, p = 2 (dot-dash); βcut/βm = 3,
p = 2.5 (dot). (3) Electron distribution: power-law with exponential cutoff, |Bext | = 100 kGauss:
βcut/βm = 1000, p = 2.5, αe = 0.002, λ = 500 (full line); βcut/βm and p as previous case and
αe = 0.02, λ = 50 (dash); n∼

0 = 5 × 1015 cm−3 and other parameters as the previous case (dot-
dash); varying p with index −0.2, 0, 0.5, initial p = 2.5 and αe = 0.002 (dot); initial p = 1.8, the
same indices as previous, and βcut/βm = 0.5, 1000, 100 (dash-3 dots). 4) Electron distribution:
broken power-law a broken slope at βcut/βm = 3 and p1 = 2.5, p2 = 4, |Bext | = 17 kGauss
(full line); p1 = 2.1, p2 = 4 and same |Bext | as previous (dash); p1 = 2.1, p2 = 3, |Bext | = 26
kGauss (dot-dash); same slope and |Bext | = 35 kGauss (dot); same slope and |Bext | = 70 kGauss
(dash-three dots)

variation of physical quantities. Figure 5.3 shows some examples of spectra obtained
for simulated bursts. They have a variety of behaviour at high energies. Notably, when
the cutoff energy is high and the spectrum is flatter than what is possible for a simple
power-law i.e. p � 2, the slope of the fluence at very high energies is positive, i.e.
flux increases. Evidently, even in this case at very high energies the spectrum bends
and the slope becomes negative. An example of such cases is the dash-dot spectrum
in the first plot of Fig. 5.3.
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5.4.1 Compton Scattering, Delayed High Energy Component, and
Other Issues

We have also simulated the effect of the inverse Compton scattering of photons by
high energy electrons, but due to the limited length of this proceeding we do not
show them here. As we mentioned in Sect. 5.2 it is crucial to consider a realistic dis-
tribution of accelerated electrons along the photons path, otherwise we overestimate
the scattering rate and obtain a spectrum that is not consistent with observations.
Nonetheless, the light curves of IC scattered photons are more extended in time.
Thus, apriori they should explain the detected delayed emission at high energies.
However their flux is much smaller then what is observed.

On the other hand, the similarity of spectra shown in Fig. 5.3 which include only
the synchrotron emission to observations is the evidence that the origin of delayed
high energy emission is the same as lower energies. In [11] we have given detailed
arguments that the reason for the delay of high energy emission is that the most
energetic electrons are trapped in the EES and follow its propagation. In fact this is
a self-organizing processes: energetic electrons can follow the propagation of EES.
In this way they stay in the region where electric field is strong and do not get a
lag that brings them to the region where magnetic field is strong. But, because they
stay longer in the high electric field region, they are accelerated more and can better
follow the propagation of EES. Simple calculations show that for nominal value of
parameters the delay can be tens of seconds consistent with observations. We leave
a quantitative study of this process for a future work. The issues of the slope at
low energies and efficiency are also discussed in [11] and we show that they can be
explained in the context of SSC model.
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Chapter 6
Effects of Modified Dispersion Relations and
Noncommutative Geometry on the Cosmological
Constant Computation

Remo Garattini

Abstract We compute Zero Point Energy in a spherically symmetric background
with the help of the Wheeler-DeWitt equation. This last one is regarded as a Sturm-
Liouville problem with the cosmological constant considered as the associated eigen-
value. The graviton contribution, at one loop is extracted with the help of a variational
approach together with Gaussian trial functionals. The divergences handled with a
zeta function regularization are compared with the results obtained using a Noncom-
mutative Geometry (NCG) and Modified Dispersion Relations (MDR). In both NCG
and MDR no renormalization scheme is necessary to remove infinities in contrast to
what happens in conventional approaches. Effects on photon propagation are briefly
discussed.

6.1 Introduction

The Cosmological Constant problem is certainly one of the most fascinating chal-
lenges of our days. A challenge because all the attempts that try to explain the 10120

orders of magnitude of discrepancy between the theory and observation have pro-
duced unsatisfying results. If we believe that Quantum Field Theory (QFT) is a part
of the real world, then the theoretical predictive power to compute the Cosmologi-
cal Constant must be entrusted to the methods of QFT at the Planck scale. Indeed,
calculating the Zero Point Energy (ZPE) of some field of mass m with a cutoff at the
Planck scale, we obtain
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EZ P E = 1

2

∫ νp

0

d3k

(2σ)3

√
k2 + m2 ≈ ν4

p

16σ2 ∗ 1071GeV 4. (6.1)

while the observation leads to a ZPE of the order 10−47GeV4. This surely represents
one of the worst predictions of QFT. However if one insists to use the methods of QFT
applied to General Relativity, one necessarily meets one of the most famous equations
appeared in the literature of Cosmology and Gravity: the Wheeler-DeWitt (WDW)
equation [1]. The WDWequation was originally introduced by Bryce DeWitt as an
attempt to quantize General Relativity in a Hamiltonian formulation. It is described
by

H ω =
[
(2K ) Gi jklσ

i jσkl −
≥

g

2α

⎪
3 R − 2ν

)]
ω = 0 (6.2)

and it represents the quantum version of the classical constraint which guarantees the
invariance under time reparametrization. Gi jkl is the super-metric, σ i j is the super-
momentum, 3R is the scalar curvature in three dimensions and ν is the cosmological
constant, while α = 8σG with G the Newton’s constant. An immediate application
of the WDW Equation is given in terms of the Friedmann-Robertson-Walker (FRW)
mini superspace, where all the degrees of freedom but the scale factor are frozen.
The FRW metric is described by the following line element

ds2 = −N 2dt2 + a2 (t) dτ2
3, (6.3)

where dτ2
3 is the usual line element on the three sphere, namely

dτ2
3 = ψi j dxi dxi dx j . (6.4)

In this background, we have simply

Ri j = 2

a2 (t)
ψi j and R = 6

a2 (t)
(6.5)

and the WDW equation Hω(a) = 0, becomes

[
−a−q

[
γ

γa
aq γ

γa

]
+ 9σ2

4G2

(
a2 − ν

3
a4
)]

ω (a) = 0. (6.6)

Eq. (6.6) assumes the familiar form of a one-dimensional Schrödinger equation for
a particle moving in the potential

U (a) = 9σ2

4G2 a2

(
1 − a2

a2
0

)
(6.7)
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with total zero energy. The parameter q represents the factor-ordering ambiguity

and a0 =
√

3
ν

is a reference length. The WDW Eq. (6.6) has been solved exactly
in terms of Airy functions by Vilenkin [2] for the special case of operator ordering
q = −1. The Cosmological Constant here appears as a parameter. Nevertheless,
except the FRW case and other few examples, the WDW equation is very difficult to
solve. This difficulty increases considerably when the mini superspace approach is
avoided. However some information can be gained if one changes the point of view.
Indeed, instead of treating ν in Eq. (6.2) as a parameter, one can formally rewrite the
WDW equation as an expectation value computation1 [3, 4]. Indeed, if we multiply
Eq. (6.2) by ω∼ [gi j

]
and functionally integrate over the three spatial metric gi j we

find

1

V

∫
D
[
gi j
]
ω∼ [gi j

] ∫
ξ

d3xν̂ω
[
gi j
]

∫
D
[
gi j
]
ω∼ [gi j

]
ω
[
gi j
] = 1

V

〈
ω

∣∣∣
∫
ξ

d3xν̂ξ

∣∣∣ω
〉

→ω|ω← = −ν

α
. (6.8)

In Eq. (6.8) we have also integrated over the hypersurface ξ and we have defined

V =
∫

ξ

d3x
≥

g (6.9)

as the volume of the hypersurface ξ with

ν̂ξ = (2α) Gi jklσ
i jσkl − ≥

g3 R
/

(2α) . (6.10)

In this form, Eq. (6.8) can be used to compute ZPE provided that ν/α be consid-
ered as an eigenvalue of ν̂ξ. In particular, Eq. (6.8) represents the Sturm-Liouville
problem associated with the cosmological constant. To solve Eq. (6.8) is a quite
impossible task. Therefore, we are oriented to use a variational approach with trial
wave functionals. The related boundary conditions are dictated by the choice of the
trial wave functionals which, in our case are of the Gaussian type. Different types
of wave functionals correspond to different boundary conditions. The choice of a
Gaussian wave functional is justified by the fact that ZPE should be described by
a good candidate of the “vacuum state”. In the next section we give the general
guidelines in ordinary gravity and in presence of Modified Dispersion Relations and
the Non Commutative approach to QFT. Units in which � = c = k = 1 are used
throughout the paper.

1 See also Ref. [5] for an application of the method to a f (R) theory.
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6.2 High Energy Gravity Modification: the Example of Non
Commutative Theories and Gravity’s Rainbow

As an application of the Eq. (6.8), we consider the simple example of the Mini
Superspace described by a FRW cosmology (6.3). We find the following simple
expectation value

∫
Daω∼ (a)

⎢
− γ2

γa2 + 9σ2

4G2 a2
]
ω (a)

∫
Daω∼ (a)

[
a4
]
ω (a)

= 3νσ2

4G2 (6.11)

where the normalization is modified by a weight factor. The application of a varia-
tional procedure with a trial wave functional of the form

ω = exp
⎪
−ρa2

)
(6.12)

shows that there is no real solution of the parameter ρ compatible with the procedure.
Nevertheless, a couple of imaginary solutions of the variational parameter

ρ = ±i
3σ

4G
(6.13)

can be found. These solutions could be related to the tunneling wave function of
Vilenkin [2]. Even if the eigenvalue procedure of Eq. (6.11) leads to an imaginary
cosmological constant, which does not correspond to the measured observable, it does
not mean that the procedure is useless. Indeed, Eq. (6.8) can be used to calculate the
cosmological constant induced by quantum fluctuations of the gravitational field. To
fix ideas, we choose the following form of the metric

ds2 = −N 2 (r) dt2 + dr2

1 − b(r)
r

+ r2
⎪

dλ2 + sin2 λdβ2
)

. (6.14)

where b(r) is subject to the only condition b(rt ) = rt . We consider gi j = ḡi j + �i j ;
where ḡi j is the background metric and �i j is a quantum fluctuation around the
background. Then we expand Eq. (6.8) in terms of hi j . Since the kinetic part of
ν̂ξ is quadratic in the momenta, we only need to expand the three-scalar curvature∫

d3x
≥

g3 R up to second order in �i j
2 As shown in Ref. [7], the final contribution

does not include ghosts and simply becomes

1

V

⎡
ω⊥

∣∣∣∣
∫
ξ

d3x
⎢
ν̂⊥

ξ

](2)
∣∣∣∣ω

⊥
⎣

⎤
ω⊥|ω⊥⎦ = −ν⊥

K
(6.15)

2 See Refs. [5–7] for technical details.
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The integration over Gaussian Wave functionals leads to

ν̂⊥
ξ = 1

4V

∫

ξ

d3x
√

ḡGi jkl
[
(2α) K −1⊥ (x, x)i jkl + 1

(2α)

⎪
δ̃L

)a

j
K ⊥ (x, x)iakl

]
,

(6.16)
where

(δL h)i j =
⎪
δL h⊥)

i j
− 4Rk

i h⊥
k j +3 Rh⊥

i j (6.17)

is the modified Lichnerowicz operator and δL is the Lichnerowicz operator defined
by ⎪

δ̃L h
)

i j
= δhi j − 2Rik jlh

k
j + R jkhk

i δ = −∇a∇a . (6.18)

Gi jkl represents the inverse DeWitt metric and all indices run from one to three.
Note that the term −4Rk

i �
⊥
k j + 3R�

⊥
i j disappears in four dimensions. The ropagator

K ⊥ (x, x)iakl can be represented as

K ⊥ (−⊃x ,
−⊃y )iakl =

∑

χ

h(χ )⊥
ia

(−⊃x ) h(χ )⊥
kl

(−⊃y )
2ζ (χ)

, (6.19)

where �
(χ )⊥
ia (⊗x) are the eigenfunctions of δ̂L·χ denotes a complete set of indices

ζ(t) and are a set of variational parameters to be determined by the minimization of
Eq. (6.16). The expectation value of δ̂⊥

ξ is easily obtained by inserting the form of
the propagator into Eq. (6.16) and minimizing with respect to the variational function
ζ(t). Thus the total one loop energy density for TT tensors becomes

ν

8σG
= −1

2

∑

χ

[√
ω2

1 (χ ) +
√

ω2
2 (χ )

]
. (6.20)

The above expression makes sense only for ω2
i (χ ) > 0, where ωi are the eigenvalues

of δ̃L . Following Refs. [5–7], we find that the final evaluation of expression (6.20)
is

ν

8σG
= − 1

σ

2∑

i=1

∫ +∓

0
ωi

d g̃ (ωi )

dωi
dωi = − 1

4σ2

2∑

i=1

∫ +∓
√

m2
i (r)

ω2
i

√
ω2

i − m2
i (r)dωi ,

(6.21)
where we have included an additional 4σ coming from the angular integration and
where we have defined two r-dependent effective m2

1(r) masses m2
2(r) and

⎧
⎨

⎩
m2

1 (r) = 6
r2

⎪
1 − b(r)

r

)
+ 3

2r2 b′ (r) − 3
2r3 b (r)

m2
2 (r) = 6

r2

⎪
1 − b(r)

r

)
+ 1

2r2 b′ (r) − 3
2r3 b (r)

(r ≡ r (x)) . (6.22)
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The effective masses have different expression from case to case. For example, in
the Schwarzschild case, b(r) = 2MG, we find

{
m2

1 (r) = 6
r2

(
1 − 2MG

r

)− 3MG
r3

m2
2 (r) = 6

r2

(
1 − 2MG

r

)+ 3MG
r3

(r ≡ r (x)) . (6.23)

The expression in Eq. (6.21) is divergent and must be regularized. For example, the
zeta function regularization method leads to

ιi (ε) = m4
i (r)

64σ2

[
1

ε
+ ln

(
4μ2

m2
i (r)

≥
e

)]
i = 1, 2 . . . , (6.24)

where an additional mass parameter μ has been introduced in order to restore the
correct dimension for the regularized quantities. Such an arbitrary mass scale emerges
unavoidably in any regularization scheme. The renormalization is performed via the
absorption of the divergent part into the re-definition of a bare classical quantity and
the final result is given by

ν0

8σG
= m4

1 (r)

64σ2 ln

(
4μ2

m2
1 (r)

≥
2

)
+ m4

2 (r)

64σ2 ln

(
4μ2

m2
2 (r)

≥
e

)
(6.25)

Of course, one can follow other methods to obtain finite results: for instance, the
use of a UV-cut off. Nevertheless it is possible to obtain finite results introducing a
distortion in the space-time from the beginning. This can be realized with the help
of the Non Commutative Approach to QFT developed in Ref. [8] or with the help of
Gravity’s Rainbow developed in Ref. [10]. Noncommutative theories provide a pow-
erful method to naturally regularize divergent integrals appearing in QFT. Eq. (6.21)
is a typical example of a divergent integral. The noncommutativity of spacetime is
encoded in the commutator [xμ, xv] = iλμv , where λμv is an antisymmetric matrix
which determines the fundamental discretization of spacetime. In even dimensional
space-time, λμv can be brought to a block-diagonal form by a suitable Lorentz rota-
tion leading to

λμν = diag
⎢
λ1ε

abλ2ε
ab . . . λd/2ε

ab
]

(6.26)

with εaba 2×2 antisymmetric Ricci Levi-Civita tensor. If λi ≡ λ∀i = 1 . . . d/2, then
the space-time is homogeneous and preserves isotropy. The effect of the λ length on
ZPE calculation is basically the following: the classical Liouville counting number
of nodes

dn = d3 ⊗xd3⊗k
(2σ)3 , (6.27)

is modified by distorting the counting of nodes in the following way [8]
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dn = d3xd3k

(2σ)3 ⇒ dni = d3xd3k

(2σ)3 exp

(
−λ

4

⎪
ω2

i,nl − m2
i (r)

))
, i = 1, 2,

(6.28)
This deformation corresponds to an effective cut off on the background geometry
(6.14). The UV cut off is triggered only by higher momenta modes � 1/

≥
λ which

propagate over the background geometry. As an effect the final induced cosmological
constant becomes

ν
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6σ2

[
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]
,

(6.29)

where an integration by parts in Eq. (6.21) has been done. We recover the usual
divergent integral when λ ⊃ 0. The result is finite and we have an induced cosmo-
logical constant which is regular. We can obtain enough information in the asymptotic
régimes when the background satisfies the relation

m2
0 (r) = m2

1 (r) = −m2
2 (r) , (6.30)

which is valid for the Schwarzschild, Schwarzschild-de Sitter (SdS) and
Schwarzschild-Anti de Sitter (SAdS) metric close to the throat. Indeed, defining

x = m2
0 (r) λ

4
, (6.31)

we find that when x ⊃ +∓,
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≈ 1

6σ2λ2

√
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⎢
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⎪
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)
exp (−x)

]
⊃ 0. (6.32)

Conversely, when x ⊃ 0, we obtain
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⊃ 8
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The other interesting cases, namely de Sitter and Anti-de Sitter and Minkowski are
described by

m2
1 (r) = m2

2 (r) = m2
0 (r) , (6.34)

leading to
ν

8σG
≈ 1

6σ2
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)2 3
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√
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x
⊃ 0, (6.35)
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when x ⊃ ∓ and
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≈ 1
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⊃ 8
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(6.36)
when x ⊃ 0. As regards Gravity’s Rainbow [9], we can begin by defining a “rainbow
metric”

ds2 = − N 2 (r) dt2
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1

(
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E p
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/
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(6.37)
g1(E/EP ) and g2(E/EP ) are two arbitrary functions which have the following property

lim
E/Ep⊃0

g1
(
E
/

Ep
) = 1 and lim

E/Ep⊃0
g2
(
E
/

Ep
) = 1. (6.38)

We expect the functions g1(E/EP ) and g2(E/EP ) modify the UV behavior in the same
way as GUP and Noncommutative geometry do, respectively. Following Ref. [10],
in presence of Gravity’s Rainbow, we find that Eq. (6.8) changes into
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where

ν̃ξ = (2k)
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Of course, Eq. (6.39) and Eq. (6.40) reduce to the ordinary Eqs. (6.2; 6.8) and (6.10)
when E/EP ⊃ 0 By repeating the procedure leading to Eq. (6.20), we find that the
TT tensor contribution of Eq. (6.39) to the total one loop energy density becomes
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(6.41)
where E∼ is the value which annihilates the argument of the root. In the previous
equation we have assumed that the effective mass does not depend on the energy
E. To further proceed, we choose a form of g1(E/EP ) and g2(E/EP ) which allows a
comparison with the results obtained with a Noncommutative geometry computation
expressed by Eq. (6.29). We are thus led to choose

g1
(
E
/

Ep
) =

(
1 + ρ

E

Ep

)
exp

(
−α

E2

E2
p

)
and g2

(
E
/

Ep
) = 1. (6.42)
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with α > 0 and ρ ∈ R, because the pure “Gaussian” choice with ρ = 0 can not give
a positive induced cosmological constant.3 However this is true when the effective
masses satisfy relation (6.30). In case relation (6.34) holds the pure “Gaussian”

choice works for large and small x , where x =
√

m2
0 (r)

/
E2

p. The final result is a

vanishing induced cosmological constant in both asymptotic régimes. It is interesting
to note that Gravity’s Rainbow has potential effects on the photon propagation [11].
Indeed, let us consider two photons emitted at the same time t = −t0 at xd S = 0: The
first photon be a low energy photon (E � EP ) and the second one be a Planckian
photon (E ∼ EP ): Both photons are assumed to be detected at a later time in x̄ds .
We expect to detect the two photons with a time delay Dt given by the solution of
the equation

x̄ E�Ep
d S (0) = x̄ E∼Ep

d S (δt) , (6.43)

that implies

δt ≈ g1 (E)
e
√

νe f f
/
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νe f f
/

3
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(
1 +

√
νe f f

/
3t0

)
, (6.44)

where we have used (6.42) for the rainbow functions.
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Chapter 7
Testing the Nature of Astrophysical
Black Hole Candidates

Cosimo Bambi

Abstract It is thought that the final product of the gravitational collapse is a Kerr
black hole and astronomers have discovered several good astrophysical candidates.
For the time being, all the black hole candidates are objects so compact and heavy
that cannot be explained otherwise without introducing new physics, but there is
no evidence that the geometry of the space-time around them is really described
by the Kerr metric. Future space-based gravitational wave detectors will be able to
test the nature of the black hole candidates with high precision. In this talk, I will
show that the measurement of the radiative efficiency of individual AGN may test
the Kerr black hole hypothesis at a similar level of accuracy, but before the advent
of gravitational wave astronomy.

7.1 Introduction

General Relativity (GR) has been tested and verified to high precision for distances in
the rage ∼1 mm to ∼1 pc and for weak gravitational fields [36]. The research is now
moving to check the validity of the theory at cosmological scales, sub-millimeter
distances, and for strong gravitational fields. One of the most intriguing predictions
of GR is that the collapsing matter inevitably produces singularities in the space-time.
According to the weak cosmic censorship conjecture, singularities of gravitational
collapse must be hidden within black holes (BHs) [29]. In 4-dimensional GR, BHs
are described by the Kerr solution, which is completely specified by two parameters,
the mass, M, and the spin angular momentum, J [16, 30]. The condition for the
existence of the event horizon is that the spin parameter a = |J/M2| cannot exceed
1. When a > 1, there is no horizon and the central singularity is naked, violating the
weak cosmic censorship conjecture.
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Astronomers have discovered at least two classes of BH candidates (for a review,
see e.g. [25]): stellar-mass objects in X-ray binary systems (M ∼ 5–20 Solar masses)
and super-massive objects in galactic nuclei (M ∼ 105–109 Solar masses). The
estimates of the masses of these objects are robust, because obtained via dynamical
measurements and without any assumption about the nature of the massive body. The
stellar-mass objects in X-ray binary systems are too heavy to be neutron or quark
stars for any reasonable matter equation of state, while the super-massive objects at
the centers of galaxies are too heavy, compact, and old to be clusters of non-luminous
bodies. All these objects are therefore thought to be the BHs predicted by GR, as they
cannot be explained otherwise without introducing new physics. However, there is
no indication that the geometry around these objects is described by the Kerr metric.

Testing the Kerr BH hypothesis is thus the next step to progress in this research
field and several authors have indeed suggested possible ways to do it using present
and future data (for a review, see e.g. [3]). A very promising approach is the detection
of extreme mass ratio inspirals (EMRIs, i.e. systems consisting of a stellar-mass
compact object orbiting a super-massive BH candidate) with future space-based
gravitational wave antennas. Missions like LISA will be able to follow the stellar-
mass compact object for millions of orbits around the central super-massive BH
candidate, and therefore deviations from the Kerr geometry will lead to a phase
difference in the gravitational waveforms that grows with the number of observed
cycles ([2, 15, 19, 32] etc.). However, these data will not be available shortly, as the
first mission will be launched, at best, in the early 2020s. This fact has motivated
the study of alternative approaches to test the nature of BH candidates, such as the
X-ray continuum fitting method [3], observations of quasi-periodic oscillations [20]
and measurements of the cosmic X-ray background [3, 4]. These methods can in
principle be applied even with present data, provided that the systematic errors are
properly understood. Future observations of the shadow of nearby super-massive BH
candidates are another exciting possibility to test the Kerr BH paradigm [9, 10, 14].

Previous studies have clearly pointed out that “rapidly-rotating” objects are the
best candidates to test the Kerr BH hypothesis: if the object rotates fast, even a
small deviation from the Kerr background can cause significant differences in the
properties of the electromagnetic radiation emitted by the gas of the accretion disk
and peculiar features, otherwise absent in the Kerr geometry, may show up [12–14].
In this talk, I will consider the most massive BH candidates in AGN. I will show that
the measurement of their radiative efficiency may soon provide stringent constraints
on possible deviations from the Kerr geometry, comparable to the ones that may be
obtained with future space-based gravitational wave detectors. The talk is based on
a work in preparation [8].

7.2 Standard Accretion Disk Model

The Novikov-Thorne (NT) model is the standard model for accretion disks [27]. It
describes geometrically thin and optically thick disks and it is the relativistic general-
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ization of the Shakura-Sunyaev model [32]. The disk is thin in the sense that the disk
opening angle is h = H/r << 1, where H is the thickness of the disk at the radius
r. Magnetic fields are ignored. In the Kerr background, there are four parameters
(BH mass, BH spin parameter, mass accretion rate, and viscosity parameter), but the
model can be easily extended to any (quasi-) stationary, axisymmetric, and asymp-
totically flat space-time. Accretion is possible because viscous magnetic/turbulent
stresses and radiation transport energy and angular momentum outwards. The model
assumes that the disk is on the equatorial plane and that the disk’s gas moves on
nearly geodesic circular orbits. Heat advection is ignored (it scales as h2) and energy
is radiated from the disk surface.

The key-ingredient of the NT model is that the inner edge of the disk is at the
innermost stable circular orbit (ISCO), where viscous stresses are assumed to vanish.
When the gas’s particles reach the ISCO, they quickly plunge into the BH, without
emitting additional radiation. Neglecting the radiation emitted by the disk and cap-
tured by the BH, the maximum value for the radiative efficiency is

η = 1 − EI SC O , (7.1)

where EI SC O is the specific energy of the gas at the ISCO radius and depends
uniquely on the background geometry. Eq. 7.1 provides the maximum value for η
because a fraction of the gas’s gravitational energy may be converted to kinetic energy
of jet/wind outflows. In what follows, I will assume the conservative hypothesis that
all the gravitational energy of the gas is converted to radiation and η is given by
Eq. 7.1.

As a consequence of the accretion process, the BH spin parameter evolves. Since
the gas particles arriving at the ISCO plunge quickly into the central object, without
emission of additional radiation, the BH changes its mass by δM = EI SC Oδm and
its spin angular momentum by δJ = L I SC Oδm, where L I SC O is the specific angular
momentum of the gas at the ISCO, while δm is the gas rest-mass. The evolution of
the spin parameter of the BH, a, turns out to be governed by the following equation:

da/dlnM = (1/M)L I SC O/EI SC O − 2a. (7.2)

If the right hand side of Eq. 7.2 is positive, the accretion process spins the BH up.
If it is negative, the BH is spun down. The equilibrium spin parameter aeq is reached
when the right hand side of Eq. 7.2 vanishes and its value depends on the geometry
of the space-time.

For non-magnetized and weakly-magnetized disks, there is a common consensus
that the NT model describes correctly thin disks, h << 1, when the viscosity para-
meter is small [1]. In the case of magnetized disks, the issue is more controversial,
as it is not yet possible to perform GRMHD simulations of thin disks (see e.g. [28]
and [26]). Here, I will assume that the NT model works, as it is commonly supposed
in most studies discussed in the literature. At the observational level, a common cri-
terion to select sources with thin disks is that the bolometric luminosity of the source
does not exceed 30 % of its Eddington luminosity [24].
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7.3 Radiative Efficiency in Kerr and Non-Kerr Backgrounds

In the NT model, the maximum value of the radiative efficiency can be immediately
inferred from Eq. 7.1 and depends only on the background geometry. In the Kerr
space-time, there is a one-to-one correspondence between a and η. For corotating
disks, the radiative efficiency increases monotonically with the spin parameter, from
about 0.057 (Schwarzschild BH, a = 0) to about 0.42 (extreme Kerr BH, a = 1). If a
compact object is a Kerr BH, a measurement of its radiative efficiency can potentially
be used to estimate its spin parameter.

To test the Kerr BH hypothesis, we have to consider a more general background
that includes the Kerr solution as special case. Roughly speaking, the object will be
specified by its mass, its spin angular momentum, and one or more “deformation
parameters”, measuring deviations from the Kerr geometry. The Kerr metric will
be recovered when all the deformation parameters vanish. The idea is to study the
properties of the accretion process in this more general space-time and then compare
the theoretical predictions with the observational data. If the latter demand that the
deformation parameters must vanish, then the Kerr BH hypothesis is verified and our
astrophysical BH candidates are really the BHs predicted by GR.

In Fig. 7.1, I show the radiative efficiency η for a subclass of Manko-Novikov
space-times [21–23] characterized by one deformation parameter, the anomalous
quadrupole moment q (for more details, see [8]). q is related to the mass-quadrupole
moment of the compact object by the relation:

Q = (1 + q)QK E R R, (7.3)

Fig. 7.1 Manko-Novikov space-time with deformation parameter q. Contour plots of the radiative
efficiency η = 1 − EI SC O : η = 0.30 (red solid curve), 0.32 (blue dotted curve), 0.34 (red solid
curve), 0.36 (blue dotted curve), 0.38 (red solid curve), 0.40 (blue dotted curve). The black solid
curve is the equilibrium spin parameter aeq as inferred from Eq. 7.2. If a < aeq , the accretion
process spins the compact objects up; if a > aeq , the accretion process spins the compact object
down. The right panel is simply the enlargement of the area inside the orange box in the left panel.
From [8]
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where QK E R R = −a2 M3 is the mass-quadrupole moment of a Kerr BH with
mass M and spin parameter a. The compact object is thus more oblate than a Kerr
BH with the same spin when q > 0, and it is more prolate when q < 0. Because of
the introduction of a new parameter, there is now a degeneracy in η and, in general,
a certain value of the radiative efficiency cannot be associated with a unique value
of the spin parameter and of the anomaous quadrupole moment.

7.4 Constraining Deviations from the Kerr Geometry

At the observational level, the radiative efficiency is defined as the ratio between the
bolometric luminosity of the source and the mass accretion rate of the BH candidate.
The latter, however, is usually difficult to measure. The Soltan’s argument provides
an elegant way to determine the mean radiative efficiency of AGN from the mean BH
mass density in the contemporary Universe and the AGN luminosity per unit volume
integrated over time [33]. There are several sources of uncertainty in the final result,
but current estimates suggest a high radiative efficiency (see e.g. [18, 35]).

Recently, Davis and Laor [17] proposed a way to estimate the radiative efficiency
of individual AGN. The mass accretion rate can indeed be determined from the low
frequency region of the thermal spectrum of the accretion disk of these objects, if
the mass of the BH candidate is known. Such a radiation is mainly emitted at large
radii, where gravity is Newtonian and the details of all the complicated astrophysical
processes, like the viscosity mechanism, are not important. The authors found a
strong correlation of η with M, raising from η ∼ 0.03, when M ∼ 107 Solar masses
and the bolometric to Eddington luminosity ratio is Lbol/L Edd ∼ 1, to η ∼ 0.4,
when M ∼ 109 Solar masses and Lbol/L Edd ∼ 0.3. For our discussion, the crucial
point is that the most massive BH candidates in AGN seem to have a high radiative
efficiency, η ∼ 0.4, and a moderate mass accretion rate, Lbol/L Edd ∼ 0.3. The
high radiative efficiency suggests that they are very rapidly-rotating objects. The
moderate luminosity could be interpreted as the indication that their accretion disk is
geometrically thin: if this is the case, the measurement of radiative efficiency could
provide the specific energy of the gas at the ISCO via Eq. 7.1.

Interestingly, in the case of super-massive BH candidates, we can deduce an
upper bound on their spin parameter. These objects must have a < aeq , where aeq

the equilibrium spin parameter in case of accretion from a thin disk. The point is
that the super-massive BH candidates have increased their mass by several orders of
magnitude from its original value, the value of the spin parameter at the time of the
formation of the object is irrelevant, while other processes (chaotic accretion, minor
and major mergers) more likely spin the BH down [5–8]. On the other hand, the
process of accretion from a thin disk is the most efficient mechanism to spin these
objects up (and it spins them down if a > aeq ).

If observations can provide a robust lower bound on the radiative efficiency of a
source, and we then combine such a measurement with the requirement a < aeq , we
can obtain interesting constraints on possible deviations from the Kerr background.
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For instance, for η > 0.30, we can deduce the bound −0.20 < q < 0.005, see
Fig. 7.1. The observation of gravitational waves emitted by an EMRI with future
space-based gravitational wave detectors like LISA will be able to constrain the
quadrupole moment of the super-massive BH candidates with a precision of order
0.01–0.001 [15]. For q > 0, the measurement of the radiative efficiency can likely
provide similar results of LISA. Let us also notice that a self-gravitating fluid with
reasonable equations of state has q positive and significantly larger than 0.01. For
a neutron star, q > 1. The constraint in the region q < 0 is much weaker with our
approach. However, these objects might be excluded from theoretical arguments:
their ISCO is marginally unstable along the vertical direction, which means that there
are two “centers of attraction”, one above and one below the equatorial plane. It is
not clear if a similar object can exist and be stable, as it may be necessary a repulsive
force between the two centers of attraction in order to balance their gravitational
force and maintain them at a fixed distance. On the other hand, if we discovered a
BH candidate with η > 0.32 accreting from a thin disk, the Kerr BH hypothesis may
be rejected and the existence of objects with q < 0 may be necessary to explain the
observation. Astrophysical Kerr BHs can unlikely have a radiative efficiency higher
than 0.32 [34].

7.5 Conclusions

There is some evidence that the most massive BH candidates in AGN have a high
radiative efficiency and a thin accretion disk. In this case, they could be excellent
candidates to test GR in the strong field regime and, in particular, the Kerr BH
paradigm. For instance, the confirmation of the existence of BH candidates with
η > 0.30 could test the Kerr BH hypothesis at the level of 0.5 % for objects more
oblate than a Kerr BH, and at the level of 20 % for more prolate bodies. These
bounds can be compared with the capabilities of future space-based gravitational
wave detectors like LISA, which may be able to perform the same test with an
accuracy of 0.1–1 %. For the time being, there are a few issues to address before
using the measurement of the radiative efficiency of individual AGN to test GR (the
validity of the NT model for magnetized disk and the confirmation of the method
proposed in [17]), but the approach seems to be promising and capable of providing
interesting constraints on the nature of the super-massive BH candidates well before
the advent of gravitational wave astronomy.
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Chapter 8
Are Anomalous Cosmic Flows A Challenge
for LCDM?

Vincent Bouillot, Jean-Michel Alimi, Yann Rasera and André Füzfa

Abstract The dipolar moment of the peculiar velocity field, named bulk flow, is
a sensitive cosmological probe: in parallel with the estimation issued from den-
sity fluctuations, it can give an indication on the value of cosmological parameters.
Recent observations, based independently on composite velocity survey or velocity
reconstruction from redshift survey, showed the existence of an anomalously high
bulk flow in apparent contradiction with the linear prediction in νCDM cosmology.
Using numerical simulations, we interpret this observation of consistently large cos-
mic flows on large scales as a signature of a rare event. Supposing we live in such
a configuration and building samples with bulk flow profiles in agreement with the
observations, we show that the asymmetric distribution of matter of large scales is
responsible for the observed high bulk flow. To confirm the possible origin in νCDM
cosmology of such a bulk flow profile and the agreement with linear theory descrip-
tion, we carefully study the time-dependence of the bulk flow and the distribution of
matter.

8.1 Introduction

Recent observations such as velocity surveys [8] and redshift surveys [3] showed the
existence of an excess in the dipolar moment of the velocity fields (i.e. bulk flow) at
scales up to 50 h−1 Mpc. New observations, done through kinetic Sunyaev-Zeldovich
effect, show this deviation can even be higher at larger scale [7]. Such discordance
can be interpreted only in two ways: either the cosmological model we assume to
predict the bulk flow is wrong, either we live in an environment with a very unlikely
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bulk flow profile. Several authors (e.g. Feldman [4]) favorize the cosmology as the
cause of such a discrepancy.

On the other hand, the question of the realization of rare events is crucial in many
fields in physics. Due to our unique position of observers, it is of utmost importance
in cosmology to understand the behaviour of a given observable.

In this proceeding, we interpret the observation of the anomalously high bulk flow
as a rare event realization. In particular, using high-resolution N-body simulations,
we show that the bulk flow can be largely out of the linear prediction even though
all the dynamics remain linear. To highlight the linearity of the dynamics, we draw a
link between the velocity fields and the asymmetric distribution of matter and study
the independence of this link on time evolution.

8.2 Realization of Rare Events

The velocity of matter in the Universe u(r) can be decomposed into the sum
of the mean Hubble expansion vH = H0r and a field of velocity fluctuations
v(r) = u(r) − vH. This field is called the peculiar velocity field.

The bulk (i.e. volume average) flow is defined as the mean of v(r) in a sphere
of growing radius surrounding the observer. Assuming that each component of the
peculiar velocity field is isotropic and follow a Gaussian distribution, the Fourier
components are uncorrelated. Under those assumptions, the velocity power spectrum
(convolved by a top-hat window function in Fourier space) describes entirely the
statistical behaviour of the field [5]:

vbulk(R) =
√

1

2π2

∫ ≈

0
k2 Pv(k)Ŵ (k R)2dk. (8.1)

Physically, we understand easily that the matter distribution source velocity fields.
Especially, in linear theory, the velocity power spectrum and the density power spec-
trum are linked in a simple way:

Pv(k, z) = H2(z) f 2(z)

k2 Pδ(k, z), (8.2)

where H is the Hubble factor and f = d ln δ
d ln a is the linear growth rate of density

fluctuations. This relation is crucial to describe the time-dependence of the bulk flow
since it relates the velocity fluctuations to the density fluctuations, which are evolving
according to the linear growth rate D+ of a given cosmological model. Therefore,
the time-dependence of the bulk flow can be written:

vbulk(R, z) =
{

H(z) f (z)D+(z)

H(z = 0) f (z = 0)D+(z = 0)

}
vbulk(R, z = 0). (8.3)
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We are deeply interested in predicting the probability of obtaining the observed bulk
flow profile in a given cosmology. For simplicity, we approximate the observational
profile [8] by only two data points, namely a depletion point at radius R = 16 h−1

Mpc and a bump at radius R = 53 h−1 Mpc (see Fig. 8.1).
The probability of having a given value for the norm of the bulk flow is obviously

not gaussian. In complete analogy with a gas of particles, the probability distribution
of the norm of the velocity vector is a maxwellian. Extending this formalism to
the case of the joint probability of having fixed velocities at radius R1 and R2 and
following [6], we obtain a two-dimensional maxwellian distribution:

P(vR1, vR2) ∗ 2

π

v2
R1v2

R2

|det M|3/2 × exp

(
−1

2
t ≥V M−1 ≥V

)
with ≥V = (∼≥vR1∼ , ∼≥vR2∼)

(8.4)
Since the bulk flow is computed in a spherical volume, the correlation matrix M

cannot be diagonal. The velocities at scale R2 are strongly dependent on the velocities
at scale R1. As a result the correlation terms can be expressed as:

γi j =
√

1

2π2

∫ ≈

0
k2 Pv(k)Ŵ (k Ri )Ŵ (k R j )dk. (8.5)

Computing those quantities, we find that the probabilities of having such a bulk
flow, given by the long tail of the maxwellian, is very scarce: only 1.4 % in νCDM.

8.3 Bulk Flow and Asymmetric Distribution of Matter

8.3.1 Numerical Set-up

We have performed a large set of high performance N-body simulations of large-scale
structures with various dark energy components.

For this proceeding, we consider a simulation done within a cubic region of
648 h−1 Mpc with 1,0243 particles. Thanks to an adaptive mesh refinement method,
the maximum resolution in the νCDM cosmology reaches 10 h−1 kpc.

The bulk flow is computed in a similar way to the definition given in section (2):
from the tridimensional velocity fields of Nh objects in a sphere of radius R, we have:

vbulk(R) =
∥∥∥∥∥∥

1

Nh,r<R

Nh,r<R∑

i

≥vi

∥∥∥∥∥∥
(8.6)

We throw randomly 20.000 centres in the simulation volume, and around each
center, we compute the bulk flow profile. From the whole environment, we could
extract two interesting subsets (shown in Fig. 8.1):
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Fig. 8.1 Mean bulk flow profile vs radius of sphere. The observations [8] are indicated with black
points; the linear prediction (Eq. (8.1)) with red stars; the linear catalogue is in red and the realistic
catalogue is in blue

• Set of centres with a bulk flow profile close to the mean statistical prediction given
in equation (1) at 95 % confidence level: this is the linear catalogue.

• Set of centres with a numerical bulk flow close to the bulk flow profile measured
by [8] at 95 % confidence level. Since the mean bulk flow of this sample is on the
mean in agreement with the observations, we call this subset realistic.

The probability to find a bulk flow profile in νCDM cosmology is given by the
ratio of the number of elements in the realistic catalogue by the overall number of
centres. The analysis of the Grand Challenge simulation exhibits 255 centres over
20.000 in the realistic catalogue. The numerical probability is then 1.27 %.

Considering the fact that this experimental probability is computed on all dat-
apoints whereas the theoretical probability is computed from two points only, we
have a good agreement between both the numerical and the statistical views. The
Watkins-like profile can then be interpreted like a rare event realization.

We see from Fig. 8.1 that there is a strong disagreement for the bulk flow between
the realistic sample and the linear prediction. Such a bulk flow profile traces possibly
an asymmetric matter distribution. Indeed, the bulk flow is a vectorial quantity, which
keeps track of local overdensities. Therefore, to understand bulk flow profile, we then
have to quantify the local overdensities in a given direction with respect to the other
direction.
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8.3.2 Dynamical Origin of the Bulk Flow

How to characterize the asymmetry in a sphere of a growing radius R? Mathemati-
cally, the asymmetry index is obtained by maximizing the difference of the density
fields ρ of the hemispheres at radius R:

AR = max
φ0→[0,2π],θ0→[0,2π]

{
1

ρmean

∫∫

S2/2
ρ<R(θ + θ0,φ + φ0)

− ρ<R (π − (θ + θ0) ,π + (φ + φ0)) dσ

}
(8.7)

The direction of the asymmetry index is given by the direction of the north pole
of the densest hemisphere. The more the asymmetry index is close to one, the more
asymmetric the density field is.

Figure (8.2) shows the dependence of the asymmetry index on the radius for linear
and realistic catalogues. The linear catalogue exhibits a constant decrease with radius
whereas two main characteristics are clear on the realistic asymmetric index: from
40 to 76 h−1 Mpc, the realistic sample is more symmetric than the linear one; from
76 to 128 h−1 Mpc, the realistic catalogue is less symmetric than the linear. Due to
the relation between gravity and velocity fields, one can wonder if the excess of the
asymmetry around 80 h−1 Mpc is the cause of the bump of the bulk flow at 53 h−1

Mpc.

Fig. 8.2 Left panel: Asymmetry index vs radius of the sphere. Linear catalogue is in red line and
the realistic sample is in blue. Right panel: Normalized scalar product of the differential direction
of the asymmetry index and the bulk flow at 53 h−1 Mpc Vs radius
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To answer this question, we have to compute the scale of alignment f the bulk flow
at the bump position (53 h−1 Mpc) with the differential (i.e. in shells) asymmetry
index. The right panel of Fig. (8.2) shows this normalized scalar product peaking
around a particular scale. Therefore, the sourcing scale of the bulk flow is found to
be 85 h−1 Mpc. More details as well as a full equivalence with a centre of mass
approach can be found in [2].

8.4 Bulk Flow as a Linear Quantity

Even if the amplitude of the bulk flow is largely out of the mean linear prediction,
this means only that we’ve to deal with a rare event. The linear nature of the bulk
flow is confirmed by its linear time-evolution.

As a matter of fact, we compute the bulk flow and the asymmetry index through
time for all objects of the realistic catalogue. Using Eq.(8.3), we renormalize bulk
flow profiles at various redshifts with the bulk flow profile at z = 0. The same
renormalization procedure is followed for the asymmetry index:

AR(z) = D+(z)

D+(z = 0)
AR(z = 0). (8.8)

Figure (8.3) shows clearly that the bulk flow (as well as the asymmetry index)
renormalized by the linear evolution, remains the same through time. Since the
asymmetry index is build from density contrasts, which is a scalar quantity, it is not
surprising that the dynamical evolution is linear.

Fig. 8.3 Left panel: Bulk flow at different redshifts normalized to the bulk flow at z = 0.
Right panel: Asymmetry index at various redshifts normalized to the asymmetry index at z = 0
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8.5 Conclusion

Although the anomalously high amplitude of the bulk flow profile is often interpreted
as a challenge for νCDM, we show that such a profile can be seen as the imprint of
a rare event.

Using numerical simulations, we build samples with bulk flow profiles in agree-
ment with the observations. The probability of having such events is allowed in a
νCDM model with initial Gaussian condition and is 1.4 %, in agreement with the
probability issued from our numerical catalogue.

The origin of such a bulk flow profile results from the asymmetric tridimensional
distribution of matter. In particular, the bump of the bulk flow at 53 h−1 Mpc is
explained by the asymmetric distribution of matter at 85 h−1 Mpc. Finally, we show
that the time-evolution of the bulk flow for such samples is really predicted by the
linear theory.

At larger scales (Fig. 8.1), the amplitude converges towards the expected amplitude
of the mean linear prediction in νCDM. The distance between the bump and this
point of reconvergence is a feature of cosmological models [1].
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Chapter 9
New Strength to Planck’s Length Choice

Giuseppe Fazio, Mauro Giaconi and Davide Quatrini

Abstract The calculation of the total mass of a spacetime in which an observer-
independent scale of length exist is possible through the use of Heisenberg Uncer-
tainity Principle. In the following paragraphs we show that such a spacetime has a
total mass equal to the mass of our Universe observed by the WMAP Nasa spacecraft
if the cited observer-independent scale of length is determined by the Planck’s length
lp. This result gives new strength to fundamental theories that make use of lp as a
length with a “special role”, like the various string theories.

9.1 Introduction

The theoretical description of a general class of spacetimes in which observer-
independent scales of both velocity and length exist can be found in recent-years
published papers [1]. Besides, from another point of view, it is possible to affirm
that a “stringy nature” (i.e. a Universe in which a string theory can be successfully
applied) needs only two constants: a maximum velocity for satisfying the relativistic
invariance principle and a minimum length for quantization [2]. For these reasons
the two cited values are of great importance in the search for a theory that binds
together the small and the large scales of the Universe, i.e. a theory that could lead
to sinergies between General Relativity and Quantum Mechanics.

The debate related to the value of the maximum velocity needed for the relativistic
invariance was solved long time ago with the selection of c, i.e. the speed of light in
vacuum. This value is universally accepted because of its role in General Relativity.

Regarding the minimum length the debate is still open, but the most “appreciated”
candidate is Planck’s length lp, the only length that can be obtained combining Gen-
eral Relativity constants (c and G) together with the Quantum Mechanics constant �:
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lp = √
(�G/c3) ∼ 10−35 m (9.1)

The aim of the present work is giving an evidence based on real experimental
data to support the choice of Planck’s length as the correct minimum length in our
Universe. We give a simple way for calculating the mass of the Universe through
the use of Planck’s length and then we compare the obtained result with the data
provided by the Nasa WMAP spacecraft. The selection of this process was obvious,
for us, because we believe that the properties of such a “unifying” constant like the
Planck’s length can emerge only applying the rules and laws of Quantum Mechanics
to large systems mainly ruled by General Relativity (like our Universe at large scale
is).

9.2 Universe Mass’ Calculation Through Heisenberg
Uncertainity Principle

The calculation of the Universe mass is possible using the Heisenberg Uncertainity
Principle (HUP). It is sufficient obtaining an expression for the mass from the best-
case HUP for the length-momentum couple (i.e. selecting the = operator instead of
the ≥) and then maximizing the obtained expression:

ν × νp = �/2 (9.2)

mν × νv = �/2 (9.3)

m = (�/2)/ν × νv (9.4)

The maximization of this expression requires the selection of minimum values
for ν× and νv. According to [1] it is possible to select the Planck’s length for
the minimum value of ν×, and then proceed from there for the selection of the
minimum value of νv. Using the simplest definition for velocity, i.e. v = s/t, we can
minimizing it through the selection of the biggest amount of time and the smallest
length. For this last one our selection is coherent with the above considerations, so we
choose lp. For the biggest amount of time we can use the age of the Universe, or its
good approximation given by the 1/H value, where H is the Hubble constant. In this
way we obtain the smallest observable velocity at any given time in our spacetime,
because calculated through the ratio between the smallest selected length (lp) and the
largest possible observation period (the age of the Universe). Our research group is
at work for finding deeper implications on the existence of the cited “minimum value
of velocity”, however, such as possible impacts on the quantization of fundamental
quantities. With the chosen values the mass obtained is:

m = (�/2)/(lp*(lp*H)) (9.5)

m = (c3)/(2GH) ∼ 1052 Kg (9.6)
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This is the largest calculable mass in a spacetime in which HUP is valid and the
Planck’s length is the minimum length.

9.3 Universe Mass’ Calculation Through 2008 WMAP Nasa
Spacecraft Data

2008 WMAP NASA spacecraft data [3] confirmed that the the density of the Universe
(σ) is equal to its critical density calculated by the Friedmann equations [4], i.e.
3(H2)/8ωG. This fact confirmed also the Euclidean geometrical structure for our
Universe, leading to an estimation of Universe mass based on the assumption that its
volume could be calculated as the volume of a sphere, i.e. V = (4/3)ω(r3). In other
words:

m = σV (9.7)

m = ((H2)(r3))/(2G) (9.8)

The selection of the value for the radius r can be done considering the space
travelled by a ray of light for the entire duration of the Universe (Ua), i.e. r =
c*Ua. Using the above mentioned approximation for which Ua = 1/H we obtain the
following value for the mass of the Universe:

m = (c3)/(2GH) ∼ 1052 Kg (9.9)

Please note that this value, and the expressions used for its calculation, are widely
accepted by the scientific community, and are also used by Nasa itself in their official
publications [5].

9.4 Conclusions

A spacetime in which Relativity applies, in which observer-independent scales of
both velocity and length exist and are respectively determined by c and lp, and in
which HUP is valid has a a total mass equal to:

m = (c3)/(2GH) ∼ 1052 Kg (9.10)

In our Universe Relativity applies, an observer-independent scale of velocity exist
and is determined by c, HUP is valid and the total mass is equal to:

m = (c3)/(2GH) ∼ 1052 Kg (9.11)
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For these reasons it is very probable that in our Universe an observer-independent
scale of length exists and it is determined by Planck’s length lp.
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Chapter 10
Results from the Atlas Experiment at the LHC

Antonio Sidoti

Abstract ATLAS is a general purpose detector located at one of the four interaction
points of the Large Hadron Collider at the CERN laboratory near Geneva, Switzer-
land. In 2010 and 2011, LHC collided proton beams at the unprecedented center of
mass energy of 7 TeV and the ATLAS detector has collected more than 5.25 fb−1

of data. The detector performance and results for Standard Model and Beyond the
Standard Model physics are presented here.

10.1 Introduction

The LHC collider at CERN started its operation with first proton–proton collisions
in 2009. After a commissioning phase, thanks to the excellent performance of the
CERN Accelerator Division crew, the ATLAS detector collected 5.25 fb−1 of proton–
proton collisions at

√
s = 7 TeV respectively in 2011. In these proceedings, we will

report on the latest physics results obtained by the ATLAS experiment. We will show
the Standard Model (SM) physics measurements performed with already competi-
tive precision with respect to former collider experiment. Comparing those against
predictions from SM will lead to evidences of Physics Beyond Standard Model if
discrepancies are found. Direct searches of SM Higgs boson, supersymmetric or
exotic physics searches will be shown.
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10.2 Standard Model Physics Measurements

A detailed description of the ATLAS detector can be found in Aad (2008). The more
important SM processes have been tested at the unprecedented center of mass energy
of 7 TeV. We will show various SM measurements performed by ATLAS starting
from processes with larger cross sections to the ones with smaller ones.

10.2.1 Hard QCD Results

The inclusive jet and the dijet mass cross section are measured in different rapid-
ity regions. The inclusive jet measurement is performed in the pT range 20 GeV–
1.5 TeV,1 and it extends to a wide rapidity range (|y| < 4.4) (Fig. 10.1: Left). Jets
are reconstructed using the anti-kT algorithm with different R distance parameters
(R = 0.4 and 0.6). These different R parameters make the jets differently sensitive to
the hadronization, underlying event and pile up. Jet energies are corrected for detec-
tor effects taking into account non linearity due to the different calorimetric response
to electromagnetic and hadronic showers, the energy loss in non instrumented mate-
rial, and the bending of charge particles in the magnetic field. The measured cross
sections are unfolded to the particle level and have been compared with pure next to
leading order (NLO) predictions, corrected for the nonperturbative effects, and with
POWHEG Monte Carlo simulations, which perform a NLO prediction coherently
interfaced with parton shower, hadronization and underlying event simulations [2].

Fig. 10.1 Left Inclusive Jet PT differential cross section dν/dPT measured with 2010 and 2011
data [2]. Right Dijet mass distribution. The blue lines indicates the mass region where the deviation
from the fit with a smooth functional form describing the QCD background theoretical expectations
is more important. However, the significance of this region is well below the two standard deviations
[3]

1 In the following we will use the natural units where c = −h = 1.
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In the measurement of the dijet mass cross section (Fig. 10.1: Right), the first two
jets, ordered in decreasing pT, are used to measure the dijet invariant mass Mjj, and
the angular variable |y|max = max(|y|1; |y|2). The leading jet pT is required to be
above 30 GeV, and the second above 20 GeV. They are both selected in the rapidity
range |y| < 2.8. The dijet mass cross section covers a range from 70 GeV to 4 TeV
and shows no evidence of resonance production over background. Limits are set at
95 % CL for several new physics hypotheses: excited quarks are excluded for masses
below 2.99 TeV, axigluons are excluded for masses below 3.32 TeV and colour octet
scalar resonances are excluded for masses below 1.92 TeV [3].

10.2.2 W and Z Boson Cross Section Measurements

At hadron colliders W and Z bosons can be identified only in their leptonic decay
final states. For the W boson, the presence of the undetected neutrino in the final state
gives an event signature with one isolated high PT lepton and large missing transverse
energy (MET). The kinematics of the event cannot be completely reconstructed since
the longitudinal information of the missing energy is missing. The transverse mass
mT is then defined as mT

2 = 2ETMET(2 − cos ϕ) where ϕ is the angle between
the lepton pT and the missing transverse momentum. The transverse mass is shown
(Fig. 10.2: Left) in the W→ev channel with the expected backgrounds. The dominant
one is given by “QCD background”, (dijet final states) where one jet mimics the
electron and the other one is missed or mismeasured giving a large MET.

The Z boson final state is characterized by two high pT, opposite sign and iso-
lated leptons. The W and Z production cross section have been measured taking into
account the background estimations, the trigger and reconstruction efficiencies, the
geometric and kinematic acceptance and the integrated luminosity. The results are

Fig. 10.2 Left Transverse mass distribution for W→ev candidates. QCD background has been
determined from data while the other background contributions are derived from Monte Carlo
simulations [4]. Right W boson measured cross section as a function of the Z boson measured cross
section together with the total uncertainty. The theoretical expectations are reported using different
Parton Distribution Functions (PDF) [4]
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shown in (Fig. 10.2 Right) together with expectations using different Parton Distri-
bution Functions (PDF) sets.

10.2.3 Top Quark Measurements

The top quark is the heaviest elementary particle of the SM. At the LHC it can
be produced in top–antitop pairs via the strong interactions or as single top with
electroweak processes. In the following we will focus on the top quark pair production
process. Once produced, the top quark decays with an electroweak process in t→Wb.2

The different decay modes of the W boson determine the final state of the top–antitop
pair. We can identify three main final states:

• the dilepton one, where both W decay leptonically in electron or muon. This final
state is characterized by an excellent S/B ratio and a small branching fraction (BF)

• the lepton + jet one, where one W decays in electron/muon and the other hadron-
ically. This final state is characterized by a larger BF and a slightly larger back-
ground contamination

• the all-hadronic one, where both W bosons decay hadronically. This final state is
characterized by the largest BF, but the signal is overwhelmed by the QCD multijet
production.

ATLAS has measured the top–antitop production cross section in all these decay
channels, also including final states with tau lepton. The measured cross section
are shown (Fig. 10.4: Left) together with the theoretical expectations (NNLO) for
Mtop = 172.5 GeV for the dilepton and lepton+jet channel.

The top quark mass is one of the key parameters in the electroweak fit. The
three-jet reconstructed top mass is reported in the muon+jet channel with the various
background contributions (Fig. 10.4: Right). After combination with the electron
channel, the top mass has been measured to be:

Mtop = 175.9 ± 0.9 (stat.) ± 2.7 (syst.) GeV

So far, in all these measurements measured already with small uncertainties, no
deviations from SM expections have been found.

10.3 Direct Searches

In this section we will show direct searches of the Standard Model Higgs boson and
Supersymmetric processes.

2 Assuming |Vtb|=1.
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Fig. 10.3 Left Measured top–antitop cross section for the lepton+jet channel @ Mtop = 172.5 GeV
with the NNLO theoretical prediction [6]. Right Three-jet reconstructed mass in the muon+jet chan-
nel. The top quark mass measurement is obtained comparing the data distribution with distributions
obtained with different Mtop hypothesis [7]

Fig. 10.4 Left Distribution of the diphoton reconstructed invariant mass. The expected signal for a
Higgs boson of 120 GeV mass with five times the SM production cross section is shown [10]. Right
H → WW(∗) →lvlv selection, 0-jet bin: the azimuthal opening angle σϕll of the two selected
leptons after preselection cuts [11]

10.3.1 SM Higgs Boson Searches

Higgs boson discovery or exclusion is one of the main goals of the ATLAS exper-
iment. A review of theoretical predictions can be found in Ref. [8]. Looking at the
σ × BF3 as a function of the Higgs boson mass we can identify two regions: a “high
mass region” (MH > 140 GeV) where the most sensitive channels are the diboson
decays H→ WW(∗) or H→ ZZ(∗) and a “low mass region” (MH < 140 GeV) where
the most sensitive channels are H→ γ γ, H→ τ τ and H→bb for the Vector Boson
Fusion production process with still some contributions from diboson decays.

The most sensitive channel in the “low mass” region is the decay into a pair
of photons. This decay channel has a low branching ratio (2 × 10−3 for MH =
120 GeV), a clear signature and thus a good sensitivity for MH < 140 GeV. The

3 Production cross section times branching fraction of the decay.
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Fig. 10.5 Left Distribution of the reconstructed invariant mass in the four lepton channel. Invariant
mass distributions for different Higgs boson mass hypothesis (MH =150, 180 and 480 GeV) are
shown [12]. Right Transverse mass distribution of the H→ZZ(*)→llvv candidates shown together
with the expectations from a Higgs boson mass of MH = 260 GeV [13]

search is performed in the 110 < MH < 150 GeV mass range. The candidate
events are separated in different categories according to the presence of converted
photons and impact points in the calorimeter improving the overall sensitivity. The
main backgrounds in this channel are: diphoton production (irreducible), photon-
jet production with one fake photon, di-jet production with two fake photons and
Drell–Yan events where both electrons are misidentified as photons. The diphoton
invariant mass for the 1.08 fb−1 data sample is reported (Fig. 10.5: Left) together
with five times the expected contribution from a Higgs boson with MH = 120 GeV.
In the “high mass region” one of the most promising channels is the H→ WW(∗)

decay channel. In particular for the 120 < MH < 200 GeV mass interval the full
leptonic channel H→ WW(∗) →lvlv is the most sensitive. Given the fact that the
Higgs boson is scalar, the angle between the two leptons ϕ(ll) can be used as a
discriminating variable between the SM Higgs boson production process and its
main backgrounds (dilepton WW/WZ production,W + jets, etc.) (Fig. 10.5: Right).

H→ ZZ(∗) candidates are searched in the ZZ(∗) →llvv and ZZ(∗) →llqq final
states and the “four lepton golden mode” channel ZZ(∗) →llll. Figure 10.6 (Left)
shows the four lepton invariant mass with three different Higgs boson mass hypoth-
esis. The former channels contribute with larger BF but with a larger background
contamination. Figure 10.6 (Right) shows the transverse mass distribution for the
H→ ZZ(∗) →llvv candidates.

No significant excess of events is found with respect to the expectations from
SM processes, therefore exclusion limits on the production cross section are set at
95 % Confidence Level (CL) with a statistical analysis based on the CL method [9].
The contributions from the different channel are shown individually together with
their statistical combination (Fig. 10.7: Left). These results have been combined with
CMS ones to maximize the overall sensitivity. The observed data are compatible with
the background only hypothesis and the SM Higgs boson is excluded at 95 % CL or
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Fig. 10.6 Left The expected (dashed) and observed (solid) cross section 95 % exclusions limits
for the individual search channels, normalised to the Standard Model Higgs boson cross section, as
functions of the Higgs boson mass [14]. Right The combined ATLAS-CMS 95 % CL upper limits
on the σ / σSM ratio obtained with the CLs method, as a function of the SM Higgs boson mass in the
range 110–600 GeV. The observed limits are shown by solid symbols. The dashed line indicates the
median expected value for the background-only hypothesis, while the green (yellow) bands indicate
the ranges expected to contain 68 % (95 %) of all observed limit excursions from the median. The
limits obtained without the theoretical systematic uncertainties are also shown for comparison [15]

Fig. 10.7 Left Combined exclusion limits from the 0-lepton analysis in the (m0, m1/2) plane for
mSUGRA/CMSSM models with tanβ = 10, A0 =0 and μ > 0. The dashed-blue and the red
lines correspond to the expected and observed 95 % CL limits, respectively. The dotted blue lines
correspond to the ±1 σ variation in the expected limits. The observed ATLAS limit from 2010
analysis (tanβ = 3) is shown by the solid black line. The star indicates the position of the mSUGRA
reference point with m0 = 660 GeV, m1/2 = 240 GeV, A0 = 0, tanβ = 10 and μ > 0 [16]. Right
observed and expected 95 % CL exclusion limits from the 1-lepton analysis, as well as the ±1 σ

variation on the expected limit, in the combined electron and muon channels [17]

higher in the mass range 141–476 GeV. The region from 146 to 443 GeV is excluded
at the 99 % CL (Fig. 10.7: Right).
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10.3.2 SUSY Searches

SUSY is one of the most popular extensions of the Standard Model of particle physics.
Each fundamental Standard Model fermion has a supersymmetric boson partner and
vice versa. SUSY solves the mass hierarchy problem. A quantum number R is defined
to be R = (−1)2s+3B+L.4 In the following we will focus on the SUSY class of
theories where R-parity is conserved. In those cases, the Lightest Supersymmetric
Particle (LSP) is produced at the end of all s-particle cascade-decay and is stable.
LSP are natural candidates for dark matter. LSP are also weakly interacting and
escape detection giving large transverse missing energy. The production of colored
s-particles could be possible at the LHC giving final states with high pT jets. Also
additional high PT leptons can be produced from model dependent cascades. Final
states are then characterized by several high momentum jets, large missing transverse
energy and 0, 1 or 2 high momentum leptons. Here we will show the results in the
0-lepton and 1-lepton bin. No excess of events over the background expectation
is seen in any signal region, and exclusion limits have been set in the (m0, m1/2)

mSUGRA/CMSSM plane (Fig. 10.7). Squarks and gluinos of equal mass have been
excluded at 95 % CL for masses below 980 GeV.

10.4 Conclusions

The ATLAS detector is working well since the start of LHC collisions in 2009. The
integrated luminosity of proton-proton collisions delivered by LHC is awesome. We
have shown only a minor part of the physics measurement performed by ATLAS. The
differential jet cross section as a function of the momentum has been shown together
with the dijet mass distribution that excludes several new physics hypotheses. The
W and Z cross section has been measured in the electron, muon and tau channel. We
have reported the top-antitop cross section measurement in most of the final states
and the top mass measurement in the letpon+jet channel. Direct searches of SM
Higgs boson in the most promising final states have been presented. Finally, direct
SUSY searches have been shown. The analysis presented there are based at most on
2.28 fb−1 and analysis are progressing fast on the remaining data collected in 2011.
So far no direct or indirect indications of Higgs boson or Physics Beyond SM have
been observed. For 2012 we expect at least to double the statistics collected so far.

10.5 Post Scriptum

At the time of writing of this paper, the ATLAS Collaboration has reported a sub-
stantial update on the search for the SM Higgs boson in the gamma-gamma and

4 With spin S, baryon number B, and lepton number L. All Standard Model particles have R-parity
of 1 while supersymmetric particles have R-parity -1.



10 Results from the Atlas Experiment at the LHC 111

four-lepton final states, based on the analysis of the full 2011 data, and on their
combination with the results already available during the summer. The results of this
updated study are shown in Ref. [18].
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Chapter 11
Covariant Perturbations Theory in General
Multi-Fluids Cosmology

Vincent Bouillot, Jean-Michel Alimi and Cristiano Germani

Abstract We develop a variational approach, inspired by the work of Maldacena
(Maldacena 2003, JHEP 0305), to study covariant cosmological perturbations in gen-
eral multi-fluids extended gravity. A special attention is paid to the minimization of
the propagating degrees of freedom to obtain simple equations of motion. In particu-
lar, by parametrizing perfect fluids with scalar fluids and by working within the ADM
formalism, we manage to introduce new gauge invariant quantities, generalizing
Mukhanov-Sasaki variables. Those developments are crucial to deeply understand
the influence of general extended gravity either in the inflationary epoch or in the
late-time inflation. In this proceeding, we present only the quadratic Lagrangian
at first order for scalar perturbations deduced from the gravitational constraint
equations.

11.1 Introduction

The predictions of General Relativity are in good agreement with the cosmological
and astronomical observations only if we suppose the evolution of our Universe is
driven by unknown forms of energy: Dark matter and Dark energy. Dark matter
dominates the gravitational attraction at small scales and seems well described by
non-relativistic particles, weakly coupled to baryons. At larger scales, the evolution
of the Universe can be associated with a form of energy behaving like a cosmological
constant.
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The interpretation of dark energy purely in term of a new constant of Nature
suffers however several problems. To go beyond this simple proposal, we can make
this cosmological constant vary, thus introducing a scalar field.

The main goal of this proceeding is to describe in full generality the equations
of motion for wide classes of dark energy models i.e. dark energy as a scalar field
(non-)minimally coupled to multiple matter components.

In the observable frame, named Dicke-Jordan frame, the action we consider writes
down:

SB D =
∫

d4x
√−g̃

[
φ

2κ2 R̃ − ω(φ)

2κ2φ
∂μφ∂υφ + Ũ (φ) +

∑

i

P̃(X̃ψi )

]
(11.1)

with κ2 = 8πG the gravitational coupling and ω(φ) the Dicke-Jordan coupling
function.

11.2 Perfect Fluid as a Scalar Field

To minimize the degrees of freedom, we have to parametrize the matter part of action
Eq. (11.1).

A barotropic and irrotational perfect fluid propagates only one degree of freedom.
Therefore, at Lagrangian level, the question of the treatment of perfect fluids in terms
of scalar fields can be asked. The answer is positive as shown in [1]. In the following,
we develop this formulation in the Dicke-Jordan frame (i.e. observational frame).

The energy-momentum tensor of a perfect fluid reads:

T̃μυ = (ρ̃ + p̃)ũμũυ + p̃g̃μυ (11.2)

where ρ̃ and p̃ are respectively the energy density and pressure of the fluid in the
Dicke-Jordan, while ũμ is the fluid four-velocity.

Introducing the Lagrangian L = P̃(X̃) with X̃ ≈ −g̃μυ ∂μψ∂υψ , associated to
the pressure of a scalar field, and varying it with respect to the metric, we find the
stress-energy tensor:

T̃μυ = 2 P̃(X̃), X∂μψ∂υψ + P̃(X̃)g̃μυ (11.3)

This tensor looks quite similar to Eq. 11.2. An identification can be done in the
following way:

ρ̃ = 2X̃ P̃,X − P̃, p̃ = P̃ and ũμ = ∂μψ√
X̃

. (11.4)

Specializing to a barotropic fluid i.e. p̃ = ωρ̃, we can explicitly write the pressure and
the energy density in terms of X̃ alone (At homogeneous order: pi = A2(2−α)

i ψ̇2α
i ):
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P̃ = X̃α with α = 1 + ω

2ω
(11.5)

for w ∗= 0. However, as proven in [1], the limit w ≥ 0 can be taken at the level of the
equations of motion and corresponds to the case of dust (baryons or cold dark matter).
This case is of special interest since it describes the energy density component of
baryons and cold dark matter in the late time Universe.

In this proceeding, we are interested in the case in which a scalar field φ is, in
full generality, non-minimally coupled to gravity. In this case, the action in Einstein-
Hilbert frame can be rewritten via a conformal transformation g̃αβ = A2

ψ(ϕ)gαβ

with Ai (ϕ) the conformal coupling:

SE H =
∫

d4x
∼−g

[
1

2κ2 R + 1

2
(∂ϕ)2 − V (ϕ) +

∑
i

P(Xi , Ai )

]
(11.6)

with κ2 = 8πG the gravitational coupling and ω(φ) the Dicke-Jordan coupling
function.

11.3 Constraints at Homogeneous Order

The consistency of our approach can be checked through the derivation of the Fried-
mann and conservation equations. Since the Friedmann equations are resulting of
the variation of the action with respect to the metric gμν , they remained unchanged
under our ersatz.

We assume a flat Friedmann-Lemaître-Robertson-Walker (FLRW) spacetime with
metric:

ds2 = −dt2 + a(t)2δi j dxi dx j (11.7)

Using this metric, action (11.6) and the perfect fluid ersatz, we find the Klein-
Gordon equation for an interacting scalar fluid and a set of equations describing the
motion of various ‘matter’ scalar fields.

ϕ̈ + 3H ϕ̇ + V,ϕ +
∑

i

d ln A2(2−α)
i

dϕ
(ρi − pi ) = 0 (11.8)

(2α − 1)ψ̈i + 3H ψ̇i + d ln A2(2−α)
i

dt
ψ̇i = 0

For simplicity, in this proceeding,1 we suppose all the ‘matter’ fields have the
same physical origin: we consider only one α parameter that has the same equation

1 The full case is described in [2]
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of state for all matter components. However, every component has its own coupling
function Ai to gravity.

11.4 Toward Observables at Linear Order

11.4.1 Linear Perturbations

To express observables at linear order, we split our perturbed metric using the ADM
formalism:

ds2 = −N (t)2dt2 + hi j (dxi + N i dt)(dx j + N j dt) (11.9)

Thanks to diffeomorphism invariance, we can choose a gauge such that: N =
1 + δN , N i = a−2∂iβ, hi j = a2e2ζ δi j and δϕ = 0. As soon as we’re dealing
with perturbations in cosmology, the question of the gauge is crucial. In fact, two
gauge choices are preferred in our formalism: the unperturbed scalar field gauge
(δϕ = 0) and the spatially flat gauge (ζ = 0). However, since the scalar field ϕ is
non-minimally coupled to all other ‘matter’ scalar fields, it plays a very specific role.
Therefore, the gauge comoving with the scalar field is the most natural gauge choice.
In this gauge, the action writes down:

S =
∫

d4x
√

det(hi j )

{
1

2κ2

[
N (3) R + N−1(Ei j Ei j − E2)

]
+ N−1 ϕ̇

2
− N V (ϕ)

+ N
∑

i

P(Xi , Ai )

}
(11.10)

The main feature of the ADM formalism is the non-propagation of the metric com-
ponents N and Ni . Instead of having two propagating equations, we obtain the
Hamiltonian and momentum constraints as follows:

δN = ζ̇

H
+ κ2

H

∑

i

αPi
δψ

ψ̇

H∂2β + ∂2ζ − 3H ζ̇ =
∑

i

α(1 − 2α)κ2 Pi
δψ̇

ψ̇

+
∑

i

(1 − α)(1 − 2α)κ2 PiδN − κ2δN V (11.11)

Substituting these two constraints into the action (11.10), we find the quadratic
action on linear perturbations.

Please note that a dot is a derivative with respect to time whereas, in the following,
a prime denotes a derivative with respect to conformal time.
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Fig. 11.1 Quadratic action at first order

11.4.2 Quadratic Action at First Order

During the computation of the quadratic action at first order, a generalized form of
the Mukhanov-Sasaki variables, widely used in inflation, arises. Those quantities,
formally equivalent to the potential of the velocity fields, are gauge invariants:

G0 = H z0

(
ζ

H
− δϕ

ϕ̇

)
and Gi = H zi

(
ζ

H
− δψi

ψ̇i

)
with zμ = κa

∼
ρμ + pμ

H
(11.12)

Therefore, the gauge invariant quadratic action at first order is given in Fig. 11.1.
The quantities H̃i , Ai , Ci and Di determining the evolution of the perturbations are
only functions of the background variables and the couplings.
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Chapter 12
Susy Results at the LHC with the Atlas Detector

Simone Brazzale

Abstract The data collected during 2011 with the ATLAS detector has been used to
perform searches for signals due to R-parity conserving supersymmetry. The results
of different analyses targeting jets, isolated leptons and missing transverse energy in
the final state, a promising venue for the discovery of supersymmetry, are presented
in some details in the following.

12.1 Introduction

Supersymmetry (SUSY) is one of the most popular extensions of the Standard Model
(SM). SUSY relates each elementary SM particle of one spin to another particle
named superpartner, from which it differs by half a unit of spin (Fig. 12.1).

In case of R-parity1 conservation, charginos and neutralinos2 can be produced
directly in pairs or in the decay chains of squarks and gluinos. Moreover, the Lightest
Supersymmetric Particle (LSP) is stable and therefore escapes any detector, while
charginos decay into LSPs can yield high-pT leptons. A common signature for SUSY
searches at high energy colliders is thus a high Transverse Missing Energy (ET

miss)
due to the LSPs, multiple high energetic jets from quark hadronization and eventually
additional leptons coming from X±

1
decay to the LSP (Fig. 12.2).

The ATLAS Collaboration has searched these final states during the first year
of proton-proton collisions at a centre-of-mass energy of 7 TeV, which have been
delivered by the LHC in 2011.

1 R = (−1)3(B−L)+2s , where B, L and S are respectively the barionic number, the leptonic
number and the spin.
2 Charginos (X±

i ) and neutralinos (X0
i ) are mass eigenstates of the superpartners of the bosons.
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Fig. 12.1 SM particles and their supersymmetric partners in the SUSY scenario

Fig. 12.2 Example of proton-proton interactions where supersymmetric partners are produced in
pairs: the final state includes ET

miss , some jets and eventually one or more leptons

During this year, the ATLAS detector has worked remarkably well, recording around
5 fb−1 of collisions with an overall data taking efficiency of 94 %. The proton run
ended in October, when the LHC switched to heavy ions collisions.3

12.2 0-Lepton Final State

When squarks and gluinos decay directly to quarks and LSPs (Fig. 12.2), leptons are
not produced in the decay chain and therefore no electrons nor muons appear in the
final state. This case is favoured when the squark and gluino masses are not heavy
enough to decay into heavier neutralinos or charginos. With 1 fb−1 of ATLAS data,
the number of expected SM events has been compared with the number of observed
events in the 0-lepton final state, and no excess has been found over the expectation.
The SM background processes, such as W/Z+jets, top pair production and QCD
multijets, have been estimated by defining different Control Regions (CR) and by

3 All the analysis presented in this paper apply to 1 fb−1 of proton–proton collisions.
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Fig. 12.3 Observed and expected C Ls limits at 95 % C.L., as well as the ±1 sigma variation on
the expected limits, in the combined 1-lepton channel for an integrated luminosity of about 1 fb−1

extracting the amount in the Signal Regions (SR) by means of transfer factors.4

With no excess, it has been possible to set limits on the SUSY particle masses and
subsequently to interprete the results within different theoretical models. Gluino and
squark masses below 1000 GeV have been excluded at the 95 % Confidence Level
(C.L.) within the main models. The most important uncertainties taken into account
in this analysis are Jet Energy Scale (JES), Jet Energy Resolution (JER), pileup effect,
luminosity, Monte Carlo (MC) statistics and the uncertainty on cross sections.

12.3 1-Lepton Final State

In case a squark decays via chargino and a quark (Fig. 12.2), then the chargino may
produce a high-pT lepton in the final state. Scenarios with large ET

miss, jets and one
electron or muon have been studied by ATLAS, but no excess has been found with
respect to the SM predictions.

The main background processes for this final state are W+jets, top pair production
with a semi-leptonic decay and QCD processes with a jet misidentified as a lepton.
To measure them, the number of expected background events in the defined SR has
been extracted with data-driven techniques from different CRs. Good agreement
was also observed between predicted and observed events in every CR. Systematic
uncertainties for this analysis are mainly due to theoretical uncertainties such as the

4 A Control (Signal) Region is defined with loose (tight) cuts to enhance the presence of background
(signal).
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prediction of cross section, scale factors and PDFs (20–30 %), MC statistics (15 %),
JES and JER (1–10 %), pileup (1–10 %) and luminosity (3.7 %).
Final results led to exclude masses of gluinos and squarks up to 875 GeV at the 95 %
C.L. (Fig. 12.3).

12.4 2-Leptons Final State

The final state with two high-pT, well-isolated leptons is a very promising venue to
discover SUSY at the LHC. Two leptons can emerge either from the chargino decay
into lepton-neutrino-neutralino in both legs or from a single chargino decay into two
leptons plus a lighter chargino (Fig. 12.2).

The SRs in this analysis have been optimized with studies on specific models and
include final states with opposite sign leptons (OS), same sign (SS) and a flavour
subtraction of events with same flavour and different flavour leptons. The major
source of background for the OS SR comes from top pair production with a di-
leptonic decay. SS leptons events have smaller SM background, but they suffer from
low statistics. The estimate of all these processes has been handled with data- driven or
semi data-driven techniques. In particular, the QCD misidentified leptons have been
measured with a data-driven technique called Matrix Method. The total systematic
uncertainty on the number of expected events for this channel ranges from 25 to
70 %, depending on the cuts in the SR.

As for the other channels, no excess over SM background has been observed
and limits on the masses and cross sections have been set. Charginos masses up to
200 GeV are excluded at 95 % C. L.

12.5 Conclusions

A wide range of SUSY signatures has been investigated by ATLAS with 1 fb−1

of proton-proton collisions data. No hints for supersymmetry was observed in all
channels and limits on the supersymmetric particles masses were set depending on
the theoretical model.

At 95 % C.L. squarks and gluinos masses up to 1000 GeV are excluded in most
principal models. For the year 2012, the ATLAS Collaboration is moving to study all
the remaining range of SUSY signatures as well as to improve the existing analyses
using the full 2011 statistics.

The parameter space where SUSY particles are hiding is being continuously
reduced.
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Chapter 13
Dark Energy from Curvature and Ordinary
Matter Fitting Ehlers-Pirani-Schild:
Foundational Hypothesis

M. De Laurentis, Lorenzo Fatibene and Mauro Francaviglia

Abstract We discuss in a critical way the physical foundations of geometric struc-
ture of relativistic theories of gravity by the so-called Ehlers-Pirani-Schild formalism.
This approach provides a natural interpretation of the observables showing how relate
them to General Relativity and to a large class of Extended Theories of Gravity. In
particular we show that, in such a formalism, geodesic and causal structures of space-
time can be safely disentangled allowing a correct analysis in view of observations
and experiment. As specific case, we take into account the case of f (R) gravity.

13.1 Introduction

Einstein General Relativity (GR) is a self-consistent theory that dynamically describes
Space, Time and Matter under the same standard. The result is a deep and beautiful
scheme that, starting from some first principles, is capable of explaining a huge num-
ber of gravitational phenomena, ranging from laboratory up to cosmological scales.
Its predictions are well tested at Solar System scales and give rise to a comprehen-
sive cosmological model that agrees with the Standard Model of particles, with the
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recession of galaxies, with the cosmic nucleosynthesis and so on. Despite these good
results, the recent advent of the so-called Precision Cosmology tests from astro-
physics (rotation curves of galaxies) and possible some tests coming from the Solar
System outskirts (e.g. the Pioneer anomaly) entail that the self-consistent scheme of
GR seems to disagree with an increasingly high number of observational data, as
e.g. those coming from IA-type Supernovae, used as standard candles, large scale
structure ranging from galaxies up to superclusters. Furthermore, being not renor-
malizable, GR seems to fail to be quantized in any classical way (see [4]). In other
words, it seems, from ultraviolet up to infrared scales, that GR is not and cannot be
the definitive theory of Gravitation heven if it successfully addresses a wide range
of phenomena.

Many attempts have been therefore made both to recover the validity of GR at all
scales, on one hand, and to produce theories that suitably generalize Einsteins one,
on the other hand. In order to interpret a large number of recent observational data
inside the paradigm of GR, the introduction of DarkMatter (DM) and Dark Energy
(DE) seemed to be necessary: the price of preserving the simplicity of the Hilbert
Lagrangian has been, however, the introduction of rather odd-behaving physical
entities which, up to now, have not been revealed by any experiment at fundamental
scales. In other words, we are observing the large scale effects of missing matter
(DM) and the accelerating behaviour of the Hubble flow (DE) but no final evidence
of these ingredients exists, if we want to deal with them as standard quantum particles
or fields. However, from an observational point of view, considering GR + cosmo-
logical constant + DM gives an extremely good snapshot of the currently observed
Universe. The problem is that dynamics of previous epochs cannot be reconstructed
and addressed in a self-consistent way starting from the present status of observa-
tions. Furthermore, it seems that the type of DM to be considered strictly depends
on the size of selfgravitating structures (e.g. the dynamical behavior of DM in small
galaxies, in giant galaxies and in galaxy clusters is completely different). So, besides
the issue to find out DM and DE at fundamental scales, it seems hard to find out a gen-
eral dynamics involving such components working at all cosmic epochs and at any
astrophysical size. With these considerations in mind, one can wonder if extending
gravity sector could be a more economic and useful approach which does not involve
too much exotic ingredients but retains all the good results achieved by GR (for a
review, see e.g.[5–8]). In this paper we address some of the recent issues concerning
the geometrical structure of “physically reasonable” gravitational theories, starting
from the fundamental work of Elehers-Pirani-Shild [9–11] about the geometric and
physical foundations of relativistic theories of gravitation and revisiting them, á la
Palatini, in view of applications to the new challenges discussed above [12, 13].The
outline of the paper is as follows. In Sect. 13.2 we introduce the EPS framework.
Section 13.3 is devoted to the EPS formalism in GR while Sect. 13.4 is a critical
discussion of such an approach. In Sect. 13.5, we discuss EPS from the point of view
of Extended Theories of Gravity (ETG). In particular, the straightforward extension
of GR, f (R)-gravity, is taken into account. Sections 13.6 and 13.7 are devoted to
discussion and conclusions. A new paradigm for gravitational theories is proposed
assuming the EPS paradigm.
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13.2 Ehlers-Pirani-Schild-Theory

We first summarize Ehlers-Pirani-Schild (EPS) analysis of the mathematical struc-
tures that lie at the basis of all “reasonable” relativistic gravitational theories [9–11].
In early 70s EPS started from a set of well motivated physical property of light rays
matter in a relativistic framework to derive the geometrical structure of space-time
from potentially observable objects. This is particularly suitable to discuss which geo-
metric structure is observable and which are conventionals. In this way it provides
stronger physical motivation and understanding not only of space-time geometry as
such, but also in comparison with more general geometries (as candidates for mathe-
matically modeling physical space-time). EPS specifically highlighted the potential
role of space-time models based on Weyl geometry. Supplying this new axiomatic
characterization of the otherwise mathematically familiar space-time geometry struc-
ture, EPS also brings relevant new insight even from a strictly matical (geometri-
cal) standpoint. Einstein’s GR usesses advanced mathematical ideas. Things like
4-dimensional curved spacetime are not easy to grasp. Even if one masters the math
behind it, the essential physical meaning and content is not obvious. EPS is one of a
series of attempts to clarify the physics behind the math. Unfortunately and unavoid-
ably, getting there requires even more abstract math. At first sight, this seems selfde-
feating; however, some of these mathematical ideas are chosen so as to be closer to
‘operational’ physical interpretation, representing more elementary physical obser-
vation, measurement and construction. In the upshot, EPS ends up with Lorentzian
metric (L4), rather then of accepting it as starting point: the idea is to rebuild L4
from scratch, using only bricks with intuitively clear physical meaning to the extent
possible, and at the cost of some extra math. For example as far as metric structure
L4 is concerned EPS clearly showed that what is physically well defined is a con-
formal structure (the class of all a conformally equivalent Lorentzian metrics such a
representative g a specific Lorentzian metric) can be singled out only by convention
of an observer. As is typical in axiomatic reconstructions like EPS, one exploits the
benefit of hindsight, as the intended result (in this case: L4 spacetime of General
Relativity) is already known. So this in no way detracts from Einstein’s original feat,
on the contrary. The scope of EPS is limited to the kinematics of space-time itself;
the problem of any possible axiomatic derivation or reconstruction of Einstein field
equations ( that is dynamics) governing matter and gravity within such a space-time
model, is left open.

“The approach shows how quantitative measures of time, angle and distance, and a procedure
of parallel displacement... can be obtained constructively from ‘geomtry free’ assumptions
about light-rays and freely falling particles; pseudo-Riemannian (or Weylian) geometry is
recognized even more clearly than before as the appropriate language for a generalized kine-
matics which allows for the unavoidable and ever-present ‘distortions’ called gravitational
fields.” (Ehlers)
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13.2.1 A. Outline of Ehelers-Pirani-Shild Construction

With the above considerations in mind, let us outline the main points of EPS concep-
tual construction. The construction of EPS space-time proceeds in steps as sketched
below, each one enriching the axiomatic content of the underlying set of events.
Roughly, the underlying idea is the following. From differential geometry, one knows
that the geodesics determine ‘their affine connection’ (assuming torsion to be zero,
for instance) and hence a corresponding metric. Now, in contrast to the metric itself,
these geodesics do possess an immediate physical interpretation (as light ray world-
lines for null geodesics or particle world lines for timelike ones). So in very general
terms, one tries to reconstruct the sought after metric from known geodesics that fulfill
certain qualitative criteria (postulates), which are themselves physically meaningful
and plausible.

• Particles and light rays in event space.
EPS adopts a set M of events (to become the space-time manifold) as its backdrop.
On this, a set of particles p and a set of light rays l are assumed given. Each particle
and each light ray are identified with their ‘world line’ of events.

• Smooth radar coordinates for events
As subsets of the space of events, particle and light ray world lines are taken to
be smooth one dimensional manifolds. A permissible local coordinate represents
time as measured by a (possibly irregular) local clock. Light ray messages between
particles p and q smoothly relate their private time parameters, the timing of echoes
received back by p also relate smoothly to that of the message flashes it sent out to
q to begin with. Using ‘radar soundings’ in this way, pairs of ‘observer’ particles
set out to map surrounding events by assigning 2 time values each, or a total of 4
coordinates each. Postulating that this process may cover the entire event set, the
events form a smooth 4-dimensional space (manifold).

• Light propagation ensures local validity of pointwise causality
At each point of space-time (event), the propagation of light determines an infinites-
imal null cone, amounting to a conformal structure C of Lorentzian signature. This
assertion is stated operationally, This assertion is stated operationally, demanding
that one may (topologically) distinguish between C-time-like, space-like and null
vectors, directions and curves at an event. Null curves lying on a null hypersurface
are singled out as null geodesics.

• Free falling particles encode influence of gravity on particle motion Among
the timelike curves, the free-falling particles form a preferred family of wordlines.
Imposing a generalized law of inertia provides a projective structure, with free-fall
world lines as its (C-time-like) geodesics.

• Free fall implicitly define a projective structure P.
They in turns determine, by a canonical gauge fixing, a preferred connection space-
time.

• Light and particle motion agree Then one can define two compatible confor-
mal and projective structures on space-time. The choice of representatives is a
conventional gauge fixings. The conventional nature of metrics and connections
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is important to be noticed in view of which quantities are to be considered physi-
cally sound. In particular, one can choose canonically a standard representative of
projective structure imposing

≈(ν)
μ gνδ = 2Vμgνδ (13.1)

for some covector V. Then there is a canonical connection νν
δλ which, of course,

depends on extra degrees of freedom depending on A. The triple (M; C;ν) is called
a Weyl-geometry. It is called metric if there exists a representative ν ∗ C such that
ν = {g} coincides with the Christoffel symbols of the metric g. In this case, the
metric g describes light rays and particles free fall, as it is assumed in standard
GR. However, in general one needs two different (still compatible) structures to
describe light rays and matter free fall. Let us stress once again that there is no
reason at this stage to assume that the Weyl-geometry obtained on space-time is
metric. A Weyl space possesses a unique affine structure A: A geodesics are P and
A parallel displacement preserves C nullity. In a Weyl space, one may construct
a “proper time” arc length (up to linear transformation) along non-null curves
by purely geometrical means (i.e. using light rays reflected from particles only,
so without any need for atomic clocks). In technical terms, one employs affine
parallel displacement, and congruence in the tangent space, as defined by C. This
‘geodesic’ clock is known as the Marke-Wheeler clocks [14].

13.2.2 B. Hypotesis

In summary EPS analysis is based on a number of assumptions: It physically distin-
guishes the Principle of Equivalence from the Principle of Causality and investigates
the need of measuring and describing Space-time structure through light rays. The
need of measuring in Space-time and using light rays requires that Space-time car-
ries a (Lorentzian) metric while the Principle of Equivalence and interaction with
matter (“Free Fall” under gravitational pull) requires that Space-time carries also a
(Linear or Affine) Connection. The Connection, an object that can be reduced to be
zero at each single point, is the potential of the gravitational field. The Metric deter-
mines causality and photon propagation. According to EPS analysis, in order for
a Gravitational theory being physically reasonable, compatibility conditions should
exist between the Metric and the Connection. The Connection defines a family of
autoparallel lines (also called improperly geodesics). They establish the free fall of
pointlike (in principle massive) “test particles”. The Metric defines light cones and
a family of geodesics. Null geodesics of the Metric are paths of light rays (photons).
The family of autoparallel lines of the Connection determine an equivalence class of
“Projectively Equivalent Connections”. Along them free fall is the same, only proper
time changes. The light cones of the Metric define an equivalence class of Confor-
mally Equivalent Metrics. Along them units and measuring devices change point by
point, but light rays and photon trajectories are the same. The required compatibil-
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ity condition amounts to pretend that the two families of autoparallel lines of the
(projective equivalence class of) Connections and the family of null geodesics of the
conformal equivalence class of Metrics are in a precise relation: each null geodesic
of the Metric has to be one of the autoparallel lines of the Connection At this point of
their fresh analysis all Foundational Axioms have been satisfied. In order to recover
General Relativity as the Unique Relativistic Theory of Gravitation Elhers, Pirani
and Schild make some further axiomatic hypotheses:

• Speed of time does not depend on path
A final physical assumption (expressed mathematically as an axiom) ensures the
existence of a Lorentzian metric, which determines both light cones and free fall.
“Equally spaced clock ticks” along one particle world line are transported to a
nearby particle by Einstein simultaneity. Imposing that this must generate (approx-
imately) equidistant ticks also for the second particle and applying the equation of
geodesic deviation for the curvature tensor given by A implies (through the van-
ishing of the Weyl ‘track curvature’) the existence of a single Lorentzian metric
compatible to both C with A.
This finally ‘reduces’ Weyl space to L4. Requiring in this way that ‘time runs
equally fast along all paths’ amounts to denying the existence of a ‘second clock
effect’. Indeed, in (Lorentzian) GR, only the ‘time interval’ between 2 events is
path dependent ( i.e. the ‘first clock effect’); not the ‘speed’ of time.
“Metricity Axiom”: a single Metric is chosen in the conformal class and the Con-
nection is chosen while be the Levi-Civita Connection of this Metric.
With this above hypothesis the compatibility conditions are met. Notice, however,
that this just amounts to say that the gravitational theory is of “purely metric”
nature. To recover GR as the unique Relativistic Theory of Gravitation one has in
fact to make a further assumption.

13.3 Elehers-Pirani-Schild and General Relativity

In order to recover General Relativity as the Unique Relativistic Theory of Gravitation
one has in fact to make the following further axiomatic hypotheses:

“Lagrangian Axiom”: the Lagrangian that governs gravitational field equations
(in absence of Matter) is the Scalar Curvature.

The “Metricity Axiom” has in fact no real physical grounds. According to EPS
(and to physical needs) a Metric has to exist to define rods and clocks, but there is no
need to pretend from the very beginning that it defines also the gravitational potential,
i.e. the Connection. Assuming that the Metricity Axiom holds is just a “matter of
taste” and in a sense it corresponds to have a great mathematical simplification.
From the viewpoint of Lagrangian Mechanics it is a purely kinematical restriction
imposed a priori on Dynamics. Physically spacing, it is much better not to impose
a priori purely kinematical restriction on Dynamics. Physics requires that possible
restrictions should be obtained from dynamics rather than imposed a priori as a
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constrains. This point was perfectly clear to Albert Einstein when, in 1923, he tried
to establish a more general setting for Gravity (and Electromagnetism) by assuming
a priori that both a Metric and a Connection must be chosen, from the beginning, as
dynamical variables. So-called “Palatini formalism” was born. Also the “Lagrangian
Axiom” had in fact no real physical grounds. Once it is clear which are the variables
that have to enter dynamics, the choice of a Lagrangian for them is again a “matter of
taste” or it should be at least determined on the basis of Phe- nomenology, in order to
fit observational data. When Hilbert, in 1916, in the purely metric framework (the only
one that was available before 1919 and Levi-Civitas work on Linear Connections)
assumed the Lagrangian to be the Scalar Curvature of the Metric this was, in a
sense, an obliged choice. Dictated by “simplicity”. The choice of the Hilbert-Einstein
Lagrangian R(g), made in 1916, was not only the “simplest one”. It satisfied the will
to obtain second-order field equations suitably generalizing Newtons law, fitting all
astronomical predictions, satisfying conservation of matter and being compatible
with Maxwell.

Gνδ = Rνδ − 1

2
Rgνδ = εT νδ, (13.2)

where Gνδ is the Einstein tensor, a combination of curvature invariants derived from
Bianchi’s identities, T νδ is the stress-energy momentum tensor and ε = 16αG is
the gravitational coupling constant.

In the new framework introduced by assuming both metric and connection among
the variables, Einstein decided to take into account again, in 1923, the Lagrangian to
be the scalar curvature (of metric and connection), again for the sake of simplicity.
At that time there were very few observations fine enough to be used as tests and
all of them agree with purely metric predictions. Thus the first test for an extended
theory was to reproduce standard GR in purely metric formalism. When Einstein,
in 1923, in the new framework he introduced by assuming both a Metric and a
Connection among the variables he decided to assume again the Lagrangian to be
the Scalar Curvature of the Metric and the Connection, again for the sake of simplicity.
In this new framework and with the Linear Lagrangian R(g, ν) he proved that no
realy new Physics comes on stage. Field equations impose in fact, a posteriori, hat
the Connection is nothing but the Levi-Civita Connection of the Metric, so that
GR is eventually recovered. Einstein did not investigate, however, what happens
when Matter is coupled to the Linear Lagrangian R(g, ν). In this case just a few
slight changes are necessary if Matter couples with the Metric g but great difficulties
arise if Matter couples with the Connection ν (as it should). Around the sixties
a number of mathematical papers were written about possible generalizations of
Einsteins Theory by reverting to Non-Linear Lagrangians, more complicated than
R(g). These Higher Order Theories remained just as a mathematical game for long
time. Renewed interest towards Non-Linear Lagrangians more complicated than
R(g) (Higher Order Theories) was lately determined by new phenomenology, such
as: Inflation, Acceleration in the Expansion, Dark Matter, Quantum Gravity, Low
Energy Limit of String Models [15, 16].
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Fig. 13.1 The eps theories

13.4 Elehers-pirani-schild revised formalism

The analysis of EPS—concerning the mathematical and physical foundations of rel-
ativistic theories of gravitation and the compatibility between (conformal classes of)
metrics and (projective classes of) connections—is worth of being revisited. EPS
have shown that the family of gravitational theories that satisfy all of their Axioms
(with the exception of the “Metricity Axiom” and the “Lagrangian Axiom”) includes
many (but not all) of the currently investigated frameworks for (relativistic) gravita-
tion. First of all, it suggest that the correct and most general framework for dealing
with gravity is the Palatini formalism, since it is based on the physical and mathemat-
ical distinction between the Principle of Equivalence and the Principle of Causality
that for obvious reasons are mathematically and physically distinct. They imply the
necessity of introducing a priori distinct and separate structures to full fill them, even
if compatibility is required a posteriori on the mathematical and physical structures
they induces on space-time. Within this formalism, the most general class of theories
that care be considered without renauncing to the physical requirements point out
by EPS analysis, is the family of so-called “Further Exteneded Theories of Gravity”
that has been explicitly introduced in [17, 18]. This class includes all gravitational
theories in which the gravitational Lagrangian depend on g and the (Ricci) curvature
of the connection, the matter Lagrangian interacts allows in principle interaction of
matter with both g and ν and, a posteriori or a priori, field equations imply EPS com-
patibility. Of course one is free to work in more general frameworks for gravitation,
but in such a case one has to remind that at list one EPS requirements will fail.

Our choice will be more restrictive and will be therefore based on three assump-
tions:

1. Assume Palatini—EPS framework and accept the view that in Palatini formalism
the gravitational field is encoded in to the dynamical connection (i.e. free fall)
while the dynamical metric has more to do with measures, rods, clocks and
causality. We accept moreover that dynamics, and in particular the interaction
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with matter, will determine a posteriori the relations between the metric and the
connection, so to satisfy EPS compatibility requirements.

2. Assume that the Lagrangian is a possibly non-linear function of curvature of g
and ;

3. Assume that the Lagrangian is “simple”—the simplest choice is of course
f (R(g;ν) but it is not the only simple case.

13.5 The Ehelers-Pirani-Schild approach for f(r)-Gravity

With this choice one can show that if no Matter is present, purely gravitational
equations entail that the Connection ν entering dynamics is still the Levi-Civita
Connection of the Metric g while a (quantized) Cosmological Constant enters the
game and somehow determines the asymptotic freedom for Gravity. One should
remark that if Matter is present and couples only to the Metric g things change if and
only if the trace t of the Stress Tensor is different from zero. In particular, thence,
nothing changes when Electromagnetism couples, so that the light cone structure
and photons are not affected when passing to Palatini framework. It is however
known that both in purely metric formalism (higher order gravity) and in the Palatini
approach (first order gravity) coupling with matter generates relativistic effects that
are not present in vacuum. This is particularly evident when one relies on non-linear
Lagrangians of the type f (R). In f (R) gravity in the Palatini approach in presence of
Matter coupled only with g field equations still imply that the Connection is metric,
but now it is the Levi-Civita Connection of a new Metric h, conformally related with
the Metric g given in the Lagrangian.

Being this the core point of our discussion, we want to derive in details the field
equations of f (R) gravity in Palatini formalism and then perform the EPS analysis
in this framework.

Let us first consider on M metric field g, a torsionless connection ν and a generic
tensor density A of rank 1 and weight -1. The covariant derivative of then defined as

ν≈ μ Av = dμ Av − νβ
vμ Aβ + νβ

βμ Av, (13.3)

Accordingly, we have

ν≈ μAv = d(μAv) − (νπ
vμ − φ

(vνβ
μ)β

)Aπ

= d(μAv) − uπ
μv Aπ, (13.4)

where we set uπ
μv := νπ

μv − φπ
(μνβ

v)β.
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Let us consider the following Lagrangian (density)

L = 1

ε

≥
g f (R) + ggμv ν≈ μ Av, (13.5)

where, g = |det (g∂σ). R = gμ∂ R∂σ(ν) is the scalar curvature of (g; ν), and f(R)
is a generic (analytic) function. By variation of this Lagrangian and usual covariant
integration by parts one obtains

φL =
≥

g

ε

(
f ∼(R)Rνδ − 1

2
f (R)gνδ − εTνδ

)
φgνδ

− ggνδ Aβφuβ
νδ +

≥
g

ε
gνδ f ∼(R)

ν≈ βφuβ
νδ

+ ggμv ν≈ μφAv

=
≥

g

ε

(
f ∼(R)R(νδ) − 1

2
f (R)gνδ − εT νδ

)
φgνδ

− 1

ε

(
ν≈ β(

≥
ggνδ f ∼(R)) + εggνδ Aβ

)
φuβ

νδ

− ν≈ μ(ggμv)φAv

+ ν≈ β

(≥
g

ε
gνδ f ∼(R)φuβ

νδ + ggβvφAv

)
, (13.6)

where we used the well-known identity φR(νδ) = ν≈ βφuβ
νδ and we set for the

energy-momentum tensor Tνδ = ≥
g

(
gνδgμv

ν≈ μ Av − ν≈ (νAδ)

)
. Field equations

are 
⎪⎪

⎪⎪

f ∼(R)Rνδ − 1
2 f (R)gνδ = εTνδ,

ν≈ β(
≥

ggνδ f ∼(R)) = νβ
≥

ggνδ f ∼(R),
ν≈ μ(ggμv) = 0,

(13.7)

where we set νβ := −ε
≥

g
f ∼ R Aβ. Notice that the third equation (that is the matter field

equation) is not enough to fix the connection due to the contraction. Notice also that
these are more general than field equations of standard f (R) theories due to the rhs
of the second equation (that is originated by the coupling between the matter field A
and the connection ν). Nevertheless one can analyze these field equations along the
same lines used in f (R) theories. Let us thence define a metric hμ∂ = f ∼(R)gμ∂ and
rewrite the second equation as

ν≈ β

(≥
hhνδ

)
= νβ

≥
hhνδ . (13.8)
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According to the analysis of EPS-compatibility done in [17, 18] this fixes the con-
nection as

νν
δμ := {h}νδμ − ε

2 f ∼(R)

(
hνπhδμ − 2φν

δφπ
μ

)
νπ, (13.9)

where for notational convenience we introduced the 1-form νπ := ≥
gAπ. For later

convenience let us notice that we have

K ν
δμ → νν

δμ − {h}νδμ = − ε

2 f ∼(R)

(
hνπhδμ − 2φν

(δφπ
μ)

)
(d, 0) (13.10)

Now we can define the tensor Hν
δμ := νν

δμ − {g}νδμ and obtain

Hν
δμ = K ν

δμ − 1

2

[
gνβgδμ − 2φν

(δφν
μ )

]
φβ In f ∼(R)

= − 1

2 f ∼(R)

[
gνπ f δμ − 2φπ

(δφν
μ )

[[εaπ + φπ f ∼(R)], (13.11)

By substituting into the third field equation we obtain

g
≈ μ(ggμv) + g(Hμ

βμgβv + Hv
βμ − 2Hβ

βμgμv) = 0,

← Hv
βμhμβ − Hβ

βμhμv = 0,

← − 1

2 f ∼(R)

[(
hvπhβμ − 2φπ

(βφv
μ)

)
hμπ

+
(

hβπhβμ − 2φπ
(βφβ

μ)

)
hμv
]
(εaπ + φπ f ∼(R)) = 0,

← − 3

f ∼(R)
hvπ(εaπ + φπ f ∼(R)) = 0,

← aπ = − 1

ε
φπ f ∼(R), (13.12)

where
g
≈ μ is now the covariant derivative with respect to the metric g. Hence the

matter field Aπ = ≥
gaπ = −

≥
g

K φπ = f ∼(R) has no dynamics and it is completely
deter- mined in terms of the other fields. We can also express the connection as a
function of g alone (or, equivalently, of h alone)

νν
δμ := {h}νδμ + 1

2

(
hνπhδμ − 2φν

(δφπ
μ)

)
φπ ∗ f ∼(R) → {g}νν

δμ (13.13)

This behaviour, which has been introduced by the matter coupling, is quite pecu-
liar; the model resembles in the action an f (R) theory but in solution space the
connection is directly determined by the original metric rather than by the conformal
metric h as in f (R) theories. Still the metric g obeys modified Einstein equations.
In fact, we have the first field equation which is now depending on g alone, since
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the matter and the connection have been determined as functions of g. The master
equation is obtained as usual by tracing (using gνδ)

f ∼(R)R − 2 f (R) = εT ← f (R) = 1

2
( f ∼(R)R − εT ), (13.14)

where we set T := Tνδgνδ the trace of the stress-energy tensor. By substituting back
into the first field equation, T = − 3

ε� f ∼(R) being , we obtain

f ∼(R)

[
Rνδ − 1

4
Rgνδ

]
− 3

4
� f ∼(R)gνδ

= ≈ν≈δ f ∼(R) − � f ∼(R)gνδ,

← Rνδ − 1

2
Rgνδ =

1

f ∼(R)

[
≈ν≈δ f ∼(R) − 1

4
(� f ∼(R) + f ∼ R)gνδ

]
, (13.15)

where now the curvature and covariant derivatives refer to g. These are exactly the
field equations obtained in the corresponding purely-metric f (R) theory [5–8].

Hence we have that, regardless of the function f (R), when there is no matter
field other than the field A all these models behave exactly as metric f (R) theories.
The conformal factor is (R) and R can be calculated in terms of T, i.e. τ(T ) =
!(R(T )). Field equations then imply that Einstein equations hold for the new metric
ĝ (corresponding to the above h), with a suitably modified stress-energy tensor that
takes into account extra effects due to the conformal factor. The previous Einstein
equations are recovered

R̂νδ − 1

2
R̂ĝνδ = εT̂νδ (13.16)

with

T̂νδ = 1

f ∼
[
Tνδ + T (grav)

νδ

]
, (13.17)

where the first term on the rhs is due to a standard matter term- Clearly Eq. 13.17
means that the extra degrees of freedom coming from f (R) gravity can be managed
as a further contribution to the stress-energy tensor and the above observational
shortcomings, related to GR (e.g. DM and DE), can be, in principle, solved in a
geometrical way.

Which are the physical implications from the EPS formalism point of view?

1. being g and ĝ conformally related photon propagation does not change;
2. Einstein equations hold for the new metric ĝ with extra stress-energy tensor

directly generated by “ordinary” matter T;
3. rods and clocks change pointwise, by a factor depending on T.



13 Dark Energy from Curvature and Ordinary Matter Fitting Ehlers-Pirani-Schild 139

In summary, EPS formalism works also for ETG and further information can be
always enclosed in a suitable definition of stress-energy tensor.

13.6 A New Paradigm for Gravity

The coupling of a non-linear gravitational Lagrangian f (R) with matter Lagrangians,
depending on the metric g in an arbitrary way or even on the connection ν in a
peculiar way (dictated by EPS compatibility), generate a set of modified Einstein
equations in which the following effects are easily recognizable:

A new metric ĝ conformally related to the original metric g arises. The conformal
factor is a computable function of curvature and, through functional inversion, of
the trace of the stress tensor that corresponds to the “ordinary” matter distribution
(including possible DM and DE effects). In the Palatini approach, the new metric
generates the connection ν as its Levi-Civita connection, so that it describes the
free fall of ordinary matter. This new metric induces, in fact, a change of rulers
and clocks that affects measurements and conservation laws, while the original g is
directly related to light propagation. Due to conformal equivalence, light propagates
on the same null geodesics of both g and ĝ, although clock rates are different in
presence of matter.

The net effect of non-linearity and of (non trivial) interaction with matter resides
in a change of the stress tensor that couples to the Einstein tensor of ĝ; a change that
induces additions to the previously existing one (directly generated from the matter
Lagrangian as discussed above).

This new stress-energy tensor defines conservation laws that are fully covariant
with respect to the Einstein frame of ĝ. Furthermore, it contains an additional term,
that can be interpreted under the form of a “space-time varying cosmological con-
stant” σ(x) in turn determined by distribution of ordinary (and Dark) Matter so that
the residual amount could be interpreted as a net curvature effect (DE) due to the
change of rules and clocks induced by EPS compatibility [5–8]. In other words, the
observational effects of such a dynamics are the clustering of astrophysical structures
(DM) and the revealed cosmic speed up (DE).

13.7 Conclusions and Remarks

To conclude, we can say that very likely Einstein today, after the new phenomeno-
logical evidences would much probably come back onto his own steps and accept,
as he always did, that models are not eternal and should be dictated by phenom-
enology rather than by preestablished rules and prejudices. Why should we insist
on pre-judicial rules that impose metricity a priori (and metricity with respect to a
given metric!) and insist on the choice of the “simplest” Hilbert-Lagrangian, when
cosmology, quantum Issues and strings suggest instead to us to strictly follow the
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beautiful analysis of EPS, and work at least a priori, in the extended framework of
Palatini-EPS formalism and in a much larger class of Lagrangians?

Moreover, let us remark that working in the extended setting suggested by the
Palatini-EPS framework requires to reconsider all the machinery and settings of the
observational paradigms and protocols have to be carefully analyzed to disentangle
purely metrical effects from effects that measure the interaction with free-fall (and
therefore with the connection) that in purely metric formalism GR are necessarily
mixed up and entangled by the a priori requirement that free-fall is also driven by
the metric.
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Chapter 14
The Palatini Approach Beyond Einstein’s
Gravity

Gonzalo J. Olmo

Abstract I review recent results obtained for extensions of general relativity for-
mulated within the Palatini formalism, an approach in which metric and connection
are treated as independent geometrical entities. The peculiar dynamics of these the-
ories, governed by second-order equations and having no new degrees of freedom,
makes them specially suitable to address certain aspects of quantum gravity phe-
nomenology, construct nonsingular bouncing cosmologies, and explore black hole
interiors, which in the Reissner-Nordström case develop a compact core of finite
density instead of a point-like singularity.

14.1 Introduction

General relativity (GR) has been confronted with experiments in scales that range
from millimeters to astronomical distances, scales in which weak and strong field
phenomena can be observed [1]. The theory is so successful in those regimes and
scales that it is generally accepted that it should also work at larger and shorter
distances, and at weaker and stronger regimes. However, for standard sources of
matter and radiation, the theory predicts that the Universe emerged from a singularity
and that the fate of sufficiently massive stars is the formation of black holes, which
posses a singularity behind their event horizon.

The general perception is that in such extreme scenarios GR should be replaced
by some improved description able to avoid the singularities. This, in particular,
has motivated the study of different approaches to the quantization of gravity and
also numerous phenomenological extensions of GR. Among the former we find the
very famous string theory [2, 3] and loop quantum gravity [4–6]. The phenomeno-
logical approaches include theories characterized by higher-order curvature terms
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and/or higher-order derivatives [7–11], models inspired by higher dimensions and
the brane-world scenario [12, 13], scalar-tensor and scalar-vector-tensor theories
[14], and many others. From the existing literature, most of these phenomenological
approaches are formulated within the so-called metric approach, in which the affine
connection is defined using the Christoffel symbols of the metric.

A different and, in general, inequivalent approach consists on formulating those
theories à la Palatini, i.e., assuming no a priori relation between the metric and the
connection [15]. This possibility is supported by the geometrical nature of gravi-
tation, which follows from the Einstein equivalence principle, and by the fact that
metric and connection are independent and fundamental geometrical entities. There-
fore, in the construction of extended theories of gravity, Ockham’s razor suggests
that we should give higher priority to metric-affine theories, in which metric and
connection are independent, than to purely metric theories, in which compatibility
between metric and connection is implicitly imposed somehow arbitrarily by socio-
logical or educational tradition. In Palatini theories, on the contrary, the connection
is determined by solving its corresponding field equation, which is obtained from
the action according to standard variational methods.

In this talk I present recent results obtained within a particular extension of GR
formulated à la Palatini. This model allows to explore the potential effects that a
minimum length (such as the Planck length) could have on relativistic field theories
[16], produces consistent cosmological models that avoid the big bang singularity
by means of a cosmic bounce [17, 18], and modify the internal structure of black
holes in such a way that their central singularity is replaced by a compact nucleus
that may be nonsingular [19, 20].

14.2 Quantum Gravity Phenomenology. Introduction of a
Minimum Length

The combination of special relativity, quantum theory, and gravity suggests that
relativistic quantum gravitational effects could arise at length scales of order lP =√

�G/c3 ≈ 10−35 m. Though this scale is well beyond our current experimental
capabilities, its mere existence raises doubts as to how a length, which is not a
relativistic invariant, could be consistently introduced in our current field theories to
explore the potential phenomenology associated to quantum gravity.

To address this problem, we note that special relativity was built by requiring that
the speed of light were an invariant and universal magnitude. To combine the speed
of light and the Planck length lP in a way that preserves the invariant and universal
nature of both quantities, we first note that Minkowski space-time allows to interpret
the relativity principle in geometrical terms. In this way, though c2 has the dimensions
of a squared velocity it needs not be seen as a privileged 3-velocity. Rather, it can be
regarded as a geometrical invariant in a 4D space-time. Analogously, we may see l2

P
as an invariant with dimensions of length squared in a 4D space-time. Dimensional
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compatibility with a curvature suggests that l2
P ∗ 1/RP could be introduced in the

theory via the gravitational sector. For this reason, we consider the following action

S[gμν, ν
α
βγ,ψ] = �

16πl2
P

∫
d4x

≥−g
[

R + l2
P (a R2 + Rμν Rμν)

⎪
+ Sm[gμν,ψ],

(14.1)
where R ∗ gμν Rμν , Rμν ∗ Rρ

μρν is assumed symmetric Rμν = Rνμ (for the
implications of a non-symmetric piece in the Ricci tensor see, for instance, [21–23]),
and Rα

βμν = ∂μνα
νβ − ∂νν

α
μβ + να

μλνλ
νβ − να

νλνλ
μβ represents the components of

the Riemann tensor, the field strength of the connection να
μβ . The field equations for

metric and connection that follow from the above action are [15]

fR Rμν − 1

2
f gμν + 2 fQ Rμα Rα

ν = κ2Tμν (14.2)

∼α

[≥−g
(

fRgβγ + 2 fQ Rβγ
)⎪

= 0. (14.3)

where κ2 = 8πl2
P/�, f = R + l2

P (a R2 + Rμν Rμν), fR ∗ ∂R f = 1 + 2l2
Pa R, and

fQ ∗ ∂Q f = l2
P . Defining the tensor Pμ

ν = Rμαgαν , (14.2) can be seen as a matrix
equation,

2 fQ Pμ
α Pα

ν + fR Pμ
ν − 1

2
f δμ

ν = κ2Tμ
ν, (14.4)

which establishes an algebraic relation between the components of Pμ
ν and those

of Tμ
ν = Tμαgαν , i.e., Pμ

ν = Pμ
ν(Tα

β). Once the solution of (14.4) is known,
the equation for the independent connection can be solved by means of algebraic
manipulations. One then finds that this connection can be written as the Levi-Civita
connection of a new auxiliary metric hμν (see [24] for details) which is related to
gμν through the following non-conformal relation

hμν = gμασα
ν

≥
det σ

, (14.5)

where σα
ν = fRδν

α + 2 fQ Pα
ν is a function of Tμ

ν and, therefore, depends on the
local densities of energy and momentum. For instance, if we take the Tμ

ν of a scalar
field with kinetic energy χ ∗ gμν∂μφ∂νφ and Lagrangian L = χ + 2V (φ), hμν and
gμν turn out to be related by

gμν = 1

ω
hμν + α2

α1 + χα2
∂μφ∂νφ (14.6)

where ω = [α1(α1 + χα2)]1/2,α1 = √2 fQλ+ fR
2 ,α2 = √2 fQ(−λ ±

√
λ2 + κ2χ)/χ,

and λ2 = f/2 + f 2
R/8 fQ − κ2L/2.

To better understand the dynamics of our theory, we can use the relation (14.5) to
write the field Equation (14.2) in the following compact form
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Rμ
ν(h) = 1√

det σ̂
(

f

2
δμ

ν + κ2Tμ
ν), (14.7)

where Rμ
ν(h) ∗ Rμα(h)hαν and Tμ

ν ∗ Tμαgαν . In vacuum (Tμ
ν = 0) this equa-

tion boils down exactly to GR with (possibly) an effective cosmological constant
(depending on the form of the Lagrangian). This can be seen by rewriting (14.4) in
vacuum as

2 fQ

(
P̂ + fR

4 fQ
Î

)2

=
(

f 2
R

8 fQ
+ f

2

)
Î , (14.8)

where P̂ and Î denote the matrices Pμ
ν and δμ

ν , respectively. The physical solution
to this equation, which recovers the f (R) theory in the limit fQ → 0, is of the form

Pμ
ν = − fR

4 fQ

(
1 −

√
1 + 4 fQ f

f 2
R

)
δμ

ν ∗ α(R, Q)δμ
ν . (14.9)

This equation can be used to compute R0 ∗ Pμ
μ|vac = 4α(R0, Q0) and Q0 =

Pμ
α Pα

μ|vac = 4α(R0, Q0)
2, which lead to the characteristic relation Q0 = R2

0/4 of
de Sitter spacetime. For the quadratic models f (R, Q) = R +a R2/RP + Q/RP , for
instance, one can also use the trace of (14.2) with gμν to find that R0 = 0, from which
Q0 = R2

0/4 = 0 follows. For a generic f (R, Q) model, in vacuum one finds that

σμ
ν = a(R0)δμ

ν and hμν = a(R0)gμν , with a(R0) = fR

(
1 +

√
1 + 4 fQ f

f 2
R

)
/2

evaluated at R0. Therefore, in vacuum (14.7) can be written as Rμ
ν(h) = Rμ

ν(g) =
αe f f δμ

ν , with αe f f = f (R0, Q0)/2a(R0)
2, which shows that the field equations

coincide with those of GR with an effective cosmological constant.
For the particular model (14.1) with a = −1/2 coupled to a scalar field, the low

energy-density limit |L/ρP | ← 1 (where ρP ∗ c5/8π�G2 ≈ 1094 g/cm3 is the
Planck matter density) leads to

Rμν(h) ⊥ κ2
(

∂μφ∂νφ + V

2
hμν

)
+ 1

ρP

[
(V − χ)∂μφ∂νφ +

(
2κ2V 2 + κ2χ2

4

)
hμν

]

(14.10)
which is in agreement with GR up to corrections of order O(1/ρP ). This indicates

that hμν is mainly determined by integrating over the sources (cumulative effects
of gravity), whereas ω and the last term of (14.6) represent local energy-density
contributions to the metric. By neglecting the cumulative effects of gravity, which
corresponds to the limit hμν ⊥ ημν , we obtain a kind of special relativistic limit of
the theory (or a DSR-like theory [25–28]). In this limit, the metric becomes

gμν ⊥ ημν + 2

ρP

(
V ημν + ∂μφ∂νφ

)+ O

(
1

ρ2
P

)
. (14.11)
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From (14.11) we see that the leading order corrections to the Minkowski metric are
strongly suppressed by inverse powers of the Planck density, which indicates that
a perturbative study of such contributions in field theories is feasible at low energy
densities. This should provide an idea of the kind of corrections induced by the
Planck-scale modified Palatini dynamics on Minkowskian field theories. In fact, one
can use the metric (14.11) to estimate the first-order modifications of the scalar field
equation �φ − Vφ = 0 due to the local energy-density dependence of the metric.
After some lengthy algebra, one finds

∂2φ − Vφ ⊥ 0 + 1

ρP

[
Vφ

(
2V − 3∂αφ∂αφ

)+ 2(∂μφ∂νφ)∂μ∂νφ
]
, (14.12)

where ∂2 ∗ ημν∂μ∂ν . For a massive scalar with V (φ) = m2φ2/2, the term VφV on
the right hand side produces the same effect as a λφ4 interaction in the Lagrangian
with λ ∗ m4/4ρP . The terms involving derivatives of the field are expected to
modify the dispersion relation E2 = m2+k2 when the scalar amplitude is sufficiently
high. This contrasts with other approaches to quantum gravity phenomenology where
the proposed modifications of the dispersion relations introduce higher powers of k2

but are independent of the field amplitude. The nonlinear dependence on the field
amplitude found here is a distinctive characteristic of Palatini theories, which signals
the energy-density dependence of its modified dynamics.

14.3 Nonsingular Bouncing Palatini Cosmologies

In the Sect. 14.2 we have studied some perturbative properties of Palatini theories.
The full dynamics can be explored in simplified scenarios such as cosmological
models. In this sense, it is remarkable that a simple quadratic Lagrangian of the form
f (R) = R + R2/RP (where RP = 1/ l2

P ) does exhibit non-singular solutions [14]
for certain equations of state depending on the sign of RP . To be precise, if RP > 0
the bounce occurs for sources with w = P/ρ > 1/3. If RP < 0, then the bouncing
condition is satisfied by w < 1/3 (see Fig. 14.1). This can be easily understood by
having a look at the expression for the Hubble function in a universe filled with
radiation plus a fluid with generic equation of state w and density ρ

H2 = 1

6 fR

[
f + (1 + 3w)κ2ρ + 2κ2ρrad − 6K fR

a2

⎪

[
1 + 3

2τ1
]2 (14.13)

where τ1 = −(1+w)ρ∂ρ fR/ fR = (1+w)(1−3w)κ2ρ fR R/( fR(R fR R− fR)). Due
to the structure of τ1, one can check that H2 vanishes when fR → 0. A more careful
analysis shows that fR → 0 is the only possible way to obtain a bounce with a Palatini
f (R) theory that recovers GR at low curvatures if w is constant. In the case of f (R) =
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Fig. 14.1 Time evolution of the expansion factor for the model f (R) = R − R2/2RP and w = 0
for K > 0, K = 0, and K < 0 (solid curves from left to right). From left to right, we see that the
universe is initially contracting, reaches a minimum, and then bounces into an expanding phase.
The dashed lines, which are only discernible near the bounces, represent the expanding solutions
of GR, which begin with a big bang singularity (a(t) = 0) and quickly tend to the nonsingular
solutions

R + R2/RP , it is easy to see that fR = 0 has a solution if 1 + 2RBounce/RP = 0
is satisfied for ρBounce > 0, where RBounce = (1 − 3w)κ2ρBounce, which leads
to the cases mentioned above. It is worth noting, see Fig. 14.1, that the expanding
branch of the non-singular solution rapidly evolves into the solution corresponding
to GR. The departure from the GR solution is only apparent very near the bounce,
which is a manifestation of the non-perturbative nature of the solution. Note also
that in GR there is a solution that represents a contracting branch that ends at the
singularity where the expanding branch begins (this solution is just the time reversal
of the expanding branch). The Palatini model f (R) = R− R2/2RP represented here
allows for a smooth transition from the initially contracting branch to the expanding
one.

The robustness of the bounce under perturbations can be tested by studying the
solutions of these theories in anisotropic spacetimes of Bianchi-I type

ds2 = −dt2 +
3⎢

i=1

a2
i (t)(dxi )2. (14.14)

Despite the complexity of this new scenario, one can derive a number of useful
analytical expressions for arbitrary Lagrangian of the type f (R). In particular, one

finds that the expansion θ = ∑
i Hi and the shear σ2 = ∑

i

(
Hi − θ

3

)2
(a measure

of the degree of anisotropy) are given by
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θ2

3

(
1 + 3

2
τ1

)2

= f + κ2(ρ + 3P)

2 fR
+ σ2

2
(14.15)

σ2 = ρ
2

1+w

f 2
R

(C2
12 + C2

23 + C2
31)

3
, (14.16)

where the constants Ci j = −C ji set the amount and distribution of anisotropy and
satisfy the constraint C12 + C23 + C31 = 0. In the isotropic case, Ci j = 0, one has
σ2 = 0 and θ2 = 9H2, with H2 given by Eq. (14.13). Now, since homogeneous and
isotropic bouncing universes require the condition fR = 0 at the bounce, a glance
at (14.16) indicates that the shear diverges as ≈ 1/ f 2

R . This shows that, regardless of
how small the anisotropies are initially, isotropic f (R) bouncing models with a single
fluid characterized by a constant equation of state will develop divergences when
anisotropies are present. This negative result, however, does not arise in extended
theories of the form (14.1). For that model one finds that R = κ2(ρ − 3P), like in
GR, and Q = Q(ρ, P) is given by

Q

2RP
= −

(
κ2 P + f̃

2
+ RP

8
f̃ 2
R

)

+ RP

32

⎡

⎣3

(
R

RP
+ f̃ R

)
−
√(

R

RP
+ f̃ R

)2

− 4κ2(ρ + P)

RP

⎤

⎦
2

, (14.17)

where f̃ = R + a R2/RP , and the minus sign in front of the square root has been
chosen to recover the correct limit at low curvatures. In a universe filled with radiation,
for which R = 0, the function Q boils down to

Q = 3R2
P

8

⎡

⎣1 − 8κ2ρ

3RP
−
√

1 − 16κ2ρ

3RP

⎤

⎦ . (14.18)

This expression recovers the GR value at low curvatures, Q ⊥ 4(κ2ρ)2/3 +
32(κ2ρ)3/9RP+. . .but reaches a maximum Qmax = 3R2

P/16 atκ2ρmax = 3RP/16,
where the squared root of (14.18) vanishes. At ρmax the shear also takes its maximum
allowed value, namely, σ2

max = ≥
3/16R3/2

P (C2
12+C2

23+C2
31), which is always finite,

and the expansion vanishes producing a cosmic bounce regardless of the amount of
anisotropy (see Fig. 14.2). Our model, therefore, avoids the well-known problems of
anisotropic universes in GR, where anisotropies grow faster than the energy density
during the contraction phase leading to a singularity that can only be avoided by
sources with w > 1.
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Fig. 14.2 Evolution of the
expansion as a function of
κ2ρ/RP in radiation universes
with low anisotropy, which is
controlled by the combination
C2 = C2

12 + C2
23 + C2

31. The
case with C2 = 0 corresponds
to the isotropic flat case,
θ2 = 9H2
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14.4 Black Holes

Besides early time cosmology, black hole spacetimes represent another scenario
where Palatini theories can be tested. Since the modified dynamics of these theories
is induced by the existence of matter sources, vacuum configurations are not suitable
for our purposes, because they yield exactly the same solutions as in GR. In particular,
though the Schwarzschild black hole is the most general spherically symmetric, non-
rotating vacuum solution of GR and also of (14.1), that solution assumes that all the
matter is concentrated on a point of infinite density, which is not consistent with the
dynamics of (14.1). In fact, if one considers the collapsing object as described by a
perfect fluid that behaves as radiation during the last stages of the collapse, explicit
computation of the scalar Q = Rμν Rμν [see (14.18 )] shows that the energy density ρ
is bounded from above by κ2ρmax = 3RP/16, as we saw in the Sect.14.3. Therefore,
one should study the complicated dynamical process of collapse of a spherical non-
rotating object to determine how the Schwarzschild metric is modified in our theory.
For this reason it is easier to study instead vacuum space-times with an electric field,
which possess a non-zero stress-energy tensor able to excite the Palatini dynamics
even in static settings. The resulting solutions should thus be seen as Planck-scale
modifications of the usual Reissner-Nordström solution of GR.

In the context of f (R) theories, electrically charged black holes do not produce
any new structures unless one considers that the electromagnetic field is described
by some non-linear extension of Maxwell’s electrodynamics. This is so because the
modified dynamics of f (R) theories is sensitive only to the trace of the energy-
momentum tensor of the matter-energy sources, which in the case of Maxwell’s
theory is zero. For non-linear theories of electrodynamics, like the Born-Infeld model,
the corresponding energy-momentum tensor is not traceless and, therefore, is able
to produce departures from GR. These black holes have been recently studied in
detail in [19], where it has been shown that exact analytical solutions can be found.
In that work one finds that the combination of a quadratic Palatini Lagrangian with
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Born-Infeld theory can dramatically reduce the intensity of the divergence associated
to the singularity. For instance, in GR with Maxwell’s electrodynamics one finds that
the Kretschmann scalar takes the form

Rαβγδ Rαβγδ = 48M2
0

r6 − 48M0r2
q

r7 + 14r4
q

r8 , (14.19)

which implies a strong divergence, ≈ 1/r8, as r → 0. In GR coupled to Born-Infeld
theory, one finds that the divergence is dominated by Rαβγδ Rαβγδ ≈ 1/r4. If the
gravity Lagrangian is taken as f (R) = R − l2

P R2, then the divergence is further
reduced to Rαβγδ Rαβγδ ≈ 1/(r − r+)2, where r+ > 0 defines the surface of a
sphere that contains all the matter and charge of the black hole. Though this solution
does not avoid the singularity, it does introduce an important qualitative change with
respect to GR, namely, that the matter and charge distribution of the collapsed object
are no longer concentrated on a point, but on a compact sphere.

The results of [19] that we have just summarized suggest that nonperturbative
quantum gravitational effects could halt gravitational collapse and produce regular
objects sustained by some kind of quantum degeneracy pressure induced by the
gravitational interaction, in much the same way as neutron stars and white dwarfs
arise when the quantum degeneracy pressure of matter dominates in the interior
of stars. The theory (14.1) does exactly this [20] . If standard electrically charged
black holes are considered under the gravity theory (14.1), one finds that completely
regular solutions exist. These solutions exhibit a compact core of area Acore =
Nq

≥
2αem AP , where AP = 4πl2

P is Planck’s area, Nq is the number of charges,
and αem is the electromagnetic fine structure constant, which contains all the mass
of the collapsed object at a density ρ∇

core = M0/Vcore = ρP/4δ∇
1 , independent of q

and M0. The electric charge is distributed on the surface of this core and its density
is also a universal constant independent of q and M0, namely, ρq = q/(4πr2

core) =
(4π

≥
2)−1

√
c7/(�G2). The impact that these results could have for the theoretical

understanding of black holes and the experimental search of compact objects in
particle accelerators are currently under investigation.

14.5 Conclusion

We have shown that a simple extension of general relativity at the Planck scale
formulated à la Palatini successfully addresses different aspects of quantum gravity
phenomenology, such as the consistent introduction of a minimum length compatible
with the principle of relativity, the avoidance of the big bang singularity, and also
the modification of black hole interiors developing a nonsingular compact core that
contains all the mass and charge of the collapsed object. In summary, the model
(14.1) does everything it was expected to do and lacks of any known instabilities.
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Chapter 15
Extended Gravity from Noncommutativity

Paolo Aschieri

Abstract We present a first order theory of gravity (vierbein formulation) on
noncommutative spacetime. The first order formalism allows to couple the theory to
fermions. This NC action is then reinterpreted (using the Seiberg-Witten map) as a
gravity theory on commutative spacetime that contains terms with higher derivatives
and higher powers of the curvature and depend on the noncommutativity parameter θ.
When the noncommutativity is switched off we recover the usual gravity action cou-
pled to fermions. The first nontrival corrections to the usual gravity action coupled
to fermions are explicitly calculated.

15.1 Introduction

In the passage from classical mechanics to quantum mechanics classical observables
become noncommutative. Similarly we expect that in the passage from classical grav-
ity to quantum gravity, gravity observables, i.e. spacetime itself, with its coordinates
and metric structure, will become noncommutative. Thus by formulating Einstein
gravity on noncommutative spacetime we may learn some aspects of quantum gravity.

Planck scale noncommutativity is further supported by Gedanken experiments that
aim at probing spacetime structure at very small distances. They show that due to
gravitational backreaction one cannot test spacetime at those distances. For example,
in relativistic quantum mechanics the position of a particle can be detected with a
precision at most of the order of its Compton wave length λC = �/mc. Probing
spacetime at infinitesimal distances implies an extremely heavy particle that in turn
curves spacetime itself. When λC is of the order of the Planck length, the spacetime
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curvature radius due to the particle has the same order of magnitude and the attempt
to measure spacetime structure beyond Planck scale fails.

This Gedanken experiment supports finite reductionism. It shows that the descrip-
tion of space time as a continuum of points (a smooth manifold) is an assumption
no more justified at Planck scale. It is then natural to relax this assumption and con-
ceive a noncommutative spacetime, where uncertainty relations and discretization
naturally arise. In this way the dynamical feature of spacetime that prevents from
testing sub-Plankian scales is explained by incorporating it at a deeper kinematic
level. A similar mechanism happens for example in the passage from Galilean to
special relativity. Contraction of distances and time dilatation can be explained in
Galilean relativity: they are a consequence of the interaction between ether and the
body in motion. In special relativity they become a kinematic feature.

The noncommutative gravity theory we present following [1, 2] is an effective
theory that may capture some aspects of a quantum gravity theory. Furthermore we
reinterpret spacetime noncommutativity as extra interaction terms on commutative
spacetime, in this way the theory is equivalent to a higher derivative and curvature
extension of Einstein general relativity. We have argued that spacetime noncommuta-
tivity should be relevant at Planck scale, however the physical phenomena it induces
can also appear at larger scales. For example, due to inflation, noncommutativity of
spacetime at inflation scale (that may be as low as Planck scale) can affect cosmo-
logical perturbations and possibly the cosmic microwave background spectrum; see
for example [3]. We cannot exclude that this noncommutative extension of gravity
can be relevant for advancing in our understanding of nowadays open questions in
cosmology.

In this contribution, after a short overview of possible noncommutative approaches,
we outline the Drinfeld twist approach and review the geometric formulation of the-
ories on noncommutative spacetime [4]. This allows to construct actions invariant
under diffeomorphisms. In Sect. 15.4 we first present usual gravity coupled to fermi-
ons in an index free formalism suited for its generalization to the noncommutative
case. Then we discuss gauge theories on noncommutative space and in particular
local Lorentz symmetry (SO(3, 1)-gauge symmetry), indeed we need a vierbein for-
mulation of noncommutative gravity in order to couple gravity to spinor fields. The
noncommutative Lagrangian coupled to spinor fields is then presented. In Sect. 15.12
we reinterpret this NC gravity as an extended gravity theory on commutative space-
time. This is done via the Seiberg-Witten map from noncommutative to commutative
gauge fields. The resulting gravity theory then depends on the usual gravitational
degrees of freedom plus the noncommutative degrees of freedom, these latter are
encoded in a set of mutually commuting vector fields {X I }. The leading correction
terms to the usual action are explicitly calculated in Sect. 15.13. They couple spinor
fields and their covariant derivatives to derivatives of the curvature tensor and of the
vierbein. It is interesting to consider a kinetic term for these vector fields, so that
the noncommutative structure of spacetime, as well as its metric structure depend
on the matter content of spacetime itself. A model of dynamical noncommutativity
is presented in [5]. Noncommutative vierbein gravity can also be coupled to scalar
fields [5] and to gauge fields [6].
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15.2 NC Geometry Approaches

Before entering the details of the theory, we briefly frame it in the context of non-
commutative geometry approaches.

The easiest way to describe a noncommutative spacetime is via the noncommu-
tative algebra of its coordinates, i.e., we give a set of generators and relations. For
example

[
xμ, xν

] = ιθμν canonical (15.1)
[
xμ, xν

] = i f μν
σ xσ Lie algebra (15.2)

xμxν − qxμxν = 0 quantum (hyper)plane (15.3)

where θμ ν (a real antisymmetric matrix), f σ
μ ν (real structure constants) , q (a com-

plex number, e.g. a phase) are the respective concommutativity parameters. Quantum
groups and quantum spaces ([7, 8]) are usually described in this way. In this case
we do not have a space (i.e. a set of points), rather we have a noncommutative alge-
bra generated by the coordinates xμ and their relations; when the noncommutativity
parameters (θμv, fσμν, q) are turned off this algebra becomes commutative and is
the algebra of functions on a usual space.

Of course we can also impose further constraints, for example periodicity of the
coordinates describing the canonical noncommutative spacetime (15.1) (that typical
of phase-space quantum mechanics) leads to a noncommutative torus rather than
to a noncommutative (hyper)plane. Similarly, constraining the coordinates of the
quantum (hyper)plane relations (15.3) we obtain a quantum (hyper)sphere.

This algebraic description should then be complemented by a topological
approach. One that for example leads to the notions of continuous functions. This
is achieved completing the algebra generated by the noncommutative coordinates
to a C�-algebra. Typically C�-algebras arise as algebras of operators on Hilbert
space. Connes noncommutative geometry [9] starts from these notions and enriches
the C�-algebra structure and its representation on Hilbert space so to generalize to
the noncommutative case also the notions of smooth functions and metric structure.

Another approach is the �-product one. Here we retain the usual space of func-
tions from commutative space to complex numbers, but we deform the pointwise
product operation in a �-product one. A �-product sends two functions ( f , g)
in a third one ( f �g). It is a differential operator on both its arguments (hence
it is frequently called a bi-differential operator). It has the associative property
f �(g�h) = ( f �g)�h. The most known example is the Gronewold- Moyal-Weyl
star product on R2n ,

( f �h) (x) = e
i
2 θμv ∂

∂xμ ≈ ∂
∂yv f (x)h(y)

∣∣∣∣
x=y

. (15.4)
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Notice that if we set
F−1 = e

i
2 θμv ∂

∂xμ ≈ ∂
∂yv

then
( f ν h)(x) = μ ∗ F−1( f ≈ h)(x)

where μ is the usual product of functions μ( f ≈ g) = f h. The element F =
e− i

2 θμv ∂
∂xμ ≈ ∂

∂yv is an example of a Drinfeld twist. It is defined by the exponential
series in powers of the noncommutativityparameters θμ ν,

F = e− i
2 θμv ∂

∂xμ ≈ ∂
∂yv = 1 ≈ 1 − i

2
θμv∂μ ≈ ∂v − 1

8
θμ1v1θμ2v2∂μ1∂μ2 ≈ ∂v1∂v2 + . . .

It is easy to see that xμ ν xv − xv ν xμ = iθmuv thus also in this approach we
recover the noncommutative algebra (15.1).

In this paper noncommutative spacetime will be spacetime equipped with a
�-product. We will not discuss when the exponential series f ν g = f g− i

2θμv∂μ( f )

∂v(g)+ . . . defining the function f � g is actually convergent. We will therefore work
in the well established context of formal deformation quantization [10]. In the latter
part of the paper we will consider a series expansion of the noncommutative gravity
action in powers of the noncommutativity parameters θ, we will present the first
order in θ (a second order study appears in [2]), therefore the convergence aspect
won’t be relevant.

The method of constructing �-products using twists is not the most general
method, however it is quite powerful, and the class of �-products obtained is quite
wide. For example choosing the appropriate twist we can obtain the noncommu-
tative relations (15.1) (15.2) and also (depending on the structure constant explicit
expression) some of the Lie algebra type (15.3).

15.3 Twists and �-Noncommutative Manifolds

Let M be a smooth manifold, a twist is an invertible element F ≥ Uσ≈ Uσ where Uσ

is the universal enveloping algebra of vector fields, (i.e. it is the algebra generated by
vector fields on M and where the element XY - Y X is identified with the vector field
[X, Y]). The element F must satisfy some further conditions that we do not write
here, but that are satisfied if we consider abelian twists, i.e., twists of the form

F = e− i
2 θ I J X I ≈X J

= 1 ≈ 1 − i

2
θ I J X I ≈ X j

1

8
θ I1 J1θ I2 J2 X I1 X I2 ≈ X J1 X J2 + . . .
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were the vector fields X I (I = 1, ...s with s not necessarily equal to m = dim M) are
mutually commuting [X I , X J ] = 0 (hence the name abelian twist).

It is convenient to introduce the following notation

F−1 = 1 ≈ 1 + i

2
θ I J X I ≈ X J

1

8
θ I1 J1θ I2 J2 X I1 X I2 ≈ X J1 X J2 + . . .

= f̄α ≈ f̄α (15.5)

where a sum over the multi-index α is understood.
Let A be the algebra of smooth functions on the manifold M. Then, given a twist

F , we deform A in a noncommutative algebra A� by defining the new product of
functions

f �h = f̄α( f )f̄α(h)

we see that this formula is a generalization of the Gronewold-Moyal-Weyl star prod-
uct on R2n defined in (15.4). Since the vector fields X I are mutually commuting then
this ∼-product is associative. Note that only the algebra structure of A is changed
to A� while, as vector spaces, A and A� are the same. We similarly consider the
algebra of exterior forms ω•

� with the wedge product →, and deform it in the noncom-
mutative exterior algebra ω•

� that is characterized by the graded noncommutative
exterior product →� given by

τ →� τ ← = f̄α(τ ) → f̄(τ ←),

where τ and τ ← are arbitrary exterior forms. Notice that the action of the twist on τ
and τ I is via the Lie derivative: each vector field X I1 , X I2 , X J1 , X J2 . . . in (15.5) acts
on forms via the Lie derivative.

It is not difficult to show that the usual exterior derivative is compatible with the
new →�-product,

d(τ →ν τ ←) = d(τ ) →ν τ ← + (−1)deg(τ )τ →ν dτ ← (15.6)

this is so because the Lie derivative commutes with the exterior derivative.
We also have compatibility with the usual undeformed integral (graded cyclicity

property): ∫
τ →ν τ ← = (−1)degr(τ )deg(τ ←)

∫
τ ← →ν τ (15.7)

Note. We remark that all these properties are due to the special nature of the
∼-product we consider. As shown in [10] ∼-products are in 1-1 correspondence
with Poisson structures { , } on the manifold M. The Poisson structure the twist F
induces is { f, g} = iθ I J X I ( f )X J (g). However the twist F encodes more informa-
tion than the Poisson bracket { , }. The key point is that the twist is associated with
the Lie algebra σ (and morally with the diffeomorphisms group of M). Given a twist
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we can deform the Lie algebra σ (the diffeomorphisms group of M) and then, using
the Lie derivative action (the action of the diffeomorphisms group) we induce non-
commutative deformations of the algebra of functions on M, of the exterior algebra
and more generally of the differential and Riemannian geometry structures on M
[11], leading to noncommutative Einstein equations for the metric tensor [11].

15.4 Noncommutative Vierbein Gravity Coupled to Fermions

15.5 Classical Action

The usual action of first-order gravity coupled to spin 1
2 fields reads:

S = εabcd

∫
Rab→V c→V d −iψ̄γa V b→V c→V d →Dψ−i(Dψ)γa →V b→V c→V dψ

(15.8)
with Rab = dωab −ωa → ωcb, and the Dirac conjugate defined as usual: ψ̄ = ψ† γ0.
This action can be recast in an index-free form ([12], Aschieri 2009), convenient for
generalization to the non-commutative case:

S =
∫

T r(i R → V → V γ5) + ψ̄V → V → V γ5 Dψ + Dψ̄ → V → V → V γ5ψ (15.9)

where

R = dω − ω → ω, Dψ = dψ − ωψ, Dψ̄ = Dψ = dψ̄ + ψ̄ω (15.10)

with

ω ⊥ 1

4
ωabγab, V ⊥ V aγa, R ⊥ 1

4
Rabγab

taking value in Dirac gamma matrices. Use of the gamma matrix identities γabc =
iεabcdγdγ5, T r(γabγcγdγ5) = −4iεabcd in computing the trace leads back to the
usual action (15.8 ).

The action (15.9) is invariant under local diffeomorphisms (because it is the inte-
gral of a 4-form on a 4-manifold) and under local Lorentz rotations. In the index-free
form they read

δεV = −[V, ε], δεω = dε − [ω, ε], δεψ = εψ, δεψ̄ = −ψ̄ε (15.11)

with ε = 1
4εabγab. The local Lorentz invariance of the index free action follows from

δε R = −[R, ε] and δεDψ = εDψ, the cyclicity of the trace T r and the fact that the
gauge parameter ε commutes with γ5.
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15.6 Noncommutative Gauge Theory and Lorentz Group

Consider an infinitesimal gauge transformation λ = λAT A, where the generators
T A belong to some representation (the fundamental, the adjoint, etc.) of a Lie group
G. Since two consecutive gauge transformations are a gauge transformation, the
commutator of two infinitesimal ones [λ,λ←], closes in the Lie algebra of G. This in
general is no more the case in noncommutative gauge theories. In the noncommutative
case the commutator of two infinitesimal gauge transformations is

[λ ν λ←] ⊥ λ ν λ← − λ← ν λ = 1

2
{λA ν δ←B}[T A, T B] + 1

2
[λA ν λ←B]{T A, T B}.

We see that also the anticommutator { T A, T B } appears. This is fine if our gauge
group is for example U(N) or GL(N) in the fundamental or in the adjoint, since in this
case { T A, T B} is again in the Lie algebra, however for more general Lie algebras
(including all simple Lie algebras) we have to enlarge the Lie algebra to include also
anticommutators besides commutators, i.e. we have to consider all possible products
T AT B . . . T C of generators.

Our specific case is the Lorentz group in the spinor representation given by the
Dirac gamma matrices γab. The algebra generated by these gamma matrices is that of
all even 4 × 4 gamma matrices. The noncommutative gauge parameter will therefore
have components

ε = 1

4
εabγab + iε11 + ε̃γ5.

The extra gauge parameters ε, ε̃ can be chosen to be real (like εab). Indeed the reality
of εab, ε, ε̃ is equivalent to the hermiticity condition

− γ0εγ0 = ε† (15.12)

and if the gauge parameters ε, εI satisfy this condition then also [ε ∼ εI ] is easily
seen to satisfy this hermiticity condition.

We have centrally extended the Lorentz group to

SO(3, 1) ∇ SO(3, 1) × U (1) × R+,

or more precisely, (since our manifold M has a spin structure and we have a gauge
theory of the spin group SL(2, C))

SL(2, C) ∇ GL(2, C).

The Lie algebra generator i α is the anti-hermitian generator corresponding to the
U(1) extension, while γ5 is the hermitian generator corresponding to the noncompact
R+ extension.

Since under noncommutative gauge transformations we have
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δεω = dε − ω ν ε + ε ν ω (15.13)

also the spin connection and the curvature will be valued in the GL(2, C) Lie algebra
representation given by all the even gamma matrices,

ω = 1

4
ωabγab + iωα + ω̃γ5, R = 1

4
Rabγab + irα + r̃γ5. (15.14)

Similarly the gauge transformation of the vierbein,

δεV = −V ν ε + ε ν V, (15.15)

closes in the vector space of odd gamma matrices (i.e. the vector space linearly
generated by γa, γaγ5) and not in the subspace of just the γa matrices. Hence the
noncommutative vierbein are valued in the odd gamma matrices

V = V aγa + Ṽ aγaγ5. (15.16)

15.7 Noncommutative Gravity Action and its Symmetries

We have all the ingredients in order to generalize to the noncommutative case the
gravity action coupled to spinors of Sect. 15.3: an abelian twist giving the star prod-
ucts of functions and forms on the spacetime manifold M (and compatible with usual
integration on M); an extension to GL(2, C) of the Lorentz gauge group, so that infin-
itesimal noncommutative gauge transformations close in this extended Lie algebra.
The action reads

S =
∫

T r(i R →ν V →ν V γ5 + ψ̄ νV →ν V →ν V →ν γ5 Dψ+ Dψ̄→ν V →ν V →ν V νγ5ψ

(15.17)
with

R = dω − ω →ν ω, Dψ = dψ − ω ν ψ, Dψ̄ = dψ̄ + ψ̄ ν ω (15.18)

15.8 Gauge Invariance

The invariance of the noncommutative action (15.17) under the ν-variations is demon-
strated in exactly the same way as for the commutative case: noting that besides
(15.13) and (15.15) we have
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δεψ = ε ν ψ, δεψ̄ = δεψ̄ ν ε, δε Dψ = ε ν Dψ, , δε Dψ̄ = −Dψ̄ ν ε,

δε R = −R ν ε + ε ν R, (15.19)

and using that ε commutes with γ5, and the cyclicity of the trace together with the
graded cyclicity of the integral with respect to the ∼-product.

15.9 Diffeomorphisms Invariance

The ν-action (15.17) is invariant under usual diffeomorphisms, being the integral of a
4-form. Under these diffeomorphisms the vector fields X I transform covariantly. We
also mention that since the vector fields X I appear only in the ν-product, the action
is furthermore invariant under ν-diffeomorphisms as defined in [11], see discussion
in [4], Sect. 7.2.4. Under these deformed diffeomorphisms the vector fields X I do
not transform.

15.10 Reality of the Action

Hermiticity conditions can be imposed on the fields V and ω as done with the gauge
parameter ε in (15.12) :

γ0V γ0 = V †, −γ0ωγ0 = ω†. (15.20)

These hermiticity conditions are consistent with the gauge variations and can be
used to check that the action (15.17) is real by comparing it to its complex conjugate
(obtained by taking the Hermitian conjugate of the 4-form inside the trace in the
integral). As previously observed for the component gauge parameters εab, ε, ε̃, the
hermiticity conditions (15.20) imply that the component fields V a, Ṽ a,ωab,ω, and
ω̃ are real fields.

15.11 Charge Conjugation Invariance

Noncommutative charge conjugation is the following transformation (extended lin-
early and multiplicatively):

ψ ∇ ψC ⊥ C(ψ̄)T = −γ0Cψ⊃, V ∇ V C ⊥ C V T C, ω ∇ ωC ⊥ CωT C,

νθ ∇ νC
θ ⊥ ν−θ, (15.21)

and consequently →νθ ∇ →C
νθ = →ν−θ. Then the action (15.17) is invariant under

charge conjugation. For example

http://dx.doi.org/10.1007/978-3-319-00297-2_7
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SC
bosonic = i

∫
T r(RC →−θ V C →θ V Cγ5)

T = −i
∫

T r(RT →−θ V T Cγ5C−1)T

= −i
∫

T r
(
(V T →−θ V T γT

5 )T →ν R
)

= i
∫

T r
(
−(V T γT

5 )T →ν V →ν R
)

= i
∫

T r(γ5V →ν V →ν R) = i
∫

T r(R →ν γ5V → V ) = i
∫

T r(R →ν V →ν V γ5)

= Sbosonic (15.22)

Similarly the fermionic part of the action satisfies SC
fermionic = S fermionic.

The vanishing of the Ṽ a components in the classical limit is achieved by imposing
charge conjugation conditions on the fields [1]:

CVθ(x)C = V−θ(x)T , Cωθ(x)C = ω−θ(x)T , Cεθ(x)C = ε−θ(x)T (15.23)

These conditions involve the θ-dependence of the fields. This latter is due to the
ν-product θ-dependence (recall that the ∼-product is defined as an expansion in
power series of the noncommutativity parameter θ). Since noncommutative gauge
transformations involve the ∼-product, the gauge transformed fields will be θ-
dependent and hence field configurations are in general θ-dependent.

Conditions (15.23) are consistent with the ν-gauge transformations. For example
the field CVθ(x)T C can be shown to transform in the same way as V −θ(x) [1].

For the component fields and gauge parameters the charge conjugation conditions
imply that the components V a,ωab are even in θ, while the components Ṽ a,ω, ω̃
are odd

V a
θ = V a

−θ, ωab
θ = ωab

−θ (15.24)

Ṽ a
θ = −Ṽ a

−θ,ωθ = −ω−θ, ω̃θ = −ω̃−θ. (15.25)

Similarly for the gauge parameters: εab
θ = εab

−θ, εθ = −ε−θ, ε̃θ = −ε̃−θ. In

particular, since the components Ṽ a are odd in θ we achieve their vanishing in the
classical limit.

We can also conclude that the bosonic action is even in θ. Indeed (15.23) implies

V C = V−θ,ω
C = ω−θ, RC = R−θ. (15.26)

Hence the bosonic action Sbosonic(θ) is mapped into Sbosonic(−θ) under charge
conjugation. Also for the fermionic action, S f ermionic(θ), we have S f ermionic(θ)

C =
S f ermionic(−θ) if the fermions are Majorana, i.e. if they satisfy ψC = ψ. From S
bosonic(θ)

C = S bosonic(-θ) we conclude that all noncommutative corrections to the
classical action of pure gravity are even in θ; this is also the case if we couple
noncommutative gravity to Majorana fermions
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15.12 Seiberg-Witten map (SW map)

In Sect. 15.11 we have formulated a noncommutative gravity theory that in the classi-
cal limit θ ∇ 0 reduces to usual vierbein gravity. In the full noncommutative regime
it has however a doubling of the vierbein fields. We can insist on a noncommutative
gravity theory that has the same degrees of freedom of the classical one. This is doable
if we use the Seiberg-Witten map to express the noncommutative fields in terms of
the commutative ones. In this way the gauge group is the Lorentz group SL(2, C)
and not the centrally extended one GL(2, C), indeed also the noncommutative gauge
parameters εab, ε, ε̃ are expressed in term of the commutative ones εab.

Because of the SW map the noncommutative fields can therefore be expanded in
terms of the commutative ones, and hence the noncommutative gravity action can be
expanded, order by order in powers of θ, in terms of the usual commutative gravity
and spinor field as well as of the noncommutativity vector fields X I . As we will
see, we thus obtain a commutative gravity action that at zeroth order in θ is usual
gravity (coupled to spinors) and at higher orders in θ contains higher derivative terms
describing gravity and spinor fields coupled to the noncommutativity vector fields
X I .

The Seiberg-Witten map (SW map) relates the noncommutative gauge fields ω

to the ordinary ω0, and the noncommutative gauge parameters ε to the ordinary ε0

and ω0so as to satisfy:

ω(ω0) + δεω(ω0) = ω(ω0 + δε0ω
0) (15.27)

With the noncommutative and ordinary gauge variation given by

δεω = dε − ω ν ε + ε ν ω, δε0ω0 = dε0 − ω0ε0 + ε0ω0. (15.28)

Equation (15.27) can be solved order by order in θ [13], yielding ω and ε as power
series in θ:

ω(ω0, θ) = ω0 + ω1(ω0) + ω2(ω0) + . . . + ωn(ω0) + . . . (15.29)

ε(ε0,ω0, θ) = ε0 + ε1(ε0, A0) + ε2(ε0,ω0) + . . . + εn(ε0,ω0) + . . . (15.30)

where ωn(ω0) and En(ε0, ω0) are of order n in θ. Note that ε depends on the ordinary
ε0 and also on ω0.

The Seiberg-Witten condition (15.27) states that the dependence of the noncom-
mutative gauge field on the ordinary one is fixed by requiring that ordinary gauge
variations of ω0 insideω(ω0) produce the noncommutative gauge variation of ω.
This implies that once we expand, order by order in θ, the noncommutative action
in terms of the commutative fields, the resulting action will be gauge invariant under
ordinary local Lorentz transformations because the noncommutative action is invari-
ant under the local noncommutative Lorentz transformations of Sect. 37.3. Following
Ref. [2], up to first order in θ the solution reads:

http://dx.doi.org/10.1007/978-3-319-00297-2_37
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ω = ω0 + i

4
θ I J {ω0

I , τJ ω0 + R0
J } (15.31)

ε = ε0 + i

4
θ I J {ω0

I , τJ ε0} (15.32)

R = R0 + i

4
θ I J

(
{ω0

I , (τJ + L J )R0} − [R0
I , R0

J ]
)

(15.33)

ψ = ψ0 + i

4
θ I J ω0

I (τJ + L J )ψ0 (15.34)

where ω0, R0
A are defined as the contraction along the tangent vector X I of the

exterior forms A Aω0, R0, i.e. ω0 ⊥ i I ω
0, R0 ⊥ i I R0, (i I being the contraction

along X I ). We have also introduced the Lie derivative fI along the vector field X I ,
and the covariant Lie derivative L I along the vector field X I . L I acts on R0 and ψ0

as L I R0 = fI R0 − ω0 ν R0 + R0 ν ω0 and L I ψ0 = fI ψ0 −ω0 ψ0. In BI I fact
the covariant Lie derivative L I has the Cartan form:

L I = i I D + DiI

where D is the covariant derivative. We refer to [2] for higher order in θ expres-
sions. All these formulae are not SO(1, 3)-gauge covariant, due to the presence of the
“naked” connection ω0 and the non-covariant Lie derivative fI = i I d+di I . However,
when inserted in the NC action the resulting action is gauge invariant order by order
in θ. Indeed usual gauge variations induce the ∼-gauge variations under which the
NC action is invariant. Therefore the NC action, re-expressed in terms of ordinary
fields via the SW map, is invariant under usual gauge transformations. Since these
do not involve θ, the expanded action is invariant under ordinary gauge variations
order by order in θ. Moreover the action, once re-expressed in terms of ordinary
fields remains geometric, and hence invariant under diffeomorphisms. This is the
case because the noncommutative action and the SW map are geometric, we indeed
see that only coordinate independent operations like the contraction i I and the Lie
derivatives fI and L I appear in the SW map.

From (15.31) and (15.34) we also deduce

Dψ = Dψ0 + i

4
θ I J

(
ω0

I (τJ + L J )Dψ0 − 2RI L J ψ
)

. (15.35)

15.13 Action at First Order in θ

The expression of the gravity action, up to second order in θ, in terms of the com-
mutative fields and of the first order fields (15.31)–(15.35) has been given in [2].
The action is gauge invariant even if the expression in [2] is not explicitly gauge
invariant. We here present the explicit gauge invariant expression for the action up
to first order in θ. We replace the noncommutative fields appearing in the action
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with their expansions (15.31)–(15.35) in commutative fields and integrate by parts
in order to obtain an explicit SO(3, 1) gauge invariant action. We thus obtain the
following gravity action coupled to spinors

S =
∫

T r(i RV V γ5) + ψ̄V 3γ5 Dψ + Dψ̄V 3γ5ψ

+ i

4
θ I J

(
ψ̄{V 3, ri j }γ5 Dψ + Dψ̄{V 3, RI J }γ5ψ

)

+ i

2
θ I J

(
2L I ψ̄RJ V 3γ5ψ − 2ψ̄V 3 RI γ5L J ψ − L1ψ̄V 3γ5L J Dψ

− L I Dψ̄V 3γ5L J ψ

+ ψ̄({L I V L J V, V } + L I V V L J V )γ5 Dψ + Dψ̄({L I V L J V, V }
+L I V V L J V )γ5ψ) + O(θ2) (15.36)

where with obvious abuse of notation we have omitted the apex 0 denoting commu-
tative fields, we also have omitted writing the wedge product, and V 3 = V → V → V .

15.14 Conclusions

We have constructed an extended Einstein gravity action that: (i) is explicitly invari-
ant under local Lorentz transformations because expressed solely in terms of the
gauge covariant operators L I , i I , D and fields R, V, ψ; (ii) is diffeomorphic invari-
ant; (iii) has the same fields of classical gravity plus the noncommutative structure.
This latter is given by the vector fields {X I } that choosing an appropriate kinetic
term can become dynamical, the idea being that both spacetime curvature and non-
commutativity should depend on matter distribution.

This extended action has been obtained from considering gravity on noncommu-
tative spacetime, that as argued in the introduction is a very natural assumption at
high energies, like those close to the inflationary epoch.

Acknowledgments We acknowledge the fruitful and pleasant atmosphere and the perfect organi-
zation enjoyed during the Udine Symposium.

15.15 A. Gamma Matrices in D = 4

We summarize in this Appendix our gamma matrix conventions in D = 4.

ηab = (1,−1,−1,−1), {γa, γb} = 2ηab, [γa, γb] = 2γab, (15.37)

γ5 ⊥ iγ0γ1γ2γ3, γ5γ5 = 1, ε0123 = −ε0123 = 1, (15.38)
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γ†
a = γ0γaγ0, γ†

5 = γ5 (15.39)

γT
a = −CγaC−1, γT

5 = Cγ5C−1, C2 = −1, C† = CT = −C (15.40)
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Chapter 16
Quantum Gravity: A Heretical Vision

John Stachel

Abstract The goal of this work is to contribute to the development of a background-
independent, non-perturbative approach to quantization of the gravitational field
based on the conformal and projective structures of space-time. But first I attempt
to dissipate some mystifications about the meaning of quantization, and foster an
ecumenical, non-competitive approach to the problem of quantum gravity (QG),
stressing the search for relations between different approaches in any overlapping
regions of validity. Then I discuss some topics for further research based on the
approach we call unimodular conformal and projective relativity (UCPR).

16.1 Only Theories

Perhaps it will be helpful if I recall a tripartite classification of theories that I proposed
many years ago. The three categories are:

(1) Perfectly perfect theories: The range of these theories includes the entire uni-
verse: There is nothing In the world that these theories do not purport to explain,
and they correctly explain all these phenomena. Today we call such theories
TOEs— Theories of Everything.

(2) Perfect theories: These are more modest. They correctly explain all phenomena
within their range of application, but there are phenomena that they do not purport
to explain.

(3) Then there are just plain Theories: There are phenomena that they do not purport
to explain, and there are phenomena that they do purport to explain, but do not
explain correctly.

Both the history of science and my own experience have taught me that all we have
now, ever have had in the past, or can hope to have in the future are just plain theories.
This tale had two morals:
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(1) Every theory has its range of validity and its limits; to understand a theory better
we must find its limits. In this sense, we understand Newtonian gravity better
than general relativity (GR).

(2) There will be theories with over-lapping ranges of validity; to understand each of
these theories better we must explore the relations between them in the overlap
regions. Some examples will be given in the next section.

16.2 What Is Quantum Theory? What Quantization Is and Is Not

A certain mystique surrounds the words “quantum theory.” The very words conjure
up visions of probing the depths of reality, exploring the paradoxical properties of
the exotic building blocks of the universe: fundamental particles, dark matter, dark
energy—dark thoughts.

But the scope of the quantum mechanical formalism is by no means limited to such (pre-
sumed) fundamental particles. There is no restriction of principle on its application to any
physical system. One could apply the formalism to sewing machines if there were any reason
to do so! [17].

Then what is quantization? Quantization is just a way of accounting for the effects
of the existence of h, the quantum of action, on any process undergone by some
system–or rather on some theoretical model of such a system. This is the case whether
the system to be quantized is assumed to be “fundamental” or “composite.” That is,
whether the model describes some (presumed) fundamental entities, or whether it
describes the collective behavior of an ensemble of such entities.

[T]he universal quantum of action … was discovered by Max Planck in the first year of this
[20th] century and came to inaugurate a whole new epoch in physics and natural philosophy.
We came to understand that the ordinary laws of physics, i.e., classical mechanics and
electrodynamics, are idealizations that can only be applied in the analysis of phenomena in
which the action involved at every stage is so large compared to the quantum that the latter
can be completely disregarded [4].

We all know examples of the quantization of fundamental systems, such as elec-
trons, quarks, neutrinos, etc.; so I shall just remind you of some examples of non-
fundamental quanta, such as quasi-particles: particle-like entities arising in certain
systems of interacting particles, e.g., phonons and rotons in hydrodynamics (see, e.g.,
[13]); and phenomenological field quanta, e.g., quantized electromagnetic waves in
a homogeneous, isotropic medium (see, e.g., [11]).

So, successful quantization of some classical formalism does not necessarily mean
that one has achieved a deeper understanding of reality—or better, an understanding
of a deeper level of reality. What is does mean is that one has successfully understood
the effects of the quantum of action on the phenomena (Bohr’s favorite word), or
processes (Feynman’s favorite) described by the formalism being quantized.

Having passed beyond the quantum mystique, one is free to explore how to apply
quantization techniques to various formulations of a theory without the need to
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single one out as the unique “right” one. One might say, with Jesus: “In my Father’s
house are many mansions” (John 14:2); or with Chairman Mao (in his more tolerant
moments): “Let a hundred flowers blossom, let a hundred schools contend.”

Three Morals of This Tale:

1. Look for relations between quantizations: If two such quantizations at differ-
entlevels are carried out, one may then investigate the relation between them.
Example: [7] has investigated the relation between microscopic and macroscopic
quantizations of the electromagnetic field in a dielectric.
If two such quantizations at the same level exist, one may investigate the rela-
tion between them. Example: [2] studied the relation between loop quantization
and the usual field quantization of the electromagnetic field: If you “thicken” the
loops, the two are equivalent.

2. Don’t Go “Fundamental”: The search for a method of quantizing space-time
structures associated with the Einstein equations is distinct from the search for
an underlying theory of all “fundamental” interactions.

I see no reason why a quantum theory of gravity should not be sought within a standard
interpretation of quantum mechanics (whatever one prefers). … We can consistently
use the Copenhagen interpretation to describe the interaction between a macroscopic
classical apparatus and a quantum-gravitational phenomenon happening, say, in a small
region of (macroscopic) spacetime. The fact that the notion of spacetime breaks down
at short scale within this region does not prevent us from having the region interacting
with an external Copenhagen observer ([14], p. 370).

3. Don’t go “Exclusive”: Any attempt, such as ours (see [5, 19]), to quantize the con-
formal and projective structures does not negate, and need not replace, attempts
to quantize other space-time structures. Everything depends on the utility of the
results of formal quantization in explaining some physical processes depending
on the quantum of action.
One should not look at different approaches to QG as “either-or” alternatives, but
“both-and” supplements. The question to ask is not: “Which is right and which is
wrong?” but: “In their regions of overlapping validity, what is the relation between
these different models of quantization of some gravitational phenomena?”.

16.3 Measurability Analysis

A physical theory consists of more than a class of mathematical models. Certain
mathematical structures within these models must be singled out as corresponding to
physically significant concepts. And these concepts must be in principle measurable.
This is not operationalism: What is measurable is real. Rather, it is the opposite: What
is real must be measurable by some idealized physical procedure that is consistent
with the theory. This test of the physical validity of a theory is called measurability
analysis
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Measurability analysis identifies those dynamic field variables that are susceptible to observa-
tion and measurement (“observables”), and investigates to what extent limitations inherent
in their experimental determination are consistent with the uncertainties predicted by the
formal theory [3].

16.4 Process is Primary, States are Secondary

I cannot put this point better than Lee Smolin has done:

[R]elativity theory and quantum theory each …tell us– no, better, they scream at us- that our
world is a history of processes. Motion and change are primary. Nothing is, except in a very
approximate and temporary sense. How something is, or what its state is, is an illusion. …
So to speak the language of the new physics we must learn a vocabulary in which process is
more important than, and prior to, stasis [15].

Carlo Rovelli has helped us to develop that vocabulary for QG:

The data from a local experiment (measurements, preparation, or just assumptions) must in
fact refer to the state of the system on the entire boundary of a finite spacetime region. The
field theoretical space …is therefore the space of surfaces ν [a three-dimensional hypersur-
face bounding a finite four-dimensional spacetime region] and field configurations σ on ν.
Quantum dynamics can be expressed in terms of an [probability] amplitude W [ν, σ] [for
some process].

Background dependence versus background independence:

Notice that the dependence of W [ν, σ] on the geometry of ν codes the spacetime position of
the measuring apparatus. In fact, the relative position of the components of the apparatus is
determined by their physical distance and the physical time elapsed between measurements,
and these data are contained in the metric of ν. Consider now a background independent
theory. Diffeomorphism invariance implies immediately that W [ν, σ] is independent of ν

… Therefore in gravity W depends only on the boundary value of the fields. However, the
fields include the gravitational field, and the gravitational field determines the spacetime
geometry. Therefore the dependence of W on the fields is still sufficient to code the relative
distance and time separation of the components of the measuring apparatus! ([14], p. 23).

16.5 Poisson Brackets Versus Peierls Brackets

One central method of taking into account the quantum of action is by means of intro-
ducing commutation relations between various particle or field quantities entering
into the classical formalism. These commutation relations have more than a purely
formal significance

We share the point of view emphasized by Heisenberg and Bohr and Rosenfeld, that the
limits of definability of a quantity within any formalism should coincide with the limits of
measurability of that quantity for all conceivable (ideal) measurement procedures. For well-
established theories, this criterion can be tested. For example, in spite of a serious challenge,
source-free quantum electro-dynamics was shown to pass this test. In the case of quantum
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gravity, our situation is rather the opposite. In the absence of a fully accepted, rigorous
theory, exploration of the limits of measurability of various quantities can serve as a tool to
provide clues in the search for such a theory: If we are fairly certain of the results of our
measurability analysis, the proposed theory must be fully consistent with these results ([1]).

It follows that one should replace canonical methods, based on the primacy of states,
by some covariant method, based on the primacy of processes. As Bryce DeWitt
emphasizes, Peierls found the way to do this:

When expounding the fundamentals of quantum field theory physicists almost universally fail
to apply the lessons that relativity theory taught them early in the twentieth century. Although
they usually carry out their calculations in a covariant way, in deriving their calculational rules
they seem unable to wean themselves from canonical methods and Hamiltonians, which are
holdovers from the nineteenth century, and are tied to the cumbersome (3 + 1)-dimensional
baggage of conjugate momenta, bigger-than-physical Hilbert spaces and constraints. One of
the unfor-tunate results is that physicists, over the years, have almost totally neglected the
beautiful covariant replacement for the canonical Poisson bracket that Peierls invented in
1952 ([8], Preface, p. v; see also Sect. 16.5, “The Peierls Bracket”).

16.6 What Is Classical General Relativity?

GR is often presented as if there were only one primary space-time structure:
the pseudo-Riemannian metric tensor g. Once one realizes that GR is based on
two distinct space-time structures, the chrono-geometry (metric g) and the inertio-
gravitational field (affine connection ω ), and the compatibility conditions between
the two (Dg = 0), the question arises: What structure(s) shall we quantize and how?

Usually, it is taken for granted that all the space-time structures must be simulta-
neously quantized. Traditionally, one attempts to quantize the chrono-geometry, or
some canonical (3 + 1) version of it, such as the first fundamental form of a Cauchy
hypersurface; and introduces the inertia-gravitational field, again in canonical ver-
sion as the second fundamental form of the hypersurface, disguised as the momenta
conjugate to the first fundamental form (see, e.g., [20], pp. 160–170). More recently,
the inverse approach has had great success in loop QG: One starts from a (3 + 1)
breakup of the affine connection that makes it analogous to a Yang-Mills field, and
introduces some (3 + 1) version of the metric as the momenta conjugate to this
connection (see, e.g., [14]).

Both approaches have one feature in common: the (3 + 1) canonical approach
adopted naturally favors states over processes, leading to a number of problems. In
particular, the state variables (the “positions”) are primary; their time derivatives (the
“momenta”) are secondary.

However, there is no need to adopt a canonical approach to GR, nor to initially
conflate the two structures g and ω . From the point of view of a first-order Palatini-
type variational principle, the compatibility conditions between the two are just one
of the two sets of dynamical field equations derived from the Lagrangian, linking g
and ω , which are initially taken to be independent of each other. The other set of field
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equations, of course, links the trace of the affine curvature tensor, the affine Ricci
tensor, to the non-gravitational sources of the inertio-gravitational field. There is a
sort of electromagnetic analogy: In the first order formalism, Gμα and Fμα (or Aμ)
are initially independent fields, which are then made compatible by the constitutive
relations [16].

Both the canonical approach and the first-order Palatini-type approach take it for
granted that the compatibility conditions must be preserved exactly, whether from
the start or as a result of the field equations. As we shall see, in UCPR this is no
longer the case.

16.7 The Newtonian Limit, Multipole Expansion of Gravitational
Radiation

The remarkable accuracy of the Newtonian approximation for the description of
so many physical systems suggest that the Newtonian limit of GR might provide a
convenient starting point for a discussion of quantization of the gravitational field.
In the version of Newtonian theory that takes into account the equivalence principle
(see [18]), the chronometry (universal time) and the geometry (Euclidean in each of
the preferred frame of reference picked out by the symmetry group, i.e., all frames of
reference that are rotation-free, but linearly accelerated with respect to each other)
are absolute, i.e., fixed background structures; while the inertia-gravitational field is
dynamical and related by field equations relating the affine Ricci tensor to the sources
of the field. The compatibility conditions between connection and chronometry and
geometry allow just sufficient freedom to introduce a dynamical gravitational field.
Thus, the quantum theory must proceed by quantization of the connection while
leaving the chronometry and geometry fixed (see [6]).

This suggests the possibility of connecting the Newtonian near field and the
far radiation field by the method of matched asymptotic expansions. Kip Thorne
explained this approach:

Previous work on gravitational-wave theory has not distinguished the local wave zone from
the distant wave zone. I think it is useful to make this distinction, and to split the theory of
gravitational waves Into two corresponding parts: Part one deals with the source’s generation
of the waves, and with their propagation into the local wave zone; thus it deals with … all
of spacetime except the distant wave zone. Part two deals with the propagation of the waves
from the local wave zone out through the distant wave zone to the observer … The two parts,
wave generation and wave propagation, overlap in the local wave zone; and the two theories
can be matched together there. … [F]or almost all realistic situations, wave propagation
theory can do its job admrably well using the elementary formalism of geometric optics
([21], p. 316).

If one looks at this carefully, there are really three zones:

(1) Near zone, where the field is generated by the source.
(2) Intermediate zone, where the transition takes place between zones (1) and (3).
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(3) Far zone, where the pure radiation field has broken free from the source.

But before proceeding any further with the discussion of quantization in this New-
tonian limit, it will be helpful first to discuss UCPR.

16.8 Unimodular Conformal and Projective Relativity

Einstein was by no means wedded to general covariance when he started his search
for a generalized theory of relativity that would include gravitation. The equivalence
principle:

made it not only probable that the laws of nature must be invariant with respect to a more
general group of transformations than the Lorentz group (extension of the principle of rela-
tivity), but also that this extension would lead to a more profound theory of the gravitational
field. That this idea was correct in principle I never doubted in the least. But the difficulties
in carrying it out seemed almost insuperable. First of all, elementary arguments showed that
the transition to a wider group of transformations is incompatible with a direct physical
interpretation of the space-time coordinates, which had paved the way for the special theory
of relativity. Further, at the outset it was not clear how the enlarged group was to be chosen
[10].

He actually considered restricting the group of transformations to those that pre-
served the condition that the determinant of the metric be equal to −1, both when
formulating GR and when investigating whether the theory could shed light on the
structure of matter (see Einstein [9], the translation of his 1919 paper). So the choice
of SL(4, R) as the preferred invariance group is actually in the spirit of Einstein’s
original work (see Stachel [19]).

I suspect that the restriction to such unimodular diffeomorphisms, which guar-
antees the existence of a volume structure, may be the remnant, at the continuum
level, of a discrete quantization of four-volumes, which would form the fundamental
space-time units, as in causal set theory. Quantization of three-volumes, etc., would
be “perspectival” effects, dependent on the (3 + 1) breakup chosen for space-time.
The fact that one can impose the unimodularity condition prior to, and independently
of, any consideration of the conformal or projective structures lends some credence
to this speculation.

If we confine ourselves to unimodular diffeomorphisms, we can easily go from
compatible metric and connection to compatible conformal and projective structures.
Many of the questions discussed above must then be reconsidered in this somewhat
different light. One will now have to take into account both the conformal and projec-
tive connections and their compatibility conditions; and the conformal and projective
curvature tensors.

Now we are ready to return to the Newtonian limit, and propose a conjecture:
In zone (1), the projective structure dominates; the field equations connect it with

the sources of the field. In zone (3), the conformal structure dominates; the radiation
field obeys Huygens’ principle (see the next section). In zone (2), the compatibility
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conditions between the conformal and projective structures dominate, assuring that
the fields of zones (1) and (3) describe the same field.

In order to verify these conjectures, we shall have to find the answers to the fol-
lowing questions: How do the field equations look in the near zone? Which projective
curvature tensor is related to the sources in the near zone? In the far zone, which con-
formal curvature tensor obeys Huygens’ principle? In the intermediate zone, which
conformal and projective connections/curvatures should be made compatible?

16.9 Zero Rest Mass Radiation Fields, Huygens’ Principle, and
Conformal Structure

The name “Huygens’ Principle” is given to several versions (see, e.g., [12]), but
I shall consider only one. Let u(x) be a function obeying some hyperbolic field
equation on an n-dimensional differentiable manifold Vn , with a pseudo-Riemannian
metric. As Hadamard showed, if the Cauchy problem is well-posed on some initial
space-like hypersurface S, the solution at any future point x0 ∈ Vn , depends on some
set of initial data given on the boundary and in the interior of the intersection of the
retrograde characteristic conoid u(x0) with the initial surface S. If, for every Cauchy
problem on any S and every x0, the solution depends only on the initial data on the
boundary, the equation is said to satisfy Huygens’ principle.

Its importance for our purposes lies in the fact that, only if Huygens’ principle
holds for a solution to the field equations of massless fields, such as the electromag-
netic and the gravitational, does geometrical optics, i.e., the null-ray representation
of the field, make sense. In that case one may carry out the analysis of the radiation
field in terms of the shear tensor of a congruence of null rays, the components of the
conformal curvature tensor projected onto these rays, etc. Similarly, ideal measure-
ment of these quantities become possible; for example, the shear by means of two
screens: one with a circular hole and one behind it to register the distortion of the
shadow cast by the first screen.

In an arbitrary space-time, whether it is a fixed background chrono-geometry or
one that is interacting with the Maxwell field, solutions to either the empty space
Maxwell or Einstein-Maxwell equations, respectively, do not obey Huygens’ princi-
ple. However, in a conformally flat space-time they do; and the interacting Einstein-
Maxwell plane wave metric, which is type N in the Pirani-Petrov classification (see,
e.g.[20]), also does. And in all such cases, the conformal structure is all that is needed
to carry out the conceptual analysis and the corresponding ideal measurements

I assume that asymptotically “free,” locally plane-wave solutions to the Einstein-
Maxwell equations that are regular at past or full null infinity (Penrose’s scri-minus
and scri-plus) do obey the Huygens condition. In addition to the above considerations,
this condition is also necessary for an analysis of scattering in terms of the probability
amplitude :<incoming free wave | outgoing scattered free wave> to be valid.
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If these assumptions are correct, then the free radiation field can be analyzed and
presumably quantized entirely in terms of the conformal structure. However, all of
these assumptions must of course be carefully checked.

16.10 Zero Rest-Mass Near Fields and Projective Structure

Local massless fields, still tied to the sources, do not obey Huygens’ principle,
and hence cannot be so analyzed. However, the gravitational analogue of the
Bohr-Rosenfeld method of measuring electromagnetic field averages over four-
dimensional volumes should still hold in this case. In UCPR, four-volumes are
invariantly defined independently of any other space-time structures. If we want
the four volume elements to be parallel (i.e., independent of path), we introduce a
one form related to the gradient of the four-volume field and require this to be the
trace of the still unspecified affine connection. So we are still left with full freedom
to choose the conformal and projective structures [5].

The so-called equation of “geodesic deviation” (it should really be called “autopar-
allel deviation” since it involves the affine connection) will ultimately govern this
type of analysis. And if we abstract from the parameterization of the curves, the pro-
jective structure should govern the resulting equations for the autoparallel paths. And
in terms of amplitudes connecting asymptotic in- and out-states, one would expect
that projective infinity will take the place of conformal infinity. Again, these expec-
tations, and their implications for quantization of the near fields and their sources
must be carefully investigated.

For further details on many points, see the paper by Kaća Bradonjić, “Unimodular
Conformal and Projective Relativity: an Illustrated Introduction,” in this volume.
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Chapter 17
From Clock Synchronization to Dark Matter
as a Relativistic Inertial Effect

Luca Lusanna

Abstract Clock synchronization leads to the definition of instantaneous 3-spaces
(to be used as Cauchy surfaces) in non-inertial frames, the only ones allowed by the
equivalence principle. ADM canonical tetrad gravity in asymptotically Minkowskian
space-times can be described in this framework. This allows to find the York canon-
ical basis in which the inertial (gauge) and tidal (physical) degrees of freedom of the
gravitational field can be identified. A Post-Minkowskian linearization with respect
to the asymptotic Minkowski metric (asymptotic background) allows to solve the
Dirac constraints in non-harmonic 3-orthogonal gauges and to find non-harmonic TT
gravitational waves. The inertial gauge variable York time (the trace of the extrinsic
curvature of the 3-space) describes the general relativistic freedom in clock synchro-
nization. After a digression on the gauge problem in general relativity, it is shown that
dark matter, whose experimental signatures are the rotation curves and the mass of
galaxies, may be described (at least partially) as an inertial relativistic effect (absent
in Newton gravity) connected with the York time.

17.1 Introduction

The theory of global non-inertial frames in special relativity (SR) developed in Ref.
[2] can be used in the family of globally hyperbolic, asymptotically Minkowskian
space-times without super-translations (Beig and Ó Murchadha, 1997) in the frame-
work of Einstein general relativity (GR), where also the space-time becomes
dynamical with the 4-metric being determined (modulo the gauge freedom of 4-
diffeomorphisms) by Einstein’s equations [9]. The use of the ADM action allows to
get the Hamiltonian formulation of GR in these space-times, which was studied in
detail in Refs. [5, 7, 10] together with its extension to ADM tetrad gravity (needed
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for the inclusion of fermions) by expressing the 4-metric in terms of tetrad fields.
See Ref. [8] for a complete review of this framework both in SR and GR.

The replacement of clock synchronization with an admissible 3 + 1 splitting
(a global non-inertial frame, the only one existing in the large in GR due to the
equivalence principle) allows to introduce radar 4-coordinates νA = (δ ;νu) centered
on an arbitrary time-like observer endowed with an atomic clock. Without super-
translations the allowed asymptotic symmetries form the ADM asymptotic Poincaré
group, which reduces to the special relativistic Poincaré group of the existing matter
when the Newton constant is switched off (G = 0). This allows to recover all the
results of the standard model of elementary particles, at whose heart there are the
representations of the Poincaré group in inertial frames of Minkowski space-time.
Instead in the spatially compact without boundary space-times used in loop quantum
gravity there is no trace of a realization of the Poincaré group. In absence of super-
translations the non-Euclidean 3-spaces tend to an asymptotic inertial rest frame of
the 3-universe at spatial infinity (where they are orthogonal to the conserved ADM
4-momentum [7]) in a direction-independent way. In this non-inertial rest frame there
are asymptotic inertial observers whose spatial axes can be identified by means of the
fixed stars of star catalogues. The 4-metric tends to an asymptotic Minkowski metric,
to be used as an asymptotic background metric avoiding its splitting in a background
plus perturbations like in the linearization leading to gravitational waves. In these
space-times the canonical Hamiltonian is the ADM energy: therefore there is not a
frozen picture like in the space-times used in loop quantum gravity.

17.2 ADM Tetrad Gravity and the York Canonical Basis:
Identification of the Inertial and Tidal Variables and the
Hamiltonian Post-Minkowskian Linearization

As shown in Ref. [10] in ADM tetrad gravity the configuration variables are cotetrads,
which are connected to cotetrads adapted to the 3 + 1 splitting of space-time (so
that the adapted time-like tetrad is the unit normal to the 3-space νδ ) by standard
Wigner boosts for time-like vectors of parameters λ(a)(δ ,νr ), a = 1, 2, 3: Eε)

A =
L(ε)

(α)(λ(a))
o
E

(α)

A . The adapted cotetrads have the following expression in terms of
cotriads 3e(a)r on νδ and of the lapse N = 1+n and shift n(a) = Nr 3e(a)r functions:
o
E

(o)

δ = 1 + n,
o
E

(o)

r = 0,
o
E

(a)

δ = n(a),
o
E

(a)

r = 3e(a)r . The 4-metric becomes
4gδδ = β [(1 + n)2 − ∑

a n2
(a)], 4gδr = −β

∑
a n(a)

3e(a)r , 4grs = −β 3grs =
−β

∑
a

3e(a)r
3e(a)s . The 16 configurational variables in the ADM action are λ(a),

1+n, n(a), 3e(a)r . There are ten primary constraints (the vanishing of the 7 momenta
of boosts, lapse and shift variables plus three constraints describing the rotation on the
flat indices (a) of the cotriads) and four secondary ones (the super-Hamiltonian and
super-momentum constraints): all of them are first class in the phase space spanned
by 16 + 16 fields. This implies that there are 14 gauge variables describing inertial
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effects and 2 canonical pairs of physical degrees of freedom describing the tidal
effects of the gravitational field (namely gravitational waves in the weak field limit).
In this canonical basis only the momenta 3πr

(a) conjugated to the cotriads are not
vanishing.

Then in Ref. [1] we have found a canonical transformation to a canonical basis
adapted to ten of the first class constraints (not to the super-Hamiltonian and super-
momentum ones), implementing the York map of Ref. [6] and diagonalizing the
York-Lichnerowicz approach. In this York canonical basis 6 configuration vari-
ables are the 3 boosts λ(a)(δ ,νr ) and the 3 angles ε(a)(δ ,νr ) parametrizing the
O(3,1) gauge freedom of tetrads (the gauge freedom for each observer to choose
three gyroscopes as spatial axes and to choose the law for their transport along the
world-line) with vanishing conjugate momenta. Other 4 gauge configuration vari-
ables are suitable lapse and shift functions 1+n(δ ,νr ) and n̄(a)(δ ,νr ) with vanishing
momenta. Three gauge configuration angles φi (δ ,νr ) (i.e. the director cosines of the
tangents to the three coordinate lines in each point of νδ ) describe the freedom in
the choice of the 3-coordinates νr on each 3-space: their fixation implies the deter-
mination of the shift gauge variables n̄(a)(δ ,νr ), namely the appearances of gravito-

magnetism in the chosen 3-coordinate system. Their conjugate momenta π(φ)
i (δ ,νr )

are the unknowns in the super-momentum constraints. The configuration variable
∂̃(δ ,νr ) = √

det 3grs(δ ,νr ) describes the 3-volume element and is the unknown
in the super-Hamiltonian constraint. The final basic gauge variable is a momentum,
namely the trace 3 K (δ ,νr ) of the extrinsic curvature (also named the York time)
of the non-Euclidean 3-space νδ . The Lorentz signature of space-time implies that
3 K is a momentum variable: it is a time coordinate, while φi are spatial coordi-
nates. Differently from SR 3 K is an independent inertial gauge variable describing
the remnant in GR of the freedom in clock synchronization! The other components
of the extrinsic curvature are dynamically determined. This gauge variable has no
Newtonian counterpart (there Euclidean 3-space is absolute), because its fixation
determines the final shape of the non-Euclidean 3-space. Moreover this gauge vari-
able gives rise to a negative kinetic term in the weak ADM energy Ê ADM , vanishing
only in the gauges 3 K (δ , ≈ν) = 0. The tidal effects, i.e. the physical degrees of free-
dom of the gravitational field, are described by the two canonical pairs Rā(δ ,νr ),
σā(δ ,νr ), ā = 1, 2. The 4-metric is a function of n, n̄(a), φi , ∂̃, Rā .

In the York canonical basis the Hamilton equations generated by the Dirac Hamil-
tonian HD = Ê ADM + (constraints) are divided in four groups: (A) the contracted
Bianchi identities, namely the evolution equations for ∂̃ and π

(φ)
i (they say that given

a solution of the constraints on a Cauchy surface, it remains a solution also at later
times); (B) the evolution equation for the four basic gauge variables φi and 3 K : these
equations determine the lapse and the shift functions once the basic gauge variables
are fixed; (C) the evolution equations for the tidal variables Rā , σā ; (D) the Hamilton
equations for matter, when present. Once a gauge is completely fixed, the Hamilton
equations become deterministic.

In the first paper of Ref.(Alba and Lusanna, 2011), we studied the coupling of
N charged scalar particles plus the electro-magnetic field to ADM tetrad gravity in
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the York canonical basis. To regularize the self-energies both the electric charge and
the sign of the energy of the particles are Grassmann-valued. We give the restric-
tion of the Hamilton equations and of the constraints to the family of non-harmonic
3-orthogonal Schwinger time gauges, in which the 3-metric is diagonal. This fam-
ily of gauges is determined by the gauge fixings λ(a)(δ ,νr ) = ε(a)(δ ,νr ) =
φi (δ ,νr ) ∗ 0 and 3 K (δ ,νr ) ∗ (arbitrary numerical f unction). Then in the
second paper we defined a consistent linearization of ADM canonical tetrad gravity
plus matter in the weak field approximation (with a ultraviolet cutoff on matter) to
obtain a formulation of Hamiltonian Post-Minkowskian (PM) gravity with non-flat
Riemannian 3-spaces and asymptotic Minkowski background. We can find the lin-
earized 4-metric without Post-Newtonian (PN) approximations and all the relevant
properties of gravitational waves can be recovered in these non-harmonic gauges.
The non-Euclidean 3-spaces have a first order extrinsic curvature (with 3 K(1)(δ ,νr )

describing the clock synchronization convention) and a first order modification of
Minkowski light-cone. The equations of motion for the particles and their PM limit
are consistent with the equality of gravitational and inertial masses.

17.3 Post-Newtonian Particle Equations, Dark Matter as a
Relativistic Inertial Effect Due to the York Time and the
Gauge Problem in GR

In the third paper of Ref.(Alba and Lusanna, 2011) we disregarded electro-magnetism
and we studied the non-relativistic PN limit of the PM particle equations. At the lowest
order we recovered Newton gravitational forces. The 1PN forces together with the
limit of the ADM Poincaré generators reproduce the known results about binaries.

The new result is the presence of 0.5PN inertial forces depending on the non-local
function 3 K̃(1)(δ ,νr ) = 1

≥
3 K(1)(δ ,νr ) of the inertial gauge variable York time. This

term in the non-local York time can be re-interpreted as the introduction of an effective
(time-, velocity- and position-dependent) inertial mass term for the kinetic energy of

each particle: mi ∼→ mi

(
1+ 1

c
d
dt

3K̃(1)(t, ≈̃σi (t))
)

= mi +τ mi (
3 K̃(1)) in each non-

Euclidean 3-space, depending on its shape as a 3-sub-manifold of space-time. It is the
equality of the inertial and gravitational masses of Newtonian gravity to be violated
due to the non-Euclidean nature of the 3-spaces implied by Einstein equivalence
principle. This opens the possibility to describe dark matter as a relativistic inertial
effect implying that the effective inertial mass of particles in the 3-spaces is bigger
of the gravitational mass because it depends on the non-local York time, namely the
quantity τ mi (

3 K̃(1)) can be interpreted as the mass of dark matter. As shown in the
third paper of Ref.(Alba and Lusanna, 2011) the three main signatures of dark matter
(the rotatin curves of galaxies and the masses of galaxies and clusters of galaxies
from the virial theorem and from weak gravitational lensing) can be interpreted in this
way. Due to our ignorance about the voids among the galaxies it is not yet possible to
extract information on the York time from local fits to the non-local York time. This
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explanation of dark matter may look like a gauge artifact and not like an intrinsically
defined observable effect.

Since in GR the gauge freedom is the arbitrariness in the choice of the
4-coordinates, the observables describing the tidal effects (and also the electro-
magnetic field) should be 4-scalars. However, at the experimental level the descrip-
tion of macroscopic matter (and also of the spectra of light from stars) is not based
on 4-scalars but is intrinsically coordinate-dependent, namely is connected with the
metrological conventions used by physicists, engineers and astronomers for the mod-
eling of space-time. The basic conventions are: (a) an atomic clock as a standard of
time; (b) the 2-way velocity of light in place of a standard of length; (c) a conventional
reference frame centered on a given observer as a standard of space-time (GPS is an
example of such a standard). The adopted astronomical reference frames are:

(A) The description of satellites around the Earth is done by means of NASA coordi-
nates either in ITRS (the terrestrial frame fixed on the Earth surface) or in GCRS
(the geocentric frame centered on the Earth center).

(B) The description of planets and other objects in the Solar System uses BCRS
(a barycenter quasi-inertial Minkowski frame, if perturbations from the Milky
Way are ignored; it is a PN Einstein space-time with 3-spaces having a very small
extrinsic curvature of order c−2 and with a PN treatment of the gravitational
field of the Sun and of the planets in a special harmonic gauge of Einstein GR),
centered in the barycenter of the Solar System, and ephemerides.

(C) In astronomy the positions of stars and galaxies are determined from the data
(luminosity, light spectrum, angles) on the sky as living in a 4-dimensional
nearly-Galilei space-time with the celestial ICRS frame considered as a “quasi-
inertial frame” (all galactic dynamics is Newtonian gravity), in accord with
the assumed validity of the cosmological and Copernican principles. Namely
one assumes a homogeneous and isotropic cosmological Friedmann-Robertson
- Walker solution of Einstein equations (the standard ωCDM cosmological
model). In it the constant intrinsic 3-curvature of instantaneous 3-spaces is nearly
zero as implied by the CMB data, so that Euclidean 3-spaces (and Newtonian
gravity) can be used. However, to reconcile all the data with this 4-dimensional
reconstruction one must postulate the existence of dark matter and dark energy
as the dominant components of the classical universe after the recombination 3-
surface! What is still lacking is a PM extension of the celestial frame such that the
PM BCRS frame is its restriction to the solar system inside our galaxy. Hopefully
this will be achieved with the ESA GAIA mission devoted to the cartography
of the Milky Way. This metrological extension should produce 3-spaces whose
associated York time is determined by the elimination of dark matter.

Finally this point of view could also eliminate all or part of dark energy if one
relaxes the Killing symmetries (homogeneity and isotropy) of the standard FRW
cosmological model (they imply that the York time is fixed to minus the Hubble
constant). In inhomogeneous solutions like Szekeres space-times the York time is an
inertial gauge variable and the luminosity distance to supernova’s depends on it!
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Chapter 18
Experimental Tests of Quantum Mechanics:
Pauli Exclusion Principle and Spontaneous
Collapse Models

Catalina Curceanu Petrascu, Sergio Bartalucci, Mario Bragadireanu, Alberto
Clozza, Carlo Guaraldo, Mihai Iliescu, Alessandro Rizzo, Antonio Romero
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Milotti, Matthias Laubenstein, Sergio Bertolucci, Mario Bragadireanu,
Catalina Curceanu, Dorel Pietreanu, Titus Ponta, Michael Cargnelli,
Tomoichi Ishiwatari, Johann Marton, Eberhard Widmann, Johann Zmeskal,
Sergio di Matteo and Jean Pierre Egger

Abstract The Pauli exclusion principle (PEP), as a consequence or the spin-statistics
connection, is one of the basic principles of the modern physics. Being at the very
basis of our understanding of matter, it spurs a lively debate on its possible limits,
deeply rooted as it is in the very foundations of Quantum Field Theory. The VIP
(VIolation of the Pauli exclusion principle) experiment is searching for a possible
small violation of the PEP for electrons, using the method of searching for Pauli
Exclusion Principle forbidden atomic transitions in copper. We describe the experi-
mental method and the obtained results; we briefly present future plans to go beyond
the actual limit by upgrading the experiment using vetoed new spectroscopic fast
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Silicon Drift Detectors. We also mention the possibility of using a similar experi-
mental technique to search for possible X-rays generated in the spontaneous collapse
models of quantum mechanics.

18.1 Introduction

The Pauli Exclusion Principle (PEP), which plays a fundamental role in our under-
standing of many physical and chemical phenomena, is a consequence of the spin-
statistics connection, [1], and, as such, it is intimately connected to the basic axioms
of quantum field theory [2]. Although the principle has been spectacularly confirmed
by the number and accuracy of its predictions, its foundation lies deep in the structure
of quantum theory and has defied all attempts to produce a simple proof, as stressed
for example by Feynman et al. [3]. Pauli himself in his Nobel lecture declared:
“...Already in my original paper I stressed the circumstance that I was unable to give
a logical reason for the exclusion principle or to deduce it from more general assump-
tions.....The impression that the shadow of some incompleteness (falls) here on the
bright light of success of the new quantum mechanics seems to me unavoidable”.

Given its basic standing in quantum theory, it seems appropriate to carry out
precise tests of the PEP validity and, indeed, mainly in the last 15–20 years, several
experiments have been performed to search for possible small violations [4–8] and
[9]. Often, these experiments were born as by-products of experiments with a different
objective (e.g., dark matter searches, proton decay, etc.), and most of the recent limits
on the validity of PEP have been obtained for nuclei or nucleons.
In 1988 Ramberg and Snow [10] performed a dedicated experiment, searching for
anomalous X-ray transitions, that would point to a small violation of PEP in a copper
conductor. The result of the experiment was a probability ([11]) β2/2 < 1.7×10−26

that the PEP is violated by electrons.
The VIP Collaboration set up a much improved version of the Ramberg and Snow

experiment, with a higher sensitivity apparatus, VIP Proposal [12]. Our final aim is
to improve the PEP violation limit for electrons by 3–4 orders of magnitude, by using
high resolution Charge-Coupled Devices (CCDs) as soft X-rays detectors [13–17],
and decreasing the effect of background by a careful choice of the materials and
sheltering the apparatus in the LNGS underground laboratory of the Italian Institute
for Nuclear Physics (INFN).

In the next sections we describe the experimental method and the experimental
setup, the results of a first measurement performed in the Frascati National Laborato-
ries (LNF) of INFN, along with results obtained by running VIP at the underground
Gran Sasso National Laboratory (LNGS) of INFN.

We then briefly present future plans to go beyond the existing limit by using fast
Silicon Drift Detectors (SDD) and a veto system.

We conclude the paper by presenting some ideas to use a similar experimental
technique to perform measurements of X-rays predicted by spontaneous collapse
models in quantum mechanics.
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18.2 The VIP Experiment

VIP is a dedicated experiment for the measurement of the probability of the Pauli
Exclusion Principle violation for electrons. The experiment uses the same method
of the Ramberg and Snow experiment, with a much better soft X-ray detector in a
low-background experimental area—the INFN Gran Sasso underground laboratory.
The detector is an array of Charge-Coupled Devices (CCDs), characterized by the
excellent background rejection capability, based on pattern recognition, and good
energy resolution (320 eV FWHM at 8 keV in the present measurement).

18.2.1 The Experimental Method

The experimental method consists in the introduction of “fresh” electrons into a
copper strip, by circulating a current, and in the search for the X-rays resulting from
the forbidden radiative transitions that occur if one of these electrons is captured by
a copper atom and cascades to a 1S state which is already filled by two electrons. In
particular we are looking for the 2P to 1S transition.

The energy of this non-Paulian transition would differ from the normal transition
energy by about 300 eV (7.729 keV instead of 8.040 keV), due to the additional
screening effect given by the second electron on the 1S level, and was calculated using
two different approaches [18], providing an unambiguous signal of PEP violation.
The new value is more precise than the rough estimate given in paper of Ramberg and
Snow, where the shift, about 600 eV in that case, was approximated as the difference
between the normal Copper transition from 2P to 1S level and the corresponding
Nickel (Z-1 with respect to Copper) one, no real calculation of the PEP violating
transition being done. The measurement alternates periods without current in the
copper strip, in order to evaluate the X-ray background in conditions where no PEP
violating transitions are expected to occur, with periods in which current flows in the
conductor, when we expect that the “fresh” electrons may undergo Pauli-forbidden
transitions.

18.2.2 The VIP Setup

The VIP setup consists of an empty copper cylinder, 45 mm radius, 50µm thickness,
and 88 mm height, surrounded by 16 equally spaced “type 55” CCDs made by EEV.
The CCDs are at a distance of 23 mm from the copper cylinder, and paired one above
the other. The setup is enclosed in a vacuum chamber, and the CCDs are cooled to
about 168 K by a cryogenic system. The current flows in the thin cylinder made of
ultrapure 99.995 % copper foil from the bottom of the vacuum chamber. The CCDs
surround the cylinder and are supported by cooling fingers which protrude from the
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cooling heads in the upper part of the chamber. The readout electronics is just behind
the cooling fingers; the signals are sent to amplifiers on top of the chamber and
the amplified signals are read out by ADC boards in the data acquisition computer.
More details on CCD-55 performance, as well on the analysis method used to reject
background events, can be found in Refs. [19–21], VIP improves very significantly
on the Ramberg and Snow measurement, thanks to the following features:

• use of CCD detectors instead of gaseous detectors, having much better energy
resolution (4–5 times better) and higher stability;

• experimental setup located in the clean, low-background, environment of the
underground LNGS Laboratory;

• collection of much higher statistics (longer DAQ periods, thanks to the stability
of CCDs).

18.3 The VIP Experimental Results

Before installation in the Gran Sasso laboratory, the VIP setup was prepared and
tested at the LNF-INFN laboratory, where measurements were performed in the
period 21 November–13 December 2005. Two types of measurements were per-
formed:

• 14,510 min (about 10 days) of measurements with a 40 A current circulating in the
copper target;

• 14,510 min of measurements without current.

CCDs were read-out every 10 min. The resulting energy calibrated X-ray spectra
are shown in Fig. 18.1.

These spectra include data from 14 CCD’s out of 16, because of noise problems
in the remaining 2.

Fig. 18.1 Energy spectra with the VIP setup at LNF-INFN: a with current (I = 40 A); b without
current
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Both spectra, apart from the continuous background component, display clear Cu
lines due to X-ray fluorescence caused by the cosmic ray background and natural
radioactivity. No other lines are present and this reflects the careful choice of the
materials used in the setup. The subtracted spectrum is structureless. This not only
yields an upper bound for a violation of the Pauli Exclusion Principle for electrons,
but also confirms the correctness of the energy calibration procedure and points to
the absence of systematic effects.

To extract the experimental limit on the probability that PEP is violated for elec-
trons, β2/2, from our data, we used the same arguments of Ramberg and Snow. See
details in [22]. The obtained value is:

β2/2 < 4.5 × 10−28 (18.1)

Thus with this first measurement in an unshielded environment, we have improved
the limit obtained by Ramberg and Snow by a factor about 40.

The experiment was installed at LNGS-INFN in Spring 2006 , and was in data
taking until Spring 2010, alternating period with current on (signal) to periods with
current off (background).

We have established a preliminary new limit on PEP violation by electrons from
data taken at LNGS:

β2/2 < 4.7 × 10−29 (18.2)

18.4 Future Perspectives

The presented VIP setup uses CCD detectors, which are integrating detectors (no
timing capability), for the measurement of the X-rays. In the future we plan to switch
to a new type of detectors, namely the triggerable Silicon Drift Detectors (SSD),
which have a fast readout time (1µs), a large collection area (1 cm2) and an energy
resolution a factor about 2 better than the one of the used CCDs.

These detectors were successfully used in the SIDDHARTA experiment, [23], for
measurements of the kaonic atoms transitions at the DAFNE accelerator of LNF-
INFN; using a proper trigger system a background rejection factor of the order of
10−4 was achieved in SIDDARTHA.

With these new detectors and with a more compact setup (higher acceptance) we
expect a further reduction of the background produced by charged particles coming
from the outside of the setup. It wasestimated that we can gain other 2–3 orders of
magnitude in the β2/2 factor.

Presently, the experimental setup is being under construction, with the aim to
install it at LNGS in 2012.

Apart of the measurements of X rays related to the violation of PEP, we are
presently considering the possibility to perform in the future measurements of X
rays (exploiting these excellent X-ray detectors, the CCDs and SDDs) generated as
spontaneous radiation predicted by (some) collapse models.
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The collapse models deal with the “measurement problem” in quantum mechanics
by introducing a new physical dynamics that naturally collapses the state vector. In
the nonrelativistic collapse model developed by [24–26] and [27, 28] (see also [29]
for a review), namely the continuous spontaneous localization (CSL) model, the state
vector undergoes a nonunitary evolution in which particles interact with a fluctuating
scalar field. This interaction has not only the effect of collapsing the state vector
towards the particle number density eigenstates in position space, but it increases the
expectation value of particle’s energy as well. This means, for a free charged particle
(as the electron) electromagnetic radiation. This type of phenomenon is predicted by
the CSL and is totally absent in standard quantum mechanics.

In paper [30] a pioneering work on this spontaneous emission of radiation was
performed - the author analyzed X-ray data measured in an underground experiment
and interpreted them as a limit for the CSL parameter(s). It was shown that the highest
sensitivity is for few keV X-rays, exactly in the range where our detectors are ideal.

We plan to perform a feasibility study to define a dedicated experiment to measure
X-rays coming from the spontaneous collapse models. In this way the same exper-
imental technique would test different aspects of fundamental aspects of quantum
theory.
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Chapter 19
CMB Anisotropy Computations Using Hydra
Gas Code

Màrius Josep Fullana i Alfonso, Josep Vicent Arnau i Córdoba,
Robert J. Thacker, Hugh M. P. Couchman and Diego P. Sáez Milán

Abstract From FFP6 to FFP11, we presented the advances in our Cosmic Microwave
Background (CMB) anisotropy computations using N-body Hydra Codes. For such
computations, codes without baryons were used: First sequential versions and after-
wards parallel ones. With both of them we computed the weak lensing and the
Rees-Sciama contributions to the CMB angular power spectrum. Using our numer-
ical techniques, we reported a lensing effect higher than that estimated in previous
papers (for very small angular scales). Our CMB computations require less interpola-
tions and approximations than other approaches. This could explain part of our excess
of power in lensing computations. Our higher time and angular resolutions could also
contribute to this excess. Here, recent advances on previous computations are pre-
sented. Computations with baryons have been started. These calculations allow us to
compute the Sunyaev-Zel’dovich contribution to the CMB angular power spectrum.
We are also trying to compute the three effects—weak lensing, Rees-Sciama and
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Sunyaev-Zel’dovich—at the same time, with the essential aim of seeing how their
power spectra couple among them.

19.1 Introduction

Rough estimates of CMB anisotropies performed with PM codes may be found, e.g.,
in [1] and [2]. These calculations were improved by using AP3M codes with more
resolution. We first used a Hydra AP3M sequential code [3], which was modified to
move the CMB photons through the AP3M n-body simulations. Only dark matter
was taken into account to evolve structures and compute Rees-Sciama (RS) and weak
lensing (WL) CMB anisotropies. Afterwards, a Hydra AP3M parallel code was used
to do the same estimates (RS and WL effects) with more resolution and bigger boxes
[4]. Again only dark matter was taken into account in the evolution of structure.

Now, we are moving CMB photons along the simulation boxes of a Hydra AP3M
parallel code with baryons. The RS and WL CMB anisotropies have been calcu-
lated again—with similar boxes and resolution— to compare with previous results
obtained without baryons. The calculation of the Sunyaev-Zel’dovich (SZ) effect is
being performed by using appropriate resolutions and our ray-tracing techniques,
which were designed to move CMB photons thorough the simulated boxes while
the code is running. The peculiar gravitational potential, its gradients, the electron
number density, and other necessary quantities are calculated and used at every time
step of the Hydra simulation. More details about previous work may be found in
other FFP Proceedings [1], [3], [5], and [6].

19.2 Map Construction

WL deflections are given by the following formula:

ν = −2∫W (σ)∇⊥ω dσ, (19.1)

where ∇⊥ω is the transverse gradient of the peculiar gravitational potential, W (σ) =
(σem − σ)/σ, and

σ(a) = H−1
0 ∫(αmb+ατb4)−1/2db, (19.2)

H0,αm , and ατ being the Hubble constant, and the density parameters of matter
and vacuum, respectively. By using these formulas, the temperature contrasts ψ T/T,
and the Cl coefficients due to WL may be calculated [4]. The integral (19.2) is to be
done in the interval [a,1].

The RS, thermal SZ, and kinetic SZ temperature contrasts are given by the
expressions

ψT/T= 2 ∫ γω/γtdt, (19.3)
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ψT/T = (−2ξT k/mec2) ∫ ne(Te − TC M B)dl, (19.4)

and
ψT/T= −(ξT /c) ∫ vr nedl, (19.5)

respectively, where ne, Te, TC M B , vr , ξT , k, me and c are the electron number den-
sity, the electron and CMB temperature, the radial component of the peculiar velocity,
the Thompson cross section, the Boltzmann constant, the electron mass and the speed
of light, respectively. Integrals (19.1), (19.3), (19.4) and (19.5) are to be calculated
along the background null geodesics.

19.3 Evaluating Variables to Perform Integrations

In order to compute the integrals of Eqs. 19.1, 19.3, 19.4 and 19.5, we proceed as
follows:

(1) Select the propagation directions of the CMB photons (ray-tracing).
(2) Assume the Born approximation, and use the photon step distance, ψps , to

determine all the evaluation positions on the background null geodesics, from
the initial to the final redshift. Then, localize each of these positions inside one
of the simulation boxes.

(3) Associate a test particle to each evaluation position. Times are obtained from the
null geodesic equations in the background.

(4) At each time step of the N-body simulation (while it is running), determine
which test particles require evaluations (peculiar potential, forces, temperature,
and so on), and evaluate by using the long-range FFT component and short-range
PP correction given by the Hydra algorithm (if it is necessary). The SZ effect,
Eqs. 19.4 and 19.5, requires the number density and temperature of electrons on
the test particle position, which may be estimated from the outputs of the Hydra
code. The RS effect given by Eq. 19.3 uses the peculiar gravitational potential
and, finally, the WL effect is obtained from the transverse component of the
peculiar gravitational force.

(5) Avoid contributions to the peculiar gravitational potential due to scales larger
than 42 h−1 Mpc, it may be done by removing the signal, in Fourier space,
for wavenumbers k < 0.15 h Mpc−1. The use of this cutoff in WL and RS
calculations is justified in next section.

(6) If the evaluation time for a test particle lies between the two times defining a
time step of the simulation, use linear interpolation between these two times to
do the required evaluation.
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19.4 Description of the Simulations

Simulations are done in the framework of the concordance model with the following
parameters: reduced Hubble constant, h = 0.7; baryon, dark matter, and dark energy
density parameters αb = 0.046,αd = 0.233 and ατ = 0.721, respectively; optical
depth for reionization, ρ = 0.084, and matter power spectrum normalisation parame-
ter, ξ8 = 0.817. No tensor modes are considered. It has been verified that the hydra
code produces the same structure without CMB photons (original tested version) and
with them. The CMB photons are moved through the simulation box along specially
chosen oblique paths and the boxes are not moved at all. In this way, the periodicity
inside the box volume ensures that there are no discontinuities in the fields where
photons cross from box to box. We take care to ensure that, for the chosen paths,
periodicity effects become negligible. To minimize these effects, the photons must
cross consecutive boxes through statistically independent regions, which require: (i)
preferred directions leading to large enough distances between these regions and, (ii)
a suitable cutoff avoiding large scale spatial correlations (k < 0.15hMpc−1) between
the above distant regions. For the preferred directions (see [3], [7], and [8]), and box
sizes of Lbox = 256 h−1Mpc, it can be easily verified that the CMB photons can
travel from z = 6 to z = 0 (∼5,900 h−1Mpc) through different uncorrelated regions
(without repetitions) located in successive simulation boxes. The total number of
crossed boxes is close to 20. Our squared CMB maps are uniformly pixelised by
choosing a certain number of pixels, Npix , per edge. The angular resolution is then
ψang = λmap/Npix (λmap being the angular size of the map side). A preferred
direction points toward the centre of any squared map. Since the maps are small, the
directions of all the pixels are close to the central one and, consequently, they are
also preferred directions. Therefore, lens deviations can be calculated for each pixel,
with no significant periodic effects across the full map. For greater box sizes, the
situation is better (see [4]).

This is notably different from other approaches using random translations and
rotations [9] of the simulation box which, unavoidably, lead to discontinuities at
crossing points between adjoining boxes.

Let us now list the parameters involved in our ray-tracing procedure: a number of
directions, Ndir , per edge of the squared CMB map (one per pixel, Ndir = Npix ); an
initial redshift, zin , a photon step, ψps , to perform the integrals in Eqs. 19.1, 19.3, 19.4
and 19.5; and the angles β and δ defining the preferred direction. A simulation (with
CMB photons) is characterized by the parameters and initial conditions required by
the Hydra simulations (without CMB photons) together with the parameters of the
ray-tracing.

For computations without baryons (WL and RS effects), the simulation parameters
chosen in this paper are: Lbox = 512 h−1Mpc, number of particles Np = 5123,
number of cells Nc = 1, 0243, softening Sp = 12 h−1kpc, Ndir = 512, zin = 6 and
ψps = 25 h−1kpc. The angular resolution of these simulations is ψang � 0.59’ (l �
18,600). The map size is ∼5◦� 5◦. The effective resolution is Eres ∼ 60 h−1kpc.
N-body simulations of this type were presented in [4]. In our new simulations with
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baryons, the same parameters, except Np = 2 � 5123, are first chosen to facilitate
some necessary comparisons. Nevertheless, further applications of our simulations
with baryons require more resolution, and the above simulation parameters must be
changed (see below).

19.5 Previous Results and Perspectives

N-body simulations as those described in Sect. 19.4 were previously used [4] to
estimate the angular power spectrum of the WL effect. The signal in the range 4,200
< l < 7,000 was 2.0±0.4µK, which is ∼1.4µK higher than that found elsewhere
[10]. Our direct estimate of the potential gradients at photon positions—using the
same PP corrections as for dark matter particles—seems to be the main origin of
the difference between our results and other researches based on projection planes
and grid interpolations. These differences appear only at large l > 2,000. Moreover,
our method employs extremely fine time resolution (that of the AP3M simulation)
and also a very good angular resolution. Our code was run for a wide range of the
parameters involved in the N-body simulations and in the ray-tracing procedure (see
Sect. 19.4), in this way, it was studied how the resulting angular power spectra depend
on all these parameters. Since the dependence is weak, results appear to be robust
[4], at least in the l-interval (4,200, 7,000).

On small scales, baryons do not follow the dark matter distribution. Therefore,
while we have attempted to be as accurate as possible in our dark matter simula-
tions (without baryons), we are probing scales where contributions from baryons are
beginning to become significant. A study of the impact of baryons can be found in
[11]. We are beginning to conduct simulations with baryons and feedback processes
both to identify its impact on WL and RS signals, and also to systematically evaluate
the combined impact of the SZ, WL, and RS effects.

The SZ effect dominates on total lensing for 4,200 < l <7,000. In [4], we dis-
cussed the implications of our estimates taking into account the CBI observations
[12] and the BIMA measurements [13], which were the most significant anisotropy
measurements (at very small angular scales) when that paper was written. The dis-
cussion took into account that the SZ power scales as ξ 3.5

8 . Then, the SZ effect
associated to the ξ8 value measured by WMAP was too small to explain the high
power observed by BIMA for the small angular scales under consideration. In that
situation, our excess of WL power seemed to be an appropriate though small excess
contributing to the explanation of the large BIMA power.

Afterwards, new data for small angular scale measurements of the CMB anisotropy
changed the situation. Observations performed with the ACT [14] and the SPT [15]
telescopes indicated that, for large l-values, the CMB power is much smaller than that
previously reported by CBI and BIMA experiments. The new situation was discussed
in [6]. For example, in the l-interval (5,000, 6,000), the ACT power is between ∼40
and ∼50µK2 (see Fig.4 of [14]). This power might be explained by the coupling
of SZ, foreground radiation of Dusty Star Forming Galaxies (DSFG), plus almost
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negligible lensing (that predicted by previous simulations); however, our large WL
effect of ∼6µK2 might complicate the explanation of the small ACT power. Anyway,
our WL power may be compatible with the small ACT and SPT powers taking into
account that (i) there are uncertainties in the radiation from DSFG, (2) the SZ effect
should be studied in more detail, e.g., by using our ray-tracing procedure, and (3) the
coupling between SZ, WL and RS effects might lead to a total power different from
the simple addition of powers. Of course, the observed power must be explained by
the correct coupling of WL, SZ, RS and DSFG contributions. It is worthwhile to
emphasize that the WL and SZ effects are essentially produced by the same structure
distributions (galaxy clusters and sub-structures involving dark matter and baryons)
and, consequently, these effects must be strongly correlated. This implies that the
spectra of these two effects must be superposed in an unknown way (not merely
added). In practice, this superposition might be analyzed in detail with ray-tracing
through hydra simulations including both baryons and dark matter.

19.6 Current Work and Projects

A version of a certain Hydra code with baryons has been modified to include CMB
photons. Some subroutines and the computational load allocation configuration of
the initial code have been remodelled. The resulting code has been tested. One of
the most powerful tests is based on the comparison of the WL and RS power spectra
obtained by using simulations with and without baryons (for the parameters given
in Sect. 19.4). Results of both types of simulations are expected to be very similar.
Small differences might appear as a result of various facts. Let us now list some of
them: (i) simulations without baryons have been performed with a SGI Altix 3,700
computer and a Pathscale compiler, and the other type of simulations with an SGI
Altix UV 1,000 computer and an Intel compiler, (ii) the initial Hydra codes we have
modified –introducing CMB photons– exhibited some technical differences, and (iii)
it is known that the presence of baryons alter the WL spectrum at very small angular
scales [11]. The WL angular power spectra obtained with and without baryons are
compared in Fig. 19.1, where the spectrum with baryons (point-dashed line) appears
to be rather similar to that corresponding to dark matter only (dotted line). Although
the slight differences are being studied yet, they strongly suggest that codes with
and without baryons are working properly and also that new simulations with more
resolution seem to be necessary to estimate the physical effect produced by the
presence of baryons and to compare with [11]. We think that simulations based on
the following parameters would be appropriate: Lbox = 200 h−1Mpc, Np = 2 �
6403, Nc = 1,2803, Ndir = 512, zin = 6, and Sp and ψps to be adjusted to our new
computational procedure. The angular resolution of these simulations is ψang >

0.24’, and the map size is ∼2◦ � 2◦. These simulations would be also useful to
develop our main projects: (1) the estimate of the SZ effect by using our ray-tracing
procedure, (2) the calculation of the total anisotropy produced by the RS, WL, and
SZ effects, whose superposition may be nonlinear, and (3) the comparison of the
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Fig. 19.1 Comparison of WL spectra corresponding to Hydra simulations with and without baryons.
Parameters defining these simulations are given in the last paragraph of Sect. 19.4.

resulting total anisotropy with recent observations at very small angular scales [14],
[15].
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Chapter 20
Unimodular Conformal and Projective
Relativity: An Illustrated Introduction

Kaća Bradonjić

Abstract This is an illustrated presentation of unimodular conformal and projective
relativity, a formulation of unimodular relativity in terms of four independent fields
with clear physical and geometric interpretations: conformal structure, four-volume
element measure field, projective structure, and affine one-form. We present the moti-
vation for the formalism, physical and geometrical interpretations of the independent
fields, and briefly comment on its applications and prospects for quantization.

20.1 Introduction

Unimodular conformal and projective relativity (UCPR) is a formulation of
unimodular relativity (UR) in terms of four independent fields with clear physical
and geometric interpretation. It is, in a way, an extension of the Palatini approach,
which takes the metric and the affine connection as fundamental fields. However,
these two structures are not irreducible. In UR, the metric can be decomposed into a
conformal metric (or conformal structure) and a four volume-element measure field,
while an affine connection can be decomposed into a projective connection (or pro-
jective structure) and an affine one-form. UCPR goes a step further by treating the
resulting four irreducible fields as independent dynamical fields.

UCPR was developed as a first step in a search for a background-independent,
non-perturbative theory of quantum gravity. We approach this task by first identify-
ing those space-time structures that could be used for measurability analysis of the
full inertio-gravitational field. Measurability analysis identifies those concepts that
are ideally measurable in the defining context (e.g. concept of hardness in the context
of fluid and solid states of matter in classical thermodynamics) and determines the
limits on their measurability and their definability in quantum theory (e.g. position
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and momentum in QM). The ideal measurement procedure, which may involve any
devices and procedures that are consistent with the theory being studied in the regime
in question, should yield the limits on the measurability of the quantities that are in
agreement with the uncertainties formally predicted by the theory [1]. Any disagree-
ment between the two indicates an internal inconsistency of the theory. Measurability
analysis was successfully conducted by Bohr and Rosenfeld [2], and Bergmann and
Smith [1] in the cases of quantum electro-dynamics and linearized general relativity
(GR), respectively. Since we don’t have a quantum theory of gravity, our goal is
to use measurability analysis as a guide to a physically motivated formulation of
such a theory. The first step in this approach is to formulate a classical theory of
gravity that yields itself to measurability analysis. Our work in this direction has
led us to UCPR. The choice of conformal and projective structures as fundamental
fields is motivated by the work of Weyl and Ehlers, Pirani and Schild (E-P-S), to
name a few, who emphasized the importance of these structures in GR. In a series of
papers, E-P-S showed that conformal and projective structures, and consequently the
pseudo-Riemannian space-time geometry in GR, can be axiomatically constructed
by considering the propagation of massless and massive particles [3, 4]. Being so
intimately related to physical fields, conformal and projective structures seem like a
good place to start given that we have measurability analysis in mind.

This presentation of UCPR is mostly non-mathematical. It is focused on physical
interpretations of the four fundamental fields, as well as various compatibility condi-
tions that can be imposed on them. It is meant to provide a physical interpretation and
visual representation of the structures involved. For a more technical introduction,
the reader may look at an earlier publication [5]. All considerations of this paper
deal with a differentiable manifold M, a symmetric pseudo-Riemannian metric gμν

of signature (+,−,−,−), and a symmetric affine connection σω
μν . Curvature ten-

sors are formed from their respective connections by the following convention [6]:
Rμ̇ν̇α̇ ω = τμσω

να − τνσ
ω
μα + σω

μψ σ
ψ
να − σω

νψ σ
ψ
μα .

20.2 Unimodular Conformal and Projective Relativity

While GR is invariant under the full diffeomorphism group, which means that the
symmetry group in the tangent space at each point is the general linear group
GL(4,R), UR is invariant under the unimodular diffeomorphisms, which means that
the symmetry group in the tangent space at each point is the special linear group
SL(4,R) which consists of those point transformations that are volume-preserving.
The framework of UR is instrumental in our approach for several reasons, which
are discussed below. UCPR assumes four independent fields, illustrated in Fig. 20.1:
conformal structure, four volume-element measure field, projective structure, and
affine one-form.

Conformal structure, represented by a conformal metric tensor g̃μν , determines
a null cone at each point of M. It distinguishes among spacelike, timelike, and null
directions, and determines the causal structure of space-time. Figure 20.1a shows that
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(a) (b) (c) (d)

Fig. 20.1 UCPR deals with four independent fields: a conformal structure, b four volume–element
(fourth dimension suppressed), c projective structure, and d affine one-form

these null cones globally determine characteristic null wave fronts (three-dimensional
null hypersurfaces of constant phase) for any zero-rest-mass radiation field, including
electromagnetic and gravitational.

In the same way that a metric can be used to construct Christoffel symbols { ω

μν
} and

the corresponding metric covariant derivative, g̃μν can be used to construct conformal

Christoffel symbols { ω̃

μν
} and a conformal covariant derivative. Furthermore, we

can use { ω̃

μν
} to construct the conformal-connection curvature tensor C̃μ̇ν̇α̇ ω . This

curvature tensor is distinct from the Weyl curvature tensor Cμ̇ν̇α̇ ω , which is the
conformally invariant part of the metric curvature Kμ̇ν̇α̇ ω .

Four volume-element measure field eγ is a scalar quantity that is independent
of any other space-time structure. As shown in Fig. 20.1b, one can choose a tetrad
of basis vectors in the tangent space at each point of the manifold. Such a tetrad
forms a parallelepiped at each point and provides a natural four-volume element.
The four-volume element measure field eγ is a weighting of this natural four-volume
determined by the basis tetrad. Under SL(4,R) it transforms as a scalar, which ensures
that the four-volume at a point is an invariant of the theory. This doesn’t mean that eγ

is a fixed non-dynamical field, as it is sometimes assumed in some UR theories, for
example [7], but that it is same in all allowed frames of reference and independent
of any other space-time structures.

Having an invariant eγ is advantageous for a couple of reasons. First, a four
volume-element is essential for measurability analysis because, as Bohr and
Rosenfeld showed, only field averages over space-time regions are measurable. The
invariance of eγ guarantees that we can perform space-time integration of all other
fields. Second, some approaches to quantum gravity, such as causal set theory [8],
postulate a discrete structure of space-time at high energies and attempt to recover the
classical manifold in the low energy limit. In UCPR, quantization of the four-volume
may arise from some dynamical procedure, rather than be simply postulated.

A four volume-element measure field and a conformal metric can be combined
to form a metric tensor [6],
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Fig. 20.2 Conformal transformations leave g̃μν unchanged and rescale eγ

Fig. 20.3 a σω
μν determines curves of freely falling massive particles, ξω

μν their unparameterized
paths, and ρμ the parameterization along the paths. b Projective transformations leave ξω

μν invariant,
but change ρμ.

gμν = eγ g̃μν. (20.1)

Under conformal transformations, g̃μν remains invariant, while eγ gets multiplied
by the conformal factor (Fig. 20.2). Consequently, we recover the expected conformal
transformation of the metric. These transformation properties allow us to treat the
conformal structure as an equivalence class of conformally related metrics.

Projective structure determines the auto-parallel paths of freely falling massive
particles (Fig. 20.1c). Here we note the important distinction between a path and
a curve. One can think of a path as an unparameterized trajectory through space-
time. A curve, on the other hand, is a parameterized trajectory. Mathematically,
projective structure is represented by projective parameters λω

μν . Under GL(4,R),
these parameters have complicated transformations laws. T. Y. Thomas first noted that
under SL(4,R) λω

μν transform as components of a symmetric, traceless connection
[9]. This allows us to define a projective covariant derivative and the projective-
connection curvature tensor ξμ̇ν̇α̇ ω . ξμ̇ν̇α̇ ω is distinct from the usual projective
curvature tensor Pμ̇ν̇α̇ ω , which is the projectively invariant part of the affine curvature
tensor Rμ̇ν̇α̇ ω .

The affine one-form ρμ determines a parameterization along a path. As shown in
Fig. 20.3a, if we strip a curve of its parameterization, we are left with a path. On the
other hand, a choice of ξω

μν and ρμ determines a unique affine connection σω
μν [6],

σω
μν = λω

μν + 1/5 (βω
μ ρν + βω

ν ρμ). (20.2)
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Fig. 20.4 Equi-affine condition (a) demands that the parallel transport eγ of is path-independent,
and (b) allows us to identify the parameterization determined by ρμ to metrical proper time δ

As shown in Fig. 20.3b, λω
μν is invariant under projective transformations, while

ρμ is not. The projective connection can be thought of as an equivalence class of
projectively related affine connections.

20.3 Compatibility Conditions

In the usual formulation of GR, compatibility between gμν and σω
μν is imposed

by a single condition: ∇ωgμν = 0. UCPR deals with four independent space-time
structures, so we can approach the full metric-affine compatibility in steps, as well
as impose some new compatibility conditions.

Equi-affine condition: The paralellopiped formed by the basis tetrad is in general
transformed by the parallel transport in a path-dependent way.

The equi-affine condition ensures that such transformations are path-independent.
The usual formulation of this condition in GR demands that the affine covariant
derivative of the metric determinant vanishes, and as such imposes a relation between
eγ and σω

μν , and consequently λω
μν and ρμ. In UCPR we can impose the equi-affine

condition without imposing any restrictions λω
μν on by simply demanding that

ρμ = 2τμγ. (20.3)

This condition also allows us to identify the parameterization of timelike paths
determined by ρμ with the metrical proper time δ (Fig. 20.4b).

Weyl condition as it is formulated in GR demands that the affine covariant deriva-
tive of gμν be proportional to gμν . As such, it imposes a condition on all four fields of
UCPR and, by default, relates the parameterization of auto-parallel curves to proper
time δ . Physically, this leads to the possibility of the second clock effect: the proper
time and the ticking rate of a clock depend on its history (Fig. 20.5). In UCPR, this
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Fig. 20.5 Weyl condition in
GR leads to the possibility
of the second clock effect in
which the ticking rate of the
clock depends on its history

unnecessary result is avoided by expressing the Weyl condition in terms of λω
μν and

{ ω̃

μν
}, without imposing any relation between ρμ and eγ ,

ξω
μν −

{
ω̃

μν

}
= 1

4

[1

5
(βω

μ ρν + βω
ν ρμ) − g̃μν g̃

ωα ρα

]
. (20.4)

Full conformal-projective compatibility demands that the conformal geodesics are
also projective auto-parallel paths, and is satisfied if { ω̃

μν
} = ξω

μν . This condition
also puts no restriction on eγ and ρμ.

Full metric-affine compatibility in UCPR holds if both equi-affine and Weyl con-
dition hold. However, having four independent fields allows us to choose which
conditions to impose, and naturally allows us to consider theories with intermediate
conditions.

20.4 Conclusion

UCPR provides the flexibility to construct a variety of theories which dynamize one
or more of the four independent fields. The Lagrangian formulation of UCPR with
the standard GR action, but now four independent fields, yields the breakup of the
usual field equations into an irreducible set of equations that is equivalent to those of
GR [5]. Moreover, in UCPR we can construct many different Lagrangians that may
provide better descriptions of various physical systems.

The next step in the investigation is to determine which space-time structures
of UCPR are good candidates for quantization. While there is much to be done in
this direction, there are several approaches that seem to be most promising. The
obvious candidates for measurability are the various curvature tensors that can be
constructed in UCPR. While it is known that the conformally invariant curvature
tensors C̃μ̇ν̇α̇ ω and Cμ̇ν̇α̇ ω can be probed with zero rest-mass fields, an analogous
analysis of the projectively invariant curvature tensors ξμ̇ν̇α̇ ω and Pμ̇ν̇α̇ ω by using
massive particles remains to be done. Furthermore measurability analysis of these
fields can be discussed in terms of fields still attached to its sources, and free fields,
both in the near and far zones [10]. UCPR also opens numerous possibilities for
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further investigation. It allows for a construction of a range of theories differing in
their choice to dynamize some rather than all four fields, and to impose compatibility
conditions that are less restrictive than the full metric-affine compatibility.
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Chapter 21
Universality of Charge Transport Across
Disordered Nanometer-Thick Oxide Films

Mikhail Belogolovskii and Vincenzo Lacquaniti

Abstract Theoretical and experimental analysis of electron transport across ultra-
thin, homogeneously disordered oxide layers is presented with particular regard to
the question of how much the effects are universal. We show that (i) distribution of
transparencies across dirty subnanometer-thick insulating films is bimodal and (ii)
conductance-voltage characteristics of oxide layers with thicknesses increased up to
several nanometers are power functions with an index near 1.3. The universality of
transport properties is explained as an effect of strong local barrier-height fluctuations
generated by the presence of oxygen vacancies.

21.1 Introduction

Transport characteristics of a mesoscopic system are usually linked to complicated
dynamical processes such as impurity scattering, inter-particle interactions, etc. and,
in general, are determined by the system dimensionality, geometry, as well as by
other sample-specific parameters. Universal transport properties, if they are, should
be independent on microscopic details of particular materials and may include only
a limited number of characteristics averaged over the sample. Inter alia, the universal
behavior of physical quantities can be estimated for homogeneously disordered films
with a very large spread of microscopic parameters.

Increasing interest in the ultra-thin amorphous oxide layers is motivated by their
promising applications as a gate dielectric in metal-oxide-semiconductor transistors
with higher dielectric constant than that of SiO2, as well as a blocking dielectric for
new-generation flash memory cells [1, 2]. Another field of their applications relates
multilayered junctions with quantum-mechanical tunneling as the main physical
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mechanism for electron transport across them [3]. Most such devices are fabricated
using aluminum due its superconducting properties and tendency to form a native
oxide AlOx that can be employed as a tunnel barrier. But in both cases significant
leakage current, which strongly limits applications of ultra-thin oxide films in semi-
and superconducting devices, has been found [1, 4]. Thus, identification of the phys-
ical origin of the extra current across ultra-thin oxide films is of great scientific and
practical importance.

The needed information can be obtained from measurements of current (I)—
voltage (V) characteristics of tri-layered structures with an ultra-thin insulating (I)
layer placed between two metallic (M) electrodes. The tunnel current across such a
system often exhibits unconventional behavior which does not fit into any theoret-
ical picture. The best way to show it is to transform one or both electrodes from a
normal (N) state to a superconducting (S) one. In NIS and even more in SIS trilayers
the shape of quasiparticle I–V curves with a single quantum channel is extremely
sensitive to the transmission probability D [3]. Because of it, such experiments can
provide valuable knowledge concerning the distribution of transparencies ν(D) in
the samples studied. First analysis of the ν(D).function in subnanometer-thick AlOx
layers was done in the paper [5] by measuring current-versus-voltage and differential
conductance-versus-voltage characteristics of planar highly conductive Nb-AlOx -Nb
trilayers at 1.8 K. In spite of the presence of an Al-oxide interlayer, the qquasipar-
ticluasiparticle I–V curves did not exhibit typical for conventional superconducting
tunnel junctions subgap resistance Rsg (it is measured at voltages |V | < 2σ/e, σ is
the superconducting energy gap of the order of 1 meV) much greater than the normal-
state resistance RN. Moreover, Rsg was of the order of RN [5]. Another unexpected
finding is the shape of I–V characteristics measured for normal-state tunnel junc-
tions with a several nm-thick oxide interlayer in a voltage range of several hundred
millivolts. It was found to be a power function with a power index near 7/3.

The figures of merit that we address in this work are the origin of unusual I–V
characteristics in heterostructures with disordered ultra-thin oxide films with the
thickness d and the universality of the phenomena discussed.

21.2 Universal Distribution of Transparencies in Dirty
Subnanometer-Thick Oxide Films

Let us start with a subnanometer-thick oxide barrier which can be modeled by a set
of disordered short-range scatterers with strength ωk at position vectors ρk randomly
distributed within a plane interface between the two metallic electrodes which is
perpendicular to the transport direction. The scattering characteristic of an ultra-thin
interface can be calculated from the standard Schrǒdinger equation with a localized
potential V (r) = V (x,ρk) = ∑

k ωkα(x)α(ρ − ρk) where the x-axis is orthogonal
to the interface and, hence, parallel to the current direction. After some algebra we
obtain that the probability of an electron to be transmitted through the disordered
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ultra-thin interface for states at the Fermi energy EF is a sum of local transparencies

Dk = (1 + Z2
k )−1 with Zk = Z(ρk) = kF

d∫

0
V (x,ρk)dx/EF , kF is the Fermi wave

vector. If the parameter Zk is a uniform random variable ranging from zero to infinity,

then its distribution function ν(Z) = 2�G/e2 = const. Here G =
≈∫

0
ν(Z)G(Z)d Z

is the disorder-averaged macroscopic conductance, G(Z) = 2e2

h D = 2e2

h
1

1+Z2 is
the conductance of a normal-state one-dimensional tunnel junction with a scattering
parameter Z = HdkF/EF , where H is the barrier height of an ultra-thin potential
barrier [6]. With the parametrization D = (1 + Z2)−1 we can transfer to the dis-
tribution function of local transparencies ν(D) which is bimodal with two peaks at
D = 0 and D = 1 ν(D) = �G

[
e2 D3/2(1 − D)1/2

]−1
. This result was obtained,

first, by Melsen and Beenakker for a three-dimensional clean M-I-M-I-M structure
[7], then by Schep and Bauer for a dirty interface in an M-I-M trilayer [8] and its
universality was many times questioned. It can be shown analytically that the trans-

parency of the double-barrier system is also a Lorentzian D(τ) =
[
1 + Z̃(τ)2

]−1

with a single parameter Z̃(τ), a rapidly oscillating function, which changes peri-
odically from zero (for resonance conditions) to very high values during incident
angle τ variations from −ψ /2 to −ψ /2. This behavior which is very similar to that
in disordered ultra-thin insulating films discussed above is just the reason why the
two distributions for physically different systems do coincide.

The ν(D) formula contains only a single parameter G. Our aim was to compare
the theory with experimental data using no free parameters. It can be realized by
transferring metallic electrodes in the tunnel junction into a superconducting state and
dividing the measured I–V curves over those obtained in normal-state experiments.
Whereas G-versus-Z dependence for an N-I-N junction is very simple (see above),
it is not so for S-I-S devices due to Andreev reflections at the S-I interface when
an incident electron (hole) with a probability amplitude a(γ) is retroreflected into
a hole (electron) of the same energy γ (γwill be calculated from the Fermi energy
EF) and almost the same momentum which is travelling in the opposite direction
to the incoming charge [3]. Our experimental situation was even more complicated
since one of the electrodes was a Nb/Al bilayer and, hence, we were dealing with an
asymmetric S1-I -S2 junction where S1 stands for an S/N bilayer. In proximity with
Nb a nano-scaled Al layer becomes superconducting and it modifies the standard
equation for a homogeneous superconductor (for example, Nb) where aNb(ξ) =
i

(
ξ −

√
ξ2 + σ2

Nb

)
/σNb (with ξ, the Matsubara frequency) to a more general

case with a function ρ(ξ), which is the ratio of a modified and normal Green’s

functions in a superconductor aAl(ξ) = i

(
ξ −

√
ξ2 + ρ2

Al(ξ)

)
/ρAl(ξ). In the

calculations we have used a simplest approximation for ρAl(ξ) in the S/N bilayer

derived by Golubov et al. [9] ρAl(ξ) = σNb/

(
1 + C

√
ξ2 + σ2

Nb/σNb

)
and they
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Table 21.1 Comparison of theoretical and experimental data for superconducting heterostructures

Nb/Al-AlOx -Nb(exper) NIN (calc) NIS (calc) S/NIS (calc) SIS (calc)

Rsg /RN 1.26 1.0 1.40 1.17 0.68

were based on a numerical method which uses the bimodal distribution ν(D) and
was developed earlier in a few publications; see, for example, the paper [10].

Our experimental results were obtained on asymmetric Nb/Al-AlOx -Nb junctions
developed at INRiM [11] with the Al-interlayer thicknesses dAl ranged from 40 to
150 nm and the exposure dose, the product of the oxygen pressure and the oxidation
time, from 150 to 500 Pa·s. Electrical measurements were performed below critical
temperatures of Nb/Al bilayers about 8–9 K for different dAl with a conventional
four-terminal dc technique. The samples exhibited supercurrents with values of 6–15
mA at 1.7 K and for the measurements of quasiparticle I–V curves we have applied
magnetic fields B up to 50 mT through a suitable coil. Normal-state resistance RN

were determined from a linear fit to I–V curves with and without supercurrents at
voltages above 1 mV and the results of both estimations were in a good agreement
with each other. Subgap Ohmic resistances Rsgwere extracted from experimental data
as a slope of a best-fit linear regression line for quasiparticle curves in the interval
from 0 to 0.2 mV where the subgap current increases linearly with V. The Rsg/RN

ratio obtained after averaging over five Nb/Al-AlOx -Nb samples with different dAl

and RN (measured at 1.7 K) is given in Table 21.1 together with theoretical outputs
for N-I-N, N-I-S, S-I-S, and S/N-I-S devices.

Reasonable agreement between ratio Rsg/RN calculated for an S/N-I-S structure
and that measured experimentally proves that, independently on the Al interlayer
thickness, the distribution of transparencies across the disordered oxide layer is uni-
versal and quantitatively well describes the experimental results.

21.3 Universal Current-Voltage Characteristic for Disordered
Several Nm-Thick Insulating Layers

When the thickness of a dirty insulting layer is increased up to several nanometers, the
tunnel barrier in an M-I-M trilayer cannot be more described with a delta function in
the transport direction and its internal structure should be taken into account in order
to explain unusual bias dependence of the tunnel current which is markedly different
from that predicted by the standard tunneling model [12]. This observation is ascribed
to the presence of localized states within noncrystalline materials. Assuming that in
this case the dominant mechanism for electronic conduction is hopping, Glazman
and Matveev [13] proposed a microscopic model for charge transport across two and
more localized states forming optimal conduction chains. In some experiments (see,
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e.g., [14], [15] it was found that the Glazman-Matveev theory does well describe
experimental data for tunneling into complex oxides like manganites, independently
on whether a barrier was due to an oxygen-depleted layer at the oxide surface [14],
or thin insulating layers inside manganite single crystals resulted from a percolative
nature of the transition between charge ordered insulating and metallic ferromagnetic
states [15]. At the same time it should be noticed that the Glazman-Matveev theory
which takes into account inelastic tunneling via pairs of the localized states was
based on a sound-like approximation for the phonon dispersion relation valid only
for extremely small wave vectors in the complex oxides. It raises the natural questions
about why the theory works in the materials studied and why it is so universal. In this
section we answer the questions by developing a general theoretical framework for
inelastic processes arising when an electron is hopping across localized states inside
thin amorphous films.

If a tunneling charge transfers classically forbidden region elastically (without
energy loss), the probability of such process exponentially depends on the tunneling
distance l: Del ∗ exp(−2λl), where λ−1 is the localization length, and the differential
conductance G(V ) = d I (V )/dV is proportional to V 2 [3]. But as the barrier thick-
ness d increases, hopping along chains containing localized states is favored, since
in this case it is not necessary to transfer quantum-mechanically the whole distance
between the electrodes, but rather to jump from one of them to a first nano-island,
then transfer to the second one and, after all hopping events, to jump to the opposite
electrode. The electron jumps can be as elastic, as inelastic, with emitting a phonon
of the energy γ. Due to the strong electron-phonon interaction for localized states,
the latter processes which reduce the electron energy from E1 to E2 = E1 − γ are
very important just in amorphous semiconductors. For fixed E1 and E2 the number
of the inelastic tunneling events is proportional to the electron-phonon interaction
function β2 F(γ) whose amplitude is determined by β2, a characteristic of the interac-
tion strength, whereas the shape of the function resembles that of the phonon density
of states F(γ) (Wolf 2011). Then the total probability of electron inelastic tunnel-
ing through the distance l with the energy decrease from zero to γ is proportional to

exp(−2λl)
γ∫

0
β2 F(ξ)dξ. Taking into account that optimal conductance chains corre-

spond to the case when transmission probabilities of all hoppings are almost identical
[12, 13], we can analytically calculate I–V curves for any microstructure of the insu-
lating nano-scaled layer without any assumption concerning the phonon spectrum.
As an example, it can be a process of inelastic tunneling across the dielectric through
two localized states coupled elastically to the nearest electrodes discussed earlier
[12, 13]. For this configuration we find that the inelastic contribution to the dif-

ferential conductance G inel(V ) ≥ exp
(− 2

3λd
) eV∫

0

(
γ∫

0
β2 F(ξ)dξ

)1/3

dγ. The factor

exp (−2λd/3) reflects the presence of two-step tunneling events across the barrier.
To go further, we need an exact dependence of the phonon spectrum on energy.

In general, it is very complicated but for complex oxides of transition metals we
are interested in, it can be approximated as F(γ) ∼ const τ (γ̄ − γ) with γ̄, the cut-
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Fig. 21.1 Differential con-
ductance and the power index
k dependencies on voltage for
an Ag/N SM O point contact

off phonon energy (see, for example, neutron scattering data for La0.625 Ca0.375
MnO3 polycrystalline samples [16]. With this approximation for a double-state
configuration of the defects inside the disordered complex-oxide layer we obtain
the following conductance-versus-voltage dependence G inel(V ) ≥ V 4/3 which
should be universal for different complex-oxide materials. To check it, we sug-
gest the following procedure which has no fitting parameters. If the differential
conductance of an inhomogeneous thin insulating layer is a power function of
the voltage bias G(V ) = G0 + const · V k , we can find the index k and, hence,
to distinguish between different transport mechanisms by calculating the function
k(V ) = d ln(G(V ) − G0)/d ln V .

In Fig. 21.1 we have applied the proposed procedure to experimental data for
point-contact junctions formed by a sharp Ag tip with Nd0.67 Sr0.33 MnO3(NSMO)
thin films [14] and obtained a clear transition from elastic tunneling behavior with
k = 2 at very low biases to inelastic one with k → 4/3 for voltages increased up to
several tens of millivolts.

21.4 Conclusions

Resuming, we have analyzed two phenomena in transport characteristics of strongly
disordered oxide films: universal bimodal distribution of transparencies across
subnanometer-thick layers for voltages about several millivolts and universal current-
voltage characteristic of layers with increased thicknesses up to several nanometers
and voltages up to several hundreds of millivolts. We believe that the universalities
arise due to strong local barrier-height fluctuations caused by oxygen vacancies [17].

Just these fluctuations generate huge variations of the parameter Z in ultra-thin
oxide films and formation of localized states inside thicker layers. If the transport
property depends only on a single parameter and the corresponding analytical relation
is mathematically simple (like Lorentzian in subnanometer-thick interlayers), the
result obtained after averaging over the uniform random variable is of a general
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character bearing no relation to sample-specific details of particular objects and
including only a limited number of macroscopic parameters or, by other words, is
universal.
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Chapter 22
Pursuit and Evasion with Temporal Non-locality
and Stochasticity

Toru Ohira

Abstract We discuss a new aspect of an old mathematical problem of chase and
escape. We consider one group chases another, called “group chase and escape”, by
presenting simple models. We have found that even a simple model can exhibit rich
and complex behavior. The model has been extended to investigate the effects of (a)
stochasticity in chasing and escaping movements, (b) reaction delays (temporal non-
locality) when chasing, and (c) the conversion of caught escapees to new chasers. We
show that these effects can add further complexity and result in unexpected behaviors.

22.1 Introduction

“Pursuit and Evasion” (or “ Chases and Escapes ”) is a traditional mathematical
problem [1]. Typical questions include “How much time is needed for a chaser to
catch a target?” and “What is the best escaping strategy?” There has been much
mathematical interest in obtaining analytical results, so the majority of the questions
have dealt with cases in which one chaser is pursuing a single escapee.We recently
proposed a simple extended model called “Group Chase and Escape” [2] in which
one group chases another group. This extension connects the traditional problem of
“Chases and Escapes” with current interest in the collective motions of self-driven
particles such as animals, insects, cars, etc [4–6].

In this chapter, we briefly present our basic model and its rather complex behaviors.
Each chaser approaches its nearest escapee while each escapee moves away from
its nearest chaser. Although there is no communications within groups, aggregate
formations are observed both for both chasers and escapees. How these behaviors
appear as a function of parameters, such as densities will be discussed.

In addition, we have extended our models in three main ways. First, we introduced
a stochasticity. Players now make errors in which direction they step with some
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probability. It turns out that some levels of fluctuations work better for more effective
capturing. Second, we introduced a temporal non-locality in the form of a reaction
delay in a chaser who is pursuing an escapee that is moving with a uniform speed in a
circular path. We did not observe a complex chaser’s trajectory with constant reaction
delay, but distance–dependent reaction delays can cause quite complex behaviors.
Finally, we report briefly on the effect of the probabilistic conversion of the captured
escapees into new chasers.

22.2 Basic Model

Here, we describe our basic “Group Chase and Escape” model [2]. Essentially, it is
a chase and escape problem in which one group chases another. In order to keep our
extension simple, we made each chaser in a chasing group take one step toward its
nearest escapee, while each escapee takes one step away from its nearest chaser. They
do this independently of each other, meaning there is no communication or direct
interaction among members within either the chasing or the escaping groups. We
also decreed that a caught escapees be removed from the field, so that gradually the
number of escapees decreases. The chase and escape finishes when all the escapees
are caught and removed from the field ("complete capture").

There are various possible implementations of this conceptual model. To start
with, we considered a square lattice with a periodic boundary condition and discrete
step and time movements of the players. We also introduced an exclusion volume
property: they cannot move if another of the same type (chaser or escapee) occupies
the next location of intended motion. Also, when there are multiple choices (typically
only two, due to the square lattice) for the next step, one of them is chosen with equal
probability.

We have simulated the above model under various conditions [2, 3]. One of
the interesting qualitative behaviors observed is a formation of aggregates by both
chasers and escapees in spite of the fact that there is no direct interaction among the
members of each group. In a related matter, given the initial size of the number of
escapees, there exists an optimal number of chasers for effective capture. This can be
seen by increasing the number of chasers with a given number of escapee, and noting
the time taken to finish capturing all of the escapees. This complete capture time will
decrease at a rather fast pace until it reaches the optimal number of chasers, after
which it changes at a much slower rate. One of the reasons for this is the excluding
volume effect (mentioned above): chasers get in each other’s way. However, this is
not the only cause—the very act of chasing and escaping is also a crucial factor, as
such an effect is not seen if we set both chasers and escapees as groups of random
walkers.
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22.3 Extended Model

In this section, we discuss extension of the basic model to include stochasticity
(fluctuations), temporal non-locality (delay), and conversions.

22.3.1 Effects of Stochasticity

We have extended our study to examine the effects of fluctuation in the above basic
model [2, 10–12]. Specifically, we introduced errors in taking steps by players of
both sides. With some probability, a chaser now takes a step in the wrong direction,
thus increasing its distance from the nearest escapee. This error probability, which
is also introduced in the steps of the escapees, is designed so that with the maximal
error both sides become groups of random walkers, while with zero errors the model
is reduced to the basic model described in the previous section.

We simulated the model with the above fluctuation error with varying probabilities
and different ratios of the numbers of chasers and escapees. Increasing the error rate
naturally led to a longer time for complete capture, and this is what happened when
the number of chasers was relatively large. However, a rather interesting situation
was observed when there were small number of chasers and escapees compared to the
size of the square grid field. In this case, there exists the optimal level of fluctuation
with which the time for complete capture became minimal—indeed less than not
only the case in which both sides were randomly walking, but also in the case of the
basic model mentioned above.

Cases that exhibit an appropriate level of fluctuation leading to “better” effects
are being studied in various fields, including biology, material science, engineering
and so on, under the name of “stochastic resonance” [7–9]. Our observation here can
be considered as one of such examples.

22.3.2 Effects of Temporal Non-locality

Next, we consider the effects of temporal non-locality in the form of delayed reaction
time on the part of the chasers [13, 14]. To examine this, we go back to one of the
original one-to-one chase and escape problems in which the escapee moves in a
circular path at a constant speed while the chaser moves with its velocity vector
pointing to the current position of the escapee. We know that if the speed of the
chaser is not as fast as the escapee, the capture is not possible, and the path of the
chaser will approach to a “limit circle”. The center of the two circles is the same
and the ratio of the radii is the same as the ratio of the speeds of the chaser and the
escapee.
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Now let us consider a case in which the speeds of the chaser and escapee are
the same. In this case, the chaser moves behind the escapee with the same uniform
distance on the same circle. We now introduce a delay to the reaction time of the
chaser. Specifically, the velocity vector of the chaser points to the past position
of the escapee. We can immediately see that if we introduce this reaction time as
fixed constant (fixed delay), the qualitative behavior of the chaser’s motion does not
change: the effect is merely an increase of the distance between the chaser and the
escapee on the same circle.

However, if we set the reaction time to be proportional to the distance between the
chaser and the escapee (distant dependent delay: the longer the distance, the longer
the delay), the path of the chaser deviates from the circle. As we increase the rate of
this proportionality, the path will become quite complex.

Delay-induced complex behaviors have been studied in various contexts. The
most notable examples are the dynamical trajectories given by delay differential
equations, such as the MacKay—Glass model [15]. In this model, a very simple
first order differential equation with an external force term, which is a function of
the delayed past state of the dynamical variable, can show various dynamics from
a stable fixed point, limit cycles, and further create complex chaotic trajectories as
we increase the value of the delay. Our observation here can be considered another
example of delay-induced complexities.

22.3.3 Effects of Conversion

Finally, we briefly discuss the effect of conversions [16]. We extend the basic model
in such a way that the caught escapee becomes a new chaser with a certain probability,
while escapees can proliferate with some probability as well. The balance between
these two factors again produces a non-monotonic change in the time it takes for
complete capture with varying parameters. For example, if we fix the number of
chasers and escapees and change the proliferation probability, there exists an optimal
value to have the longest time for complete capture for a smaller value range of
conversion probabilities. This finding has also been reported in a separate publication
[16].

Using our model with this extension has potential for application to studies on
the spread of certain epidemics such as rabies.

22.4 Discussion

We have described our recent proposal and investigation of group-based chases and
escapes and are faced with the following tasks. First, we should make our model more
realistically by including communication within groups or more complex chasing
and escaping strategies. They reflect such cases of one group of animals chasing
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another, e.g., wolves hunting deer [17]. Second, we need to consider a possible
application to distributed robotics or other engineering systems. For example, the
human immune system includes neutrophil granulocytes that chase foreign external
viruses or chemicals. Could we implement such a defense system against attacks
in cyberspace by adapting the concept of chase and escape included? Finally, this
type of chase and escape interactions among the constituents in groups has not
been addressed in studies of physical theories. Extension of many-body theories
of statistical physics for the purpose of adapting them to chase and escape-type
interactions will likely pose interesting challenges in the future.
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Chapter 23
Behaviour at Ultra High Energies

Burra G. Sidharth

Abstract The Large Hadron Collider has already attained an unprecedented energy
of 7 TeV. By 2013 it is expected to reach its peak energy of double this figure. We
can hope that many surprises and discoveries are waiting to happen in the years to
come. In this context we explore the behaviour of particles, particularly fermions
at these Ultra High Energies. In particular two aspects will be touched upon: The
Feshbach-Villars formulation for high energies and also considerations at the Planck
length. Some new insights are explored thereby.

23.1 Introduction

The LHC in Geneva is already operating at a total energy of 7 TeV and hopefully
after a pause in 2012, it will attain its full capacity of 14 TeV in 2013. These are the
highest energies achieved todate in any accelerator. It is against this backdrop that
it is worthwhile to revisit very high energy collisions of Fermions. We will in fact
examine their behaviour at such energies.

To get further insight, let us consider the so called Feshbach-Villars formulation
[4] and analyze the problem from this point of view rather than that of conventional
Field theory. In this case with an elementary transformation, the equations for the
components ϕ and χ of the Dirac wave function can be written as
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i� (∂φ/∂t) = (1/2m) (�/ i\≈ − eA/c)2 (φ + χ)
(

eφ + mc2
)

χ

i� (∂χ/∂t) = − (1/2m) (�/ i≈ − eA/c)2 (φ + χ)
(

eφ − mc2
)

φ (23.1)

What Feshbach and Villars did was give a particle interpretation to the Klein-
Gordon and Dirac equations without invoking field theory or the Dirac sea. In this case
φ represents the “low energy” solutions, that is the normal solution and χ represents
the “high energy” solutions. It must be remembered that at our usual energies it is the
wave function φ, the so called positive energy solution that dominates, χ being of the
order of v2/c2 of φ. On the other hand at very “high energies” χ the so called negative
energy solution dominates. Feshbach and Villars identified these two solutions with
particles and antiparticles respectively. We have

ϕ =
(

φ0
χ0

)
ei/�(p×Et), φ = φ0(p)e(i/�(p×−Et) (23.2)

We consider separately the positive and negative values of E (coming from (23.2)),
viz.,

E = ±E p; E p =
[
(cp)2 +

(
mc2

)2
] 1

2

(23.3)

The solutions associated with these two values of E are

φ(+)
0 = E p + mc2

2(mc2 E p)1/2 χ(+)
0 = mc2 − E p

2(mc2 E p)1/2

φ
(−)
0 = mc2 − E p

2(mc2 E p)1/2 χ
(−)
0 = E p + mc2

2(mc2 E p)1/2

For E = ±E p.
As is well known the positive solution (E = E p) and the negative solution

(E = −E p) represent solutions of opposite charge. We also mention the well known
fact that a meaningful subluminal velocity operator can be obtained only from the
wave packets formed by positive energy solutions. However the positive energy
solutions alone do not form a complete set, unlike in the non relativistic theory. This
also means that a point description in terms of the positive energy solutions alone is
not possible for the K-G (or the Dirac) equation, that is for the position operator,

δ
( ∗X − ∗X0

)
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In fact the eigen states of this position operator include both positive and negative
solutions. All this is well known (Cf.ref.(Feshback 1958)).

This matter was investigated earlier by Newton and Wigner too (Newton and
Wigner [8] from a slightly different angle. Some years ago the author revisited this
aspect from yet another point of view [20] and showed that this is symptomatic of
noncommutativity which is exhibited by

[xı , x j ] = O(l2) · νı j

and is related to spin and extension. The noncommutative nature of spacetime has
been a matter of renewed interest in recent years particularly in Quantum Gravity
approaches. At very high energies, it has been argued that [25] there is a minimum
fuzzy interval, symptomatic of a non commutative spacetime, so the usual energy
momentum relation gets modified and becomes [26]

E2 = p2 + m2 + αl2 p4 (23.4)

the so called Snyder-Sidharth Hamiltonian [5, 11, 27]. It has been argued that for
fermions α > 0 while α can be <0 for bosons. Using (23.4) it is possible to deduce
the ultrarelativistic Dirac equation [17, 21]

(D + βlp2γ5)ψ = 0 (23.5)

β = ≥
α. In (23.5) D is the usual Dirac operator while the extra term appears due to

the new dispersion relation (23.4).
As indicated above α is positive. It is known that [29], in this case Eq. (23.5) can

be written in Hamiltonian form

− γ0 p0ψ = (D̄ + ıαlp2γ5)ψ (23.6)

where D̄ ∼ ∑
ı

γı pı . Further it is well known that the Hamiltonian is given by

H = ıγ5

−→∑
· ∗p = ıγ5| ∗p||s( ∗p)| (23.7)

It can be seen from (23.7) that the Dirac particle acquires an additional mass. However
what is very interesting is that the extra mass term is not invariant under parity owing
to the presence of γ5. Indeed as we know from the theory of Dirac matrices

Pγ5 = −Pγ5 (23.8)

In the case of a massless Dirac particle, it was argued that this leads to the mass of
the neutrino [28].
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Thus the mass m gets split into m + m← and m − m← with two states, σL and σR .
Remembering that a dominant φ and a dominant χ respectively represent particle and
antiparticle in this Feshbach-Villars formulation and also remembering that under
reflection, as is well known,

φ → φ, χ → −χ (23.9)

we can see that this means that the particle and antiparticle have different masses,
namely m + m← and m − m←. Indeed this conclusion was anticipated earlier [30].
The difference would be minute but in principle can be observed. Already there
have been reports of such mass asymmetry being observed in the MINOS Fermi Lab
experiment with neutrinos and anti neutrinos [13]. What the MINOS team recorded
was a difference in the ωm2 value for neutrinos and anti neutrinos by as much as
forty percent. It is expected that more definitive results would be available by 2012.

It has been pointed out that the fact that equations like (23.7) and the following
applied to neutrinos which are massless suggests one (or more) neutrinos. This is
brought out more clearly in the above. Remarkably there seems to be very recent
confirmation of such an extra or sterile neutrino (Roe ).

The above discussion brings out ultra high energy effects in Fermionic behavior.
Already Eq. (23.4) shows modifications to Lorentz symmetry, as has been discussed
in detail in several places, for example (Cf.ref. [7, 26] and references therein). This
exposes the limits of strict special relativistic considerations.

23.2 Extra Relativistic Effects

It has just been announced that the OPERA (Oscillation Project with Emulsion Track-
ing Apparatus) experiment, 1,400 m underground in the Gran Sasso National Labo-
ratory in Italy has detected neutrinos travelling faster than the speed of light, which
has been a well acknowledged speed barrier in physics. This limit is 299,792,458 m/s,
whereas the experiment has detected a speed of 299,798,454 m/s. In this experiment
neutrinos from the CERN Laboratory 730 km away in Geneva were observed. They
arrived 60 ns faster than expected, that is faster than the time allowed by the speed
of light. The experiment has been measured to 6σ level of confidence, which makes
it a certainty (Adam ) and has been repeated again. However it is such an astound-
ing discovery that the OPERA scientists would like further confirmation from other
parts of the world. In 2007 the MINOS experiment near Chicago did find hints of
this superluminal effect.

It must be reported that the author had predicted such deviations from Einstein’s
Theory of Relativity, starting from 2,000 (Cf.eq.(23.4)).

(23.4) shows that the energy at very high energies for fermions is greater than that
given by the relativity theory so that effectively the speed of the particle is slightly
greater than that of light. For example, if in the usual formula, we replace c by c +c←,
then, comparing with the above we would get:
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c← = αl2 p4 · [4m2c3 + 2p2c]−1

The difference is slight, but as can be seen is maximum for the lightest fermions,
viz., neutrinos which are in any case already travelling with the velocity c. We could
also argue that the extra term in the Snyder-Sidharth Hamiltonian can contribute
partly to an oscillating mass of the neutrino oscillations and partly to a fluctuating
super luminal velocity.

23.3 Ultra High Energy Particles

Let us look at all this differently. Following Weinberg [32] let us suppose that in one
reference frame S an event at x2 is observed to occur later than one at x1, that is,
x0

2 > x0
1 with usual notation. A second observer S← moving with relative velocity ∗v

will see the events separated by a time difference

x0
2 − x0

1 = α0
α(v)(xα

2 − xα
1 )

where α
β
α(v) is the "boost" defined by or,

x ←0
2 − x ←0

1 = γ(x0
2 − x0

1 ) + γ∗v · (x2 − x1)

and this will be negative if

v · (x2 − x1) < −(x0
2 − x0

1 ) (23.10)

We now quote from Weinberg [32]:
"Although the relativity of temporal order raises no problems for classical physics,

it plays a profound role in quantum theories. The uncertainty principle tells us that
when we specify that a particle is at position x1 at time t1, we cannot also define
its velocity precisely. In consequence there is a certain chance of a particle getting
from x1 to x2 even if x1 − x2 is spacelike, that is, |x1 − x2| > |x0

1 − x0
2 |. To be more

precise, the probability of a particle reaching x2 if it starts at x1 is non negligible as
long as

(x1 − x2)
2 − (x0

1 − x0
2 )2 ⊥ �

2

m2 (23.11)

where � is Planck’s constant (divided by 2π) and m is the particle mass. (Such space-
time intervals are very small even for elementary particle masses; for instance, if m
is the mass of a proton then �/m = w × 10−14 cm or in time units 6 × 10−25 s.
Recall that in our units 1s = 3 × 1010) cm. We are thus faced again with our
paradox; if one observer sees a particle emitted at x1, and absorbed at x2, and if
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(x1 − x2)
2 − (x0

1 − x0
2 )2 is positive (but less than �

2/m2), then a second observer
may see the particle absorbed at x2 at a time t2 before the time t1 it is emitted at x1".

To put it another way, the temporal order of causally connected events cannot be
inverted in classical physics, but in Quantum Mechanics, the Heisenberg Uncertainty
Principle leaves a loop hole.

As can be seen from the above, the two observers S and S← see two different events,
viz., one sees, in this example the protons while the other sees neutrons. Moreover,
this is a result stemming from (23.11), viz.,

0 < (x1 − x2)
2 − (x0

1 − x0
2 )2(⊥ �

2

m2 ) (23.12)

The inequality (23.12) points to a reversal of time instants (t1, t2) as noted above.
However, as can be seen from (23.12), this happens within the Compton wavelength.

We now observe that in the above formulation for the wave function

ψ =
(

φ
χ

)
,

where, as noted, φ and χ are, for the Dirac equation, each two spinors. φ (or more
correctly φ0) represents a particle while χ represents an antiparticle. So, for one
observer we have

χ ∇ 0 (23.13)

and for another observer we can have

φ ∇ 0 (23.14)

that is the two observers would see respectively a particle and an antiparticle. This
would be the same for a single observer, if for example the particle’s velocity got a
boost so that (23.14) rather than (23.13) would dominate after sometime.

Interestingly, just after the Big Bang, due to the high energy, we would expect, first
(23.14) that is antiparticles to dominate, then as the universe rapidly cools, particles
and antiparticles would be in the same or similar number as in the Standard Model,
and finally on further cooling (23.13) that is particles or matter would dominate.

Finally we now make two brief observations, relevant to the above considerations.
Latest results in proton-antiproton collisions at Fermi Lab have thrown up the Bs
mesons which in turn have decayed exhibiting CP violations in excess of the pre-
dictions of the Standard Model, and moreover this seems to hint at a new rapidly
decaying particle. Furthermore, in these high energy collisions particle to antiparticle
and vice versa transformations have been detected.
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23.4 Ultra High Energy Particles

Some years ago [24], we explored some intriguing aspects of gravitation at the micro
and macro scales. We now propose to tie up a few remaining loose ends. At the same
time, this will give us some insight into the nature of gravitation itself and why it has
defied unification with other interactions for nearly a century. For this, our starting
point is an array of n Planck scale particles.

As discussed in detail elsewhere, such an array would in general be described by
(Jack Ng and Van Dam [7]

l =
√

nωx2 (23.15)

ka2 ∼ kωx2 = 1

2
kB T (23.16)

where kB is the Boltzmann constant, T the temperature, r the extent and k is the
analogues of the spring constant given by

ω2
0 = k

m
(23.17)

ω =
(

k

m
a2

) 1
2 1

r
= ω0

a

r
(23.18)

We now identify the particles with Planck masses and set ωx ∼ a = lP , the
Planck length. It may be immediately observed that use of (23.17) and (23.16) gives
kB T ∇ m P c2, which ofcourse agrees with the temperature of a black hole of Planck
mass. Indeed, Rosen [15] had shown that a Planck mass particle at the Planck scale
can be considered to be a Universe in itself with a Schwarzchild radius equalling the
Planck length.

Whence the mass of the array is given by

m = m P/
≥

n (23.19)

while we have,
l = ≥

nlP , τ = ≥
nτP , (23.20)

l2
P = �

m P
τP

In the above m P ∇ 10−5 g, lP ∇ 10−33 cm and τP ∇ 10−42 s, the original Planck
scale as defined by Max Planck himself. We would like the above array to represent
a typical elementary particle. Then we can characterize the number n precisely. For
this we use in (23.19) and (23.20)
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lP = 2←Gm P

c2 (23.21)

which expresses the well known fact that the Planck length is the Schwarzchild radius
of a Planck mass black hole, following Rosen. This gives

n = lc2

Gm
∇ 1040 (23.22)

where l and m in the above relations are the Compton wavelength and mass of a typical
elementary particle and are respectively ∇ 10−12 cm and 10−25 g respectively.

Before coming to an interpretation of these results we use the well known result
alluded to that the individual minimal oscillators are black holes or mini Universes
as shown by Rosen [15]. So using the Beckenstein temperature formula for these
primordial black holes [16], that is

kT = �c3

8πGm

we can show that
Gm2 ∇ �c (23.23)

We can easily verify that (23.23) leads to the value m = m P ∇ 10−5 g. In
deducing (23.23) we have used the typical expressions for the frequency as the
inverse of the time—the Compton time in this case and similarly the expression for
the Compton length. However it must be reiterated that no specific values for l or m
were considered in the deduction of (23.23).

We now make two interesting comments. Cercignani and co-workers have shown
[2, 3] that when the gravitational energy becomes of the order of the electromagnetic
energy in the case of the Zero Point oscillators, that is

G�
2ω3

c5
∇ �ω (23.24)

then this defines a threshold frequency ωmax above which the oscillations become
chaotic. In other words, for meaningful physics we require that

ω ⊥ ωmax .

where ωmax is given by (23.24). Secondly as we can see from the parallel but unrelated
theory of phonons [6, 12], which are also bosonic oscillators, we deduce a maximal
frequency given by

ω2
max = c2

l2 (23.25)
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In (23.25) c is, in the particular case of phonons, the velocity of propagation, that
is the velocity of sound, whereas in our case this velocity is that of light. Frequencies
greater than ωmax in (23.25) are again meaningless. We can easily verify that using
(23.24) in (23.25) gives back (23.23). As �c = 137e2, in a Large Number sense,
(23.23) can also be written as,

Gm2
P ∇ e2

That is, (23.23) expresses the known fact that at the Planck scale, electromag-
netism equals gravitation in terms of strength.

In other words, gravitation shows up as the residual energy from the formation of
the particles in the universe via Planck scales particles.

The scenario which emerges is the following. Analogous to Prigogine cosmology
[10, 31], from the dark energy background, in a phase transition Planck scale particles
are suddenly created. These then condense into the longer lived elementary particles
by the above process of forming arrays. But the energy at the Planck scales manifests
itself as gravitation, thereafter.

We will further discuss this in the next section.

23.5 Discussion

Equation (23.22) can also be written as

Gm

lc2 ∇ ≥
N (23.26)

where N ∇ 1080 is the Dirac Large Number, viz., the number of particles in the
universe. There are two remarkable features of (23.22) or (23.26) to be noted. The
first is that it was deduced as a consequence in the author’s 1997 cosmological model
[22]. In this case, particles are created fluctuationally from the background dark
energy. The model predicted a dark energy driven accelerating universe with a small
cosmological constant. It may be recalled that at that time the prevailing paradigm
was exactly opposite—that of a dark matter constrained decelerating universe.

As is now well known, shortly thereafter this new dark energy driven accelerating
universe with a small cosmological constant was confirmed conclusively through the
observations of distant supernovae. It may be mentioned that the model also deduced
other inexplicable relations like the Weinberg formula that relates the microphysical
constants with a large scale parameter like the Hubble Constant:

m ⊃
(

H�
2

Gc

) 1
3

(23.27)
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While (23.27) has been loosely explained away as an accidental coincidence
Weinberg [32] himself emphasized that the mysterious relation is in fact unexplained.
To quote him, "In contrast (this) relates a single cosmological parameter (the Hubble
Constant) to the fundamental constants �, G, c and m and is so far unexplained."

The other feature is that (23.26) like (23.27) expresses a single large scale para-
meter viz., the number of particles in the universe or the Hubble constant in terms of
purely microphysical parameters.

As we saw the scenario is similar to the Prigogine cosmology in which out of what
Prigogine called the Quantum Vacuum, or what today we may call Dark Energy
background, Planck scale or Planck mass are created in a phase transition, very
similar to the formation of Benard cells [9]. The energy at the Planck scale, given
by (23.24) then gets distributed in the universe—amongst all the particles, as the
Planck particles form these various elementary particles according to Eqs. (23.15)
to (23.20). This is brought out by the fact that Eq. (23.26) can also be written as the
well known Eddington formula:

Gm2/e2 ∇ 1≥
N

(23.28)

which was believed to be another ad hoc coincidence unrelated to (23.27). Equation
(23.28) shows how the gravitational force over the cosmos is weak compared to
the electromagnetic force. In other words the initial "gravitational energy" on the
formation of the Planck scale particles, that is (23.23) is distributed amongst the
various particles of the universe [23]. From this point of view while l, m, c etc. are
indeed microphysical constants as Dirac characterized them, G is not. It is related
to the Large Scale cosmos through the Dirac Number N of particles in the universe.
This would also explain the Weinberg puzzle: In this case in Eq. (23.27), there are
the large scale parameters namely G and H on right side of the equation.

Once we recognize this, we can easily see that unlike what was thought previously,
the Weinberg formula (23.27) is in fact the same as the Dirac formula (23.28). To
see this, we use in (23.27) two well known relations from cosmology (Cf.eg. [32]),
viz.,

R ∇ G M

c2 and M = Nm

where R is the radius of the universe ∇1028 cm, M its mass ∇1055 g and m is as before
the mass of a typical elementary particle. Then (23.27) will reduce to (23.28). Thus,
there is only one relation—(23.27) or (23.28), and they express the fact that rather
than being a microphysical parameter, G rather than representing a fundamental
interaction is related to the large scale cosmos via either of these equations.

It must be observed that this conclusion resembles that of Sakharov [18], for
whom Gravitation was a secondary force like elasticity.
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Chapter 24
Toward “Ghost Imaging” with Cosmic Ray
Muons

Milena D’Angelo, Augusto Garuccio, Franco Romano, Francesco Di Lena,
Marco D’Incecco, Roberto Moro, Antonietta Regano and Giuliano Scarcelli

Abstract Optical ghost imaging is a remote imaging technique that exploits either
the correlations between light beams/entangled photon pairs, or the Hanbury-Brown
Twiss [1, 2] effect typical of chaotic light sources. Is it possible to implement ghost
imaging with massive particles? The Extreme Energy Events (EEE) project [3] offers
a platform for attempting to answer this question. Our analysis is based on the
experimental data taken in L’Aquila by two distant EEE muon telescopes [4, 5].
Interestingly, muons from cosmic ray showers exhibit spatio-temporal correlations
that offer the possibility to evaluate the feasibility of ghost imaging with massive
particle.

24.1 Introduction

Ghost imaging is an optical technique that aims at gathering information on a distant
object without necessity of employing imaging optics or high-resolution detectors
near the object [6–10]. This is achieved by using two correlated beams of light:
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one (probe) interacts with the distant object and is revealed by a “bucket” detector,
with no spatial resolution; the other (reference), in a local laboratory, goes through
imaging optics and is detected by a high spatial resolution detector. The correlation
between the two beams allows revealing the structure of the object, remotely, from
a coincidence measurement between the two detectors. Due to this property, optical
ghost imaging has recently emerged as a promising low-light-level remote sensing
tool [11–13].

The main idea of the present paper is to trace the way toward the implementation of
the ghost imaging protocol using correlated massive particles instead of light beams.
Muons generated by cosmic rays are an interesting source to study in the context of
ghost imaging: As naturally available deeply penetrating particles characterized by
an extremely small De Broglie wavelength, they are promising candidates for long
distance high resolution ghost imaging.

The project Extreme Energy Events (EEE) [3] offers a platform for studying the
feasibility of ghost imaging with cosmic ray muons. Muon “telescopes” composed
of three Multigap Resistive Plate Chambers (MRPC) [4, 5, 14], have been built and
installed in many high schools across Italy. Some of them are already in operation and
coincidence detection between muons have been measured in two neighbor schools
of L’Aquila, 180 m apart [15, 16]. Our analysis is based on the experimental data
taken for 9 days in L’Aquila.

In this paper, we start with a brief review of quantum imaging, by introducing
the ghost imaging experiments based on both entangled [6–8] and separable systems
of photons [17–21] as well as the ones based on chaotic light [9, 10, 18, 22–27].
We then introduce some basics elements of the EEE project—namely, the detec-
tors employed and the coincidence data so far collected [15, 16]—and enter in the
core of our analysis: Extending the quantum imaging schemes to muons from cos-
mic rays. After studying the spatio-temporal correlation characterizing the detected
muon pairs, we present a preliminary study of the feasibility of muon ghost imaging;
this is an essential step toward understanding the potentialities of this naturally avail-
able source for practical applications such as remote sensing. The presented results
represent the first analysis of ghost imaging with massive particles and may pave the
way for the extension to particles of many other intriguing quantum optical phenom-
ena involving classical and non-classical correlations. From a practical standpoint,
the natural abundance of cosmic ray muons on earth, their long-range correlation,
extremely small De Broglie wavelength and high penetrating ability would suggest
this protocol as a viable way to perform very long-distance high-resolution remote
imaging.

24.2 Ghost Imaging with Photons

The first ghost imaging experiment was realized in the mid 1990s by Pittman et al.
[8], following the theoretical proposal of Klyshko [6, 7]. By taking advantage of the
strong correlation characterizing signal-idler photon pairs generated by Spontaneous
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So Si

f

Fig. 24.1 Schematic representation of the unfolded experimental setup to observe ghost imaging
with SPDC photon pairs: Object and imaging lens are illuminated by the signal photons, while the
idlers propagate in free space; a ghost image appears when counting coincidences between the fixed
bucket detector D1, placed behind the object, and the scanning point-like detector D2, placed in the
“ghost” image plane as defined by the Gaussian two-photon thin lens equation

Parametric Down-Conversion (SPDC) [28], Pittman et al. proved the possibility of
reproducing the ghost image of an object, remotely. The expression “ghost” was
introduced to emphasize the very peculiar nature of the phenomenon: A mask (object)
is inserted in front of a bucket detector, which simply counts the SPDC signal photons
transmitted by the object; the image of the mask is retrieved by recording the joint
detection events of the signal-idler pairs while scanning a distant photon counting
detector in the two-photon image plane, as defined on the idler beam side by the
two-photon Gaussian thin lens equation:

1

so
+ 1

si
= 1

f
, (24.1)

where f is the focal length of the lens, so the object-lens distance, and si is the
“ghost” lens-image distance, given by the sum of the distances from the image to
the source (i.e., the SPDC crystal) and from the source to the lens, as shown in the
unfolded experimental setup of Fig. 24.1. The single counting rates at both detectors
are always fairly constant.

Seven years after its first discovery, an intense debate [17–20, 29], was opened
following an experimental work by Bennink et al. [21], who raised the question
whether or not ghost imaging could be reproduced by classically correlated beams
of light; Ref. [18] contains a summary of this debate. A schematic representation
of the experimental setup employed by Bennink, et al. [21] is reported in Fig. 24.2:
Pairs of light beams classically correlated in momentum are focused by two separate
lenses, the object is inserted in the focal plane of one lens, and coincidence counts are
recorded between a bucket detector behind the object and a high-resolution detector
placed in the focal plane of the other lens.
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Fig. 24.2 Schematic representation of the unfolded experimental setup for simulating ghost imag-
ing with pairs of light beams classically correlated in momentum; the focal planes of the two lenses
are required to transform the momentum correlation into the required “position” correlation
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Fig. 24.3 Schematic representation of the unfolded experimental setup for observing ghost imaging
with chaotic light. A lens-less ghost image can be obtained by placing the high-resolution detector
in the ν plane, whose distance from the source is equal to the object-source distance

One of the most interesting results that came out of this discussion is the possibility
of producing ghost images by replacing SPDC with chaotic/thermal radiation [9, 10]:
Similar to the entangled two-photon case, a two-photon Gaussian thin lens equation
was found for this source [10]. The experimental setup is shown in Fig. 24.3. The
most evident difference with respect to the entangled case was the existence, for
chaotic light, of a constant background noise accompanying the ghost image. The
interpretation of the effect was soon found in terms of quantum interference, namely,
coherent superposition of indistinguishable two-photon probability amplitudes [24,
27]: the thermal ghost image was shown to exist not only when employing an imaging
lens, but also in a lens-less setup, provided the object-source distance is exactly equal
to the image-source distance.

Beside its fundamental interest, quantum imaging has inspired several practical
applications, from metrology [30] to low-light-level remote sensing [11–13].
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Fig. 24.4 Sketch of the
telescope employed in the
EEE project. Each plane
represents a MRPC; the hit
points on the MRPCs allow
reconstructing the track of the
detected muon

24.3 Cosmic Ray Muons and the EEE Telescopes

The Extreme Energy Events (EEE) Project [3] aims at studying the extremely high
energy cosmic rays by means of muon detectors (also called telescopes) distributed
over an area of about 106 km2, in Italy. In fact, the goal is to detect the muon com-
ponent of Extensive Air Showers (EAS) by measuring coincidence events between
distant telescopes. Each telescope consists of three 50 cm apart Multigap Resistive
Plate Chamber (MRPC) [14], gas detectors with an active area of about 2 m2 char-
acterized by both time and position resolution, as well as tracking capability. As
described in Ref. [15], the electric signal generated by the passage of a particle
through the detector is collected by one of the 24 pick-up electrodes (160 cm-long
copper strips with a pitch of 3.2 cm) mounted on each MRPC. The MRPC efficiency
is around 95 % and the time resolution is about 100 ps; the absolute time is recorded
by a GPS, whose resolution is around 60 ns (≈∗

2νG P S). The hit strip and the dif-
ference between the signal arrival times at the strip ends enable reconstruction of
the particle impact point (i.e., its x − y coordinates), with a spatial resolution of
about 2 cm [4, 5]. The signals detected by each MRPC are collected only when a
triple coincidence of the MRPCs occurs; a triple coincidence event in the telescope
thus identifies the track of the detected particle, as shown in Fig. 24.4. Data process-
ing allows reconstructing the muon direction with an angular resolution of about
2≥ [4, 5]; the acceptance of the EEE telescopes is 39≥ in the plane perpendicular to
the copper strips and 58≥ in the orthogonal direction.
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The present paper is based on the data taken for 9 effective days by two telescopes
installed in two neighbor High Schools in L’Aquila, 180 m apart [15, 16]. The data
presented in Ref. [15] are divided in three sets: (1) single track-single track (S-S)
coincidences, where only a single track is present in each telescope; (2) single track-
multihit (S-M) coincidences, where a single track in one telescope is accompanied by
a multiple event, with a number of hits ∼4, in the other telescope; (3) multihit-multihit
(M-M) coincidences, where high-multiplicity events occur at both telescopes. In this
paper we only consider the S-S events, namely, muon pairs detected at the two
Schools, which we shall indicate as station A and B.

24.4 Toward Ghost Imaging with Cosmic Ray Muons

The existence of temporal correlation is at the heart of any ghost imaging, but of
course either angular or momentum correlation are also required for guarantying the
position correlation implicit in ghost images.

Let us start by analyzing the temporal correlation between muons detected at the
two Schools. The histogram of the time differences (tA−tB) between muons detected
by the two telescopes is characterized by a constant background and a peak centered
around tA − tB = 0. Both the width of the peak and the constant background can
be optimized by correcting the time differences for the average inclination (σ → =
(σA + σB)/2) of the detected muon pairs with respect to the line joining the two
telescopes (having length L); the correction is implemented by replacing the detection
time differences tA − tB with [15, 16]: ωt = tA − tB ± L cos(σ →)/c. The temporal
distribution of the corrected coincidence counts is reported in Fig. 24.5; the Gaussian
fit a exp[−(x − μ)2/2ν 2] + b gives for the peak visibility V = 28 %, for the peak
width ν = 220 ns, in agreement with the results presented in [15, 16].

The events falling within the observed temporal correlation peak are supposed to
be mostly due to muon pairs coming from the same air shower, while the constant
background is due to muons coming from different air showers. This hypothesis is
strengthen by the high visibility (V = 93 %) acquired by the temporal correlation
peak as soon as one selects the events characterized by almost parallel muon tracks,
namely, α < 5≥ where α is the angle between muons detected at the two stations, as
shown in Fig. 24.6. Also the peak width is somewhat reduced by the parallel track
condition (ν = 180 ns). The highly improved visibility of this new temporal peak
indicates the existence of a strong angular correlation between muon pairs belonging
to the same air shower. In addition, this result indicates that the nature of the observed
correlation is certainly not predominantly chaotic; in fact, chaotic identical muons
propagating in the same spatial mode (such as the one selected by imposing α < 5≥)
would produce a fermionic HBT-type dip in the temporal histogram.

In order to study the angular correlation between cosmic ray muons, we define a
coincidence time window centered around ωt = 0 and having total width approxi-
mately equal to the peak base (i.e., 4ν ← 900 ns), and compare the angular distrib-
ution of coincident muon pairs with the angular distribution of muon pairs detected
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Fig. 24.5 Distribution of the muon pairs detected at the two Schools, A e B, as a function of the
“corrected” detection time difference ωt . Channels are 100 ns wide

Fig. 24.6 Distribution of parallel muons detected at the two Schools, A e B, as a function of the
“corrected” detection time difference ωt . Channels are 100 ns wide. The condition of parallel tracks
is imposed by selecting the angle between the tracks (α) to be smaller than 5≥

outside the coincidence window (i.e., pairs of independent muons). The results are
shown in Fig. 24.7, where σA,B represents the detection angle, at station A and B,
respectively, with respect to the vertical direction; a common reference frame (x, y)

has been defined for the two stations A and B in a plane parallel to the MRPC planes.
The angular correlation (as opposed to anti-correlation) gives rise to the distribution
of the coincident muon pairs around the diagonal (as opposed to the anti-diagonal)
of the (σAi , σBi ) planes, with i = x, y, as clearly appears from the two plots in the
left column of Fig. 24.7. The symmetric distribution of muon pairs detected outside
the coincidence window (right column in Fig. 24.7) indicates that independent muon
pairs are neither correlated nor anti-correlated; the angular correlation characteriz-
ing coincident muon pairs is thus a pure second order effect (i.e., it is not a trivial
projection of the angular distribution of independent muon pairs).
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Fig. 24.7 Left Distribution of the coincident muon pairs as a function of their track inclinations
with respect to the vertical direction, in two orthogonal directions, x (up) and y (down), in a common
reference frame for the two stations A and B. Right Same plot for independent muon pairs, namely,
muon pairs detected at the two stations far away from the temporal coincidence window. Both
histograms are made of 100 × 100 channels

The next step of is to study the possibility of extending quantum imaging schemes
to cosmic ray muons. In this perspective, we exploit the discovered angular corre-
lation to perform a preliminary feasibility study of ghost imaging with cosmic ray
muons: We simulate the presence of two lenses placed on top of the two telescopes
(A and B), as schematically represented in Fig. 24.8, and study the position-position
correlation between the focal planes of the two lenses. The possibility of simulating
the presence of the two lenses comes from the knowledge of the reconstructed muon
tracks: The ability of the EEE telescopes to reconstruct the tracks of the detected
muons gives the angular information required to simulate the deviation a muon
would have experienced if a lens was put along its path toward the telescope. In
particular, the positions of the detected muons in the focal planes of the simulated
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Fig. 24.8 Schematic representation of the setup employed to study the position-position correlation:
The presence of a lens of focal length f is simulated on top of each telescope, in such a way that all
detected muons coming at a given angle are collected in a given point of the focal plane, independent
of their position of incidence. The dashed line is the reconstructed track of detected muons; the
continuous line is the track due to the simulated lens

lenses is simply given by xA,B = f tan(σA,B), where f is the focal length of the two
simulated lenses, and σA,B is the incidence angle of the muons detected at station A
and B, respectively; this result holds independently of the incidence positions of the
detected muons, as depicted in Fig. 24.8.

The results obtained by simulating two lenses of focal length f = 10 cm are
shown in Fig. 24.9, where we plot the distribution of the muon pairs detected both
within (blue) and outside (red) the coincidence window as a function of their relative
distance |τ A −τB | in the focal planes of the two simulated lenses. The high-visibility
peak characterizing muon pairs detected in coincidence indicates that the angular
correlation is naturally transformed into a position-position correlation between the
focal planes of two lenses, as expected. In order to quantify such position-position
correlation we normalize the distribution of the coincident muon pairs with respect to
the distribution of the independent pairs (e.g., we divide the blue by the red curve) and
evaluate the width of the resulting distribution by performing a gaussian fit, as shown
in Fig. 24.9; the visibility of the resulting correlation peak is 90 % and the spatial
correlation in the focal plane of the simulated lenses is ν = 0.6 cm (corresponding
to an angular correlation of 3.6≥, in agreement with an analysis performed without
lenses).

The existence of the position correlation between muons from extensive air shower
is the building block to implement a ghost imaging scheme based on such massive
particles. The result of Fig. 24.9 represents the point-spread-function of a ghost imag-
ing scheme analogous to the classical version of optical ghost imaging (Fig. 24.2);
the main difference is that we are dealing with correlated massive particles rather
than with anti-correlated light beams.
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Fig. 24.9 Left Distribution of coincident muon pairs (blue) and independent muon pairs (red) as a
function of their relative distance |τA − τB | in the focal planes of the two simulated lenses, having
focal length f = 10 cm. Right Normalized distribution of the coincidence muon pairs as a function
of their relative position in the focal planes of the simulated lenses; the continuous curve is the
corresponding gaussian fit

24.5 Conclusion

We have reviewed both the concept of optical ghost imaging and the preliminary
results of the feasibility of ghost imaging with massive particles, thus investigating
the potentialities of cosmic ray muons for long-distance ghost imaging applications.
The analysis has been based on the data taken in L’Aquila within the EEE project
[15].

We are currently working on the simulation of more sophisticated ghost imaging
schemes, in line with the optical experiments schematically drawn in Figs. 24.1 and
24.3, by employing the same exact set of available data. This will allow both a deeper
comprehension of the correlations characterizing this naturally available source of
massive particles, and will indicate its potentialities in view of remote sensing appli-
cations; in fact, the results will automatically pave the way toward the extension to
massive particles of many other intriguing quantum optical phenomena involving
classical and non-classical correlations.

In this perspective, we are also extending the present analysis to both energy
and momentum; in fact, real objects will have the potentials to be “ghostly imaged”
by means of cosmic ray muons only if the strong angular correlation exploited so
far is accompanied by energy correlation, thus resulting in sufficient momentum-
momentum correlation between muon pairs detected in coincidence in two distant
locations.

The Authors sincerely thank the EEE collaboration and the “Centro Studi e
Ricerche E. Fermi”, for giving us permission to analyze the data taken in L’Aquila
within the EEE project; the availability of these data has been essential for conduct-
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ing the present feasibility study. The Authors are particularly thankful to Marcello
Abbrescia for interesting insights about the working principle of the EEE telescopes
and the general setup of the EEE experiment, particularly useful in the start-up phase
of the present research.
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Chapter 25
The Dark Energy Universe

Burra G. Sidharth

Abstract Some 75 years ago, the concept of dark matter was introduced by Zwicky
to explain the anomaly of galactic rotation curves, though there is no clue to its
identity or existence to date. In 1997, the author had introduced a model of the
universe which went diametrically opposite to the existing paradigm which was a dark
matter assisted decelarating universe. The new model introduces a dark energy driven
accelarating universe though with a small cosmological constant. The very next
year this new picture was confirmed by the Supernova observations of Perlmutter,
Riess and Schmidt. These astronomers got the 2011 Nobel Prize for this dramatic
observation. All this is discussed briefly, including the fact that dark energy may
obviate the need for dark matter.

25.1 Introduction

By the end of the last century, the Big Bang Model had been worked out. It contained
a huge amount of unobserved, hypothesized “matter” of a new kind—dark matter.
This was postulated as long back as the 1930s to explain the fact that the veloc-
ity curves of the stars in the galaxies did not fall off, as they should. Instead they
flattened out, suggesting that the galaxies contained some undetected and therefore
non-luminous or dark matter. The identity of this dark matter has been a mat-
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ter of guess work, though. It could consist of Weakly Interacting Massive Particles
(WIMPS) or Super Symmetric partners of existing particles. Or heavy neutrinos or
monopoles or unobserved brown dwarf stars and so on.
In fact Prof. Abdus Salam speculated some two decades ago [21] “And now we come
upon the question of dark matter which is one of the open problems of cosmology”.
This is a problem which was speculated upon by Zwicky 50 years ago. He showed
that visible matter of the mass of the galaxies in the Coma cluster was inadequate
to keep the galactic cluster bound. Oort claimed that the mass necessary to keep our
own galaxy together was at least three times that concentrated into observable stars.
And this in turn has emerged as a central problem of cosmology. “You see there
is the matter which we see in our galaxy. This is what we suspect from the spiral
character of the galaxy keeping it together. And there is dark matter which is not
seen at all by any means whatsoever. Now the question is what does the dark matter
consist of? This is what we suspect should be there to keep the galaxy bound. And
so three times the mass of the matter here in our galaxy should be around in the form
of the invisible matter. This is one of the speculations.”

The universe in this picture, contained enough of the mysterious dark matter to
halt the expansion and eventually trigger the next collapse. It must be mentioned that
the latest WMAP survey [13], in a model dependent result indicates that as much as
twenty three percent of the Universe is made up of dark matter, though there is no
definite observational confirmation of its existence.
That is, the Universe would expand up to a point and then collapse.
There still were several subtler problems to be addressed. One was the famous hori-
zon problem. To put it simply, the Big Bang was an uncontrolled or random event
and so, different parts of the Universe in different directions were disconnected at the
very earliest stage and even today, light would not have had enough time to connect
them. So they need not be the same. Observation however shows that the Universe
is by and large uniform, rather like people in different countries showing the same
habits or dress. That would not be possible without some form of faster than light
intercommunication which would violate Einstein’s Special Theory of Relativity.

The next problem was that according to Einstein, due to the material content in
the Universe, space should be curved whereas the Universe appears to be flat.

There were other problems as well. For example astronomers predicted that
there should be monopoles that is, simply put, either only North magnetic poles
or only South magnetic poles, unlike the North South combined magnetic poles we
encounter. Such monopoles have failed to show up even after 75 years.

Some of these problems were sought to be explained by what has been called
inflationary cosmology whereby, early on, just after the Big Bang the explosion
was super fast [5, 28].

What would happen in this case is, that different parts of the Universe, which could
not be accessible by light, would now get connected. At the same time, the super fast
expansion in the initial stages would smoothen out any distortion or curvature effects
in space, leading to a flat Universe and in the process also eliminate the monopoles.
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Nevertheless, inflation theory has its problems. It does not seem to explain the
cosmological constant observed since. Further, this theory seems to imply that the
fluctuations it produces should continue to indefinite distances. Observation seems
to imply the contrary.

One other feature that has been studied in detail over the past few decades is
that of structure formation in the Universe. To put it simply, why is the Universe
not a uniform spread of matter and radiation? On the contrary it is very lumpy with
planets, stars, galaxies and so on, with a lot of space separating these objects. This has
been explained in terms of fluctuations in density, that is, accidentally more matter
being present in a given region. Gravitation would then draw in even more matter
and so on. These fluctuations would also cause the cosmic background radiation to
be non uniform or anisotropic. Such anisotropies are in fact being observed. But this
is not the end of the story. The galaxies seem to be arranged along two dimensional
structures and filaments with huge separating voids.

From 1997, the conventional wisdom of cosmology that had concretized from the
mid sixties onwards, began to be challenged. It had been believed that the density
of the Universe is near its critical value, separating eternal expansion and ultimate
contraction, while the nuances of the dark matter theories were being fine tuned. But
that year, the author proposed a contra view, which we will examine.

25.2 Cosmology

To proceed, as there are N ∼ 1080 such particles in the Universe, we get, consistently,

Nm = M (25.1)

where M is the mass of the Universe. It must be remembered that the energy of
gravitational interaction between the particles is very much insignificant compared
to electromagnetic considerations.

In the following we will use Nas the sole cosmological parameter.
We next invoke the well known relation [3, 8, 20]

R ≈ G M

c2 (25.2)

where M can be obtained from (25.1). We can arrive at (25.2) in different ways. For
example, in a uniformly expanding Friedman Universe, we have

Ṙ2 = 8νGσR2/3

In the above if we substitute Ṙ = c at R, the radius of the universe, we get (25.2).
We now use the fact that given N particles, the (Gaussian) fluctuation in the particle
number is of the order

√
N [3, 4, 14–17], while a typical time interval for the
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fluctuations is ∼ �/mc2, the Compton time, the fuzzy interval within which there
is no meaningful physics as argued by Dirac and in greater detail by Wigner and
Salecker. So particles are created and destroyed—but the ultimate result is that

√
N

particles are created just as this is the nett displacement in a random walk of unit
step. So we have,

d N

dt
=

√
N

ω
(25.3)

whence on integration we get, (remembering that we are almost in the continuum
region that is, ω ∼ 10−23sec ≈ 0),

T = �

mc2

√
N (25.4)

We can easily verify that the Eq. (25.4) is indeed satisfied where T is the age of the
Universe. Next by differentiating (25.2) with respect to t we get

d R

dt
≈ H R (25.5)

where H in (25.5) can be identified with the Hubble Constant, and using (25.2) is
given by,

H = Gm3c

�2 (25.6)

Equations (25.1), (25.2) and (25.4) show that in this formulation, the correct mass,
radius, Hubble constant and age of the Universe can be deduced given N , the number
of particles, as the sole cosmological or large scale parameter. We observe that at
this stage we are not invoking any particular dynamics—the expansion is due to the
random creation of particles from the quantum vacuum background. Equation (25.6)
can be written as

m ≈
(

H�
2

Gc

) 1
3

(25.7)

Equation (25.7) has been empirically known as an “accidental” or “mysterious”
relation. As observed by Weinberg [26], this is unexplained: it relates a single cosmo-
logical parameter H to constants from microphysics. In our formulation, Eq. (25.7)
is no longer a mysterious coincidence but rather a consequence of the theory.

As (25.6) and (25.5) are not exact equations but rather, order of magnitude rela-
tions, it follows, on differentiating (25.5) that a small cosmological constant ∧ is
allowed such that
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∧ ≤ 0(H2)

This is consistent with observation and shows that ∧ is very small—this has been a
puzzle, the so called cosmological constant problem because in conventional theory,
it turns out to be huge [27]. But it poses no problem in this formulation. This is
because of the characterization of the ZPF or quantum vacuum as independent and
primary in our formulation this being the mysterious dark energy. Otherwise we
would encounter the cosmological constant problem of Weinberg: a ∧ that is some
10120 orders of magnitude of observable values!

To proceed we observe that because of the fluctuation of ∼ √
N (due to the ZPF),

there is an excess electrical potential energy of the electron, which in fact we identify
as its inertial energy. That is [3, 14],

√
Ne2/R ≈ mc2.

On using (25.2) in the above, we recover the well known Gravitation- Electro-
magnetism ratio viz.,

e2/Gm2 ∼ √
N ≈ 1040 (25.8)

or without using (25.2), we get, instead, the well known so called Weyl-Eddington
formula,

R = √
Nl (25.9)

(It appears that (25.9)) was first noticed by H. Weyl [24]. Infact (25.9) is the spatial
counterpart of (25.4). If we combine (25.9) and (25.2), we get,

Gm

lc2 = 1√
N

∝ T −1 (25.10)

where in (25.10), we have used (25.4). Following Dirac (cf.also [6]) we treat G as the
variable, rather than the quantities m, l, c and � which we will call micro physical
constants because of their central role in atomic (and sub atomic) physics.
Next if we use G from (25.10) in (25.6), we can see that

H = c

l

1√
N

(25.11)

Thus apart from the fact that H has the same inverse time dependence on T as
G, (25.11) shows that given the microphysical constants, and N , we can deduce the
Hubble Constant also, as from (25.11) or (25.6).

Using (25.1) and (25.2), we can now deduce that
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σ ≈ m

l3

1√
N

(25.12)

Next (25.9) and (25.4) give,
R = cT (25.13)

Equations (25.12) and (25.13) are consistent with observation.
Finally, we observe that using M, G and H from the above, we get

M = c3

G H

This relation is required in the Friedman model of the expanding Universe (and the
Steady State model too). In fact if we use in this relation, the expression,

H = c/R

which follows from (25.11) and (25.9), then we recover (25.2). We will be repeatedly
using these relations in the sequel.
As we saw the above model predicts a dark energy driven ever expanding and accel-
erating Universe with a small cosmological constant while the density keeps decreas-
ing. Moreover mysterious large number relations like (25.6), (25.12) or (25.9) which
were considered to be miraculous accidents now follow from the underlying theory.
This seemed to go against the accepted idea that the density of the Universe equalled
the critical density required for closure and that aided by dark matter, the Universe
was decelerating.
However, as noted, from 1998 onwards, following the work of Perlmutter, Schmidt
and Riess, these otherwise apparently heretic conclusions have been vindicated by
observation.
It may be mentioned that the observational evidence for an accelerating Universe
was the American Association for Advancement of Science’s Breakthrough of the
Year, 1998 while the evidence for nearly seventy five percent of the Universe being
Dark Energy, based on the Wilkinson Microwave Anisotropy Probe (WMAP) and
the Sloan Sky Digital Survey was the Breakthrough of the Year, 2003 [12, 13]. The
trio got the 2011 Nobel for Physics.

25.3 Discussion

1. We observe that in the above scheme if the Compton time ω → ωP , we recover
the Prigogine Cosmology [7, 25]. In this case there is a phase transition in the
background ZPF or Quantum Vacuum or Dark Energy and Planck scale particles are
produced.
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On the other hand if ω → 0 (that is we return to point spacetime), we recover the
Standard Big Bang picture. But it must be emphasized that in neither of these two
special cases can we recover the various so called Large Number coincidences for
example Eqs. like (25.4) or (25.6) or (25.8) or (25.9).
2. The above ideas lead to an important characterization of gravitation. This also
explains why it has not been possible to unify gravitation with other interactions,
despite nearly a century of effort.
Gravitation is the only interaction that could not be satisfactorily unified with the
other fundamental interactions. The starting point has been a diffusion equation

|αx |2 =< αx2 >= τ · αt

τ = �/m, τ ≈ lv (25.14)

This way we could explain a process similar to the formation of Benard cells
[7, 22]—there would be sudden formation of the “cells” from the background dark
energy, each at the Planck Scale, which is the smallest physical scale. These in turn
would be the underpinning for spacetime.
We could consider an array of N such Planckian cells [23]. This would be described
by

r =
√

Nαx2 (25.15)

ka2 ≡ kαx2 = 1

2
kB T (25.16)

where kB is the Boltzmann constant, T the temperature, r the extent and k is the
spring constant given by

ψ2
0 = k

m
(25.17)

ψ =
(

k

m
a2

) 1
2 1

r
= ψ0

a

r
(25.18)

We now identify the particles or cells with Planck masses and set αx ≡ a = lP , the
Planck length. It may be immediately observed that use of (25.17) and (25.16) gives
kB T ∼ m P c2, which ofcourse agrees with the temperature of a black hole of Planck
mass. Indeed, Rosen [10] had shown that a Planck mass particle at the Planck scale
can be considered to be a Universe in itself with a Schwarzchild radius equalling the
Planck length. We also use the fact alluded to that a typical elementary particle like
the pion can be considered to be the result of n ∼ 1040 Planck masses.
Using this in (25.15), we get r ∼ l, the pion Compton wavelength as required.
Whence the pion mass is given by
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m = m P/
√

n

which of course is correct, with the choice of n. This can be described by

l = √
nlP , ω = √

nωP , (25.19)

l2
P = �

m P
ωP

The last equation is the analogue of the diffusion process seen, which is in fact the
underpinning for particles, except that this time we have the same Brownian process
operating from the Planck scale to the Compton scale (cf. also [18, 19]).

We now use the well known result alluded to that the individual minimal oscillators
are black holes or mini Universes as shown by Rosen [10]. So using the Beckenstein
temperature formula for these primordial black holes [11], that is

kT = �c3

8νGm

we can show that

Gm2 ∼ �c (25.20)

We can easily verify that (25.20) leads to the value m ∼ 10−5gms. In deducing
(25.20) we have used the typical expressions for the frequency as the inverse of the
time—the Compton time in this case and similarly the expression for the Compton
length. However it must be reiterated that no specific values for l or m were considered
in the deduction of (25.20).

We now make two interesting comments. Cercignani and co-workers have shown
[1, 2] that when the gravitational energy becomes of the order of the electromagnetic
energy in the case of the Zero Point oscillators, that is

G�
2ψ3

c5
∼ �ψ (25.21)

then this defines a threshold frequency ψmax above which the oscillations become
chaotic. In other words, for meaningful physics we require that

ψ ≤ ψmax .

Secondly as we can see from the parallel but unrelated theory of phonons [4, 9],
which are also bosonic oscillators, we deduce a maximal frequency given by

ψ2
max = c2

l2 (25.22)
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In (25.22) c is, in the particular case of phonons, the velocity of propagation, that
is the velocity of sound, whereas in our case this velocity is that of light. Frequencies
greater than ψmax in (25.22) are again meaningless. We can easily verify that using
(25.21) in (25.22) gives back (25.20).

In other words, gravitation shows up as the residual energy from the formation of
the particles in the universe via Planck scales (Benard like) cells.
3. It has been mentioned that despite nearly 75 years of search, Dark Matter has not
been found. More recently there is evidence against the existence of Dark Matter or
its previous models. The latest LHC results for example seem to rule out SUSY.

On the other hand our formulation obviates the need for Dark Matter. This follows
from an equation like (25.10) which shows a gravitational constant decreasing with
time. Starting from here it is possible to deduce not just the anomalous rotation
curves of galaxies which was the starting point for Dark Matter; but also we could
deduce all the known standard results of General Relativity like the precession of the
perihelion of mercury, the bending of light, the progressive shortening of the time
period of binary pulsars and so on (Cf.ref. [22]).
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Chapter 26
New Aspects of Collective Phenomena
at Nanoscales in Quantum Plasmas

P. K. Shukla and B. Eliasson

Abstract We present two novel collective effects is quantum plasmas. First, we dis-
cuss novel attractive force between ions that are shielded by the degenerate electrons
in quantum plasmas. Here we show that the electric potential around an isolated ion
has a hard core negative part that resembles the Lennard-Jones (LJ)-type potential.
Second, we present theory for stimulated scattering instabilities of electromagnetic
waves off quantum plasma modes. Our studies are based on the quantum hydrody-
namical description of degenerate electrons that are greatly influenced by electro-
magnetic and quantum forces. The relevance of our investigation to bringing ions
closer for fusion in high-energy solid density plasmas at atomic dimensions, and for
producing coherent short wavelength radiation in the x-ray regime at nanoscales are
discussed.

26.1 Introduction

Recently, there has been a surge in the investigation of collective processes
[1–4] in quantum plasmas. The latter are ubiquitous in a variety of physical environ-
ments, including the cores of Jupiter [5, 6] and white dwarf stars [7–11], magnetars
[12, 13], warm dense matters [14–16], compressed plasmas produced by intense
laser beams [17–24], as well as the processing devices for modern high-technology
e.g. semiconductors [25], thin films and nano-metallic structures [26]. In quantum
plasmas, the electrons are degenerate and obey the Fermi-Dirac distribution function,
while non-degenerate strongly correlated ions are coupled with degenerate electrons
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via electromagnetic fields. Quantum mechanical effects become important when
inter-electron distance is of the order of the thermal de Broglie wavelength. Here
overlapping of electron wave functions occurs due to the Heisenberg uncertainty and
Pauli’s exclusion principles [27]. The quantum statistical pressure law for degener-
ate electrons was obtained by Chandrasekhar in his classic paper [28]. He found for
the electron pressure [28–30]

Pe
νm4

ec5

3h3

[
R(2R2 − 3)

√
1 + R2 + 3ln(R +

√
1 + R2)

]
, (26.1)

where me is the rest mass of the electrons, c the speed of light in vacuum, h the Planck
constant, R = (ne/nc)

1/3, ne the electron number density, and nc ≈ 5.9×1029 cm−3.
The electron pressure, Pe can be represented as a polytropic form Pe = P0(n/n0)

σ ,
where we have P0 = ν2/3

�
2n5/3

0 /5me)(3�cn4/3
0 /4) with σ = 5/3(4/3) for non-

relativistic (ultra-relativistic) degenerate electrons, and � = h/2ν . The change in
the equation of state (from 5/3 to 4/3) due to ultra-relativistic degeneracy of the
electrons was responsible for the discovery of the Chandrasekhar critical mass [28]
(Mc ∗ (�c/G)3/2m−2

n ∗ 1.4 M⊙, where M⊙ is the solar mass) of a white dwarf

star, due to the balance between the gradient of ultra-relativistic electron pressure
(3�c/4)n4/3

e and the gravitational force G M/R2
s )memn , where G is the gravitational

constant, M and Rs are the mass and radius of a star, and mn mass of the nuclei
(nemn = M/R3

c ).
Besides the quantum statistical electron pressure in dense plasmas, there is also a

negative electron pressure PC due to Coulomb interactions [31], viz.

Pc = −8ν3m4
ec5 R4

h3

ω0 Z2/3
i

10ν2

(
4

9ν

)1/3

, (26.2)

where ω0 = 1/137 is the fine structure constant and Zi the atomic number of ions.
Furthermore, there are novel quantum forces associated with (i) the quantum elec-
tron recoil/electron tunneling effect [32–37] caused by overlapping of electron wave
functions due to the Heisenberg uncertainty and Pauli exclusion principles, and (ii)
electron-exchange and electron correlations [38, 39] caused by electron spin effect
[40]. These quantum forces (the quantum pressure gradients, the quantum Bohm
force due to the quantum electron recoil effect [32, 33], and the gradient of the the
potential associated with electron-exchange and electron-correlations effects [38,
39]), and electromagnetic forces control the dynamics of degenerate electrons in
dense quantum plasmas. It turns out that the quantum forces produce new features to
both electron and ion plasma oscillations [1–4] in an unmagnetized quantum plasma.

In this paper, we present two novel aspects of collective interactions in quantum
plasmas. First, we report on the discovery of novel attractive force [41, 42] at atomic
dimensions/nanoscales that can bring ions closer. Novel attractive force arises due
to the interplay between the quantum Bohmian force [32, 33], as well as forces due
to the quantum statistical pressure [28] of non-relativistic degenerate electrons and
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electron-exchange and electron correlations effects [38, 39]. Specifically, we shall
use here the generalized quantum hydrodynamical (G-QHD) equations [1–4, 41,
42] for non-relativistic degenerate electron fluids, the generalized viscoelastic (GV)
ion momentum equations [1, 2] including ion correlations and ion fluid viscosity
effects, supplemented by Poisson’s equation. Thus, our G-QHD-GV model captures
the essential physics of electrostatic collective modes in quantum plasmas.

The manuscript is organized in the following fashion. In Sect. 26.2, we present the
governing equations for electrostatic perturbations and derive the electron and ion
susceptibilities in an unmagnetized quantum plasma. The linear response theory for
quasi-stationary electrostatic perturbations involving immobile ions reveals that the
electric potential around an isolated ion in a quantum plasma has a new profile [41,
42], which resembles the Lennard-Jones-type potential. Thus, our newly found elec-
tric potential embodies a short-range negative hard core electric potential. The latter
would be responsible for ion clustering and oscillations of ion lattices under the new
attractive force we have recently discovered [41, 42] in a strongly coupled quantum
plasma. Section 26.3 contains an investigation of stimulated scattering instabilities of
coherent high-frequency electromagnetic (EM) waves off quantum electron and ion
plasma modes. Here we discuss stimulated Raman, stimulated Brillouin, and mod-
ulational instabilities of a constant amplitude EM pump wave. Explicit expressions
for the growth rates are presented. The relevance of our investigation to the field of
high-energy density quantum plasma physics is pointed out.

26.2 The Governing Equations

Let us consider an unmagnetized quantum plasma in the presence of non-relativistic
degenerate electron fluids and mildly coupled ion fluids. In our quantum plasma, the
electron and ion coupling parameters are αe = e2/aekB TF and αi = Z2

i e2/ai kB Ti ,
respectively, where ae ≥ ai = (3/4νn0)

1/3 is the average interparticle distance, kB

the Boltzmann constant, TF = (�2/2mekB)(3ν2n0)
2/3 the Fermi electron tempera-

ture, and Ti the ion temperature. It turns out that αi/αe = Z2
i TF/Ti ∼ 1, since in

quantum plasmas we usually have TF > Ti . The dynamics of degenerate electron
fluids is governed by the generalized quantum hydrodynamic (G-QHD) equations
composed of the continuity equation

τne

τt
+ → · (neue) = 0, (26.3)

the momentum equation

mene

(
due

dt

)
= nee→ψ − → P← + ne→Vxc + ne→VB, (26.4)

and Poisson’s equation
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→2ψ = 4νe(ne − ni ) − 4ν Qγ(r), (26.5)

Here d/dt = (τ/τt) + ue · →, ne(ni ) is the electron (ion) number density, and ue

the electron fluid velocity, and ψ the electrostatic potential. Furthermore, we have
denoted the quantum statistical pressure P← = (n0mev2←/5)(n/n0)

5/3, where v← =
�(3ν2)1/3/mer0 is the electron Fermi speed and r0 = n−1/3

0 represents the Wigner-
Seitz radius. The sum of the electron exchange and electron correlations potential is
[38, 39] Vxc = 0.985(e2/ξ)n1/3

[
1 + (0.034/aBn1/3)ln(1 + 18.37aBn1/3)

]
, where

aB = �
2/mee2 is the Bohr atomic radius. The quantum Bohm potential reads [1, 2,

4, 32, 33] VB = (�2/2me)(1/
⊥

ne)→2⊥ne. Equation (26.4) is valid if the plasmonic
energy density �ρpe is smaller (or comparable) than (with) the Fermi electron kinetic
energy kB TF , where ρpe = (4νn0e2/me)

1/2 is the electron plasma frequency, and
the electron-ion collision relaxation time is greater than the electron plasma period.
The test charge is denoted by Q.

The ion number density perturbation ni1 is obtained from the ion continuity equa-
tion

τni

τt
+ → · (ni ui ) = 0, (26.6)

where the ion fluid velocity ui is determined from the generalized viscoelastic ion
momentum equation

(
1 + λm

D

Dt

) [
mi ni

Dui

Dt
+ → Pi + Zi eni→ψ

]

− β→ · →ui −
(
δ + β

3

)
→(→ · ui ) = 0, (26.7)

where D/Dt = (τ/τt) + ui · →, λm is the viscoelastic relaxation time for ion corre-
lations, Pi = σiμi kB Ti→ni the ion thermal pressure involving strong ion coupling
effects, mi the ion mass, σi the adiabatic index, μi

[= (1/kB Ti )(τ Pi/τni )kB Ti

] ∇
1 + Ui (αi )/3 + (αi/9)τUi (αi )/ταi the isothermal compressibility factor for non-
degenerate ion fluids, the function Ui (αi ) is the measure of the excess inter-
nal energy of the system, which is related with the correlation energy Ec by
Ui (αi ) = Ec/ni kB Ti [∇ αi (0.9 + 1.5r2

i /a2
i ), where ri is the ion core radius which

depends on the degree of ion stripping [43]]. For one-component plasma model, we
[44–48] usually adopt Ui (αi ) ∗ −0.9αi for αi ∼ 1 Furthermore, the coefficients of
the shear and bulk ion fluid viscosities are denoted by β and δ , respectively. We note
that Eq. (26.7) is similar to that used by Frenkel [49] and Ichimaru [44–48] in the con-
text of ordinary fluids and one-component strongly coupled plasmas, respectively.
Furthermore, Kaw and Sen [50] adopted a generalized viscoelastic dust momentum
equation for studying the properties of dust acoustic waves [51] in a multi-component
dusty plasma with highly- charged dust grains.

Letting n j = n0 + n j1, where n j1 ⊃ n0 and j equals e for electrons and i for
ions, we linearize Eqs. (26.3) and (26.4) as well as (26.6) and (26.7) to obtain the
electron and ion number density perturbations n j1. The latter can be substituted into
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the Fourier transformed version of Eq. (26.5), obtaining, in the linear approximation,
the electric potential [41, 42]

ψ(r) = Q

2ν2

∫
exp(ik · r)
k2 D(ρ, k)

d3k, (26.8)

where the dielectric constant D(ρ, k) for an unmagnetized quantum plasma is

D(ρ, k) = 1 + χe(ρ, k) + χi (ρ, k). (26.9)

Here the electron and ion susceptibilities are, respectively,

χe(ρ, k) = − ρ2
pe

ρ2 − k2U 2← − �2k4/4m2
e
, (26.10)

and

χi (ρ, k) = − ρ2
pi

ρ2 − k2V 2
ti + iρβ←k2/(1 − iρλm)

, (26.11)

where U← = (v2←/3 + v2
ex )

1/2, vex = (0.328e2/mer0)
1/2[1 + 0.62/(1 + 18.36

aBn1/3
0 )]1/2, ρpi = (4νn0 Z2

i e2/mi )
1/2, Vti = (σiμi kB Ti/mi )

1/2 the ion thermal
speed, and β← = (δ + 4β/3)/mi n0. Furthermore, the frequency and the wave vector
are denoted by ρ and k, respectively.

26.2.1 Linear Quantum Plasma Waves

Two cases are of interest. First, for the high-frequency electron plasma waves with
ρ ∼ ρpi , we have from 1 + χe(ρ, k) = 0, the frequency of the electron plasma
oscillations (EPOs)

ρ(k) =
(

ρ2
pe + k2U 2← + �

2k4

4m2
e

)1/2

∇ ζL(k). (26.12)

Second for ρ ⊃ k(U 2← +�
2k2/4m2

e)
1/2 ∇ kUq←, we have from χe(k) = ρ2

pe/k2U 2
q←,

so that 1 + χe + χi = 0 gives

ρ2 + iρ
ρv

(1 − iρλm)
− k2C2

s − �
2k4

4memi
= 0, (26.13)

for the ion plasma oscillations (IPOs). Here we have denoted ρv = β←k2 and Cs =
(meU 2← /mi + V 2

ti )
1/2. In the hydrodynamic limit, viz. ρλm ⊃ 1, we have viscous

damping of the quantum ion plasma mode. The real and imaginary parts of the
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frequencies (ρ = ρr + iρi ) are, respectively,

ρr (k) =
[

k2C2
s + �

2k4

4memi
− ρ2

i

]1/2

∇ ζs(k), (26.14)

and
ρi (k) = −ρv

2
. (26.15)

Furthermore, in the kinetic regime characterized by ρλm ∼ 1, we have from (26.13)

ρ(k) =
(

ρv

λm
+ k2C2

s + �
2k4

4memi

)1/2

∇ ζI (k). (26.16)

Generally, λm = λ0Yg(k), where λ0 = 1/ρv(1 − μi + 4Ui (αi )/15) and Yg(k) =
exp(−k/kg) for a Gaussian distribution, and Yl(k) = (1+k2/k2

L)−1 for a Lorentzian
distribution. Here kg and kl are the scale factors [45–48].

26.2.2 Potential Distribution Around an Isolated Ion

Let us now present novel attractive force [41] in quantum plasmas, by using 1/D that
is associated with quasi-stationary (ρ ⊗ 0)) propagating electrostatic perturbations
in a quantum plasma with immobile ions. Accordingly, we have [41]

1

D
= (k2/k2

s ) + ωk4/k4
s

1 + (k2/k2
s ) + ωk4/k4

s
, (26.17)

where ks = ρpe/U← is the inverse modified (due to the potential of the electron-
exchange and electron-correlations) Thomas-Fermi screening length, and ω =
�

2ρ2
pe/4m2

eU 2← . We note that ω depends only on r0/aB .
Inserting Eq. (26.17) into Eq. (26.8), we can express the latter as [41]

ψ(r) = Q

4ν2

∫ [
(1 + b)

k2 + k2+
+ (1 − b)

k2 + k2−

]
exp(ik · r)d3k, (26.18)

where b = 1/
⊥

1 − 4ω, and k2± = k2
s [1 ∓ ⊥

1 − 4ω]/2ω.
The integral in Eq. (26.18) can be evaluated using the general formula

∫
exp(ik · r)

k2 + k2±
d3k = 2ν2 exp(−k±r)

r
, (26.19)

where the branches of k± must be chosen with positive real parts so that the boundary
condition ψ ⊗ 0 at r ⊗ ∞ is fulfilled. From Eqs. (26.18) and (26.19) we then have
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ψ(r) = Q

r
[cos(kir) − ib sin(kir)] exp(−krr). (26.20)

Several comments are in order. First, for ω > 1/4, the solution of k2± = k2
s (1 ∓

i
⊥

4ω − 1)/2ω yields k± = (ks/
⊥

4ω)[(⊥4ω + 1)1/2 ∓ i(
⊥

4ω − 1)1/2] ∇ kr ∓ iki ,
and the corresponding electric potential reads [41]

ψ(r) = Q

r

[
cos(kir) + b← sin(kir)

]
exp(−krr), (26.21)

where b← = 1/
⊥

4ω − 1. Second, for ω ⊗ 1/4, we have k+ = k− = ⊥
2ks and

ψ(r) = Q

r

(
1 + ksr⊥

2

)
exp(−⊥

2 ksr). (26.22)

Third, for ω < 1/4, the expression
⊥

1 − 4ω is real, and we obtain k± = ks(1 ∓⊥
1 − 4ω)1/2/

⊥
2ω. The resultant electric potential is

ψ(r) = Q

2r

[
(1 + b) exp(−k+r) + (1 − b) exp(−k−r)

]
. (26.23)

We note that in the absence of the quantum recoil effect, viz. ω ⊗ 0, we
recover from Eq. (26.23) the modified Thomas-Fermi screened Coulomb potential
ψ(r) = (Q/r) exp(−ksr). Finally, in the limit �

2k2 ∼ m2
eU 2← , the quantum recoil

force dominates over the quantum statistical pressure and the forces associated with
electron-exchange and electron correlations effects. Here we have the exponential
cosine-screened Coulomb potential [52]

ψ(r) = Q

r
cos(kqr) exp(−kqr), (26.24)

where kq = (2meρpe/�)1/2 is the quantum wave number.
Figure 26.1 displays the variation of ω against aB/r0, with a maximum ω at

aB/r0 ∗ 0.15, corresponding to a number density n0 ∗ 2 × 1022 cm−3 (with
aB = 5.3 × 10−9 cm), a few times below solid densities. The value of ω is above
the critical value 1/4 only for a limited range of the plasma densities. In Fig. 26.2,
we depict the profiles of the potential [given by Eqs. (26.21), (26.22) and (26.23) for
ω > 1/4, ω = 1/4 and ω < 1/4, respectively] for different values of ω. We clearly
see the new short-range attractive electric potential that resembles the LJ-type poten-
tial for 0.25 < ω < 0.627, while for smaller values of ω, the attractive potential is
absent. Figure 26.3a exhibits the distance r = d from the test ion charge where
dψ/dr = 0 and the electric potential has its minimum, and Figs. 26.3b and 26.3c
show the values of ψ and d2ψ/dr2 at r = d. The value of (d2ψ/dr2) determines the
frequency and dispersion properties of the ion plasma oscillations, as shown below.
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Fig. 26.1 The variation of ω against aB/r0. The critical value ω = 1/4 is indicated with a dotted
line

Fig. 26.2 The electric potential ψ as a function of r for ω = 0.625 (dashed curve), ω = 1/4 (solid
curve) and ω = 0 (dotted curve). The value 0.627 is the maximum possible value of ω in our model,
obtained for aB/r0 ∗ 0.15. After P. K. Shukla and B. Eliasson, Phys. Rev. Lett. 108, 219902 (2012)

For ω ≤ 0.25, the electric potential and its second derivative vanish, and there is no
attractive potential associated with the stationary test ion charge.

The interaction potential energy between two dressed ions with charges Qi and
Q j at the positions ri and r j can be represented as Ui, j (Ri j ) = Q jψi (Ri j ), where
ψi is the potential around particle i , and Ri j = ri − r j . For ω > 1/4, it reads, using
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Fig. 26.3 a The distance r = d from the test ion charge where dψ/dr = 0 and the electric potential
has its minimum, and b the values of the potential ψ and c) its second derivative d2ψ/dr2 at r = d.
After P. K. Shukla and B. Eliasson, Phys. Rev. Lett. 108, 219902 (2012)

Eq.(26.21),

Ui, j (Ri j ) = Qi Q j

|Ri j | exp(−kr |Ri j |) × [
cos(ki |Ri j |) + b← sin(ki |Ri j |)

]
. (26.25)

On account of the interaction potential energy, ions would suffer vertical oscilla-
tions around their equilibrium position. The vertical vibrations of ions in a crystallized
ion string in quantum plasmas are governed by

mi
d2γz j (t)

dt2 = −
∑

i ∀= j

τUi j (ri , r j )

τz j
, (26.26)

where γz j (t)[= z j (t) − z j0] is the vertical displacement of the j th ion from its
equilibrium position z j0. Assuming that γz j (t) is proportional to exp[−i(ρt − jka)],
where ρ and k are the frequency and wave number of the ion lattice oscillations,
respectively, and that Qi = Q j = Q, Eq. (26.26) for the nearest-neighbor ion
interactions gives

ρ2 = 4Q2

mi d3 S exp(−kr d) sin2
(

kd

2

)
, (26.27)
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where S = [2(1 + kr d) + (k2
r − k2

i )d2](cos δ + b← sin δ) + 2ki d(1 + kr d)(sin δ −
b← cos δ). δ = ki d, and d is the separation between two consecutive ions. We note
that Eq. (26.27) can also be obtained from the formula [53]

ρ2 = 4

mi

[
d2W (r)

dr2

]

r=d
sin2

(
kd

2

)
, (26.28)

where the inter-ion potential energy is represented as W (r) = (Q2/r) exp(−krr)

[cos(kir) + b← sin(kir)] for ω > 1/4. Hence, the lattice wave frequency is propor-
tional to [d2ψ(r)/dr2]1/2

r=d [cf. Fig. 26.3c], and decreases rapidly for ω < 0.25.

26.3 Stimulated Scattering of Electromagnetic Waves

Large amplitude high-frequency (HF) electromagnetic (EM) waves are used for heat-
ing inertial confined fusion plasmas [54, 55], as well as for diagnostic purposes
[14–16] in solid density plasmas that are created by intense laser and charged parti-
cle beams. The HF-EM pulses also appear as localized bursts of x-rays and σ -rays
from compact astrophysical objects. Furthermore, the generation of coherent HF-EM
waves is of great importance in the context of free-electron lasers (FELs) involving
EM wigglers [56–59]. Therefore, studies of nonlinear phenomena (e.g parametric
instabilities [60] and HF-EM wave localizations [61]) associated with a large ampli-
tude HF-EM waves in dense quantum plasmas are of practical interest.

In the following, we present an investigation of stimulated scattering instabili-
ties of coherent circular polarized electromagnetic (CPEM) waves carrying orbital
angular momentum (OAM) in an unmagnetized dense quantum plasma. The non-
linear interactions between the CPEM waves and electrostatic plasma oscillations in
quantum plasmas is governed by the EM wave equation [60, 62]

(
τ2

τt2 − c2→2 + ρ2
p

)
A + ρ2

pe NA = 0, (26.29)

which is derived from the Maxwell equation and the electron equation of motion with
the electromagnetic fields E = −c−1τA/τt and B = → × A, using the Coulomb
gauge → · A = 0. Here A is the vector potential, N = ne1/n0 ⊃ 1, and ne1 the elec-
tron number density perturbation associated with low-frequency electrostatic plasma
oscillations (EPOs) that are reinforced by the ponderomotive force of the CPEM
waves. In the absence of nonlinear couplings between the latter and the EPOs, the
paraxial EM wave solution, A(r, z) exp(−iρet + ikez), where ρe = (k2

e c2 +ρ2
pe)

1/2

and ke are the frequency and the wave number of the CPEM wave, respectively, of
Eq. (26.28) is [63, 64]

A(r, z) = AFp,l(r, z) exp(ilϕ). (26.30)
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Here we have denoted

Fp,l(r, z) = 1

2
⊥

ν

[
(l + p)!

p!
]1/2

X |l|L |l|
p (X) exp(−X/2), (26.31)

where X = r2/w2(z), w(z) the beam waist, and the associated Laguerre polynomial
L |l|

p (X) are defined by the Rodriguez formula, L |l|
p (X) = (Xl p!)−1 exp(X)d p[X (l+p)

exp(−X)]/d X p, p and l are the radial and angular mode numbers of the EM orbital
angular momentum states, respectively, ϕ the azimuthal angle, r = (x2 + y2)1/2

the radial of the cylindrical coordinates ((r, ϕ, z), so that →2 = →2⇒ + τ2
z , where

→2⇒ = (1/r)(τ/τr)(rτ/τr) + (1/r2)τ2/τϕ2. The Laguerre-Gauss (LG) solutions
(26.30) describe CPEM waves with a finite OAM.

The dynamics of the low-frequency (in comparison with the CPEM wave fre-
quency ρe) plasma oscillations involving degenerate electrons and non-degenerate
ion fluids is governed by the G-QHD equations composed of the linearized electron
continuity equation

τne1

τt
+ n0→ · ue = 0, (26.32)

the electron momentum equation

τue

τt
− e

me
→(ψ − ψp) + U 2← →ne1 + �

2

4m2
e
→→2ne1 = 0, (26.33)

and Poisson’s equation
→2ψ = 4νe(ne1 − ni1), (26.34)

together with the linearized Eqs. (26.6) and (26.7). Here ψp = e|A|2/mec2 is the
ponderomotive potential of the CPEM waves. The EM ponderomotive force [54, 55]
−e→ψp comes from the averaging (over the CPEM wave period) of the advection
and nonlinear Lorentz forces involving the electron quiver velocity and the laser
wave magnetic field.

Let us now derive the governing equations for the electron and ion plasma oscil-
lations in the presence of the ponderomotive force of the CPEM waves. First, we
consider the driven electron plasma oscillations on the time scale of the electron
plasma period, so that the ions do not have time to respond and the ion density per-
turbation is zero. We combine Eqs. (26.32) and (26.33) and substitute the resultant
equation into (26.34) with ni1 = 0 to obtain the electron plasma wave equation [62]

(
τ2

τt2 + ρ2
pe − U 2← →2 + �

2

4m2
e
→4

)
N = e2

2m2
ec2 →2|A|2. (26.35)

Second, we consider driven ion oscillations by supposing that |τ2 N/τt2| ⊃
|U 2← →2 N + (�2/4m2

e)→4 N |. Here, one can neglect the right-hand side in Eq. (26.33),
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and use the resultant equation to eliminate the electric field −→ψ from Eq. (26.7) to
obtain, after linearization of the resultant equation under the quasi-neutral approxi-
mation ne1 = ni1, the driven ion oscillation equation [62]

(
1 + λm

τ

τt

) (
τ2

τt2 − C2
s →2 + �

2

4memi
→4

)
N

− β

mi n0
→ · → τ N

τt
−

(
δ + β

3

)

mi n0
→2 τ N

τt
=

(
1 + λm

τ

τt

)
Z2

i e2

2m0mi c2 →2|A|2, (26.36)

where we have used the linearized Eq. (26.6) to eliminate → ·ui from the ion momen-
tum equation (26.7).

Equations (26.29), (26.35) and (26.36) are the desired equations [62] for studying
nonlinear effects (viz. parametric instabilities [54] and localization of light pulses
[55] associated with L-G CPEM beams in quantum plasmas at nanoscales.

26.3.1 Nonlinear Dispersion Relations

In the following, we present an investigation of stimulated Raman, stimulated Bril-
louin, and modulational instabilities [65–67] of L-G CPEM waves. Accordingly, we
decompose the vector potential as

A = A0+ exp(−iρ0t + ik0 · r) + A0− exp(iρ0t − ik0 · r)

+
∑

+,−
A± exp(−iρ±t + ik± · r), (26.37)

where the subscripts 0 and ± denote the CPEM pump and CPEM sidebands, respec-
tively, and ρ± = ζ ± ρ0 and k± = K ± k0 are the frequency and wave vectors
of the CPEM sidebands that are created by the beating of the pump (ρ0, k0) and
electrostatic oscillations (ζ, K).

Inserting (26.37) into (26.29), (26.35), and (26.36), and supposing that N is pro-
portional to exp(−iζt + iK · r), we Fourier decompose the resultant equations to
obtain the nonlinear dispersion relations [62]

SR = ρ2
pee2 K 2

2m2
ec2

∑

+,−

|A0 Fp,l |2
D±

, (26.38)

and

SB = ρ2
pe Z2

i e2 K 2

2memi c2

∑

+,−

|A0 Fp,l |2
D±

. (26.39)
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Here we have denoted SR = ζ2 − ρ2
pe − K 2U 2← − �

2 K 4/4m2
e and SB = ζ2 −

K 2C2
s −(�2 K 4/4memi )+iζβ←K 2/mi n0(1−iζλm), and D± = ρ2±−k2±c2−ρ2

pe ∗
±2ρ0(ζ − K · Vg ∓ γ), where Vg = c2k0/ρ0 is the group velocity of the CPEM
pump, ρ0 = (ρ2

pe+k2
0c2)1/2 the pump wave frequency, and γ = K 2c2/2ρ0 the small

frequency shift arising from the nonlinear interaction between the CPEM pump and
the electrostatic plasma oscillations in our quantum plasma.

26.3.2 Growth Rates

We now present a summary of formulas for the growth rates of stimulated raman
(SR) and stimulated brillouin (SB) scattering instabilities, as well as of modulational
instabilities of a constant amplitude pump that is scattered off a quantum electron
plasma wave, a quantum ion mode, and a spectrum of non-resonant electron and ion
density perturbations. For three-wave decay interactions, one assumes that D− = 0
and D+ ∀= 0. Thus, one ignores D+ from Eqs. (26.38) and (26.39). Letting ζ =
K · Vg − γ + iσR,B , and ζ = ζL + iσR and ζ = ζs (ζI ) + iσB in the resultant
equations, we obtain the growth rates for Raman and Brillouin backscattering (|K| =
2k0) instabilities, respectively,

σR = ρpek0e|A0 Fp,l |⊥
2ρeζRmec

, (26.40)

and

σB = ρpek0 Zi e|A0 Fp,l |⊥
2ρ0ζBmemi c

, (26.41)

where ζR = ζL(K = 2k0), ζB = ζs,I (K = 2k0), and |2k0Vg − γ| ≥ ζR,ζB .
Since the growth rates of SR and SB scattering instabilities, given by Eqs. (26.40) and
(26.41), respectively, are proportional to ζR and ζB , one notices that quantum and
strong ion correlation effects significantly affect the e-folding time of the instabilities.
Furthermore, the growth rates, which are proportional to Fp,l , are minimum at the
center of the vortex pump wave with OAM.

Next, for the modulational instabilities, we have D± ∀= 0 and SR,B ∀= 0. Here, we
have to retain both upper and lower CPEM sidebands on an equal footing in (26.38)
and (26.39), and write them as

SR

[
(ζ − K · Vg)

2 − γ2
]

= γρ2
pee2 K 2|A0 Fp,l |2

2ρ0m2
ec2 , (26.42)

and

SB

[
(ζ − K · Vg)

2 − γ2
]

= γρ2
pe Z2

i e2 K 2|A0 Fp,l |2
2ρ0memi c2 . (26.43)
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Equations (26.42) and (26.43) can be analyzed numerically to obtain the growth
rates of the modulational instabilities. However, some analytical results follow for
K · Vg = 0, in which case we have from (26.42) and (26.43), respectively,

ζ2 = 1

2
(ζ2

L + γ2) ± 1

2

[
(ζ2

L − γ2)2 + 2γρ2
pee2 K 2|A0 Fp,l |2

ρ0m2
ec2

]1/2

, (26.44)

and

ζ2 = 1

2
(ζ2

s,I + γ2) ± 1

2

[
(ζ2

s,I − γ2)2 + 2γρ2
pe Z2

i e2 K 2|A0 Fp,l |2
ρ0memi c2

]1/2

, (26.45)

which exhibit oscillatory modulational instabilities.

26.4 Summary and Conclusions

In this paper, we have discussed two new aspects of collective interactions in an
unmagnetized quantum plasma. First, we have reported the existence of novel attrac-
tive force that can bring ions closer. The appearance of the novel attractive force
is attributed to tunneling of degenerate electrons through the Bohmian potential on
account of overlapping electron wave functions at atomic dimensions. There are sev-
eral consequences of our newly found short-range attractive force at quantum scales.
For example, due to the trapping of ions in the negative part of the exponential
oscillating-screened Coulomb potential, there will arise ordered ion structures/ion
clustering depending on the electron density concentration, which in fact controls
the Wigner-Seitz radius r0. The formation of ion clusters/ion atoms will emerge as
new features in a dense quantum plasma. Furthermore, we have shown that both the
electron and ion plasma oscillations in quantum plasmas can be excited by a large
amplitude CPEM waves due to stimulated Raman and Brillouin scattering insta-
bilities. We also have the possibility of the modulational instabilities of the CPEM
waves, via which non-resonant electron density perturbations are created. Hence,
there are enhanced electrostatic fluctuations at nanoscales in dense quantum plas-
mas. In conclusion, we stress that the results of the present investigation are useful
for understanding the novel phenomena of ion clustering and the excitation of den-
sity fluctuations by the CPEM waves at nanoscales in high-energy density plasmas
that are of interest for inertial confinement fusion schemes. Specifically, stimulated
scattering instabilities of a coherent high-frequency short-wavelength radiation can
offer a possible mechanism for the quantum free-electron lasers in the x-ray and
gamma-ray regimes, in addition to serving a diagnostic tool for determining the
plasma parameters (viz, the plasma number density), once the spectra of enhanced
density fluctuations are experimentally measured by using x-ray spectroscopic tech-
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niques. Finally, the present investigation, which has revealed the new physics of
collective interactions between an ensemble of electrons at nanoscales, will open
a new window for research in one of the modern areas of physics dealing with
strongly correlated degenerate electrons and non-degenerate mildly coupled ions in
dense quantum plasmas that share knowledge with cooperative phenomena (e.g. the
formation of ion lattices) in condensed matter physics and in astrophysics.
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Chapter 27
String Theory and Regularisation of
Space–Time Singularities

Martin O’Loughlin

Abstract After a discussion of the general status of space-time singularities in string
theory we will concentrate on the case of a singular space-time as seen by an observer
moving at the speed of light and we will show that the resulting metric has a very
simple universal structure provided that the original space-time had a stress-energy
source that satisfies the dominant energy condition. String theory in such singular
homogeneous plane wave backgrounds is exactly solvable and the essential details
can be described by matrix quantum mechanics with a time-dependent potential. We
discuss in some detail the regularisation of this matrix quantum mechanics.

27.1 Introduction

String theory as a quantum theory of gravity has had a considerable amount of
success. It is to date the only known consistent quantum theory of gravity that also
includes a more or less standard particle physics picture. In the field of quantum
gravity it has also had considerable success in elucidating the interesting phenomenon
of black hole thermodynamics. There are precise quantitative results identifying the
stringy/gravitational degrees of freedom that give rise to black hole entropy. The
study in non-perturbative string theory of scattering from black holes has also led to
the extremely powerful conjecture of AdS/CFT holography.

Singularities in General Relativity and the stringy modification thereof, are intu-
itively signalled by a divergent curvature as one approaches a point, or surface in a
space-time. When we say divergent curvature we really mean that some curvature
invariant is divergent. However singularities may also arise in other ways, often as an
“incompleteness” or conical singularity of the space-time manifold. The “invariant”
way to identify many singularities of a space-time manifold is to show that there
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exists a geodesic which runs to a boundary of the space-time manifold at finite affine
parameter.

Singularities have been shown to arise generically for solutions to Einsteins equa-
tions - this is the substance of the Hawking-Penrose singularity theorems. The most
well studied examples arise in black hole and cosmological space-times and can be
broadly classified by their orientation and strength.

• Space-like singularities, the most well-known examples being the big bang of
Friedmann Robertson Walker cosmology and that of the Schwarzschild Black
Hole.

• Time-like, the classic examples are those inside the inner horizon of Reissner-
N\"ordstrom and Kerr(-Newman) black holes. In string theory time-like singular-
ities also arise in the compactified part of the space-time: orbifolds and conifolds
are the simplest examples.

• Null–conjectured to arise under generic perturbations of inner horizons. In the
context of string theory there has been much recent investigation into the proper-
ties of Singular (Homogeneous) Plane Waves which possess a null singularity of
particular simplicity.

There are various approaches to studying the physics of singularities.

• Singularities may be resolved in a geometric sense, for instance replacing the
region close to and including the singularity by a smooth geometry. Conifold
singularities are resolved in this way.

• The metric remains singular, however it may turn out that extra degrees of freedom
concentrated at the location of the singularity mean that physical processes in the
presence of the singularity remain well-defined.

• There is some other quantum gravity related resolution: Fuzzballs that hide hori-
zons and consequently also singularities; Loop Quantum Gravity has a minimum
distance element and thus there is encoded in this theory an upper bound on the
space-time curvature.

• Gravitation and space-time enter a non-geometrical phase: a gas of black holes; a
new phase of quantum geometry; or an alternative Yang-Mills description of the
physics.

There is much that one could say about these different approaches, of which one
could also make a complete catalogue. We will concentrate on null singularities
and their possible non-geometric resolution via non-perturbative physics in String
Theory. For more details refer to [9].

27.2 String Theory and Singularities

As opposed to the essentially point particles of quantum field theory strings are
extended fundamental objects and consequently they may actually “see” singularities
differently. It is in fact well known that a variety of time-like singularities can actually
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be resolved when they are probed by strings rather than point particles. For example,
in the case of orbifold singularities (essentially conical singularities) the string itself
couples not just to the metric but also to an additional anti-symmetric tensor field.
There are additional stringy states that are always attached to the singularities the
net effect of which is the absence of a true singularity thus giving rise to the smooth
propogation of a string across an orbifold.

In the case of space-like singularities the situation is considerably more complex
as one is forced to deal with time-dependent backgrounds and out of equilibrium
systems. The time-like singularity of a conifold for example is resolved due to the
condensation of non-perturbative states that become massless at the geometrical
singularity, in a time-dependent and non-adiabatic system we have very few tools
that enable us to consider such phase transitions. In the following we will illustrate
how one may neverthless use string theory to study null singularities (as a limit of
space-like ones).

Consider a time-dependent metric of the form

ds2 = − f (t) dt2 + g (t) dr2 + r2dν2
d

and assume that there is a singularity at t = 0. All common space-like singularities
have such a form where f(t) and g(t) are to leading order simply powers of t. Now
to simplify our problem (without hopefully removing all the possibly interesting
physics related to singualrities) we will take a particular limit, the Penrose limit, of
this space-time.

The Penrose Limit corresponds to zooming into the space-time in a tubular neigh-
bourhood of a null geodesic. The profile of the plane-wave that results upon taking
the Penrose limit of a metric with respect to the null geodesic g(u) is

ds2 = −2dudv + Aab (u) zazbdu2 + d≈z2

with
Aab (u) = −Raubu (σ (u))

where on the right hand side we have frame components of the curvature tensor of
the original metric evaluated along the null geodesic.

Thus, the Penrose limit is actually encoding some physical information about the
original metric giving an exact description of the space-time along the null geodesic.
The geometrical significance of the wave-profile Aab (u) is that it is the transverse
null geodesic deviation matrix along g(u) of the original metric

d2

du2 Za = Aab (u) Zb

where Z is the transverse geodesic deviation vector. More precisely the Penrose limit
encodes the information about tidal forces along the corresponding null geodesic in
the original geometry. For a singular homogeneous plane wave we have
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Aab (u) = 1

u2 Aab

and the SHPW’s have a divergent tidal force thus retaining this important feature of
the singular gravitational field in the original geometry as u ∗ 0.

In [4] we demonstrated that:
Penrose Limits of spherically symmetric space-like or time-like singularities of

power-law type satisfying (but not saturating) the Dominant Energy Condition (DEC)
are singular homogeneous plane waves with profile

Aab (u) = −ω2
aαabu−2

27.3 Yang-Mills from Discrete Light Cone Quantization

The Discrete Light Cone Quantization construction applied to string theory (Sen,
Seiberg) is naturally adapted to SHPW’s due to their symmetries and geometrical
structure. Applied to the metric

ds2 = −2dudv + Aabzazb du2

u2 + d≈z2

and expanding the resulting Dirac-Born-Infeld D-string action around a classical
solution, one finds that the fluctuations around this trajectory are described by the
action

S = 1

2

∫
d2τ

(
−ψγξργzaρξ zb + Aab (t) zazb + 1

2
g2

Y M

[
za, zb

]2
)

and the Yang-Mills coupling is related to the original dilaton

gY M≥ 1

gsls
e−λ

In the following we concentrate on negative frequency squared for which case we have
a strong string coupling singularity corresponding to weak Yang-Mills coupling. Thus
there is hope that strongly coupled string theory may have an alternative description
in terms of a weakly coupled Yang-Mills theory. An analysis of classical and quantum
mechanics with this lagrangian [8] shows that near the singularity the typical quartic
interaction is not important compared to the time dependent mass-term.

An attractive picture suggested in the original paper by CSV, was that near the
singularity the weak coupling should give rise to a highly non-geometric picture
of the space-time, where the D-string position is no longer described by a set of
commuting coordinates but rather by a set of non-commuting matrices. Furthermore
there was a significant hope that this new picture would lead to a tractable picture
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of the near singularity physics in terms of these non-singular and non-geometric
fields. However suggestive this picture, it has been notoriously difficult to make this
quantitative.

Nevertheless the general analysis of string theory in the singular plane-wave back-
ground, following classical and semi-classical reasoning [8] for dynamics in the
time-dependent potential leads one to consider the considerably simpler lagrangian
(t = u)

Sbc = −1

2

∫
dτ 2

(
ψγξργzaρξ zb − ω2

a (t) zaza
)

To analyse this we will restrict to 1 + 1 spacetime dimensions and decompose into
Fourier modes in the spatial s worldsheet direction, leading to an infinite number of
quantum mechanical systems labelled by the level n

Sbc = −1

2

∫
dt

(
ż2 − ωn (t)2 z2

)

where

ωn (t)2 = a (1 − a)

t2 + kn2

and a appears also in the corresponding dilaton field

β (t) = −4a (a − 1) log (|t |)

One can easily show by basic quantum mechanics that this system is singular at
t ∗ 0. Is there an (essentially) unique way to propagate this system through the
singularity?

27.4 Regularisation of the Singularity

A geometrical regularisation of the singularity consists in replacing the singular fre-
quency by a smooth function with a parameter δ such that when the parameter is taken
to zero this function returns to the original singular one. The simplest requirement
that such a regularisation should satisfy is to provide a finite propagator between a
time preceeding the singularity to a time in the future of the singularity. It turns out
that a good regularisation (not the only possibility) is

ωχ (t)2 = a (1 − a)

(
t2 − ξχ2

)
(
t2 + χ2

)2

and the corresponding propagator is
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limχ∗0 F (t; s) = 1

1 − 2a

(
q

(
ta) (

s1−a
)

+ q−1 (
sa) (

t1−a
))

where q = ±1. This result is interesting in that it does not correspond to a naïve
analytic continuation of the original propagator, however it is also unsatisfactory as
it does not provide any further intuition about the possible physical mechanism that
allows propagation through the origin. To further investigate this question we also
looked at the propagator between any finite t and the origin finding that it is always
singular. More elaborate regularisations can also make this propagator F(t;0) finite
but at the expense of introducing additional free parameters into the final result. One
of the main hopes of this study was that one could regularise in such a way that
there are no (or at most just one) free parameter so we deem this situation to be
unsatisfactory. We can still read off some general lessons about the behaviour of
strings near null singularities and we will discuss these in the following section.

27.5 Discussion

For the case of most interest, with strong string coupling divergent at t = 0, we
find that there is a good regularisation but it is still not completely clear how this
regularises the physics as the string grazes the singularity and runs off to infinity
and thus out of the Penrose Limit of the original space-time. This seems to indicate
that either the Penrose limit, or the DLCQ procedure is removing some degrees of
freedom that may be important at large z, causing the resulting physics to remain
singular. In addition, in taking these limits one needs to confront various problems
with the order of limits and these need to be analysed more carefully.

The Penrose limit is indeed the leading term in an expansion of the space-time
metric around a null geodesic, the Penrose-Fermi expansion, and it would be a useful
exercise to study the next terms in this expansion to investigate further the possibility
that the singularity may be removed be some additional degrees of freedom.

As mentioned above the original conjecture of CSV [5] involved a highly non-
Abelian phase of the 1+1 dimensional Yang-Mills theory, a phase that is very weakly
coupled. At this point one should also attempt to construct alternative models that
enable an analytic treatment of this highly non-geometric phase given that our current
and simple minded approach does not lead to a resolution.
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Chapter 28
Fuzzy Space–Time, Quantization
and Gauge Invariance

S. N. Mayburov

Abstract Quantum space-time with Dodson-Zeeman topological structure is stud-
ied. In its framework the states of massive particle m correspond to elements of fuzzy
set called fuzzy points. Due to their weak ordering, m space coordinate x acquires
principal uncertainty νx . Quantization formalism is derived from consideration of
m evolution in fuzzy phase space with minimal number of additional assumptions.
Particle’s interactions on fuzzy manifold are studied and shown to be gauge invariant.

Structure of space-time at microscopic (Plank) scale and its relation to axiomatic of
Quantum Mechanics (QM) is actively discussed now [1, 2]. In particular, it was pro-
posed that such fundamental properties of space-time manifold MST as its metrics
and topology can differ significantly at Planck scale from standard Riemanian for-
malism [2, 3]. In particular, Posets and the fuzzy ordered sets (Fosets) were used for
the construction of different variants of the novel fuzzy topology (FT) [4, 5]. Hence
it’s instructive to study what kind of physical theory such topology induces [1, 3].
In our previous works it was shown that in its framework the quantization procedure
by itself can be defined as the transition from ordered phase space to fuzzy one.
Therefore, the quantum properties of particles and fields are induced directly by FT
of their phase space and don’t need to be postulated separately of it [1, 3]. As simple
example of such transition the quantization of nonrelativistic particle was studied; it
was argued that FT induces the particle’s dynamics which is equivalent to QM evo-
lution [1, 3]. Yet in its derivation some phenomenological assumptions were used,
here new and rather simple formalism will be described.It will be shown also that the
interactions on such fuzzy manifold are gauge invariant and under simple assump-
tions correspond to Yang-Mills fields [3]. It is worth to mention here the extensive
studies of noncommutative fuzzy spaces, both finite (sphere, tori) and infinite ones,
these are, in fact, alternative variant of such approach based on operator algebras [6].
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Here we consider only the most important steps in construction of mechanics
on fuzzy manifold called fuzzy mechanics (FM), the details can be found in
[1, 3] . In 1-dimensional Euclidean Geometry, the elements of its manifold X are
the points xa which constitute the ordered set. For the elements of partially ordered
set (Poset) {di }, beside standard ordering relation between its elements dk ≈ dl (or
vice versa), the incomparability relation dk ∗ dl is also permitted; if it’s true, then
both dk ≈ dl and dl ≈ dk propositions are false. To illustrate it, consider Poset
DT = A ≥ B, which includes the subset of ‘incomparable’ elements B = {b j }, and
ordered subset A = {ai }. In A the element’s indexes grow correspondingly to their
ordering, so that ∼ i , ai ≈ ai+1. As the example, consider some A interval {al , an}
and suppose that b j → {al , an}, i.e. al ≈ b j ; b j ≈ an and b j ∗ ai ; iff l ≈ i ≈ n. In
this case, b j in some sense is ‘smeared’ over {al , al+n} interval, which is analogue
of b j coordinate uncertainty relative to A ‘axe’. To introduce the fuzzy relations,

let’s put in correspondence to each b j , ai pair the weight w
j
i ← 0 with the norm

∑
i w

j
i = 1. Then DT is fuzzy set, b j called fuzzy point. Continuous 1-dimensional

fuzzy set C F is defined analogously; C F = B ≥ X where B is the same as above,
X is the continuous ordered subset, which is equivalent to R1 axis of real numbers.
Correspondingly, fuzzy relation between b j , xa are described by w j (xa) ← 0 with
norm

∫
w j dxa = 1, b j uncertainty of X coordinate described by w j dispersion. Note

that in FT w j (x) doesn’t have any probabilistic meaning but only the geometric one.
In these terms the particle’s state in 1-dimensional classical mechanics corre-

sponds to ordered point x(t) in X . Analogously to it, in 1-dimensional fuzzy mechan-
ics (FM) the particle m corresponds to fuzzy point b(t) in C F ; it characterized by
normalized positive density w(x, t). Yet m fuzzy state |g} can depend also on other m
degrees of freedom (DF). The obvious one is σw

σt , yet it’s more convenient to replace
it by related DF, which describes w flow velocity v(x, t), it permit to decompose
formally w flow j (x), as j = wv. Assuming FM to be local theory, flow continuity
equation should hold :

σw

σt
(x) = − σ j

σx
= −v

σw

σx
− σv

σx
w (28.1)

Alternatively, locality violation induces nonlocal w correlations incompatible with
FT and causality. We replace v(x) by equivalent DF:

ω (x) = r

x∫

−⊥
v(α)dα (28.2)

where r is theory constant. If |g} doesn’t depend on any other DFs, then the calcula-
tions based on theorem of [7] show that in FM m pure state unambiguously expressed
as:

g(x) = √
w(x)eiω (x). (28.3)
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analogously to QM dirac vector in X−representation. Evolution equation for m
evolution supposedly should be of first order in time, i.e.:

i
σg

σt
= Ĥg. (28.4)

In general Ĥ is nonlinear operator, for simplicity we shall consider first linear case
and turn to nonlinear one afterwards. Free m evolution is invariant relative to X shifts
performed by the operator Ŵ (a) = exp(a σ

σx ). Because of it, Ĥ should commute with

Ŵ (a) for arbitrary a, i.e. [Ĥ , σ
σx ] = 0. It holds only if Ĥ is differential polinom which

can be written as:

Ĥ = Ĥ0 + τĤ = − c1
σ

σx
− c2

σ2

σx2 −
n∑

l=3

cl
σ l

σxl
(28.5)

where τĤ denotes the sum over l; c1,2, cl are arbitrary real constants, n ← 3. From
X -reflection invariance it follows that cl = 0 for noneven l. If to substitute v(x) by
ω (x) in Eq. (28.1) and transform it to

∇
w time derivative, then left part of (28.4) is

equal to:

i
σg

σt
(x) = −(

i

r

σ
∇

w

σx

σω

σx
+ i

2r

∇
w

σ2ω

σx2 + ∇
w

σω

σt
)eiω (28.6)

Imaginary terms in brackets of (28.6) and analogous terms of e−iω Ĥ0g coincide
up to c2/r ratio, from that n can be obtained. Really, imaginary part of eiω τĤg

should include the term proportional to cn
σnω
σxn , yet Eq. (28.6) includes the highest

term corresponding to n = 2 only. Hence τH = 0 and c2 = 1
2r , as the result m free

evolution described by Schroedinger equation mass m0 = r . Note that in FM it’s
equivalent to the system of two equations, one for w and other for ω time derivatives,
their meaning will be discussed below. Plainly, ω (x) corresponds to quantum phase,
m states described by g(x) are dirac vectors (rays) of Hilbert space H [8].

Concerning with nonlinear case, the conditions of dynamics linearity obtained
by Jordan recenlty are rather weak [7]. In particular, it was shown that if evolution
unambiguously maps the set of pure states onto itself, then such evolution is linear.
Yet for FM such condition is generic, no mixed state can appear in free evolution of
fuzzy state, and so FM evolution should be linear [1]. In FM p̂x = −i σ

σx describes m

momentum and all self-adjoint operator functions F̂Q(x, p) are also m observables.
Note that in such formalism the commutation relations of the kind [x, px ] = i
are obtained from topological premises which constitute FM basis. Planck constant
� = 1 in our FM ansatz, but the same value ascribed to it in Relativistic unit system
together with c = 1 ; in FM framework � only connects x, p scales and doesn’t
have any other meaning. Generalization of FM formalism on three dimensions is
straightforward and doesn’t demand any serious modification of described ansatz.
For relativistic free evolution the linearity of state evolution becomes the important
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criterion for the choice of consistent ansatz. From these premises it was found that for
massive particle m the minimal solution is 4-spinor gi (

−⊃r , t); i = 1, 4, its evolution
is described by Dirac equation for spin- 1

2 , i. e. such particle is fermion.
Now we shall consider briefly the particle interactions on such fuzzy manifold.

Note first that by derivation FM free Hamiltonian H0 induces H dynamical asymme-
try between |−⊃r ⊗ and |−⊃p ⊗ ‘axes’ which is absent in standard QM formalism. As was
shown, in FM m free dynamics is described by the system of two equations which

define σ
∇

w
σt and σω

σt . Yet the first of them is equivalent to Eq. (28.1) which describes
w(x) balance and so is, in fact, kinematical one. Thus any m interactions can be
accounted only via second equation, which for 1-dimensional case is written as:

σω

σt
= − 1

2m0
[(σω

σx
)2 − 1∇

w

σ2∇w

σ ∓x2 ] + Hint (28.7)

where Hint is interaction term. Since ω corresponds to quantum phase, it supposes
that in FM all m interactions should be gauge invariant. Despite that fermion state
is described by several phases the same invariance if fulfilled for them and can be
extended also on relativistic case. Basing on it, QED formalism was derived by
us with minimum of additional assumptions. Preliminary results for interactions of
fermion multiplets show that in such theory their interactions also possess SU (n)

gauge invariance and transferred by corresponding Yang-Mills fields [3].
In conclusion, we have shown that the quantization of elementary systems can

be derived directly from axiomatic of Set Theory and Topology together with the
natural assumptions about system evolution. It allows to suppose that the quantization
phenomenon has its roots in foundations of mathematics and logics [8]. The main aim
of FM, as well as other studies of fuzzy spaces, is the construction of nonlocal QFT
(or other more general theory). In this vein, FM provides the interesting opportunities,
being generically nonlocal theory which, in the same time, is Lorentz covariant and
manifests the gauge invariance.
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Chapter 29
On Fluid Maxwell Equations

Tsutomu Kambe

Abstract Fluid mechanics is a field theory of Newtonian mechanics of Galilean
symmetry, concerned with fluid flows represented by the velocity field such as v(x, t)
in space-time. A fluid is a medium of continuous mass. Its mechanics is formulated by
extending discrete system of point masses. Associated with two symmetries (trans-
lation and space-rotation), there are two gauge fields: E ≈ (v · ∗)v and H ≈ ∗ × v,
which do not exist in the system of discrete masses. One can show that those are
analogous to the electric field and magnetic field in the electromagnetism, and fluid
Maxwell equations can be formulated for E and H. Sound waves within the fluid is
analogous to the electromagnetic waves in the sense that phase speeds of both waves
are independent of wave lengths, i.e. non-dispersive.

29.1 Introduction

Fluid mechanics is a field theory of Galilean symmetry. Two symmetries are known
as subgroups of the Galilean group: translation (space and time) -and space-rotation.
From this point of view, a gauge-theoretic study has been developed by Kambe
[1] for flows of an ideal compressible fluid with respect to both global and local
invariances of the flow fields in the space–time (x, t), where x = (x1, x2, x3) is the
three-dimensional space coordinates.

Suppose that we have a velocity field v(t, x) depending on x and time t. Then
one can define the convective derivative Dt (i.e. the Lagrange derivative in the fluid
mechanics) by

Dt ≈ νt + v · ∗, where νt = ν/νt, ∗ = (ν/νxi ). (29.1)

T. Kambe (B)

Department of Physics, University of Tokyo, Tokyo, Japan

B. G. Sidharth et al. (eds.), Frontiers of Fundamental Physics and Physics Education 287
Research, Springer Proceedings in Physics 145, DOI: 10.1007/978-3-319-00297-2_29,
© Springer International Publishing Switzerland 2014



288 T. Kambe

It is remarkable that Dt is gauge-invariant, namely Dt is invariant with respect to
local gauge transformations [1]. This implies that the gauge theory can be applied to
the fluid mechanics, since the covariant derivative is an essential building block of
the gauge theory [2].

The fluid velocity v and acceleration A are defined by v = Dt x, and A = Dt v =
νt v + (v · ∗)v, respectively. The second term on the right of A can be transformed
by the following vector identity:

(v · ∗)v = −v × (∗ × v) + ∗(
1

2
|v|2). (29.2)

It is verified by Kambe ([1, 2] that the vorticity defined by

ω = ∗ × v = curlv (29.3)

is a gauge field with respect to the rotation symmetry, and the acceleration A
is given by the following gauge-invariant expression: Dt v = νt v + (v · ∗)v =
νt v + ω × v + ∗( 1

2 |v|2).
In a dynamical system of n discrete point masses with their positions denoted

by Xk(t) (k = 1, . . . , n), the equations of motion are described by the form,
(d/dt)2Xk(t) = Fk(X1, . . . , Xn), where Fk is the force acting on the kth particle.
For a fluid of continuous mass distribution, the discrete positions Xk(t) are replaced
by a continuous field representation X(a, t), where a is the Lagrange parameters
a = (a1, a2, a3), or labels identifying fluid particles. Associated with the field rep-
resentation, the time derivative d/dt should be replaced by Dt , and the acceleration
is given by νt v + (v · ∗)v. Thus, we have a connection term (v · ∗)v, which is the
second gauge field.

Clearly, the two gauge fields (v · ∗)v and ∗ × v do not exist in discrete systems
of point masses. They are the fields defined only in continuous differentiable fields
such as the fluid flow. In fact, it is remarkable that they are analogous to the electric
field and magnetic field in the electromagnetism, and a system of fluid Maxwell
equations can be formulated for E≈(v · ∗)v and H≈ ∗×v [3].

It is shown in Sect. 29.2 that there exists a similarity between the wave equations
of electromagnetism and fluid mechanics. This suggests existence of correspon-
dence between the variables of electromagnetism and fluid-mechanics. The Sect. 29.3
describes that the correspondence permits formulation of a system of fluid Maxwell
equations. In Sect. 29.4 a wave equation is derived from the system for a vector
field. However in the fluid case, the vector form reduces to a scalar wave equation
for sound waves, since all the terms of the equation are expressed by gradients of
scalar fields. In Sect. 29.5, another analogy between fluid mechanics and electromag-
netism is presented for the equations of motion of a test particle in flow field and in
electromagnetic field.
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29.2 Equations of Fluid Mechanics, Compared with
Electromagnetism

29.2.1 Equations of Fluid Mechanics

Equation of motion of an ideal fluid is given by the Euler’s equation of motion:

νt v + (v · ∗)v = − 1

σ
∗p (29.4)

This equation is supplemented by the followings:

νtσ + v · ∗σ + σ ∗ · v = 0, (29.5)

νt s + v · ∗ s = 0, (29.6)

νtω + ∗ × (ω × v) = 0, (29.7)

where σ is the fluid density, s the entropy per unit mass, p the pressure. The
Eq. (29.5) is the continuity equation, and (29.7) is the vorticity equation, while (29.6)
is the entropy equation, stating that each fluid particle keeps its initial entropy (i.e.
adiabatic).

If initial entropy field is uniform with a constant value s0, the fluid keeps the
isentropic state s = s0 at any later time and everywhere. In this case, we have
(1/σ)∗ p = ∗h by the thermodynamics where h is the enthalpy per unit mass.1 In
isentropic flows, an enthalpy variation ωh and a density variation ωσ are related by

ωh = 1

σ
ωp = a2

σ
ωσ, where ωp = a2ωσ, a2 = (νp/νσ)s . (29.8)

The notation (νp/νσ)s denotes partial differentiation with s fixed, and a =≥
(νp/νσ)s is the sound speed, as becomes clear below. From the above, we have

νtσ = (σ/a2)νt h and ∗σ = (σ/a2)∗h. Therefore, the Eq. (29.5) is transformed to
(σ/a2)(νt h + v · ∗h + a2∗ · v) = 0. Thus, the fluid equations (29.4)–(29.7) reduce
to the following three equations:

νt v + (v · ∗)v + ∗h = 0, (29.9)

νt h + v · ∗h + a2∗ · v = 0, (29.10)

νtω + ∗ × (ω × v) = 0, (29.11)

1 From the thermodynamics, dh = (1/σ)d p + T ds where T is the temperature. If ds = 0, we have
dh = (1/σ)d p.
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Using (29.2), the equation of motion (29.9) is rewritten as2

νt v + ω × v + ∗(
1

2
|v|2 + h) = 0. (29.12)

29.2.2 Equations of Electromagnetism

In electromagnetism, Maxwell’s equations for electric field Eem and magnetic field
Hem are

∗ × Eem + c−1νt Hem = 0, ∗ · Hem = 0,

∗ × Hem − c−1νt Eem = Je, ∗ · Eem = qe. (29.13)

where qe = 4α σe and Je = (4α/c)je with σe and je being the charge density
and current density vector respectively, and c the light velocity. The vector fields Eem

and H em can be defined in terms of a vector potential A and a scalar potential τ(e)

by
Eem = −c−1ν t A − ∗τ(e), Hem = ∗ × A. (29.14)

Using these definitions, the above Maxwell equations require that the two fields
A and τ(e) satisfy the following equations (Landau and Lifshitz [4], Chap. 8):

νtτ
(e) + c∗ · A = 0 (Lorentz condition), (29.15)

(ν2
t − c2∗2)A = c2je, (ν2

t − c2∗2)τ(e) = c2qe. (29.16)

29.2.3 Analogy in Wave Property

Linearizing (29.9) by neglecting (v · ∗)v, and linearizing (29.10) by neglecting v · ∗h
and replacing a with a constant value a0, we have

ν t v + ∗h = 0, νt h + a2
0∗ · v = 0. (29.17)

Eliminating v from the two equations, we obtain the wave equation (ν2
t −

a2
0∗2)h = 0 for sound waves. Using it, we obtain the wave equation for v as well.

Thus, we have
(ν2

t − a2∗2)h = 0, (ν2
t − a2∗2)v = 0 (29.18)

2 The vorticity equation (29.11) is also obtained by taking curl of (29.12).
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It is remarkable that we have a close analogy between the two systems of fluid
and electromagnetism. In vacuum space where qe = 0, Je = 0, the wave equations
(29.16) reduce to

(ν2
t − c2 ∗2)τ(e) = 0, (ν2

t − c2 ∗2)A = 0. (29.19)

It is seen that c (light speed) ∼ a0 (sound speed). Notable feature of the sound
wave equations (29.18) is non-dispersive. Namely, the dispersion relation for waves
of wave number k and frequency ψ is given by ψ2 = a2

0 k2, and the phase speed
ψ/k is equal to a0 independent of the wave length 2α/k. The same is true for the
equation (29.19) of the electromagnetic wave. Note that this is closely related to the
system of Maxwell equations.

In addition, the second equation of (29.17), obtained from the continuity equation
by linearization, is analogous to the Lorentz condition (29.15) by the correspondence,

(c, A, τ(e)) ∼ (a0, a0v, h).

This implies possibility of formulation of fluid Maxwell equations for which the
vector potential is played by v (except for the coefficient a0, abbreviated in the
present formulation for simplicity) and the scalar potential played by h. According
to this finding, let us introduce two fields defined by

E = −νt v − ∗h, H = ∗ × v.

Consider the following transformations: v→ = v + ∗ f, h→ = h − ν t f . The vector
fields E→ and H→ defined by v→ and h→ are unchanged, namely we have E→ = E and
H→ = H. Thus in fluid flows, there exists the same gauge invariance as that in the
electromagnetism.

29.3 Fluid Maxwell Equations

Based on the following definition of the two vector fields E and H (analogous to
(29.14)),

E = −νt v − ∗h, H = ∗ × v. (29.20)

Fluid Maxwell Equations can be derived from the fluid equations (29.9)–(29.11)
as follows:

(A) ∗ · H = 0, (B) ∗ × E + νt H = 0, (29.21)

(C) ∗ · E = q, (D) a2
0∗ × H − νt E = J, (29.22)

Where q ≈ ∗ · [(v · ∗)v], J ≈ ν2
t v + ∗ν2

0 ∗ × (∗ × v), (29.23)
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and a0 is a constant (the sound speed in undisturbed state). From the calculus νt (C)+
div(D) operated on the two equations of (29.22), we have the charge conservation:
νt q + divJ = 0. Using (29.9) and the definition E = −ν t v−∗h, the fluid-electric
field E is given by

E = (v · ∗)v = ω × v + ∗(
1

2
|v|2). (29.24)

Hence, the charge density q is given by

q = ∗ · E = div[(v · ∗)v]. (29.25)

29.3.1 Derivation

Derivation of the fluid Maxwell equations (29.21) and (29.22) is carried out as fol-
lows.

(a) Equation (A) is deduced immediately from the definition of H = ∗×v = ω.
(b) Equation (B) is an identity obtained from the definition (29.20). Moreover, if the

expression (29.24) is substituted to E and ω to H, then the equation (B) reduces
to the vorticity equation (29.11).

(c) Equation (C) is just div [Eq. (29.24)] with q defined by (29.23).
(d) Equation (D) can be derived in the following way. Applying νt to E = −ν t v−∗h,

we obtain

−νt E − ν2
t v = ∗νt h,

Adding the term a2
0∗ × H = a2

0∗×(∗×v) on both sides, this can be rearranged
as follows:

a2
0∗ × H − νt E = J, J = ν2

t v + ∗νt h + a2
0∗ × (∗ × v).

which is nothing but the equation (D). The vector J can be given another expression
by using νt h = −(v·∗)h − a2∗·v from the continuity Eq (29.10):

J = ν2
t v + a2

0∗ × (∗ × v) − ∗(a2∗ · v) − ∗((v · ∗)h)

This can be rewritten as J = (ν2
t −a2

0∗2)v+J ←, and J← = a2
0∗(∗·v)−∗a2∗·v−∗(v · ∗h),

where the following identity is used:

∗(∗ · v) = ∗ × (∗ × v) + ∗2v. (29.26)
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29.4 Equation of Sound Wave

Suppose that a localized flow is generated at an initial instant in otherwise uniform
state at rest, where undisturbed values of the pressure, density and enthalpy are
respectively p0, σ0 and h0. Equation of sound wave is derived from the system of
fluid Maxwell equations (A)–(D) as follows.

Differentiating Eq.(D) with respect to t, and eliminating νt H by using (B), we
obtain

ν2
t E + a2

0∗ × (∗ × E) = −νt J. (29.27)

The second term on the left can be rewritten by using the identity (29.26), with v
replaced by E. Then the Eq. (29.27) reduces to

(ν2
t − a2

0∗2)(E + νt v) = −a2
0∗(∗ · E) − νt J←, (29.28)

J← = ∗((a2
0 − a2)∗ · v) − ∗(v · ∗h) ≈ a2

0∗ Q̂, Q̂ = (1 − â2)∗ · v − a−2
0 (v · ∗)h,

(29.29)

where â = a/a0. We have E + νt v = −∗h from (29.20), and also νt J← = a2∗ν0t Q̂
from (29.29). Therefore, we can integrate (29.28) spatially, since all the terms are of
the form of gradient of scalar fields. Dividing (29.28) with −a2

0 and integrating it,
we obtain the following wave equation:

(a−2
0 ν2

t − ∗2)h̃ = s(x, t), s(x, t) ≈ ∗ · E + νt Q̂, (29.30)

where h̃≈ h − h0 = (p − p0)/σ. Thus, the vectorial form of wave equation (29.28)
has been reduced to the equation for a scalar field h̃ (see the first of (29.18)). The
term S(x, t) is a source of the wave. Using (29.24) and (29.25), we obtain an explicit
form of the first ∗·E of the source S as ∗·E = div(ω×v) + ∗2 1

2 v2. The first term
div(ω×v) implies that the motion of ω generates sound waves. This is the source term
of the Vortex sound [5], and contribution from the second term ∗2 1

2 v2 vanishes in
an ideal fluid in which total kinetic energy

∫ 1
2 v2d3x is conserved. Mach number of

the source flow is defined by M = |v|/a0, then the second term νt Q̂ of S is O(M2),
namely, higher order if M is small enough.

29.5 Equation of Motion of a Test Particle in a Flow Field

Analogy between fluid mechanics and electromagnetism is also found in the equation
of motion of a test particle in a flow field as well. Suppose that a test particle of mass
m is moving in a flow field v(x, t), which is unsteady, rotational and compressible. The
size of the particle and its velocity are assumed to be so small that its influence on
the background velocity field v( x, t) is negligible, namely the velocity field v is
regarded as independent of the position and velocity of the particle.
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The particle velocity is defined by u(t) relative to the fluid velocity v. Then, the total
particle velocity is u +v. In this circumstance, the ith component of total momentum
Pi associated with the test particle moving in the flow field is expressed by the sum:
Pi = mui + mikuk ,3 and the equation of motion of the particle is given by

d

dt
P = mE + mu × H = m∗τg, (29.31)

[2], where E and H take the same expressions as those of (29.20), and P = (Pi ), Pi =
mui + mikuk , and τg = gz. Obviously, the Eq. (29.31) is analogous to the equation of
motion of a charged particle in an electromagnetism of electric field Eem and magnetic
field Hem:

d

dt
(mve) = eEem + (e/c)ve × Hem − m∗γg, (29.32)

where ve is the velocity of a charged particle, and c the light velocity. Rewriting the
second term of (29.31) as (m/a0)u×(a0H), and comparing the first two terms on the
right of (29.31) and (29.32), it is found that there is correspondence: e ∼ m, Eem∼E,
and Hem∼ a0H.

29.6 Summary

It is shown that there exist similarities between electromagnetism and fluid mechan-
ics. The correspondence between them permits formulation of a system of fluid
Maxwell equations. It is found that the sound wave in the fluid is analogous to the
electromagnetic wave, in the sense that phase speeds of both waves are independent
of wave lengths, i.e. non-dispersive. Another analogy between fluid mechanics and
electromagnetism is presented for the equations of motion of a test particle in flow
field and in electromagnetic field.

3 According to the hydrodynamic theory (e.g. Landau and Lifshitz [6]) when a solid particle
moves through the fluid (at rest), the fluid energy induced by the relative particle motion of velocity
u = (ui ) is expressed in the form mikui uk

by using the mass tensor mik . Additional fluid momentum induced by the particle motion is
given by mikuk .
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Chapter 30
Dark Energy Condensate and Vacuum Energy

Houri Ziaeepour

Abstract Many candidate models for dark energy are based on the existence of a
classical scalar field. In the context of Quantum Field Theory (QFT), we briefly
discuss the condensation of such a field from a light quantum scalar field pro-
duced by gradual decay of a heavy particle during cosmological time. We obtain the
necessary conditions for survival of the condensate in an expanding universe, and
show that this process is directly related to quantum nature of the field which pre-
serves the coherence of the condensate at cosmological distances. We also suggest a
new interpretation of vacuum energy in QFT in curved spacetimes which can poten-
tially solve the puzzle of huge deviation of what is considered to be the vacuum
energy from observations of dark energy.

30.1 Introduction

Many alternatives to a cosmological constant have been proposed to explain the
accelerating expansion of the Universe. They can be divided to two main groups:
modified gravity models and models in which a field—usually a scalar but in some
models a vector field—is responsible for what is called dark energy. This limited
contribution does not allow to go to the details of each category, therefore we only
concentrate on the models based on a scalar field, generally called quintessence
[1, 2]. In simplest version of such models the quintessence field ν is a very light
scalar with a self-interaction potential and no interaction with other components of
the Universe. Under special conditions [3] the dynamics of the field at late times
become independent of its initial value and the field approaches to what is called
a tracking solution. In this case it varies very slowly with time and its equation of
state—defined as:
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w = P

σ
=

1
2 ν̇2 − V (ν)

1
2 ν̇2 + V (ν)

(30.1)

approaches w � −1. Two types of potentials have tracking solutions: V (ν) = e−ων ,
ν−n , and polynomials including such terms. In the context of QFT these potentials
are non-renormalizable, thus are assumed to be effective potentials.

A simple quintessence model suffers from various short comings. One of these
problems is the very small mass of ν which must be mν ≈ 10−32 eV ≈ H0. More
importantly, this model cannot explain what is called the coincidence problem, i.e.
why dark energy becomes dominant only after galaxy formation. This means that
the density fraction of dark energy at the time of matter formation—presumably
after inflation and during reheating—had to be ≈ 1042 times smaller than matter
density. The only natural way to explain such an extreme fine tuning is to consider an
interaction between dark energy and other components, notable with dark matter [4–
6]. Moreover, a simple quintessence model is limited to w > −1, but for the time
being many observations prefer w � −1, although due to measurement errors one
cannot yet have a definitive conclusion about the sign of w + 1. Interacting dark
energy models can explainw < −1 without violation of null energy principle because
it has been shown [5, 7] that when the interaction is ignored, the effective equation
of state we f f < −1 when the real w ∗ −1. As for the particle physics view, no
particle is isolated and every species has some non-gravitational interaction with
other particles.

The study of quintessence models is usually concentrated on the evolution of
a classical scalar field without any concern about how such a field can be formed
from a quantum field, specially in an expanding universe. In fact considering very
small mass of a quintessence field and its very weak interaction to itself and to other
particles, one expects that at their production—during inflation, reheating and/or
later in the history of the Universe—they simply behave as relativistic particles
and have an equation of state w ≈ 1/3 which is very different from dark energy
w ≥ −1. Nonetheless, we also know that bosonic particles/fields can condensate
and form a classical scalar field. We know this process from condense matter where
Cooper pairs creates a non-zero expectation value—a condensate—at macroscopic
scales, breaks the U (1) symmetry, generates an effective mass for photons, and leads
to phenomena such as superconductivity and super-fluidity. The Higgs field—if it
exists—has a similar property but at microscopic scales. The formation of Higgs
condensate at electroweak energy scale breaks SU (2) × U (1) and generates mass
for leptons and quarks. The formation of a condensate has been studied, see e.g. [8]
for some Higgs models as well as for inflaton [9]. These studies show that the problem
of condensate formation and evolution is quite involved. In the case of dark energy
it is even more complicated because one has to take into account the geometry of
the expanding Universe and the evolution of other species, specially in the context
of interacting quintessence models. The condensation issue is also more important
because in contrast to Higgs and inflation, dark energy condensate must be very
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Fig. 30.1 From left to right: 1 Density of dark energy for various branching ration to the
quintessence field α0 ∼ αν/α = 10−16 (magenta), 5α0 (cyan), 10α0 (blue), 50α0 (green),
100α0 (red). Dash line is the observed value of the dark energy. mν = 10−6 eV, self-coupling
τ = 10−20. 2, 3, 4 Evolution of the contribution to the total energy density of ν for α0 = 10−16

and 2 mν = 10−8 eV and τ = 10−20; 3 mν = 10−6 eV and τ = 10−20; 4 mν = 10−6 eV and
τ = 10−10. Curves are: mass (red), self-interaction (green), kinetic energy (cyan) and interaction
with DM (blue)

uniform and homogeneous both spatially and during cosmic time. These properties
cannot be obtained trivially and should strongly constrain quintessence models.

In this proceeding we briefly review the technique, issues, and results obtained
recently for a simple and generic interacting quintessence model [10]. We also
describe an idea about a modified definition of vacuum energy which can solve
the enormous deviation of the value obtained from usual definition in QFT.

30.2 Dark Energy from Decay of Dark Matter

In the context of inflation-reheating models, all constituents of the Universe were
produced either during reheating from the decay of inflaton or a curvaton field, or
later on from the decay of other species. In [6] we have studied the decay of a massive
long life metastable dark matter with a small branching ratio to a light scalar field. A
classical treatment of such a model show that the energy density of the light scalar
field from very early times is roughly constant despite the expansion of the Universe,
i.e. it behaves very similar to a cosmological constant, see Fig. 30.1. In contrast to
many quintessence models, in this model the self-interaction potential is a simple ν4

polynomial. The scalar field has a w ≈ −1 for a large range of parameters and is not
very sensitive to self-interaction potential because it is mainly the interaction/decay
term that control its evolution during cosmic time. Indeed, such a setup has an internal
feedback—if the density of dark energy increases, expansion rate increases, reduces
the density of dark matter and thereby the rate of production of scalar field from
decay of dark matter, thus the density of dark energy decreases. For a metastable
dark matter, this stability can last for very long time. In addition, there would be
no big ripe in the future because when a large fraction of dark matter decays, the
stability of the system breaks, the energy density of dark energy decreases and the
Universe becomes matter or radiation dominated, thus the accelerating expansion
rate slow downs. Such a model can easily explain the observed slightly negative
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value of w + 1 [5, 7]. Therefore, for studying the condensation of quintessence field
we consider this model.

30.3 Condensation of an Interacting Dark Energy

In condense matter a condensate is defined as a system in which the majority of
particles are in their ground state. In quantum field theory when there is no conserved
quantum number, such as in the case of a single scalar field without internal symmetry
and with self interaction, a system is not usually in an eigen state of the number
operator. Therefore a condensate which behaves classically is defined as a state in
which number operator has a large expectation value—large occupation number—
equivalent to a classical system with a large number of particles—in the minimum
of their potential energy. Mathematically a condensate state |ψ→ is defined as:

←ψ|ν|ψ→ ∼ γ ⊥= 0 (30.2)

It is easy to verify that in contrast to Bose–Einstein condensate in quantum mechanics,
for a quantum system containing only free or weakly interacting—perturbative—
fields with finite number of particles γ is zero. It is possible to construct states which
satisfies Eq. (30.2) using an expansion to coherent states. A special case is suggested
by [11] and a more general state that we call multi-condensate is obtained in [10].
For a real scalar field it has the following expression:

|ψGC → ∼
∑

k

AkeCka†
k |0→ =

∑

k

Ak

N∇⊃∑

i=0

Ci
k

i ! (a†
k )i |0→ (30.3)

ξ(x, ρ) ∼ a(ρ)←ψGC |λ|ψGC →
=

∑

k

CkUk(x) + C⊗
kU⊗

k (x) =∓ Ck = Uk(x) + U⊗
k (x)

ξ(x)
(30.4)

where operators ak and a†
k are respectively annihilation and creation operators with

[ak, a†
k ] = 1. Coefficients Ak and Ci

k are arbitrary, but can depend on the spacetime
coordinate because creation and annihilation operators in a curved space depend on
the coordinates. Uk is a solution of the free Green’s function of ν.

To study the formation and evolution of such a state we consider a toy model
for the Universe after reheating. Inspired by the classical model explained in the
previous section, we assume a heavy particle—for the sake of simplicity a scalar
X—presumably the dark matter, that decays to a light scalar field ν and some other
particles that we collectively call A. In general ν can have a self-interaction con-
sidered here to be a simple power-law with positive exponent V (ν) = νn, n > 0.
For X we consider only a mass term and no self-interaction. The collective field A
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can have a self-interaction too. The field ν can be decomposed to ν = λ + Iγ with
←ψ|λ|ψ→ = 0, I the unit operator, and γ(x) a classical scalar field (a C-number).
According to this definition ←ψ|ν|ψ→ = γ(x). After inserting this decomposition
to the Lagrangian, the dynamic equation of the classical field can be obtained from
variation principle:

1√−g
βμ(

√−ggμδβδγ) + m2
λγ + τ

n

n−1∑

i=0

(i + 1)

(
n

i + 1

)
γi ←νn−i−1→ − g←X A→ = 0

(30.5)
A proper solution of this apparently simple equation needs a complete solution of

Boltzmann or Kadanov-Baym equations—if we want to consider full nonequilibrium
quantum field. This is a very complex problem specially in an expanding universe
with a curved spacetime, and needs numerical solution of all the coupled equations.
Therefore, rather than considering the full formulation, we assume that the evolution
of other components affects γ only through the expansion rate of the Universe a(t)
in a FLRW cosmology with metric:

ds2 = dt2 − a2(t)χi j dxi dx j = a2(ρ)(dρ2 − χi j dxi dx j ), dt ∼ adρ (30.6)

This approximation is applicable to radiation domination and matter domination
epochs, but not to redshifts z � 1 when the dark energy becomes dominant. Although
the decoupling of a(t) simplifies the problem, we have yet to consider a state, or in
classical limit a distribution, for other fields to determine the expectation values in
Eq. (30.5). Fowllowinf cosmological observations, we assume a thermal distribution
for other components. Evidently this is a valid assumption only at redshifts much
smaller than reheating epoch, but due to the long lifetime of X particles only a
negligible fraction of them decay earlier and their impact on the later state of matter
should be small.

We solve Eq. (30.5) separately for radiation and matter domination epochs because
they have very different evolution equations. To determine expectation values, we
use Schwinger closed time path integral method, but we only consider tree level
diagrams and only need to determine free propagators. Considering the very weak
coupling of ν, this is a good approximation, up to the precision we need here. The
Green’s function of ν is coupled to the classical field γ, but considering the smallness
of the self-coupling τ, we first determine the solution without taking into account the
coupling term, then we use WKB approximation to obtain a more precise solution.
Finally, we use ω-vacuum as the initial condition for the Green’s function.

During radiation domination epoch the Green’s function equation without γ term
has an exact solution. The evolution equation for γ also has the same form when
interactions, including expectation values, are neglected. Their effect can be added
through a WKB approximation. We consider an initial value γ(t0) = 0 for the
condensate. Finally, we obtain two independent solutions of the evolution equation
which are plotted in Fig. 30.2. As this figure shows, the amplitude of the condensate
has an exponential growth, similar to what happens during preheating and resonant



302 H. Ziaeepour

1 1.2 1.4 1.6

2×
10

7
4×

10
7

6×
10

7

log η/η

|U
|

1 1.2 1.4 1.6

2×
10

7
4×

10
7

6×
10

7

log η/η

|V
|

Fig. 30.2 An example of absolute value of independent solutions of evolution function of γ Note
that although there are resonant jumps in the solution, due to the complexity of the interaction terms
they are not regular like in preheating case

decay of inflaton to other fields. This is not a surprise because X and ν have a relation
analogue to inflaton and matter fields, and have very similar evolution equations.
Evidently, the exponential growth of the amplitude cannot continue forever, and
backreactions due to nonlinearities in the evolution equation stop the growth rate.
In particular, the interaction between the condensate component and free ν particles
through nonlinear self-interaction terms in (30.5) has the tendency to free particles
from condensate, in another word when the density of condensate grows, it begins to
evaporate. Due to their tiny mass, free particles are relativistic and with the expansion
of the Universe they become diluted very quickly. On the other hand, if a large number
of them evaporate, their energy loss during the expansion of the Universe increases
the probability of joining the condensate again. Therefore, as long as the expansion
of the Universe is not very quick, this process is self-regulatory. It can be shown
that the amplitude of modes decreases very rapidly with increasing |k|, i.e. for small
distance scales. This is consistent with the lack of significant spatial fluctuation in
dark energy density.

In the same way one can solve the Green’s function and evolution equations during
matter domination epoch. However, even when the interactions are ignored, these
equations have a known analytical solution only if mν = 0 or k = 0. Because we
are specially interested in the modes with |k| ∇ 0 (Similar to radiation domination
epoch, it is possible to show that the amplitude of modes for large |k|’s decreases
quickly), we use the analytical solution for k = 0 as zero-order approximation, and
apply WKB to obtain a better solution. Finally, we find a solution for the linearized
evolution equation of γ which is proportional to 1/ρ, thus decreases with time.
This could be a disastrous for this model, because this leads to a dark energy with
w > −2/3 which is already ruled out by observations. Nonetheless, when the full
nonlinear equation is considered, although we cannot solve it, there is evidence
that under special conditions a roughly constant amplitude—a tracking solution—
similar to observed dark energy can be obtained. In fact, expectation values of type
←νi → induce negative power of γ into the evolution equation of γ because Ck is
proportional toγ−1, see Eq. (30.4). As we mentioned in the Introduction, polynomials
with negative power are proved to have a tracking solution. A counting of power
of self-interaction terms after replacing expectation values with their approximate
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solution show that for n ≤ 3 there exits a tracking solution. For n = 4 the decrease
rate of the condensate density can be enough slow to be consistent with present
observations. In 4D spacetimes these potentials are the only renormalizable self-
interactions for a quantum scalar field model. Giving the fact that we did not impose
any constraint on renormalizability of the model, these results are very interesting
and encourage more work on quantum description and origin of dark energy.

If these conclusions are confirmed by a more precise numerical calculations, they
would be a proof of the reign of quantum mechanics at largest scales in the Universe
because it is the quantum coherence of dark energy that saves it from being diluted by
the expansion. The dominance of dark energy at late times in one hand proves that in
contrast of general believes, the Universe is dominantly in a coherent quantum state,
and in the other hand dark energy provides a natural envionment for decoherence of
other constituents.

30.4 Vacuum Energy

In QFT energy is calculated as the expectation value of classical expression for the
energy momentum tensor T μδ in which classical field is replaced by its quantized
counterpart:

E =←ζ |
∫

d4kχ(k2
0 − m2)T 00|ζ→ = 1

2
←ζ |

∫
d3ωk(a

†
k ak + aka†

k )|ζ→

=←ζ |
∫

d3ωk(N̂k + 1

2
)|ζ→, ωk ∼ k2 + m2 (30.7)

Vacuum energy is defined as |ζ→ = |0→, thus Evac = 1
2

∫
d3ωk ∇ ⊃. To regularize

this integral usually a UV cutoff is imposed that leads to a finite but very large value for
the energy density of vacuum. In QFT in Minkovsky space without gravity ordering
operator is imposed to the above definition i.e. ←ζ | : T 00 : |ζ→ is used. This simple
operation removes the constant (infinite) term and makes a strictly zero vacuum
energy. When gravity is present, it is usually supposed that ordering operator cannot
be applied because it shifts the energy, an unauthorized operation in the context of
general relativity and gravity that define an absolute reference for energy.

The constant term in ←ζ |T 00|ζ→ is due to noncommutative creation and anni-
hilation operators in field theory. The presence of the constant term looks like the
memory of spacetime or the ghost of a particle, i.e. when a particle is created, its
annihilation does not completely restore the initial state. This can be interpreted as
a manifestation of energy conservation. In fact, considering two operators a†a and
aa†, their physical interpretations are very different. The former counts the number
of particles in a state. For an asymptotically free system, it behaves as a detector
of particles without changing their state. By contrast, operator aa† first creates a
particle i.e. changes the energy of the system by an amount equal to the energy of
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the particle. Because in general relativity energy and momentum are locally con-
served, this operatation necessarily violates the closeness of the system and must
actually play the role of a bridge between the system—state—under consideration
and another system that provides the energy. Moreover, energy and momentum are
eigen values of translation operator. Therefore, the application of right part of this
operator changes the translation (symmetry) state of the system. Because symmetry
is related to information, the return of energy to its initial reservoir i.e. the annihi-
lation of the particle restore the energy state, but quantum mechanics tells us that it
does not restore the information. This is another manifestation of nonlocality or state
collapse in quantum mechanics. Nonetheless, if we are only interested in energy con-
servation, annihilation restores energy-momentum state and in this regard the system
should be considered as unchanged. Base on this argument we suggest that operator
ordering must be applied to ←ζ |T 00|ζ→ even in the context of general relativity.
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Chapter 31
General Relativistic Quantum Theories:
Foundations, the Leptons Masses

Claudio Parmeggiani

Abstract The space-time is represented by a usual, four-dimensional differential
manifold, X . Then it is assumed that at every point x of X , we have a Hilbert space
H(x ) and a quantum description (states, observables, probabilities, expectations)
based on H(x ). The Riemannian structure of X induces a connection on the fiber
bundle H and this assumption has many relevant consequences: the theory is regular-
ized; the interaction energy is a well defined self-adjoint operator; finally, applying
the theory to electro-weak interactions, we can obtain a “specter” of leptons masses
(electron, muon, tau).

31.1 Introduction: Summary

We shall discuss (the foundations of) a General Relativistic Quantum Theory: now
the Hilbert space of the quantum description is replaced by a fiber bundle (here called
quantum bundle) based on a four-dimensional differential manifold (the space-time);
the typical fiber is a complex, infinite-dimensional Hilbert space; on every fiber there
are states (vectors or rays), observables (operators), probabilities and expectations
(Sect. 31.1).

The ordinary derivative (in Schrödinger equations) is replaced by a sort of covari-
ant derivative on the quantum bundle. This derivative, at a space-time point, depends
on the value of the space-time metric tensor (the gravitational field) at the same point:
this is the main hypothesis. The standard quantum field theories are formally recov-
ered, for a “constant” metric tensor (that is when the gravitational field goes to zero);
but, in fact, even for an isolated elementary particle we have to consider the gravita-
tional field of the particle itself (Sect. 31.2).
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The quantum fields and the energy operator (the “Hamiltonian”) are now well
defined (eventually self-adjoint) operators; the Pauli-Jordan distributions are now
true, differentiable functions (gravitation dependent, obviously); therefore the Theory
is regularized: there are no more divergences (Sect. 31.3).

The presence of our “covariant” derivative not only regularizes the theory but, as
a consequence, the (ratios of the) masses of the leptons are, by some supplementary
assumptions, theoretically predictable. In fact, imposing the constancy of the sum
of the space-time dependent self mass (logarithmically diverging, with zero gravity)
and of a space-time dependent counter term, we arrive at a second order partial
differential equation; the self values of this equation are (proportional to) the leptons
masses (Sects. 31.4, 31.5).

Finally note that we have only to postulate the existence of three stable elementary
leptons (electrons, positrons and electron neutrinos); the other ones (the μ and the ν

particles, their neutrinos) and their masses are derived, so to speak, as excitations.

31.2 Fiber Bundles and Quantum Bundles

A fiber bundle (see, for example, [2] or [3]) is a tuple (F, X , π, F) where F and X
(the base space) are manifolds; π is a continuous surjection from F to X ; the F(x )
:= π−1(x ) (the fibers at x , a point of X ) are all isomorphic to the typical fiber F. A
(cross) section is a function σ from X to F such that:

π(σ(x)) = x (31.1)

Locally (in an open subset U of X ) F(x ) can be identified to F; hence, locally, the
sections can be expressed as (ordinary) maps from U to F; in the following we shall
generally employ local expressions.

A quantum bundle is defined as a tuple (H, X , π, H) where the base space X is
a four-dimensional Riemannian manifold (g is its (+1, –1, –1, –1) metric tensor);
the fibers at x , H(x ), and the typical fiber, H, are infinite-dimensional, complex,
isomorphic Hilbert spaces. The Schrödinger function is now a section of the quantum
bundle, locally expressed by a map from X to H; the observables are expressed
by operator-valued maps, assigned on X . For example, the average value of the
observable ω , the “system” being in the state σ, can be (locally) written as:

(σ(x)|ω(x)|σ(x))H/(σ(x)|σ(x))H (31.2)

where the inner product is taken on H. Obviously in a Schrödinger picture the section
ω will be “constant” (in a sense make precise in Sect. 2.2).

http://dx.doi.org/10.1007/978-3-319-00297-2_2
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31.3 Derivatives Dynamics

To relate quantum objects defined at different space-time points we need a way to
connect them, at least when they are “infinitely near”; thence we shall introduce a
notion of “covariant” derivative.

31.3.1 Covariant Derivatives

If σ is the local expression of a section of the Quantum Bundle and u is a 4-
dimensional vector (space-like or time-like), the covariant derivative of σ, in the
direction u, is defined as:

Duσ(x): = αuσ(x) + Cu(x).σ(x) (31.3)

where αu is the ordinary derivative (along u) and Cu(x ) is a space-time dependent
operator on the Hilbert space H. And for an observable (an operator) ω :

Duω(x) = αuω(x) + [Cu(x), ω(x)] (31.4)

If τ is a smooth path on X , parameterized by the real variable s, a section σ along
τ is said parallel if:

Duσ(τ (s)) = 0(u = τ ≈(s)) (31.5)

31.3.2 Schrödinger Equation

The self-adjoint operator on H (u is again a 4-dimensional vector)

Pu(x) = P0(x)u0 + P1(x)u1 + P2(x)u2 + P3(x)u3 (31.6)

is the (local expression of the) energy-momentum observable, at space-time point x ;
it is an energy operator if u is time-like, a momentum operator when u is space-like.
Typically Pu(x ) can be decomposed as:

Pu(x) = P(FREE)
u (x) + P(INT)

u (x) (31.7)

where P(INT)
u (x ) = 0, for a space-like u.

A section σ satisfies a Schrödinger equation (in a Schrödinger picture) if

Duσ(x) = αuσ(x) + Cu(x).σ(x) = −iPu(x).σ(x) (31.8a)
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while, for all observables ω :

Duω(x) = αuω(x) + [Cu(x), ω(x)] = 0 (31.8b)

Observe that, because Pu(x ) and Pv(x ) commute and DuPv(x ) = 0 (for every couple
of vectors, u and v), we have DuDvσ(x ) = DvDuσ(x ).

In an interaction picture

Duσ(INT)(x) = −iP(INT)
u (x).σ(INT)(x) (31.9a)

Duω (INT)(x) = i[P(FREE)
u (x), ω (INT)(x)] (31.9b)

In the following we shall always use the interaction picture.

31.3.3 Explicit Expression of the Covariant Derivative

Having defined a vacuum state (at space-time point x ), ψ0(x ), others states (and
observables) can be generated by means of the creation and annihilation operators,
a*n,p(x ) and an,p(x ) (see, for example, [1] or [5]). Here n is an index = 1, 2, …, N
and

p = (γ, p), γ = ∗
(p2 + M2) (31.10)

γ, p and M are the particles energy, momentum and (bare, unobservable) mass.
Evidently we must have, for the vacuum, Duψ0(x ) = αuψ0(x ) + Cu(x ).ψ0(x ) = 0
(and also αuψ0(x ) = 0).

In our interaction picture

[P(FREE)
u (x), an,p(x)] = −(p.u)an,p(x) (31.11)

so: Duan,p(x ) = -i (p.u) an,p(x ). Afterward we shall assume (this is a fundamental
postulate) that:

[Cu(x), an,p(x)] = iξcu(x, p)an,p(x) (31.12)

where cu is an ordinary numerical function dependent on x and p (but not on n) and,
at least in a first approximation, that:

cu(x, p) = −
∑

ρλ

βρλ
u (x).pρpλ = 1/2

∑

ρλ

αugρλ(x).pρpλ(13) (31.13)
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Here the gρλ are the “contravariant” components of the metric tensor g; the β are
its Christoffel symbols; ξ is a numerical, universal parameter. We are using absolute
unit of measure, that is hP L AN K = 2π and MP L AN K = 1.

Hence we are lead to the differential equation (c(x,p) := 1/2
∑

ρλ gρλ (x ).pρpλ)

iαuan,p(x) = ((p.u) + ξαuc(x, p))an,p(x) (31.14)

which can be immediately integrated:

an,p(x) = exp(−ip(x − x0)).exp(−iξ(c(x, p) − c(x0, p))).an,p(x0) (31.15)

x 0 is a fixed space-time point. Evidently for a constant, “special relativistic” g,
we shall recover the usual definitions, relatively to the free creation and annihilation
operators (see again [1] or [5]).

For a “near constant” g (that is in a weak gravitational field approximation,
see [4])

c(x, p) = 1/2M2 + (M(GRAV)/r(x))(γ2 + p2) (31.16)

M =
∗

(γ2 − p2) is the bare mass; M(GRAV) is the gravitating mass; r(x ) is the
distance from x to the source of the gravitational field.

31.3.4 Commutations and Anti-commutations Relations

At the same space-time point x 0

[am,p(x0), an,q ≥ (x0)]± = Npδm,nδp,q (31.17)

hence, for a real ξ (positive or negative):

[am,p(x), an,q ≥ (y)]± = Np exp(ip(y − x)).exp(iξ(c(y, p) − c(x, p)))δm,nδp,q
(31.18)

where x and y are different space-time points. The bracket [ , ]± refer to Fermi or
Bose statistics; Np is a normalization factor, usually set equal to 1 (as in [5]) or to∗

(p2 + M2)/M.
Observe that, if ξ is imaginary, ξ = –iξ ≈, ξ ≈ positive, we get a term like

exp(–ξ ≈(c(x,p) + c(y,p))).
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31.4 Quantum Fields

It is possible to define neutral and charged quantum fields χ and ζ (now well defined,
operator-valued functions assigned on X ) as:

χ(x) = ∼(ap(x) + ap ≥ (x))dμ(p) (31.19)

ζ(x) = ∼ ap(x)dμ(p) + ∼bp ≥ (x)dv(p) (31.20)

dμ and dv are measure on R3, eventually matrix-valued. Obviously, for ξ = 0, we
shall obtain the usual, singular quantum fields. These are free fields (the P(INT)

u (x )
term is not considered), but the gravitational effects are fully included in the field
operators.

Afterward we can build the Pauli-Jordan functions �(x, y): they depend on
ξ(c(y,p)–c(x,p)) and are, generally, not translation invariant. But they are now true,
differentiable functions (assigned on X 2) and, for ξ = 0, we shall obtain the usual
distributions (singular functions), translation invariant. We have, for example, for a
real ξ:

�(x, y) = [χ(x), χ(y)] = 2∼sin(p(y − x) + ξ(c(y, p) − c(x, p)))dμ(p) (31.21)

but for an imaginary ξ = −iξ ≈, ξ ≈ positive:

�(x, y) = [χ(x), χ(y)] = 2∼sin(p(y − x)). exp(−ξ ≈(c(y, p) + c(x, p)))dμ(p)

(31.22)
that leads to an exact, canonical equal time commutation relation.

31.5 Interactions Self-Energies

31.5.1 Interaction-Energy Operator

Let us consider a tri-linear interaction-energy operator (the Hamiltonian, always in
an interaction picture):

H (INT)(x) = ι∼ ∼(ωp ≥ (x)Ap,q(x)ωq(x))dμ(p, q) (31.23)

here dμ is a measure on R6; Ap,q (x ) is a self-adjoint operator (Bose statistics)
related to the gauge fields which mediate the interaction; the operators ξq (x ) describe
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the interacting particles (Fermi statistics) and they are linear combinations of the
ap(x ), ap*(x ), bp(x ), bp*(x ); ι is a coupling constant. Note that we are only
considering the particles interactions and not the interactions between the gauge
fields.

When ξ = 0 the interaction-energy operator (formally) reduces to the standard
expression (x = (t, r)):

H (INT)(t) = ι∼ ∼(ωp ≥ (t)Ap,q(t)ωq(t))dμ(p, q) (31.24)

time dependent and needing a regularization.

31.5.2 Particles Self-Masses

If we try to calculate the self-energies (or the self-masses) of our particles considering
only the one-loop Feynman graphs, we arrive at a r (and g) dependent expression
([6], see also for a more “modern”, but essentially equivalent, presentation [1] or
[5]):

M (SELF)(r) = −M.ε.log(Fg(r)) + const. + · · · (31.25)

logarithmic diverging when ξ = 0 (that is ignoring gravitation). Here M is again
the bare mass and ε a numerical, positive parameter, proportional to the squared
coupling constant ι. In the weak gravitational field approximation (Sect. 2.3):

Fg(r) = M(GRAV)/r (31.26)

where M(GRAV) is the effective (inertial, gravitational) particle mass.

31.5.3 Counter-Terms

Now we shall assume that the interaction-energy operator contains a mass-like
counter-term

∼(ξ p ≥ (x)M (CTERM)(x)ξ p(x))dμ(p) (31.27)

and that the real function M(CTERM)(r) (> 0) is proportional to

− M.(�k(r)/k(r)) (31.28)

http://dx.doi.org/10.1007/978-3-319-00297-2_2


312 C. Parmeggiani

where M is the bare mass, � the Laplace, second order, differential operator and k
is a scalar, classical field. Alternatively we can include the counter-term in the free
part of the energy operator so the “bare mass” will be a function of x . Presumably
the counter-term is of geometrical origin, for example it is the Ricci scalar of a
(modified) metric tensor g. In any case, imposing the constancy of the sum

M(SELF)(r) + M(CTERM)(r) (31.29)

(the effective mass cannot depends on r), we arrive at a R3 differential equation (note
that here the bare mass do not appears):

�k(r)/k(r) = −ε≈ log(Fg(r)) + const. (31.30)

For a radial symmetric k, rescaling the dependent variable and using the weak field
expression of Fg(r), M(GRAV) / r,

K ≈≈(r) + (2/r)K ≈(r) = (log(r) − w)K(r) (31.31)

We are looking for a K(r) going to zero when r diverge, hence we are lead to a
countable family of solutions of the above differential equation; the first self-values
of w are:

1.044; 1.847; 2.290; 2.596; 2.830; 3.020; 3.179 (31.32)

Obviously we can only obtain in this way the masses ratios of the first, the second,
the third, ... variety (or generations) of particles.

31.6 Leptons Masses

Consider now the case of the electro-weak interactions between leptons, mediate by
the gauge fields A, Z, W, W*; MZ and MW are the Z-particle and W-particle masses.
To calculate the self-masses we need the three (one loop) Feynman graph (lept stands
for a charged lepton):

lept(lept − photon)lept + lept (lept − Z particle)lept

+ lept(neutrino − Wparticle)lept (31.33)

then in the differential equation of Sect. 31.5.3 appears a sum of three mass-
dependent terms:
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εA.log(Mlept )+εZ.log(Mlept+M Z )+εW.log(Mneutrino + MW ) (31.34)

The εA, εZ and εW are three positive parameters proportional to the squared
electro-weak coupling constants; εA + εZ + εW = 1, as a consequence of the
rescaling the dependent variable (Sect. 31.5.3). Apparently the experimental data
lead to εA/εW = 0.231 and to εA/εZ = 0.769 so:

εA = 0.151,εZ = 0.196,εW = 0.653 (31.35)

Finally, assuming that Mneutrino << MW , we arrive at:

log(Mμ/Melectron) = 5.32, log(Mν /Melectron) = 8.22 (31.36)

in reasonable accord to the experimental values: 5.332 and 8.154 (we have introduced
many approximations). But if, for example, we add to the self-masses a (log(r))2 term
(coming from some two loops Feynman graphs), we obtain a quite better accord. It
would be also of some interest to consider the not radial symmetric solutions of the
k-field differential equation.

Obviously we also obtain other, bigger mass values (corresponding, presumably,
to highly instable particles):

M4 → 11 Gev, M5 → 34 Gev, M6 → 72 Gev, . . . (31.37)

If we try to calculate the neutrinos masses starting from the interaction-energy oper-
ator defined at the Sect. 37.1, we arrive at a quite problematic result: the neutrinos
predicted masses are very large, greater than the W-particle and Z-particle masses.
To cure this problem it is apparently necessary to modify the structure of the energy
operator.
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Chapter 32
Direction of Time from the Violation of Time
Reversal Invariance

Joan A. Vaccaro

Abstract We show that the violation of time reversal invariance (T) observed in
meson decay may have a profound effect on the direction of time. Our starting point
is a universe without a presumed direction of time. Time evolution is modeled by
taking an equal superposition of steps in both directions of time. This gives rise to
multiple paths through time. The presence of T violating processes is shown to give
rise to destructive interference between all paths except for the two that comprise
continuously forwards and continuously backwards steps. We show that this leads
to a new kind of irreversibility that is quite unlike that found in thermodynamics.

32.1 Introduction

The direction of time is typically studied in terms of various arrows of time [5]. Each
arrow is associated with some time-asymmetric phenomenon and is oriented to point
to the future. Perhaps the best known is the thermodynamic arrow which points in
the direction of an increase in the entropy of an isolated system [2]. Essentially, an
increase in entropy is the effect that results from a fixed direction of time and an
incomplete knowledge of a system. The thermodynamic arrow requires the universe
to be initially in a low-entropy non-equilibrium state and evolve towards equilibrium.
This implies an asymmetry between the past and future boundary conditions. The
time asymmetry of other arrows of time can also be attributed to asymmetric temporal
boundary conditions. For example, the cosmological arrow points in the direction of
the expansion of the universe and so relies on a small universe in the past and a large
universe in the future. All such arrows are based on time-symmetric dynamical laws.
The one notable exception is the matter-antimatter arrow of time (also called the weak
arrow of time) which partially explains the dominance of matter over antimatter in
the universe. It arises from the observed violation of charge conjugation and parity
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inversion invariance (CP) in meson decay due to the weak interaction [1]. Under the
CPT theorem, CP violation is equivalent to violation of time reversal invariance (T).
This means that meson decay is described by a time-asymmetric dynamical law and
so the matter-antimatter arrow originates from the time asymmetry of a dynamical
law rather than boundary conditions. Of all the arrows of time, it is the only one
to have the potential of being the cause of the direction of time, rather than being
simply an effect. Indeed T violation in meson decay has recently been shown to
have potentially large scale physical effects in a model of the universe in which the
direction of time is not predefined [6]. Here we re-examine the implications of the
model for the direction of time.

In Sect. 32.2 we briefly review the model that was introduced in [6]. Next in
Sect. 32.3 we show how a new kind of irreversibility emerges from the model when
sufficient T violation processes are present. In Sect. 32.4 we explore the repercussions
of baryogenesis and end with a discussion of the implications for the direction of
time in Sect. 32.5.

32.2 Effect of T Violation in a Universe Without a Presumed
Temporal Direction

We want to explore how T violation can give rise to a preferred direction of time. For
this we need to model the universe in such a way that it has no predefined direction
of time if T violation processes are absent. We have two choices: the universe does
not evolve at all, in which case there is nothing more to be said, or both directions of
time have an equal footing. To incorporate the second option, rather than take time
steps in a particular direction, time evolution must somehow be in both directions of
time. In other words we must allow for the possibility of multiple paths through time.
Feynman’s sum over paths [3] provides the mathematical framework for dealing with
such situations. We let the evolution in one direction of time, which we shall call
“forwards” and associate with the positive time direction, be described by

|νF ≈ = UF (σ ) |ν0≈ , (32.1)

and in the other direction of time, which we shall call “backwards” and associate
with the negative time direction, by

|νB≈ = UB(σ ) |ν0≈ , (32.2)

where σ represents a time interval and

UF (σ ) = exp(−i HFσ)

UB(σ ) = T UF (σ )T −1 = exp(iT HF T −1σ) = exp(i HBσ).



32 Direction of Time from the Violation of Time Reversal Invariance 317

Here, HF and HB ∗ T HF T −1 are the Hamiltonians for the universe with respect
to the forward and backward directions of time, respectively, T is Wigner’s time
reversal operator [7] and we use units where � = 1. The Hamiltonian violates time
reversal invariance if

HB ≥= HF .

The expressions ∼ω| UF (σ ) |ν0≈ and ∼ω| UB(σ ) |ν0≈ represent the probability
amplitudes for the universe to evolve from the state |ν0≈ to the state |ω≈ via two
different paths, each of which corresponds to a different direction of time. We have
no reason to favor one path over the other so, according to Feynman’s sum over paths
method, we take the total probability amplitude to evolve from |ν0≈ to |ω≈ as the sum
∼ω| UF (σ ) |ν0≈ + ∼ω| UB(σ ) |ν0≈ = ∼ω| UF (σ ) + UB(σ ) |ν0≈. As this result is true
for all states |ω≈ we can write the unbiased evolution of the universe as

|α(σ)≈ = [UF (σ ) + UB(σ )] |ν0≈ . (32.3)

We call the process described by Eq. (32.3) symmetric time evolution. This analysis
can be repeated for an additional step of symmetric time evolution. After N such
steps the state of the universe is given by

|α(Nσ)≈ = [UF (σ ) + UB(σ )]N |ν0≈ . (32.4)

To simplify the description we have ignored the normalization of the state.
Eq. (32.4) is represented as a binary tree in Fig. 32.1a.

Expanding the N-fold product on the right side of Eq. (32.4) gives a series of 2N

terms each of which represents a different path through time. For example the terms
U N

F (σ ) |ν0≈ and U N−1
F (σ )UB(σ ) |ν0≈ represent paths of N steps containing zero and

one backward step, respectively. The series can be separated into subseries whose
terms involve the same number of steps in the forward and backward directions, but
with steps in different orders. For example, the small circle in Fig. 32.1a represents
a subseries characterized by two forward steps and one backward step:

Fig. 32.1 a and b are representations of Eqs. (32.4) and (32.5), respectively, as binary trees. Leftward
arrows (→) represent the application of UB and rightward arrows (←) represent the application of
UF
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UF (σ )UF (σ )UB(σ ) |ν0≈ + UF (σ )UB(σ )UF (σ ) |ν0≈ + UB(σ )UF (σ )UF (σ ) |ν0≈ .

Note that the operators UF (σ ) and UB(σ ) do not commute if the Hamiltonian is
not T invariant. In that case the terms of the subseries have been shown to interfere
destructively [6].

In order to model the interference effect we use the conventional phenomenolog-
ical model of neutral kaon decay [4, 8] as the prototypical T violation process. We
quantify the number of kaons as f × 1080 where f is the fraction of the estimated
1080 total number of particles in the universe and set the size of the time step to the
Planck time, i.e. σ ⊥ 10−44 s. With these conditions, a relatively lengthy calculation
[6] reveals that for Nσ ∇ f −1/210−13 s Eq. (32.4) becomes

|α(Nσ)≈ ⊥ [U N
F (σ ) + U N

B (σ )] |ν0≈ . (32.5)

The right side comprises only two parts, one representing consistent evolution in
the forward direction, U N

F (σ ) |ν0≈, and the other representing consistent evolution
in the backward direction, U N

B (σ ) |ν0≈, as illustrated in Fig. 32.1b. Destructive inter-
ference has eliminated all other paths. This should be contrasted with the situation
in Eq. (32.4) for which the direction of the evolution can change from step to step as
illustrated in Fig. 32.1a.

32.3 New Kind of Irreversibility

We now turn to new results. The derivation of Eq. (32.4) relies on the construction of
paths through time and it is this feature we wish to explore in more detail here. If the
direction of time is known to be the forwards direction, say, then we can determine
whether a universe that is in state |A≈ will be found in a different state |B≈ after a
time interval t from the probability

|∼B| UF (t) |A≈|2 . (32.6)

A nonzero probability value means that there is a temporal path from |A≈ to |B≈.
Expression (32.6) is essentially the probability of transitioning from |A≈ to |B≈ after
a time delay of t .

In the case where the direction of time is not predetermined, we have seen in the
previous section that the construction of temporal paths of N steps each of duration
σ is given by

[UF (σ ) + UB(σ )]N .

With this operator we can check whether a universe that is in state |A≈ can evolve
to state |B≈ in N time steps of unspecified direction by seeing if the (un-normalized)
probability
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PN (B|A) =
∣∣∣∼B| [UF (σ ) + UB(σ )]N |A≈

∣∣∣
2

= ∼A| [U †
F (σ ) + U †

B(σ )]N |B≈ ∼B| [UF (σ ) + UB(σ )]N |A≈ (32.7)

is nonzero. The converse situation where the universe can evolve from |B≈ to |A≈ is
given by checking for a nonzero value of

PN (A|B) =
∣∣∣∼A| [UF (σ ) + UB(σ )]N |B≈

∣∣∣
2

= ∼B| [U †
F (σ ) + U †

B(σ )]N |A≈ ∼A| [UF (σ ) + UB(σ )]N |B≈ . (32.8)

For a non T-violating universe HB = HF and so U †
F (σ ) = exp(i HFσ) = UB(σ )

and U †
B(σ ) = exp(−i HBσ) = UF (σ ), and thus PN (B|A) = PN (A|B). In other

words, if a non T-violating universe can evolve from |A≈ to |B≈ it can also evolve
from |B≈ to |A≈, as one would expect if both directions of time are allowed.

However, the situation is very different for a T violating universe, i.e. one for
which for HB ≥= HF . In this case the right sides of Eqs. (32.7) and (32.8) are not
equal in general. Indeed, in the extreme case, one may be zero while the other is not.
To see this let |B≈ be given by

|B≈ = [UF (σ ) + UB(σ )]M |A≈ (32.9)

where M is an integer, for which we find

PN (B|A) =
∣∣∣∼B| [UF (σ ) + UB(σ )]N |A≈

∣∣∣
2

=
∣∣∣∼A| [U †

F (σ ) + U †
B(σ )]M [UF (σ ) + UB(σ )]N |A≈

∣∣∣
2

.

In the special case where N = M

PM (B|A) = |∼B|B≈|2

which is the square of the norm of |B≈. Normalizing the probability results in a value
of unity. This implies that the evolution from |A≈ to |B≈ is guaranteed as would be
expected from Eq. (32.9). However for the converse case,

PN (A|B) =
∣∣∣∼A| [UF (σ ) + UB(σ )]N |B≈

∣∣∣
2

=
∣∣∣∼A| [UF (σ ) + UB(σ )]N+M |A≈

∣∣∣
2

. (32.10)

If the value of M is sufficiently large that destructive interference eliminates all
paths but two, as illustrated by Eq. (32.5), then the state |B≈ can be written as
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|B≈ ⊥ [U M
F (σ ) + U M

B (σ )] |A≈

and it follows that Eq. (32.10) becomes

PN (A|B) ⊥
∣∣∣∼A| U N+M

F (σ ) + U N+M
B (σ ) |A≈

∣∣∣
2

=
∣∣∣∼A| U N+M

F (σ ) |A≈ + ∼A| U N+M
B (σ ) |A≈

∣∣∣
2

.
(32.11)

Moreover, let the value of M be such that

∼A|B≈ = 0

and so P0(A|B) = 0. It would be reasonable to assume that the observable universe
is not cyclical and never returns to the same state in a fixed direction of time. For
our model this means that ∼A| U N+M

F (σ ) |A≈ = 0 and ∼A| U N+M
B (σ ) |A≈ = 0, and

so from Eq. (32.11)
PN (A|B) ⊥ 0

for any positive value of N. We have succeeded in showing, therefore, that the universe
does not evolve from |B≈to |A≈despite the fact that it is guaranteed to evolve from
|A≈to |B≈. This is a new kind of irreversibility. But to fully appreciate what it means
we first need to consider the relationship between the two terms on the right side of
Eq. (32.5).

32.4 Superposition of Matter and Antimatter

If the state |ν0≈ is T invariant, i.e. if |ν0≈ = T |ν0≈, the two components of the right
side of Eq.(32.5) are related by the time reversal operation

UB(Nσ) |ν0≈ = T UF (Nσ) |ν0≈ .

Multiplying both sides by C P , where C and P are the charge conjugation and
parity inversion operators, and invoking the CPT theorem shows that UF (Nσ) |ν0≈
and UB(Nσ) |ν0≈ are related by charge-parity conjugation. It is interesting to con-
sider the case where the evolution UF (Nσ) |ν0≈ symbolizes baryogenesis. In this
case, if UF (Nσ) |ν0≈ is dominated by matter then UB(Nσ) |ν0≈ is dominated by
antimatter. Every particle in UF (Nσ) |ν0≈ has a corresponding partner antiparticle
in UB(Nσ) |ν0≈ and vise versa, and so a planet composed of matter in UF (Nσ) |ν0≈
is correspondingly composed of antimatter in UB(Nσ) |ν0≈. The two versions
of the planet evolve independently of each other according to Eq. (32.5) and so
particle-antiparticle annihilation between the two versions of the planet would not
occur. Moreover the evolution of the matter-dominated universe in UF (Nσ) |ν0≈ is
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Fig. 32.2 A reinterpretation of Eq. (32.5) treating the two directions, forward and backward, as
equivalent. The states |A≈and |B≈ are related by the relationship given in Eq. (32.9)

equivalent, by the CPT theorem, to the evolution of the antimatter-dominated universe
in UB(Nσ) |ν0≈. This symmetry between UF (Nσ) |ν0≈ and UB(Nσ) |ν0≈ implies
that evolution in the forward direction is equivalent to the evolution in the backward
direction. The directions forward and backward are redundant in this sense. The two
arrows in Fig. 32.1b can therefore be considered to be one as illustrated in Fig. 32.2.

32.5 Discussion

We began with a model of the universe that has no presumed direction of time. Time
evolution is described by a superposition of all possible paths that zigzag forwards
and backwards through time as illustrated in Fig. 32.1a. We found that by incorpo-
rating sufficient T-violating processes only two paths representing always forwards
and always backwards evolution survive destructive interference, as illustrated in
Fig. 32.1b. We also showed that the two directions of time are essentially equivalent,
as illustrated in Fig. 32.2.

Moreover we found that the universe can evolve from one state |A≈ to another |B≈,
as illustrated in Fig. 32.2, but not vice versa. This endows the universe with a temporal
direction pointing from a “past” to a “future”. We have therefore described a physical
mechanism which, if it exists in nature, could account for the directedness of time
that we observe in our universe. This mechanism has the potential of being the cause
of the direction of time. It is quite different to the asymmetry of the thermodynamic
arrow which is an effect of a fixed direction of time and an incomplete knowledge of
a system.
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Chapter 33
Study of Stability Matter Problem in Micropolar
Generalised Thermoelastic

Arminder Singh and Gurpinder Singh

Abstract The theory of micropolar thermoelasticity has many applications. One
form of the recent years concerning the problem of propagation of thermal waves at
finite speed and the possibility of “second sound” effects established a new thermo
mechanical theory of deformable media that uses a general entropy balance as postu-
lated and the theory is illustrated in detail in the context of flow of heat in a rigid solid,
with particular reference to the propagation of thermal waves at finite speed. Then
theory of thermoelasticity for non-polar bodies, based on the new procedures, was
discussed and employed the eigen value approach to study the effect of rotation and
relaxation time in two dimensional problem of generalized thermoelasticity. Recently
investigation shows the dynamic response of a homogeneous, isotropic, generalized
thermoelastic half-space with voids subjected to normal, tangential force and thermal
stress. In this paper we introduce the eigen value approach, following Laplace and
Fourier transformation has been employed to find the general solution of the field
equation in a micropolar generalized thermoelastic medium for plane strain problem.
An application of an infinite space with an impulsive mechanical source has been
taken to illustrate the utility of the approach. The integral transformation has been
inverted by using a numerical inversion technique to get result in physical domain.
The result in the form of normal displacement, normal force stress, tangential force
stress, tangential couple stress and temperature field components have been obtained
numerically and illustrated graphically. Special case of a thermoelastic solid has also
been deduced.
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33.1 Introduction

The theory of micropolarthermoelasticity has been a subject of intensive study. A
comprehensive review of works on the subject was given by [4] and [19]. There has
been very much written in recent years concerning the problem of propagation of
thermal waves at finite speed. A generalized theory of linear micropolarthermoelas-
ticity that admits the possibility of “second sound” effects was established by [1].
Recently, [9] established a new thermomechanical theory of deformable media that
uses a general entropy balance as postulated by [8]. The theory is illustrated in detail in
the context of flow of heat in a rigid solid, with particular reference to the propagation
of thermal waves at finite speed. A theory of thermoelasticity for non-polar bodies,
based on the new procedures, was discussed by [10]. Bahshi et al. [2] employed
the eigen value approach to study the effect of rotation and relaxation time in two
dimensional problem of generalized thermoelasticity. Kumar and Rani [15] studied
the deformation due to mechanical and thermal sources in generalized orthorhomtic-
thermoelastic material. Kumar and Rani [16] investigated the dynamic response of a
homogeneous, isotropic, generalized thermoelastic half-space with voids subjected
to normal, tangential force and thermal stress. The micropolar theory was extended to
include thermal effects by [4] and [19]. Kumar and Chadha [13] derived the expres-
sions for displacements, microrotation, force stress, couple stress and first moment
for a half - space subjected to an arbitrary temperature field and a particular case of
line heat source has been discussed in detail. The uniqueness of the solution of some
boundary value problems of the linear micropolarthermoelasticity was investigated
by [3]. Passarella [21] solved the initial-boundary value problem for micropolarther-
moelasticity and proved a uniqueness theorem for the problem. Mahalanabis and
Manna [17] discussed eigen value approach to linear micropolarthermoelasticity by
arranging basic equations of elasticity in the form of matrix deferential equation in
the Hankel transform and extended the approach to linear thermoelasticity. Marin and
Lupu [18] investigated harmonic vibrations in thermoelasticity of micropolar bodies.
Kumar and Deswal [14] discussed the disturbance due to mechanical and thermal
sources in homogeneous isotropic micropolar generalized thermoelastic half-space.

33.2 Formulation and Solution of the Problem

We consider a homogeneous, isotropic, micropolar generalized thermoelastic solid in
an undisturbed state and initially at uniform temperature. We take a cartesian system
(x, y, z) and z-axis pointing vertically into the medium.

Following [6], [12] and [11], the field equations and the constitutive relations in
micropolar generalized thermoelastic solid without body forces, body couples and
heat sources can be written as
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(ν + 2μ + K ) ≈ (≈.u) − (μ + K )≈ × ≈ × u + K≈ × φ − ν

(
1 + σ1

ω

ωt

)
≈T = ρ

ω2u

ωt2

(α + τ + ψ )≈ (≈.φ) − ψ≈ × ≈ × φ + K≈ × u − 2Kφ = ρ j
ω2φ

ωt2

K ∗≈2T = γC∗
(

ωT

ωt
+ σ0

ω2T

ωt2

⎪
+ νT0

(
ω

ωt
+ ξ σ0

ω2

ωt2

⎪
≈ · u

mi j = αρr,r λi j + τρi, j + ψρ j,i ,

ti j = νur,r λi j + μ
(
ui, j + u j,i

)+ K
(
u j,i − βi jr ρr

)−δ

(
T + σ1

ωT

ωt

)
λij,

For the L-S (Lord Shulman) theory σ1 = 0, ξ = 1 and for G - L (Green Lindsay)
theory σ1 = 0, ξ = 0,

The thermal relaxations σ0 and σ1 satisfy the inequality σ1 ≥ σ0 > 0 for the
G-L theory only. However, it has been proved by [22] that the inequalities are not
mandatory for σ0 and σ1 to follow.

For two dimensional plane strain problem parallel to xz-plane, we assume

u = (u1, 0, u3) , φ = (0, χ2, 0)

The displacement components u1, u3and microrotation component depend upon
x, z and t and are independent of co-ordinate y, so that ω

ωy ∼ 0. With these consider-
ations and using (2.6) and introducing the non-dimensional quantities as

x → = ζ∗x

C1
, z→ = ζ∗z

C1
,

T → = T

T0
, u→

1 = γζ∗C1u1

δT0
,

m→
32 = ζ∗

C1δT0
m32,

where

ζ∗ = C∗ (ν + 2μ)

K ∗ , C2
1 = ν + 2μ

γ
.

Now applying Laplace and Fourier transform defined by

f (x, z, p) =
∫ ←

0
f (x, z, t)exp(−pt)dt,

f̃ (ξ, z, p) =
∫ ←

−←
f (x, z, p)e(−ιξ x)dx,

on the set of Eq. (2.1)–(2.3), after suppressing primes, we get

http://dx.doi.org/10.1007/978-3-319-00297-2_2
http://dx.doi.org/10.1007/978-3-319-00297-2_2
http://dx.doi.org/10.1007/978-3-319-00297-2_2
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d2ũ1

dz2 = 1

m3

[(
m1ξ

2 + p2
)

ũ1 − ιξm2
dũ3

dz
+ m4

dχ̃2

dz
+ ιξ (1 + σ1 p) T̃

]

d2ũ3

dz2 = 1

m1

[
−ιm2ξ

dũ1

dz
+
(

m3ξ
2 + p2

)
ũ3 − m4ιξ χ̃2 + dT̃1

dz

]

d2χ̃2

dz2 = −m5
dũ1

dz
+ ιξm5ũ3 +

(
2m5 + ξ2 + m6p2

)
χ̃2

d2T̃

dz2 = βp (1 + σ0 pξ)

{
ιξ ũ1 + dũ3

dz

}
+
{
ξ2 + p (1 + σ0 p) T̃

}

where

m1 = ν + 2μ + K

γC2
1

, m2 = ν + μ

γC2
1

,

m4 = K

γC2
1

, m5 = K C2
1

γζ∗2 ,

m7 = μ

γC2
1

, m8 = ν

γC2
1

,

β = T0τ
2
1

γK ∗ζ∗ .

Equations (2.9)– (2.12) can be written in the vector matrix differential equation
form as

d

dz
W (ξ, z, p) = A (ξ, p) W (ξ, z, p)

where

W =
[

U
DU

]
, A =

[
O I
A2 A1

]

A1 =



⎢⎢

0 f12 f13 0
f21 0 0 f24
f31 0 0 0
0 f42 0 0

⎡

⎣⎣⎤ , A2 =



⎢⎢

g11 0 0 g14
0 g22 g23 0
0 g32 g33 0

g41 0 0 g44

⎡

⎣⎣⎤

and O is the Null matrix of order 4 with

f12 = −lξm2

m3
, f13 = m4

m3
,

f31 = −m5, f42 = βp (1 + σ0 pξ) ,

g22 =
(
m3ξ

2 + p2
)

m1
, g22 = −lm4ξ

m1
,

http://dx.doi.org/10.1007/978-3-319-00297-2_2
http://dx.doi.org/10.1007/978-3-319-00297-2_2
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g41 = lβξp (1 + σ0 pξ) , g44 = ξ2 + p (1 + σ0 p) ,

To solve the Eq. (2.14), we take W (ξ, z, p) = X (ξ, p)eqz for some q, So we
obtain

A(ξ, p)W (ξ, z, p) = qW (ξ, z, p),

This leads to Eigen value problem. The characteristic equation corresponding to
the matrix A is given by

det (A − qI) = 0

which on expansion provides us

q8 − ε1q6 + ε2q4 − ε3q2 + ε4 = 0

where

ε1 = g11 + g22 + g33 + g44 + f24 f42 + f12 f21 + f13 f31 ,

ε2 = g11g22 + g22g33 + g33g11 + g44g11 + g44g22 + g44g33 + f12 f24g41

+ f24 f42g11 + f24 f42g33 + f24 f42 f13 f31 − g32g23 + f12 f21g33

+ f12 f21g44 − f12 f31g23 + f13 f31g22 + f13 f31g44 − g14g41 − g14 f21 f42,

ε3 = g11g22g33 + g22g33g44 + g33g44g11 + g44g11g22 − g11g23g32 − g44g23g32

+ f24 f42g11g33 + f13 f24g41g32 + f31 f42g14g23 + f12 f21g33g44

− f13 f21g32g44 − f12 f31g23g44 − f42 f21g14g33 + f13 f31g22g44

− g14g41g22 − g14g41g33,

ε4 = g11g22g33g44 − g23g32g11g44 + g14g41g22g33 + g23g32g14g41.

The eigen values of the matrix A are the characteristic roots of the Eq. (2.19). The
vectors X (ξ, p) corresponding to the eigen values qscan be determined by solving
the homogeneous equations

[A − q I ] Xs (ξ, p) = 0.

The set of eigen vectors Xs (ξ, p) ; s = 1, 2, 3, ..., 8 may be defined as

Xs(ξ, p) =
[

Xs1(ξ, p)

Xs2(ξ, p)

]

where

Xs1(ξ, p) =



⎢⎢

asqs
bs
−ξ

cs

⎡

⎣⎣⎤ , Xs2(ξ, p) =



⎢⎢

asq2
s

bsqs
−ξqs
csqs

⎡

⎣⎣⎤ ,

http://dx.doi.org/10.1007/978-3-319-00297-2_2
http://dx.doi.org/10.1007/978-3-319-00297-2_2
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Xl1(ξ, p) =



⎢⎢

−asqs
bs
−ξ

cs

⎡

⎣⎣⎤ , Xl2(ξ, p) =



⎢⎢

asq2
s

−bsqs
ξqs
−csqs

⎡

⎣⎣⎤ ,

as = −ξ

m3�s

⎦{
ξ2 + p (1 + σ0 p) − q2

s

} {
m4m5 + m2

(
2m5 + ξ2 + p2m6 − q2

s

)

+ βp
(

2m5 + ξ2 + p2m6 − q2
s

)
(1 + σ1 p) (1 + σ0 p) ξ

}]

bs = ι

m3�s

⎦{
ξ2 + p (1 + σ0 p) − q2

s

} {
m4m5q2

s +
(

2m5 + ξ2 + p2m6 − q2
s

)

×
(

m1ξ
2 + p2 − m3q2

s

)}
+ βpξ2

(
2m5 + ξ2 + p2m6 − q2

s

)
(1 + σ1 p) (1 + σ0 p) ξ

]

cs = βpqs (1 + σ0 pξ) (ιξas + bs)[
q2

s − {ξ2 + p (1 + σ0 p)
}⎧

�s = m5

m3
[
{
ξ2 + p (1 + σ0 p) − q2

s

}
{m2q2

s −
(

m1ξ
2 + p2 − q2

s m3

)
}

+ βp (1 + σ0 pξ) (1 + σ1 p)
(

q2
s − ξ2

)
]

Thus solution of Eq. (2.14) is as given by [23]

W(ξ, z, p) =
4⎨

s=1

[
Es Xs (ξ, p) eqsz + Es+4 Xs+4 (ξ, p) e−qsz⎧

E1, E2, E3, E4, E5, E6, E7 and E8 are eight arbitrary constants. The Eq. (2.32) repre-
sents a general solution of the plane strain problem for isotropic, micropolar general-
ized thermoelastic solid and gives the displacement, microrotation and temperature
field in the transformed domain.

33.3 Applications

Mechanical Source

We consider an infinite micropolar generalized thermoelastic space in which a con-
centrated force where F0 is the magnitude of the force, F = −F0λ(x)λ(t) acting in
the direction of the z-axis at the origin of the Cartesian co-ordinate system as shown
in Fig. 33.1. The boundary condition for present problem on the plane z = 0 are

http://dx.doi.org/10.1007/978-3-319-00297-2_2
http://dx.doi.org/10.1007/978-3-319-00297-2_2
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MICROPOLAR THERMOELASTIC
MEDIUM-II

z< 0 

MICROPOLAR THERMOELASTIC
MEDIUM-I

x

z> 0 

O

F0

Fig. 33.1 .

u1(x, 0+, t) − u1(x, 0−, t) = 0, u3(x, 0+, t) − u3(x, 0−, t) = 0,

χ2(x, 0+, t) − χ2(x, 0−, t) = 0, T (x, 0+, t) − T (x, 0−, t) = 0,

ωT

ωz

(
x, 0+, t

)− ωT

ωz

(
x, 0−, t

) = 0, t31
(
x, 0+, t

)− t31
(
x, 0−, t

) = 0,

t33
(
x, 0+, t

)− t33
(
x, 0−, t

) = −F0λ(x)λ(t), m32
(
x, 0+, t

)− m32
(
x, 0−, t

) = 0

Making use of Eq. (2.6)–(2.7) and F →
0 = F0

K in Eq. (2.4)–(2.5), we get the stresses
in the non-dimensional form with primes. After suppressing the primes, we apply
Laplace and Fourier transforms defined by Eq. (2.8) on the resulting equations and
from Eq. (3.1), we get transformed components of displacement, microrotation, tem-
perature field, tangential force stress, normal force stress and tangential couple stress
for z > 0 are given by

ũ1(ξ, z, p) = − {a1q1E5e−q1z + a2q2E6e−q2z + a3q3E7e−q3z + a4q4E8e−q4z} ,

ũ3(ξ, z, p) = b1E5e−q1z + b2E6e−q2z + b3E7e−q3z + b4E8e−q4z,

χ̃2(ξ, z, p) = −ξ
{
E5e−q1z + E6e−q2z + E7e−q3z + E8e−q4z} ,

T̃ (ξ, z, p) = c1E5e−q1z + c2E6e−q2z + c3E7e−q3z + c4E8e−q4z,

t̃31(ξ, z, p) = (m3a1q2
1 + ιξb1s10 + ξm4

)
E5e−q1z + (m3a2q2

2 + ιξb2m7 + ξm4
)

E6e−q2z+
(
m3a3q2

3 + ιξb3m7 + ξm4
)

E7e−q3z + (m3a4q2
4 + ιξrmb4m7 + ξm7

)
E8e−q4z,

t̃33(ξ, z, p) = −[(ιξm8a1q1 + m1b1q1 + c1 (1 + σ1 p)) E5e−q1z

+ (ιξm8a2q2 + m1b2q2 + c2 (1 + σ1 p)) E6e−q2z

+ (ιξm8a3q3 + m1b3q3 + c3 (1 + σ1 p)) E7e−q3z

+ (ιξm8a4q4 + m1b4q4 + c4 (1 + σ1 p)) E8e−q4z,

m̃32(ξ, z, p) = ξs8
{
q1E5e−q1z + q2E6e−q2z + q3E7e−q3z + q4E8e−q4z} ,

for z<0, the above expressions get suitably modified, e.g.

ũ1(ξ, z, p) = a1q1E1eq1z + a2q2E2eq2z + a3q3E3eq3z + a4q4E4eq4z,

Making use of the transformed displacements, microrotation, microstretch and
stresses given by (3.6)–(3.12) in the transformed boundary conditions, we obtain

http://dx.doi.org/10.1007/978-3-319-00297-2_2
http://dx.doi.org/10.1007/978-3-319-00297-2_2
http://dx.doi.org/10.1007/978-3-319-00297-2_2
http://dx.doi.org/10.1007/978-3-319-00297-2_2
http://dx.doi.org/10.1007/978-3-319-00297-2_2
http://dx.doi.org/10.1007/978-3-319-00297-2_3
http://dx.doi.org/10.1007/978-3-319-00297-2_3
http://dx.doi.org/10.1007/978-3-319-00297-2_3
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eight linear relations between the Ei ’s, which on solving gives

E1 = E5 = F0

2q1�1
[c2 (a3 − a4) + c3 (a4 − a2) + c4 (a2 − a3)] ,

E2 = E6 = F0

2q2�1
[c1 (a4 − a3) + c3 (a1 − a4) + c4 (a3 − a1)] ,

E3 = E7 = F0

2q3�1
[c1 (a2 − a4) + c2 (a4 − a1) + c4 (a1 − a2)] ,

E4 = E8 = F0

2q4�1
[c1 (a3 − a2) + c2 (a1 − a3) + c3 (a2 − a1)] ,

where

�1 = m1[c1 {(a2b3 − a3b2) + (a3b4 − a4b3) + (a4b2 − a2b4)}
+ c2 {(a3b1 − a1b3) + (a1b4 − a4b1) + (a4b3 − a3b4)}
+ c3 {(a1b2 − a2b1) + (a4b1 − a1b4) + (a2b4 − a4b2)}
+ c4 {(a2b1 − a1b2) + (a1b3 − a3b1) + (a3b2 − a2b3)}],

Thus functions ũ1, ũ3, ρ̃2, T̃ , t̃31, t̃33 and m̃32 have been determined in the trans-
formed domain and these enable us to find the displacements, microrotation, tem-
perature field and stresses.

Case I : For L-S theory, as , bs and cs in the expressions (3.5)–(3.12) take the form

as = −ξ

m3�s
[
{
ξ2 + p (1 + σ0 p) − q2

s

}
{m4m5 + m2

(
2m5 + ξ2 + p2m6 − q2

s

)

+ βp
(

2m5 + ξ2 + p2m6 − q2
s

)
(1 + σ0 p)}],

bs = ι

m3�s
[
{
ξ2 + p (1 + σ0 p) − q2

s

}
{m4m5q2

s +
(

2m5 + ξ2 + p2m6 − q2
s

)

×
(

m1ξ
2 + p2 − m3q2

s

)
} + βpξ2

(
2m5 + ξ2 + p2m6 − q2

s

)
(1 + σ0 p)],

cs = βpqs (ιξas + bs)[
q2

s − {ξ2 + p (1 + σ0 p)
}⎧ ,

where

�s = m5

m3
[
{
ξ2 + p (1 + σ0 p) − q2

s

}
{m2q2

s −
(

m1ξ
2 + p2 − q2

s m3

)
}

+ βp (1 + σ1 p)
(

q2
s − ξ2

)
] ; s = 1,2,3,4

http://dx.doi.org/10.1007/978-3-319-00297-2_3
http://dx.doi.org/10.1007/978-3-319-00297-2_3
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and ±qs (s = 1, 2, 3, 4) are roots of the Eq. (2.19) in which ε1, ε2, ε3 and ε4 are
obtained respectively from expressions(2.20)–(2.23) by taking σ1 = 0, ξ = 1.

Case II : For G-L theory, as b’s and c’s in the expressions (3.5)–(3.12) take the
form

as = −ξ

m3�s
[
{
ξ2 + p (1 + σ0 p) − q2

s

}
{m4m5 + m2

(
2m5 + ξ2 + p2m6 − q2

s

)

+ βp
(

2m5 + ξ2 + p2m6 − q2
s

)
(1 + σ1 p)}],

bs = ι

m3�s
[
{
ξ2 + p (1 + σ0 p) − q2

s

}
{m4m5q2

s +
(

2m5 + ξ2 + p2m6 − q2
s

)

(
m1ξ

2 + p2 − m3q2
s

)
} + βpξ2

(
2m5 + ξ2 + p2m6 − q2

s

)
(1 + σ1 p)],

cs = βpqs (ιξas + bs)[
q2

s − {ξ2 + p (1 + σ0 p)
}⎧ ,

where

�s = m5

m3
[
{
ξ2 + p (1 + σ0 p) − q2

s

}
{m2q2

s −
(

m1ξ
2 + p2 − q2

s m3

)
}

+ βp (1 + σ1 p)
(

q2
s − ξ2

)
] ; s = 1,2,3,4

and ±qs (s =1, 2, 3, 4) are roots of the equation (2.19) in which ε1, ε2, ε3andε4are
obtained respectively from expressions (2.20)–(2.23) by taking ξ = 0

Case III : For Green and Naghdi theory (G-N), Eq. (2.1), (2.3) and (2.4) can be
written as

(ν + 2μ + K )≈ (≈.u) − (μ + K )≈ × ≈ × u + K≈ × φ − δ≈T = γ
ω2u
ωt2

K∗≈2T = γC∗ ω2T

ωt2 + δT0
ω2 (≈.u)

ωt2

ti j = νur,rλi j + μ
(
ui,j + uj,i

)+ K
(
uj,i − βi j,rχr

)− δT λi j

and K ∗ is not the usual thermal conductivity but a material characteristics constant

in G - N & theory and is given K ∗
(
= C∗(ν+2μ)

4

)

With the help of Eq. (3.26)–(3.28) and following the procedure of the previous
sections, we get the expressions for displacements, microrotation, temperature, field,
force stresses and couple stress by taking in Eq. (3.5)-(3.11).

(1 + σ1 p) = 1, (1 + σ0 p) = 4p,
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Particular Case I : Neglecting micropolarity effect i.e. α = τ = ψ = K = j = 0
in Eq. (3.5)–(3.12), the expressions for displacement components, force stresses and
temperature field are obtained in a thermoelastic medium as

ũ1(ξ, z, p) = −
{

a∗
1q1E∗

4e−q∗
1 z + a∗

2q∗
2E∗

5e−q∗
2 z + a∗

3q∗
3E∗

6e−q∗
3 z
}

,

ũ3(ξ, z, p) = b∗
1E∗

4e−q∗
1 z + b∗

2E∗
5e−q∗

2 z + b∗
3E∗

6e−q∗
3 z,

T̃ (ξ, z, p) = −ξ
{

E∗
4e−q∗

1 z + E∗
5e−q∗

2 z + c3E∗
6e−q∗

3 z
}

,

t̃31(ξ, z, p) = m7{
(

a∗
1q∗2

1 + ιξb∗
1

)
E∗

4e−q∗
1 z +

(
a∗

2q∗2

2 + ιξb∗
2

)
E∗

5e−q∗
2 z

+
(

a∗
3q∗2

3 + ιξb∗
3

)
E∗

6e−q∗
3 z},

t̃33(ξ, z, p) = −[{m∗
1
q∗

1
b∗

1
+ ιξm8a∗

1
q∗

1
− ξ (1 + σ1 p)

}
E∗

4
e−q∗

1
z

+ {m∗
1
q∗

2
b∗

2
+ ιξm8a∗

2q∗
2 − ξ (1 + σ1 p)

}
E∗

5
e−q∗

2
z

+ {m∗
1
q∗

3
b∗

3
+ ιξm8a∗

3
q∗

3
− ξ (1 + σ1 p)

}
E∗

6
e−q∗

3
z],

where

E∗
1

= E∗
4 = F0

(
a∗

3
− a∗

2

)

2q∗
1
�∗

1

,

E∗
2

= E∗
5

= F0
(
a∗

1
− a∗

3

)

2q∗
2
�∗

1

,

E∗
3

= E∗
6 = F0

(
a∗

2
− a∗

1

)

2q∗
3 �∗

1

,

�∗
1

= m∗
1

{(
a∗

2
b∗

3
− a∗

3
b∗

2

)+ (a∗
3
b∗

1
− a∗

1
b∗

3

)+ (a∗
1
b2 − a∗

2
b∗

1

)}
,

a∗
s

= −ξ

m∗
3
�∗

s

[m2

{
ξ2 + p (1 + σ0 p) − q∗2

s

}
+ βp (1 + σ0 pξ) (1 + σ1 p)}],

b∗
s

= ι

m∗
3
�∗

s

[
{
ξ2 + p (1 + σ0 p) − q∗2

s

} (
m∗

1
ξ2 + p2 − m∗

3q∗2
s

)
}

+ βpξ2 (1 + σ0 pξ) (1 + σ1 p)],

�∗
s

= βpq∗2
s (1 + σ0 pξ)

ξm∗
3

{(
m∗

1
ξ2 + p2 − q∗2

s m∗
3

)
− ξ2m2

}
,

and ±q∗
s (s = 1, 2, 3) are the roots of the equation
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q∗6 − ε ∗
1 q04 + ε ∗

2 q∗2 − ε ∗
3 = 0

ε ∗
1 =

(
m∗

1ξ2 + p2

m∗
3

⎪
+
(

m∗
3ξ2 + p2

m∗
1

⎪
+ {ξ2 + p (1 + σ0 p)

}+ βp

m∗
1

(1 + σ0 pξ) (1 + σ1 p) − ξ2m2
2

m∗
1
m∗

3

,

ε ∗
2 =

(
m∗

1ξ2 + p2

m∗
3

⎪
+
(

m∗
3ξ2 + p2

m∗
1

⎪
+
(

m∗
3ξ2 + p2

m∗
1

⎪
{
ξ2 + p (1 + σ0 p)

}

+ {ξ2 + p (1 + σ0 p)
}
(

m∗
1ξ2 + p2

m∗
3

⎪
+ βp

m∗
1

(1 + σ0 pξ) (1 + σ1 p)

(
m∗

1ξ2 + p2

m∗
3

⎪

− ξ2m2
2

m∗
1m∗

3

{
ξ2 + p (1 + σ0 p)

}− 2βpξ2m2

m∗
1m∗

3
(1 + σ0 pξ) (1 + σ1 p) + βpξ2

m∗
3

(1 + σ0 pξ) (1 + σ1 p) ,

with

m∗
1

= ν + 2μ

γC2
1

, m∗
3 = μ

γC2
1

i. For L-S theory : Taking σ1 = 0, ξ = 1in expression given by (3.29)–(3.33) of
particular case I, we obtain expressions for displacement components, temperature
field and force stresses.

ii. For G-L theory : Taking ξ = 0 in expressions given by (3.29)–(3.33)of
particular case I, we obtain expressions for displacement components, temperature
field and force stresses

iii. For G-N theory : Neglecting micropolarity effect i.e. (α = τ = ψ = K =
j = 0) in subcase III of case I, we get the expressions for displacement components,
temperature field and force stresses are obtained in a thermoelastic medium by taking

1+σ1 p = 1, 1+σ0 p = 4p, 1+σ0 pξ = p, β = β1

4
, ζ∗ = C1

h
, β1 = T0δ

2

γK ∗

in Eq. (3.29)–(3.44) as

ũ1(ξ, z, p) = −
{

a0
1q1E0

4
e−q0

1z + a0
2q0

2E0
5e−q0

2z + a0
3q0

3E0
6e−q0

3z
}

,

ũ3(ξ, z, p) = b0
1
E0

4
e−q0

1
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2E0
5e−q0

2
z + b0

3E0
6
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3
z
,

T̃ (ξ, z, p) = − ξ
{

E0
4
e−q0

1
z + E0

5e−q0
2

z + c3E0
6
e−q0

3
z
}

,
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(
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1
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1
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1

)
E0
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3

)
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z},
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+
{
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where
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2
)
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1
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3
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s 2
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− ξ2m2

}
, β1 = 4β,

and ±q0
s (s = 1, 2, 3) equation
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1 q04 + ε 0

2 q02 − ε 0
3 = 0,

ε 0
1 =

(
m∗

1ξ2 + p2
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3

⎪
+
(

m∗
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1

⎪
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(
ξ2 + 4p2
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,

ε 0
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(
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1
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1

) (
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+ (ξ2 + 4p2
) (m∗

1ξ2+p2

m∗
3

)
+ β1 p2

m∗
1

(
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1
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3
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3

,

where f̃e and f̃0 are even and odd parts of the functions f̃ (ξ, z, p) respectively. Thus,
expression (37.1) gives us the Laplace transform f̄ (x, z, p) of the function f (x, z, t).
Following [11], the Laplace transform function f̄ (x, z, p) can be inverted to f (x, z, t) .

ε 0
3 =

(
m∗

1ξ2+p2

m∗
3

) (
m∗

3ξ2+p2

m∗
1

) (
ξ2 + 4p2

)+ β1 p2ξ2

m∗
3

(
m∗

3ξ2+p2

m∗
1

)
,

Thus, the expressions given by equations (3.5)–(3.12) with the help of (3.13)–
(3.16) and (3.17) represent the solution of plane strain problem under consideration
in the transformed domain using eigen value approach.
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33.4 Inversion of the Transforms

To obtain the solution of the problem in the physical domain, we must invert the
transforms for three theories that is L-S, G-L and G-N. These expressions are func-
tions of z, the parameters of Laplace and Fourier transforms p and ξ respectively
and hence are of the form f̄ (x, z, p). To get the function f (x, z, t)in the physical
domain, first we invert the Fourier transform using

f̄ (x, z, p) =
∫ ←

−←
exp(iξ x) f̃ (ξ, z, p)dξ = 1

π

∫ ←

0

{
cos(ξ x) f̃e + i sin(ξ x) f̃0

}
dξ

The last step in the inversion process is to evaluate the integral in Eq.(37.1). This
was done using Romberg’s integration with adaptive step size. This method uses
the results from successive refinements of the extended trapezoidal rule followed by
extrapolation of the results to the limit when the step size tends to zero. The details
can be found in [20].

33.5 Numerical Results and Discussion

Following [5], we take the following values of relevant parameters for the case of
Magnesium crystal as

γ= 1.74 gm/cm3, j= 0.2 × 10−15 cm2, ν= 9.4 × 1011 dyne/cm2,

μ= 4.0 × 1011 dyne, K= 1.0 × 1011 dyne/cm2, C∗= 0.23 Call/gm0C,

ψ = 0.779 × 10−4 dyne, β = 0.073. K ∗ = 0.6 × 10−2 cal/cmsec,
T0 = 23⊥C, σ0 = 6.131 × 10−13 sec, σ1 = 8.765 × 10−13 sec
h = 1 cm, z = 1

33.6 Discussion

The variations of normal displacement U3 with distance x for three different theories
(L-S, G-L and G-N) in both media after multiplying the original values for G-N theory
in MTE medium by 10 are shown in Fig. 33.2 The values of normal displacement
due to microrotation effect are less in MTE medium in comparison to TE medium
in the 0 ∇ x ∇ 0.5for all three theories, whereas the values of U3 oscillate as x
increases further in the rest of the range for both media. It is also evident that normal
displacement decreases for both media for L-S and G-L theories, increases gradually
in MTE medium for G-N theory and oscillate in TE medium for G-N theory.

The values of normal force stress T33in magnitude are more for three different
theories in MTE medium in comparison to TE medium. It is also noticed that the
values of normal force stress oscillate for L-S and G-L theories in MTE and TE media.
The values of normal force stress also oscillate for G-N theory in TE medium, whereas

http://dx.doi.org/10.1007/978-3-319-00297-2_37
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these decrease gradually with increasing value of x in MTE medium. These variations
of normal force stress have been shown in Fig. 33.3 after dividing the original values
by 10 in case of G-N theory in MTE medium.

Figure 33.4 depicts the variations of tangential couple stress M32 for three different
theories in MTE medium after dividing the original values for G-N theory by 10. The
behaviour of tangential couple stress is oscillatory for three theories. It is noticed that
the value of tangential couple stress for G-N theory are large in comparison to L-S
and G-L theories in the range 0 ∇ x ∇ 2.5 and the values are small for the rest of the
range.

The range of values of temperature field in magnitude is large in case of three theo-
ries in MTE medium in comparison to TE medium. It is also observed that temperature
field oscillate in TE medium for three different theories but in MTE medium for L-S
and G-L theories, the temperature field oscillate. The values of temperature field for
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G-N theory decrease gradually with increasing value of x in MTE medium. These
variations shown in Fig. 33.5 after multiplying the original values in case of L-S and
G-N theories by 102 and 102 respectively in MTE medium; the original values in case
of G-N theory (TE medium) and also magnified by multiplying 102.
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33.7 Conclusion

From the above numerical results, we conclude that micropolarity has a significant
effect on normal displacement, normal force stress and temperature field mechanical-
source for three theories.Mcropolar effect is more appreciable for normal displacement
and temperature field in, comparison to normal force stress. Application of the present
paper may also be found in the field of steel and oil industries. The present Problem
is also useful in the field of geomechanics, where, the interest is about the various
phenomenon occurring in the earthquakes and measuring of displacements, stresses
and temperature field due to the presence of certain sources.

33.8 Nomenclature

ν, μ = Lame’s constants
α, τ, ψ, K = Micropolar material constants
α0, ν0, ν1 = Material constants due to the presence of stretch.
νI , μI , KI , αI , δ, ψI , α0I , ν0I , ν1I = Microstretch viscoelastic constants
γ = Density j = Micro-inertia u = Displacement vector φ = Microrotation

vector
φ∗ = Scalar microstretch
ti j = Force stress tensor
mi j = Couple stress tensor
νl = Microstress tensor
λi j = Kronecker delta
βi jr = Alternating tensor
Δ = Gradient operator
ι = Iota
And dot denotes the partial derivative w.r.t. time.
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Chapter 34
Relativistic Classical and Quantum Mechanics:
Clock Synchronization and Bound States,
Center of Mass and Particle Worldlines,
Localization Problems and Entanglement

Luca Lusanna

Abstract Parametrized Minkowski theories allow to describe isolated systems in
global non-inertial frames in Minkowski space-time (defined as M/oller-admissible
3 + 1 splittings with clock synchronization and radar 4-coordinates) , with the tran-
sitions among frames described as gauge transformations. The restriction to the
intrinsic inertial rest frame allows to formulate a new relativistic classical mechanics
for N-particle systems compatible with relativistic bound states. There is a com-
plete control on the relativistic collective variables (Newton-Wigner center of mass,
Fokker-Pryce center of inertia, M/oller center of energy) and on the realization of
the Poincare’ algebra (with the explicit form of the interaction-dependent Lorentz
boosts). The particle world-lines are found to correspond to the ones of predictive
mechanics and localization problems are clarified. The model can be consistently
quantized avoiding the instantaneous spreading of the center-of-mass wave packets
(Hegerfeldt theorem), because the non-local non-covariant center of mass is a non-
measurable quantity. The basic difference with non-relativistic quantum mechanics
is that the composite N-particle system cannot be represented as the tensor product
of single particle Hilbert spaces, but only as the tensor product of the center-of-
mass Hilbert space with the one of relative motions. This spatial non-separability
(due to the Lorentz signature of space-time) makes relativistic entanglement much
more involved than the non-relativistic one. Some final remarks on the emergence
of classicality from quantum theory are done.

34.1 Introduction

Predictability in classical and quantum physics is possible only if the relevant partial
differential equations have a well posed Cauchy problem and the existence and unicity
theorem for their solutions applies. A pre-requisite is the existence of a well defined

L. Lusanna (B)

Sezione INFN di Firenze,Via Sansone 1, 50019 Sesto Fiorentino, FI, Italy

B. G. Sidharth et al. (eds.), Frontiers of Fundamental Physics and Physics Education 343
Research, Springer Proceedings in Physics 145, DOI: 10.1007/978-3-319-00297-2_34,
© Springer International Publishing Switzerland 2014



344 L. Lusanna

3-space (i.e. a clock synchronization convention) supporting the Cauchy data. In
Galilei space-time there is no problem: time and Euclidean 3-space are absolute.

Instead there is no intrinsic notion of 3-space, simultaneity, 1-way velocity of light
(two distant clock are involved) in special relativity (SR): in the absolute Minkowski
space-time, only the conformal structure (the light-cone) is intrinsically given as the
locus of incoming and outgoing radiation. The light postulate says that the 2-way
(only one clock is involved) velocity of light c is isotropic and constant. Its codified
value replaces the rods (i.e. the standard of length) in modern metrology, where an
atomic clock gives the standard of time and a conventional reference frame centered
on a given observer is chosen as a standard of space-time (GPS is an example of such
a standard).

The standard way out from the problem of 3-space is to choose the Euclidean
3-space of an inertial frame centered on an inertial observer and then use the kine-
matical Poincaré group to connect different inertial frames. This is done by means of
Einstein convention for the synchronization of clocks: the inertial observer A sends a
ray of light at xo

i towards the (in general accelerated) observer B; the ray is reflected
towards A at a point P of B world-line and then reabsorbed by A at xo

f ; by conven-
tion P is synchronous with the mid-point between emission and absorption on A’s
world-line, i.e. xo

P = xo
i + 1

2 (xo
f − xo

i ) = 1
2 (xo

i + xo
f ). This convention selects the

Euclidean instantaneous 3-spaces xo = ct = const. of the inertial frames centered
on A. Only in this case the one-way velocity of light between A and B coincides
with the two-way one, c. However, if the observer A is accelerated, the convention
breaks down, because if only the world-line of the accelerated observer A (the 1+3
point of view) is given, then the only way for defining instantaneous 3-spaces is
to identify them with the Euclidean tangent planes orthogonal to the 4-velocity of
the observer (the local rest frames). But these planes (they are tangent spaces not
3-spaces!) will intersect each other at a distance from A’s world-line of the order of
the acceleration lengths of A, so that all the either linearly or rotationally accelerated
frames, centered on accelerated observers, based either on Fermi coordinates or on
rotating ones, will develop coordinate singularities. Therefore their approximated
notion of instantaneous 3-spaces cannot be used for a well-posed Cauchy problem
for Maxwell equations.

Therefore in Refs. [9–11] a general theory of non-inertial frames in Minkowski
space-time was developed. As shown in Refs. [10, 14, 11] this formulation allowed
to develop a Lagrangian description (parametrized Minkowski theories) of isolated
systems (particles, strings, fluids, fields) in which the transition from a non-inertial
frame to another one is formalized as a gauge transformation. Therefore the inertial
effects only modify the appearances of phenomena but not the physics.

Then the restriction to inertial frames allowed to define the Poincaré generators
starting from the energy-momentum tensor. The intrinsic inertial rest frame of every
isolated system allowed the definition of the rest-frame instant form of dynamics
where it is possible to study the problem of the separation of the collective relativistic
variable of an isolated system from the relative ones living in the so called Wigner
3-spaces in accord with the theory of relativistic bound states [2, 4, 13, 5]. The
ordinary world-lines of the particles can then be reconstructed [9].
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The rest-frame instant form allows to give a formulation of relativistic
quantum mechanics (RQM) [6] which takes into account of the problems of rel-
ativistic causality and relativistic localization implied by the Lorentz signature of
Minkowski space-time. Also a definition of relativistic entanglement can be given:
the Lorentz signature implies features of non-locality and spatial non-separability
absent in the non-relativistic formulation of entanglement.

Elsewhere we extend the definition of non-inertial frames to general relativity
(GR) in asymptotically Minkowskian space-times. In GR there is no absolute notion
since also space-time becomes dynamical (with the metric structure satisfying Ein-
stein’s equations): however in this class of space-times it is possible to make a Hamil-
tonian formulation and to separate the inertial degrees of freedom of the gravitational
field from the tidal ones (the gravitational waves of the linearized theory).

34.2 Non-inertial Frames in Minkowski Space-Time
and Radar 4-Coordinates

A metrology-oriented description of non-inertial frames in SR can be done with
the 3 + 1 point of view and the use of observer-dependent Lorentz scalar radar
4-coordinates. Let us give the world-line xμ(ν ) of an arbitrary time-like observer
carrying a standard atomic clock: ν is an arbitrary monotonically increasing function
of the proper time of this clock. Then we give an admissible 3 + 1 splitting of
Minkowski space-time, namely a nice foliation with space-like instantaneous 3-
spaces νν : it is the mathematical idealization of a protocol for clock synchronization.
All the clocks in νν sign the same time of the atomic clock of the observer: it is the
non-factual idealization required by the Cauchy problem generalizing the existing
protocols for building coordinate system inside the future light-cone of a time-like
observer. On each 3-space νν we choose curvilinear 3-coordinates δr having the
observer as origin. These are the radar 4-coordinates δA = (ν ;δr ).

If xμ ≈∗ δA(x) is the coordinate transformation from the Cartesian 4-coordinates
xμ of a reference inertial observer to radar coordinates, its inverse δA ≈∗ xμ =
zμ(ν ,δr ) defines the embedding functions zμ(ν ,δr ) describing the 3-spaces νν as
embedded 3-manifold into Minkowski space-time. The induced 4-metric on νν is
the following functional of the embedding 4gAB(ν ,δr ) = [zμ

A λμε zε
B](ν ,δr ), where

zμ
A = α zμ/α δA and 4λμε = β (+ − −−) is the flat metric (β = ±1 according

to either the particle physics β = 1 or the general relativity β = −1 convention).
While the 4-vectors zμ

r (ν ,δu) are tangent to νν , so that the unit normal lμ(ν ,δu) is
proportional to βμ

πφ∂ [zπ
1 zφ

2 z∂
3 ](ν ,δu), we have zμ

ν (ν ,δr ) = [N lμ + Nr zμ
r ](ν ,δr )

with N (ν ,δr ) = β [zμ
ν lμ](ν ,δr ) and Nr (ν ,δr ) = −β gνr (ν ,δr ) being the lapse and

shift functions.
The foliation is nice and admissible if it satisfies the conditions:

(1) N (ν ,δr ) > 0 in every point of νν (the 3-spaces never intersect, avoiding the
coordinate singularity of Fermi coordinates);
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(2) β 4gνν (ν ,δr ) > 0, so to avoid the coordinate singularity of the rotating disk, and
with the positive-definite 3-metric 3grs(ν ,δu) = −β 4grs(ν ,δu) having three
positive eigenvalues (these are the Møller conditions);

(3) all the 3-spaces νν must tend to the same space-like hyper-plane at spatial infinity
(so that there are always asymptotic inertial observers to be identified with the
fixed stars).

These conditions imply that global rigid rotations are forbidden in relativistic
theories. In Refs. [10, 11] there is the expression of the admissible embedding cor-
responding to a 3 + 1 splitting of Minkowski space-time with parallel space-like
hyper-planes (not equally spaced due to a linear acceleration) carrying differentially
rotating 3-coordinates without the coordinate singularity of the rotating disk. It is the
first consistent global non-inertial frame of this type.

Each admissible 3 + 1 splitting of space-time allows to define two associated
congruences of time-like observers: (a) the Eulerian observers with the unit normal to
νν as 4-velocity; (b) the non surface forming observers with 4-velocity proportional
to zμ

ν (ν ,δr ).
Therefore starting from the four independent embedding functions zμ(ν ,δr )

we obtain the ten components 4gAB(ν ,δu) of the 4-metric: they play the role of
the inertial potentials generating the relativistic apparent forces in the non-inertial
frame (the usual Newtonian inertial potentials can be recovered by doing the non-
relativistic limit). The extrinsic curvature tensor 3 Krs(ν ,δu) = [ 1

2 N (Nr |s + Ns|r −
αν

3grs)](ν ,δu), describing the shape of the instantaneous 3-spaces as embedded 3-
sub-manifolds of Minkowski space-time, is a secondary inertial potential functional
of the inertial potentials 4gAB .

34.3 Classical Relativistic Isolated Systems

In these global non-inertial frames of Minkowski space-time it is possible to describe
isolated systems (particles, strings, fields, fluids) admitting a Lagrangian formulation
by means of parametrized Minkowski theories. The matter variables are replaced with
new ones knowing the clock synchronization convention defining the 3-spaces νν .
For instance a Klein-Gordon field σ̃(x) will be replaced with σ(ν ,δr ) = σ̃(z(ν ,δr ));
the same for every other field. Instead for a relativistic particle with world-line xμ(ν )

we must make a choice of its energy sign: then the positive- (or negative-) energy par-
ticle will be described by 3-coordinates λr(ν ) defined by the intersection of its world-
line with νν : xμ(ν ) = zμ(ν , λr(ν )). Differently from all the previous approaches to
relativistic mechanics, the dynamical configuration variables are the 3-coordinates
λr(ν ) and not the world-lines xμ(ν ) (to rebuild them in an arbitrary frame we need
the embedding defining that frame!).

Then the matter Lagrangian is coupled to an external gravitational field and the
external 4-metric is replaced with the 4-metric gAB(ν ,δr ) of an admissible 3+1 split-
ting of Minkowski space-time. With this procedure we get a Lagrangian depending
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on the given matter and on the embedding zμ(ν ,δr ), which is invariant under frame-
preserving diffeomorphisms. As a consequence, there are four first-class constraints
(an analogue of the super-Hamiltonian and super-momentum constraints of canoni-
cal gravity) implying that the embeddings zμ(ν ,δr ) are gauge variables, so that all
the admissible non-inertial or inertial frames are gauge equivalent, namely physics
does not depend on the clock synchronization convention and on the choice of the
3-coordinates δr . Even if the gauge group is formed by the frame-preserving diffeo-
morphisms, the matter energy-momentum tensor allows the determination of the ten
conserved Poincare’ generators Pμ and Jμε (assumed finite) of every configuration
of the system (in non-inertial frames they are asymptotic generators at spatial infinity
like the ADM ones in GR).

If we restrict ourselves to inertial frames, we can define the inertial rest-frame
instant form of dynamics for isolated systems by choosing the 3 + 1 splitting cor-
responding to the intrinsic inertial rest frame of the isolated system centered on an
inertial observer: the instantaneous 3-spaces, named Wigner 3-spaces due to the fact
that the 3-vectors inside them are Wigner spin-1 3-vectors, are orthogonal to the con-
served 4-momentum Pμ of the configuration. The embedding corresponding to the
inertial rest frame is zμ(ν , ≥δ) = Y μ(ν )+ β

μ
r (≥h)δr , where Y μ(ν ) is the Fokker-Pryce

center-of-inertia 4-vector, ≥h = ≥P/
∼

β P2 and βμ
A=ε(≥h) is the standard Wigner boost

for time-like orbits sending Pμ = ∼
β P2 (

√
1 + ≥h2; ≥h) to (1; 0).

In Refs. [10, 11] there is also the definition of the admissible non-inertial rest
frames, where Pμ is orthogonal to the asymptotic space-like hyper-planes to which
the instantaneous 3-spaces tend at spatial infinity. This non-inertial family of 3 +
1 splittings is the only one admitted by the asymptotically Minkowskian space-
times without super-translations in GR. Finally in Ref. [1] there is the definition of
parametrized Galilei theories, non relativistic limit of the parametrized Minkowski
theories. Also the inertial and non-inertial frames in Galilei space-time are gauge
equivalent in this formulation.

34.4 Relativistic Center of Mass, Particle World-Lines
and Bound States

The framework of the inertial rest frame allowed the solution of the following old
open problems:

(A) The classification [12] of the relativistic collective variables (the canonical
non-covariant Newton-Wigner center of mass (or center of spin), the non-canonical
covariant Fokker-Pryce center of inertia and the non-canonical non-covariant Møller
center of energy), replacing the Newtonian center of mass (and all tending to it in
the non-relativistic limit), that can be built only in terms of the Poincare’ generators:
they are non measurable quantities due to the non-local character of such generators
(they know the whole 3-space νν ). There is a Møller world-tube around the Fokker-
Pryce 4-vector containing all the possible pseudo-world-lines of the other two, whose
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Møller radius τ = |≥S|/∼β P2 (≥S is the rest angular momentum) is determined by the
Poincaré Casimirs of the isolated system. This non-covariance world-tube is a non-
local effect of Lorentz signature of the space-time absent in Euclidean spaces. The
world-lines xμ

i (ν ) of the particles are derived (interaction-dependent) quantities and
in general they do not satisfy vanishing Poisson brackets [3]: already at the classical
level a non-commutative structure emerges due to the Lorentz signature!

(B) The description of every isolated system as a decoupled (non-measurable)
canonical non-covariant (Newton-Wigner) external center of mass (described by
frozen Jacobi data) carrying a pole-dipole structure: the invariant mass and the rest
spin of the system expressed in terms of suitable Wigner-covariant relative variables
of the given isolated system inside the Wigner 3-spaces (after the elimination of the
internal center of mass with well defined rest-frame conditions). The invariant mass
is the effective Hamiltonian inside these 3-spaces.

(C) The formulation of classical relativistic atomic physics (the electro-magnetic
field in the radiation gauge plus charged scalar particles with Grassmann-valued
electric charges to make a ultraviolet and infrared regularization of the self-energies
and with mutual Coulomb potentials) and the identification of the Darwin potential at
the classical level by means of a canonical transformation transforming the original
system in N charged particles interacting with Coulomb plus Darwin potentials and a
free radiation field (absence of Haag’s theorem at least at the classical level). There-
fore the Coulomb plus Darwin potential is the description as a Cauchy problem of
the interaction described by the one-photon exchange Feynman diagram of QED (all
the radiative corrections and photon brehmstrahlung are deleted by the Grassmann
regularization).

In Ref. [15] there are the references for all the interacting systems for which the
explicit form of the interaction-dependent Lorentz boosts is known.

34.5 Relativistic Quantum Mechanics

In Ref. [6] there is a new formulation of relativistic quantum mechanics in inertial
frames englobing all the known results about relativistic bound states due to the
use of clock synchronization for the definition of the instantaneous 3-spaces, which
implies the absence of relative times in their description.

In Galilei space-time non-relativistic quantum mechanics, where all the main
results about entanglement are formulated, describes a composite system with two
(or more) subsystems with a Hilbert space which is the tensor product of the Hilbert
spaces of the subsystems: H = H1 → H2. This type of spatial separability is named
the zeroth postulate of quantum mechanics. However, when the two subsystems are
mutually interacting, one makes a unitary transformation to the tensor product of the
Hilbert space Hcom describing the decoupled Newtonian center of mass of the two
subsystems and of the Hilbert space Hrel of relative variables: H = H1 → H2 =
Hcom → Hrel . This allows to use the method of separation of variables to split the
Schroedinger equation in two equations: one for the free motion of the center of
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mass and another, containing the interactions, for the relative variables (this equation
describes both the bound and scattering states). A final unitary transformation of the
Hamilton-Jacobi type allows to replace Hcom with Hcom,H J , the Hilbert space in
which the decoupled center of mass is frozen and described by non-evolving Jacobi
data. Therefore we have H = H1 → H2 = Hcom → Hrel = Hcom,H J → Hrel .

While at the non-relativistic level these three descriptions are unitary equiva-
lent, this is no more true in RQM. The non-local and non-covariant properties of
the decoupled relativistic center of mass, described by the frozen Jacobi data ≥z and
≥h = ≥P/

∼
β P2, imply that the only consistent relativistic quantization is based on

the Hilbert space H = Hcom,H J → Hrel (in the non-relativistic limit it goes into the
corresponding Galilean Hilbert space). We have H ←= H1 → H2, because, already in
the non-interacting case, in the tensor product of two quantum Klein-Gordon fields,
σ1(x1) and σ2(x2), most of the states correspond to configurations in Minkowski
space-time in which one particle may be present in the absolute future of the other
particle. This is due to the fact that the two times xo

1 and xo
2 are totally uncorrelated,

or in other words there is no notion of instantaneous 3-space (clock synchroniza-
tion convention). Also the scalar products in the two formulations are completely
different.

We have also H ←= Hcom → Hrel , because if instead of ≥z = Mc ≥xN W (0) we
use the evolving (non-local and non-covariant) Newton-Wigner position operator
≥xN W (ν ), then we get a violation of relativistic causality because the center-of-mass
wave packets spread instantaneously as shown by the Hegerfeldt theorem.

Therefore the only consistent Hilbert space is H = Hcom,H J → Hrel . The main
complication is the definition of Hrel , because we must take into account the three
pairs of (interaction-dependent) second-class constraints eliminating the internal
3-center of mass inside the Wigner 3-spaces. When we are not able to make the
elimination at the classical level and formulate the dynamics only in terms of Wigner-
covariant relative variables, we have to quantize the particle Wigner-covariant
3-variables λr

i , ηir and then to define the physical Hilbert space by adding the quan-
tum version of the constraints a la Gupta-Bleuler.

Relativistic quantum mechanics in rotating non-inertial frames by using a multi-
temporal quantization scheme is defined in Ref. [8]. In it the inertial gauge variables
are not quantized but remain c-numbers; the known results in atomic and nuclear
physics are reproduced.

34.6 Relativistic Entanglement and Localization Problems

Since we have that the Hilbert space H = Hcom,H J → Hrel is not unitarily equivalent
to the one H1 → H2 → ..., where Hi are the Hilbert spaces of the individual particles,
at the relativistic level the zeroth postulate of non-relativistic quantum mechanics
does not hold (the necessity to use Hrel implies a type of weak form of relationism
different from the formulations connected to the Mach principle). Since the Hilbert
space of composite systems is not the tensor product of the Hilbert spaces of the
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sub-systems, we need a formulation of relativistic entanglement taking into account
this spatial non-separability and the non-locality of the center of mass, both coming
from the Poincare’ group, i.e. from the Lorentz signature of space-time.

Since the center of mass is decoupled, its non-covariance is irrelevant. However
its non-locality is a source of open problems: do we have to quantize it (in the
preferred momentum basis implied by the quantum Poincaré algebra) and if yes is
it meaningful to consider center-of-mass wave packets or we must add some super-
selection rule? The wave function of the non-local center of mass is a kind of wave
function of the 3-universe: who will observe it?

As a consequence in SR there are open problems on which type of relativistic
localization is possible. There are strong indications that the Newton-Wigner posi-
tion operator cannot be self-adjoint but only symmetric with the implication of a
bad localization of relativistic particles. The existing problems with relativistic posi-
tion operators (like the Newton-Wigner one), deriving from the Lorentz signature of
Minkowski space-time which forbids the existence of a unique collective variable
with all the properties of Newton center of mass , point towards a non-measurability
of absolute positions (but not of the relative variables needed to describe the spectra of
bound states). This type of un-sharpness should be induced also in non-relativistic
quantum mechanics: in atomic physics the crucial electro-magnetic effects are of
order 1/c. Experiments in atomic and molecular physics are beginning to explore
these localization problems, in frameworks dominated by a Newtonian classical intu-
ition and taking into account the experimental quantum limits for atom localization.

Therefore SR introduces a kinematical non-locality and a kinematical spatial
non-separability, which reduce the relevance of quantum non-locality in the study
of the foundational problems of quantum mechanics. Relativistic entanglement will
have to be reformulated in terms of relative variables also at the non-relativistic
level. Therefore the control of Poincare’ kinematics will force to reformulate the
experiments connected with Bell inequalities and teleportation in terms of the rela-
tive variables of isolated systems containing: (a) the observers with their measuring
apparatus (Alice and Bob as macroscopic quasi-classical objects); (b) the particles
of the protocol (but now the ray of light, the “photons” carrying the polarization,
move along null geodesics); (c) the environment (macroscopic either quantum or
quasi-classical object).

34.7 Open Problems

The main open problem in SR is the quantization of fields in non-inertial frames due
to the no-go theorem of Ref. [16] showing the existence of obstructions to the unitary
evolution of a massive quantum Klein-Gordon field between two space-like surfaces
of Minkowski space-time. Its solution, i.e. the identification of all the 3+1 splittings
allowing unitary evolution, will be a prerequisite to any attempt to quantize canonical
gravity taking into account the equivalence principle (global inertial frames do not
exist!). Moreover entanglement in non-inertial frames without Rindler observers is
still to be formulated.
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Chapter 35
A New Computational Approach to Infinity
for Modelling Physical Phenomena

Yaroslav D. Sergeyev

Abstract A new computational methodology for computations with infinite and
infinitesimal quantities is described. It is based on the principle ‘The part is less than
the whole’ introduced by Ancient Greeks and observed in the physical world. It is
applied to all sets and processes (finite and infinite) and all numbers (finite, infinite,
and infinitesimal). It is shown that it becomes possible to work with all of them in
a unique framework (different from non-standard analysis) allowing one to easily
manage mathematical situations that traditionally create difficulties (divergences of
various kind, indeterminate forms, etc.) and to construct mathematical models of
physical phenomena of a new type.

35.1 Introduction

Physicists use (and create) Mathematics as an instrument that allows them to construct
and to study mathematical models describing the physical world. As a consequence,
each concrete mathematical language used for this purpose reflects in some sense
the opinion of physicists that they have about the world at that concrete historical
period. This opinion is based on a sum of knowledge obtained from experiments that,
in their turn, are made by scientific instruments having their accuracy that bounds our
possibility of the observation of physical phenomena. As a result, also mathematical
theories describing physical phenomena have their accuracy determined by the accu-
racy of physical experiments. Obviously, a good theory can also show directions for
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new experiments and new tools that would confirm or refuse theoretical hypotheses.
Thus, there exists a strong link between the mathematical theories describing physical
world and the current level of accuracy of physical instruments.

In different historical periods, various mathematical disciplines were used for
constructing physical models. Mathematical Analysis is one of them and, obviously, it
is widely used in Physics. However, the foundations of Analysis have been developed
more than 200 years ago with the goal to develop mathematical tools allowing one
to solve problems arising in the real world at that time. Thus, Analysis that we use
now does not reflect in itself numerous achievements of Physics of the twentieth
century.1 For instance, in Physics, the same object can be viewed as either discrete
or continuous in dependence of the instrument used for the observation (we see a
table continuous when we look at it by eye and we see it discrete (consisting of
molecules, atoms, etc.) when we observe it at a microscope). Moreover, physicists
together with the result of the observation supply the accuracy of the instrument used
for this observation.

In Mathematics, both facts are absent: each mathematical object (e.g., function) is
either discrete or continuous and nothing is said about the accuracy of the observation
of the mathematical objects and about tools used for these observations. Mathematical
notions have an absolute character and the ideas of relativity are not present in it. In
some sense, there exists a gap between the physical achievements made in the last
two hundred years and their mathematical models that continue to be written using
the mathematical language developed two hundred years ago on the basis (among
other things) of physical ideas of that remote time.

The point of view presented in this paper tries to fill up this gap. It uses strongly
such methodological ideas borrowed from Physics and applied to Mathematics as:
the distinction between the object (we speak here about a mathematical object) of
an observation and the instrument used for this observation; interrelations holding
between the object and the tool used for this observation; the accuracy of the obser-
vation determined by the tool. In particular, from this new physical point of view
the ways to deal with infinities and infinitesimals are studied. The main attention is
dedicated to mathematical languages, more precisely, to numeral systems2 that we
use to write down numbers, functions, models, etc. and that are among our tools
of investigation of mathematical objects. It is shown that numeral systems strongly
influence our capabilities to describe the inhabitants of the mathematical world.

1 This is true also for the modern non-standard analysis [1] that re-writes the standard one in terms
of infinitesimals and realizes the program of Leibniz. For instance, one of the basic concepts in the
non-standard analysis is monad, the notion taken from Physics that, however, is not used in Physics
for a long time.
2 We remind that a numeral is a symbol or group of symbols that represents a number. The difference
between numerals and numbers is the same as the difference between words and the things they
refer to. A number is a concept that a numeral expresses. The same number can be represented by
different numerals written in different numeral systems. For example, the symbols ‘4’, ‘four’, and
‘IV’ are different numerals, but they all represent the same number. Rules used in different numeral
systems to execute arithmetical operation can be also different.
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In particular, a new numeral system (see [2–11]) for performing computations
with infinite and infinitesimal quantities is used for the observation of mathematical
objects and modeling physical phenomena. It is based on the principle ‘The part
is less than the whole’ introduced by Ancient Greeks and observed in the physical
world. It is applied to all sets and processes (finite and infinite) and all numbers
(finite, infinite, and infinitesimal). The new methodology has allowed the author to
introduce the Infinity Computer (see the USA patent [11]) working numerically with
infinite and infinitesimal numbers. The introduced computational paradigm both
gives possibilities to execute computations of a new type and simplifies fields of
Mathematics and Computer Science where infinity and/or infinitesimals are required.
In order to see the place of the new approach in the historical panorama of ideas
dealing with infinite and infinitesimal, see [12] and [13].

The new methodology has been successfully applied for studying fractals [6, 14],
percolation [14, 15], optimization algorithms [3, 16], hyperbolic geometry [17],
Turing machines [18], cellular automata [19] , infinite series [6–9, 20], etc.

35.2 A New Methodology for Performing Computations with
Infinite and Infinitesimal Quantities

Traditionally, there exist different ways to work with mathematical objects connected
to the concepts of infinite and infinitesimal (see, e.g., [1, 21–24] and references
given therein). However, it is well known that we work with infinite objects in a way
different with respect to the rules that we are used to deal with finite quantities. In fact,
there exist undetermined operations (for example, ≈ − ≈, 0·≈, etc.), divergences,
etc. It is worthwhile to mention also that the philosophical principle of Ancient
Greeks ‘The part is less than the whole’ observed in the physical world around us
does not hold for infinities, including infinite cardinals introduced by Cantor, e.g., it
follows x+1 = x, if x is an infinite cardinal, although for any finite x we have x+1 >

x.
In order to understand how it is possible to look at the problem of infinity in a

new way, let us consider a study published in Science (see [25]) where the author
describes a primitive tribe living in Amazonia—Pirahã—that uses a very simple
numeral system for counting: one, two, many. For Pirahã, all quantities larger than
two are just ‘many’ and such operations as 2+2 and 2+1 give the same result, i.e.,
‘many’. Using their weak numeral system Pirahã are not able to see, for instance,
numbers 3, 4, 5, and 6, to execute arithmetical operations with them, and, in general,
to say anything about these numbers because in their language there are neither words
nor concepts for that.

It is important to emphasize that the answer ‘many’ is not wrong, it is just impre-
cise. Analogously, the answer ‘many’ to the question ‘How many trees are there in
the garden in front of our house?’ is correct, but its precision is low. Already these
first considerations show us that numeral systems have their accuracy like physical
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instruments have. This means that when one uses a numeral system, this system
defines the accuracy of mathematical results that can be obtained with its help. As a
consequence, mathematical truths are not absolute; they are relative to the precision
of the numeral systems (and, in general, to the mathematical language) used for their
formulation. The understanding of the fact that Mathematics, as all natural sciences,
depends on its instruments and is able to provide results that depend on the accuracy
of the instruments used for their description is very important.

Pirahã’s numeral system is interesting for us also because its weakness leads to
such results as

‘many’ + 1 = ‘many’, ‘many’ + 2 = ‘many’, ‘many’ + ‘many’ = ‘many’, (35.1)

which are very familiar to us in the context of views on infinity used in the
traditional calculus:

≈ + 1 = ≈, ≈ + 2 = ≈, ≈ + ≈ = ≈. (35.2)

This similarity leads us to the following idea: Probably our difficulty in working
with infinity is not connected to the nature of infinity but is a result of inadequate
numeral systems used to express infinite numbers. Analogously, Pirahã do not distin-
guish numbers 3 and 4 not due to the nature of these numbers but due to the weakness
of their numeral system.

When we have such mathematical objects as infinite numbers, then even the mod-
ern numeral systems used for the observation are not sufficiently precise. The instru-
ments of Pirahã do not allow them to distinguish 3, 4, and other numbers higher than
2. Our modern numeral systems are more precise, they allow us distinguish various
finite numbers, but they fail when it is necessary to work with infinite quantities.

The observation made above is important from several points of view; in particular,
with respect to the mathematical instruments developed by Cantor (see [21]) who has
shown that there exist infinite sets having different number of elements. Cantor has
proved, by using his famous diagonal argument, that the cardinality, ∗0, of the set,
N, of natural numbers is less than the cardinality, C, of real numbers at the interval
[0, 1]. Cantor has also developed an arithmetic for the infinite cardinals. Some of the
operations of this arithmetic including ∗0 and C are given below:

∗0 + 1 = ∗0, ∗0 + 2 = ∗0, ∗0 + ∗0 = ∗0, (35.3)

C + 1 = C, C + 2 = C, C + ∗0 = C, C + C = C. (35.4)

Again, it is possible to see a clear similarity with the arithmetic operations used
in the numeral system of Pirahã (a detailed discussion related to these issues dealing
also with the Continuum Hypothesis see in [10]). This prompts us that, probably,
Cantor’s numeral system used to measure infinite sets can be also improved. If we
were able to distinguish more infinite numbers we could understand better many
processes and objects dealing with the concepts of infinite and infinitesimal (remind
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the famous phrase of Ludwig Wittgenstein: ‘The limits of my language are the limits
of my world.’).

In [2–11] a new numeral system has been developed for performing computations
with infinite and infinitesimal quantities using the principle ‘The part is less than
the whole’ introduced by Ancient Greeks and observed in the physical world (it is
discussed and compared with other approaches in [12] and [13]). The main idea of
the new approach consists of the possibility to measure infinite and infinitesimal
quantities by different (infinite, finite, and infinitesimal) units of measure.

For this purpose, a new infinite unit of measure expressed by the numeral CD called
grossone is introduced as the number of elements of the set, N, of natural numbers.
Concurrently with the introduction of grossone in our mathematical language such
symbols like ≈, Cantor’s ω, C from (35.4), all Alephs ∗0,∗1, etc. are excluded from
the language because grossone ant other numbers constructed with its help not only
can be used instead of all of them but can be used with a higher accuracy. Grossone
is introduced by describing its properties postulated by the Infinite Unit Axiom [4]
added to axioms for real numbers (similarly, in order to pass from the set, N, of
natural numbers to the set, Z, of integers a new element—zero expressed by the
numeral 0—is introduced by describing its properties).

It is necessary to notice that grossone has both cardinal and ordinal properties as
usual finite natural numbers have. The new numeral allows us to construct different
numerals expressing different infinite and infinitesimal numbers and to calculate the
number of elements of certain infinite sets. For instance, it becomes possible to see
that the sets of even and odd numbers have CD/2 elements each. The set, Z, of integers
has 2CD + 1 elements (CD positive elements, CD negative elements, and zero). The
set B = N \{b}, b ≥ N, has CD−1 elements and the set A = N U { a1; a2 }, a1 /≥ N,
a2 /≥ N, has CD + 2 elements.

Note that positive integers larger than grossone do not belong to N but they can be
also easily interpreted as the number of elements of certain infinite sets. For instance,
CD3is the number of elements of the set V, where

V = {(a1; a2; a3) : a1 ≥ N, a2 ≥ N, a3 ≥ N}.

It is worthy to mention that these results do not contradict Cantor’s one-to-one
correspondence principle (see [13] and [9, 10] for a detailed discussion). Both Can-
tor’s numeral system and the new one give correct answers, but their answers have
different accuracy. We just use a stronger (with respect to cardinals of Cantor) tool,
CD, for the observation of infinite sets that allows us to give more accurate answers
than those of Cantor. By using the physical analogy we can say that the lens of our
microscope is stronger and we are able to see many different dots where Cantor’s
microscope allows him to observe just one dot—countable sets.

Note, that the new numeral system using grossone allows us to avoid records of
the type (1)–(4). In fact, it can be easily shown (see [4, 9]) that, for example,
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CD/2 < CD < 2CD < 2CD + 1 < 2CD + 2 < CD3/2 < CD3 − 1 < CD3

< CD3 + 1 < CD3 + 2.

Within the sets having cardinality of the continuum it is also possible to distinguish
infinite sets having different number of elements expressible in the numeral system
using grossone (see [4, 10]):

2CD − 1 < 2CD < 2CD + 1 < 10CD − 1 < 10CD < 10CD + 1 < CDCD − 1

< CDCD < CDCD + 1 < CDCD + 2.

The rules we use to execute arithmetical operations with 0 and 1 work with grossone,
as well:

0 ·CD = 0, CD ·0 = 0, CD−CD = 0, CD : CD = 1, CD0 = 1, 0CD = 0, 1CD = 1.

Since CD0=1, a finite number c can be represented in the new numeral system simply
as cCD0=c, where the numeral c is written down by any convenient numeral system
used to write down finite numbers.

The simplest infinitesimal numbers are represented by numerals having only neg-
ative powers of grossone that are finite or infinite. The following two numerals
are examples of infinitesimals expressed in the new numeral system: 4.2CD−3.21,
74.56CD−33.85CD. The simplest infinitesimal is CD−1being the inverse element with
respect to multiplication for CD:

CD · CD−1 = 1.

Note that all infinitesimals are not equal to zero. Particularly, it follows CD−1 > 0
because CD−1= 1 / CD, i.e., it is a result of division of two positive numbers.

It is necessary to mention that it is not easy to interpret grossone in the framework
of the traditional mathematics (including the non-standard analysis). When one tries
to compare two languages, it can often happen that their accuracies are different
and the translation becomes possible only partially. Moreover, different languages
represent the world in different ways (any person knowing more than one language
knows that there exist things that can be described better in one language than in
another). In linguistics, the relativity of the language with respect to the world around
us is well known. This fact has been formulated in the form of the Sapir–Whorf thesis
of the linguistic relativity (see [26, 27]). For example, it is impossible to translate to
the language of Pirahã the word ’four’ from English maintaining the same accuracy
in their language as in English. The same thing happens when we compare the
mathematical languages using, on the one hand, such symbols like ≈, Cantor’s
ω, C from (35.4), all Alephs ∗0,∗1, etc. and, on the other hand, grossone and other
numerals constructed with its help. The accuracies of the two languages are different.

Another crucial problem related to such a translation consists of the fact that in
the traditional mathematics (even in the non-standard analysis) very often there is no
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a clear distinction between numbers (and sets of numbers) and numerals and sets of
numerals used to represent numbers.

However, as it happens in Physics, in Mathematics it is also always necessary to
indicate the instrument one uses for an observation in order to understand what can be
observed. If such a clarification is absent, then ambiguities can easily be encountered.
Let us illustrate this affirmation by considering the following set defined by the
phrase: the set of all numbers less than three. This phrase seems to identify clearly a
set because, without saying it explicitly, we keep in mind that we are speaking about
real numbers. So, it is supposed implicitly that the instrument of the observation of
the set is a positional numeral system.

However, in different historical periods such implicit suppositions were differ-
ent. Before discovering negative numbers (for instance, Roman and Greek numeral
systems do not include zero and are not able to express negative numbers; in these
systems, expression 3–7 was an undetermined form) this was the set of positive num-
bers less than three. Moreover, before discovering irrational numbers this phrase was
defining rational positive numbers less than three. In the language of Pirahã, this set
cannot be even defined because they do not know what ‘three’ is. Then, if we use the
new approach working with grossone, it can be shown (see [10]) that in dependence
on the radix of the positional system used to write down numerals, different sets of
real numbers can be observed.

In particular, since the traditional mathematics very often does not pay any atten-
tion to the distinction between numbers and numerals, many theories dealing with
infinite and infinitesimal quantities have a symbolic (not numerical) character. For
instance, many versions of the non- standard analysis are symbolic, since they have
no numeral systems to express their numbers by a finite number of symbols (this is
necessary for organizing numerical computations). Namely, if we consider a finite n
than it can be taken n = 6, or n = 12 or any other numeral consisting of a finite number
of symbols. If we consider an infinitesimal h then it is not clear which numerals con-
sisting of a finite number of symbols can be used to write h = . . . In fact, very often
in non-standard analysis texts, a generic infinitesimal h is used and it is considered
as a symbol, i.e., only symbolic computations can be done with it. Approaches of
this kind leave unclear such issues, e.g., whether the infinite 1/h is integer or not or
whether 1/h is the number of elements of an infinite set.

35.3 Examples of the Usage of the New Computational
Methodology

In this section, we give several examples showing how to use the new computational
methodology with the new numeral systems using grossone. Examples are chosen
in such a way that they can be directly used in modeling physical phenomena.

We start by showing that, in the new language, infinite (both convergent and
divergent) series can be substituted by sums with the precisely defined infinite number
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of items. Since in the new numeral system we have many different infinite integers
and we have seen that the symbol ≈ is a kind of ‘many’, such records as

S = a1 + a2 + a3 + a4 . . . or S =
≈∑

i=1

ai

become imprecise. In the new language they are just something like “Calculate the
sum of ai where i goes from 1 to ‘many”’. This means that when we have infinitely
many items in a sum, we are in the same situation as with sums having a finite number
of items: it is not sufficient to say that the number, n, of items in the sum is finite, it is
necessary to fix explicitly the value of n using for this purpose numerals available in
a chosen traditional numeral system used for expressing finite numbers, e.g. n = VII
or n = 2,000. Analogously, now we should decide (in dependence on the problem we
deal with) how many items should be in our sum with an infinite number of items
by choosing an appropriate value for n, e.g., n=10CD or n=2000CD12, see [4, 5, 28]
for a detailed discussion.

In problems where the traditional language using ≈ fails and is not able to pro-
vide any answer, the new numeral system using grossone allows us to work with
expressions involving infinite numbers and to obtain, where it is possible, as results
infinite, finite, and infinitesimal numbers. For instance, let us consider two divergent
series

S1 = 5 + 5 + 5 + · · ·, S2 = 3 + 3 + 3 + · · ·

Then, by using the traditional language, we are not able to execute such operations
like, e.g., S1–S2 or S2 / S1 since both S1 and S2 are divergent series. In the new
language, both expressions S1 and S2 are not well defined since the number of items
in them is not specified. Instead of series, we should consider the sums S1(k1) and
S2(k2), to fix the infinite number of items, k1, in the first sum and the infinite number
of items, k2, in the second sum, to calculate the respective results, and then to execute
the further required operations, see [4, 5, 28]. For instance, if k1 = 2CD + 2 and
k2 = 4CD−1 then we are able to calculate easily both S1(2CD + 2) and S2(4CD−1)

and to execute arithmetical operations with the results:

S1(2CD + 2) = 5(2CD + 2) = 10CD + 10, S2(4CD − 1) = 3(4CD − 1) = 12CD − 3,

S1(2CD + 2) − S2(4CD − 1) = 10CD + 10 − (12CD − 3) = −2CD + 13,

S1(2CD + 2) + S2(4CD − 1) = 10CD + 10 + 12CD − 3 = 22CD + 7,

S1(2CD + 2) · S2(4CD − 1) = 120CD2 + 90CD − 30,

S2(4CD − 1)/S1(2CD + 2) = 1.2 − 1.5CD−1 + 1.5CD−2 − 1.5CD−3,

where the result of division has been taken with the error that is not higher than
O(CD−4).
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The same situation we have with divergent integrals. Namely, records of the type
b∫

a
f (x) become imprecise if either a = −≈ or b = ≈, or both. The limits of integration

equal to −≈ or ≈ should be substituted by exact infinite numbers. For instance, if
a = −6CD, b = 3CD2, and f(x) =x2, then

b∫

a

f (x) = ∼16 + 2∼13,

where the result is the infinite number. By changing any limit of integration (as it
happens in the case of finite limits a and b) the result will also change. For instance, by
taking the infinitesimal a = 3CD−2, we have that the integral is equal to CD6–CD−6.
We are able to find easily difference of the two obtained infinite numbers:

CD6 + 2CD3 − (CD6 − CD−6) = 2CD3 + CD−6,

that is the result of integration for a = −6CD, b = 3CD−2. By taking the limits a
= 3CD−2, b = 3CD2 and by taking f(x) = CDx2 we have that the integral, since
grossone is a constant and can be put out of the sign of integral, is equal to CD7–
CD−5. Note also that we can easily work with derivatives that can assume infinite
(and infinitesimal) values; e.g., if f(x) = CDx2 then f’(x) = 2CDx, analogously, if
g(x) = CD−6x2 then g’(x) = 2CD−6 x.

In general, it becomes possible to use infinite and infinitesimal numbers as con-
stants to construct new mathematical objects that are not visible when the traditional
mathematical language is used, see [4, 5, 28]. Let us consider, for example, the
following discontinuous function that cannot be described by the traditional mathe-
matical language, see Fig. 35.1.

If we try to describe this function by using the traditional mathematical language
working with finite numerals and the symbol ≈, we shall see immediately that we are
not able to do this. To be more precise, we can give only a rough qualitative description
of this function similar to the following one: The function is ≈ everywhere and it

Fig. 35.1 Example of a
discontinuous function having
the point of discontinuity at
the infinitesimal point CD−10

and assuming three different
infinite values at this point, on
its left, and on its right
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has an infinitesimal jump infinitesimally close to zero. This description has just a
qualitative character since in the traditional language there are no numerals allowing
us to express different infinite and infinitesimal numbers. In contract, the description
presented in Fig. 35.1 is quantitative; it uses new numerals that allow us to write the
function easily as follows

f (x) =
⎪




∼12, x < ∼1−1,

∼12 + ∼1−1, x = ∼1−1,

∼12 + 2∼1−1, x > ∼1−1,

The usage of new numerals allows us to quantify even infinitesimal changes in the
structure of objects under consideration. For instance, the following function g(x) is
clearly different from the function f(x)

g (x) =
⎪




∼12, x < ∼1−1,

∼12 + ∼1−1,2, x = ∼1−1,

∼12 + 2∼1−1, x > ∼1−1,

even though the difference is infinitesimal; it holds at the point x = CD−1. Note that
the traditional language is able again to give only a qualitative description of g(x);
moreover, this description will be the same as for function f(x).

The passage from a qualitative description to quantitative ones is very impor-
tant when we speak about natural sciences. It allows us to measure infinite and
infinitesimal quantities and to distinguish many different objects in cases that are
difficult for the traditional mathematics because it is able to see just ≈ or ∗0 and ∗1.
Let us illustrate this fact by considering what the traditional language and the new
one can say with respect to the delta-function—the object widely used in Physics.

Informally, it is a generalized function depending on a real x such that it is
zero for all values of the x except when x = 0, and its integral from −≈ to ≈
is equal to one. The new numeral system allows us to distinguish many different

Fig. 35.2 Examples of two
different delta-functions



35 A New Computational Approach to Infinity for Modelling Physical Phenomena 363

delta-functions assuming a concrete infinite value over a concrete infinitesimal inter-
val. Two of them are shown in Fig. 35.2. The first one is equal to CD over the
interval [−0.5CD−1, 0.5CD−1] and the second one is equal to CD2over the interval
[−0.5CD−2, 0.5CD−2].

We conclude this paper with the hope that the new numeral system allowing us
to work numerically with different infinite and infinitesimal numbers on the Infin-
ity Computer (see [11]) will allow physicists and mathematicians to construct new
models describing the physical world aroungd us better than it is done actually when
the traditional numeral systems are applied for this purpose.
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Chapter 36
Seismic Hazard Assesment: Parametric Studies
on Grid Infrastructures

Andrea Magrin, Cristina La Mura, Franco Vaccari, Giuliano F. Panza,
Alexander A. Gusev, Iztok Gregori and Stefano Cozzini

Abstract Seismic hazard assessment can be performed following a neo-deterministic
approach (NDSHA), which allows to give a realistic description of the seismic ground
motion due to an earthquake of given distance and magnitude. The approach is based
on modelling techniques that have been developed from a detailed knowledge of both
the seismic source process and the propagation of seismic waves. This permits us to
define a set of earthquake scenarios and to simulate the associated synthetic signals
without having to wait for a strong event to occur. NDSHA can be applied at the
regional scale, computing seismograms at the nodes of a grid with the desired spac-
ing, or at the local scale, taking into account the source characteristics, the path and
local geological and geotechnical conditions. Synthetic signals can be produced in a
short time and at a very low cost/benefit ratio. They can be used as seismic input in
subsequent engineering analyses aimed at the computation of the full non-linear seis-
mic response of the structure or simply the earthquake damaging potential. Massive
parametric tests, to explore the influence not only of deterministic source parame-
ters and structural models but also of random properties of the same source model,
enable realistic estimate of seismic hazard and their uncertainty. This is particular
true in those areas for which scarce (or no) historical or instrumental information is
available. Here we describe the implementation of the seismological codes and the
results of some parametric tests performed using the EU-India Grid infrastructure.
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36.1 Neo-Deterministic Seismic Hazard Assessment

The typical seismic hazard problem lies in the determination of the ground motion
characteristics associated with future earthquakes, at both the regional and the local
scale. Seismic hazard assessment can be performed in various ways, e.g. with a
description of the groundshaking severity due to an earthquake of a given distance
and magnitude (“groundshaking scenario”), or with probabilistic maps of relevant
parameters describing ground motion.

Seismic hazard assessment can be performed following a neo-deterministic
approach (NDSHA), which allows to give a realistic description of the seismic ground
motion due to an earthquake of given distance and magnitude. The procedure for neo-
deterministic seismic zoning [8] is based on the calculation of synthetic seismograms.
It can be applied also to areas that have not yet been hit by a catastrophic event in
historical times, but are potentially prone to it. The neo-deterministic method allows
to quantitatively model the effects of an earthquake which may happen in the future
and therefore is a very effective technique in seismic hazard assessment, even in the
regions with scarce or no historical or instrumental information available.

Starting from the available information on the Earth’s structure, seismic sources,
and the level of seismicity of the investigated area, it is possible to compute complete
synthetic seismograms and the related estimates on peak ground acceleration (PGA),
velocity (PGV) and displacement (PGD) or any other parameter relevant to seismic
engineering (such as design ground acceleration, DGA) which can be extracted from
the computed theoretical signals.

NDSHA can be applied at the regional scale, computing seismograms at the nodes
of a grid with the desired spacing, or at the local scale, taking into account the source
characteristics, the path and local geological and geotechnical conditions.

In the NDSHA approach, the definition of the space distribution of seismicity
accounts only for the largest events reported in the earthquake catalogue at different
sites, as follows. Earthquake epicenters reported in the catalogue are grouped into
0.2◦×0.2◦ cells, assigning to each cell the maximum magnitude recorded within it. A
smoothing procedure is then applied to account for spatial uncertainty and for source
dimensions [8]. Only cells located within the seismogenic zones are retained. This
procedure for the definition of earthquake locations and magnitudes for NDSHA
makes the method pretty robust against uncertainties in the earthquake catalogue,
which is not required to be complete for magnitudes lower than 5. A double-couple
point source is placed at the center of each cell, with a focal mechanism consistent
with the properties of the corresponding seismogenic zone and a depth, which is a
function of magnitude.

To define the physical properties of the source-site paths, the territory is divided
into 1◦ ×1◦ cells, each characterized by a structural model composed of flat, parallel
anelastic layers that represent the average lithosphere properties at regional scale
[2]. Synthetic seismograms are then computed by the modal summation technique
for sites placed at the nodes of a grid with step 0.2◦ × 0.2◦ that covers the national
territory, considering the average structural model associated to the regional polygon
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Fig. 36.1 Flow chart of national scale hazard package

that includes the site. Seismograms are computed for an upper frequency content of
1 Hz, which is consistent with the level of detail of the regional structural models,
and the point sources are scaled for their dimensions using the spectral scaling laws
proposed by GUSEV [3], as reported in AKI [1] (Fig. 36.1).

From the set of complete synthetic seismograms, various maps of seismic haz-
ard describing the maximum ground shaking at the bedrock can be produced. The
parameters representative of earthquake ground motion are maximum displacement,
velocity, and acceleration. The acceleration parameter in the NDSHA is given by
the design ground acceleration (DGA). This quantity is obtained by computing the
response spectrum of each synthetic signal for periods of 1 s and longer (the periods
considered in the generation of the synthetic seismograms) and extending the spec-
trum, at frequencies higher than 1 Hz, using the shape of the Italian design response
spectrum for soil A [6], which defines the normalized elastic acceleration response
spectrum of the ground motion for 5 % critical damping. For more details see PANZA
et al. [7].
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The neo-deterministic method has been recently adapted to account for the
extended source process by including higher frequency content (up to 10 Hz) as well
as the rupture process at the source and the consequent directivity effect (obtained
by means of the PULSYN algorithm by GUSEV [4]).

The most common approach to the simulation of the earthquake source consists in
adopting a kinematic model; the kinematic description is merely phenomenological
but, also their simplest versions (e.g. [5]) are able to describe the gross features of the
rupture process by simply using five source parameters: the fault dimensions (length,
L, and width, W), the amount of slip at any point of the fault, the rise-time, and the
rupture velocity. In order to describe the source microstructure, i.e. its roughness,
one can use a stochastic or a deterministic (or a combination of both) distribution of
barriers and asperities on the fault surface resulting in a non-uniform distribution of
slip. Actually dynamic considerations should underlie this choice, but a kinematical
model simply takes into account the existence of fault irregularities. Thus, at a given
site the motion is dependent on the size and the duration of each of the sub-sources,
and on their distribution in space and in time. Furthermore, at epicentral distances
comparable with the dimensions of the fault, the relative positions of the sub-sources
with respect to a site receiver can play a fundamental role in the interference of the
different wavetrains, resulting in the so-called directivity effect. For an earthquake
with a given radiated energy, the decay of the source spectrum at high frequencies
shows a strong azimuthal dependence, since the corner frequency at a given receiver
in the near-field is a function of all the kinematic source parameters.

The seismic waves due to an extended source are obtained by approximating
the fault with a rectangular plane surface, on which the main rupture process is
assumed to occur. The source is represented as a grid of point subsources, and their
seismic moment rate functions are generated considering each of them as realizations
(sample functions) of a non-stationary random process. Specifying in a realistic way
the source length and width, as well as the rupture velocity, one can obtain realistic
source time functions, valid in the far-field approximation. Furthermore, assuming a
realistic kinematic description of the rupture process, the stochastic structure of the
accelerograms can be reproduced, including the general envelope shape and peak
factors. The extended earthquake source model allows us to generate a spectrum
(amplitude and phase) of the source time function that takes into accounts both the
rupture process and directivity effects, also in the near source region.

Slip on the fault varies in space and increases weakly monotonously in time, so that
the dislocation rate is non-negative. Its unit moment tensor (defined by slip direction
and fault-normal direction) does not vary over this area or in time. Therefore, the
description of the source in space-time is essentially scalar, in terms of the distribution
over the fault area of the seismic moment (and its time rate). To specify temporal
and spectral properties of the simulated sources, the equivalent point source (SSPS)
moment rate time history Ṁ0(t), its Fourier transform Ṁ0( f ) and corresponding
amplitude spectrum (“source spectrum”)

∣∣Ṁ0( f )
∣∣ have been widely used (e.g. [8]).
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36.2 Uncertainties in Hazard Maps

In NDSHA, the treatment of uncertainties is performed by sensitivity analyses for
key modelling parameters. Fixing the uncertainty related to a particular input factor
is an important component of the procedure. The input factors must account for the
imperfectness in the prediction of fault radiation, and for the use of Green functions,
for a given medium, that are only imperfectly known. At present, the following
factors are selected as assumedly dominating ones.

• Fault radiation factors

– parameters related to the point source position/orientation representing the fault
in world coordinates: centroid depth, strike/dip/rake. The point source horizontal
position within the cell is not perturbed.

– intrinsic fault parameters describing the extension of the fault, like fault length
and width vs. Mw (moment magnitude) relationship, Brune’s stress drop, fault-
average rupture velocity, directivity effects.

– random seeds that define space-time structure of a particular realization of the
random source, including random subsource time functions.

• Path factors

– parameters that specify uncertainties in the assumed 1D bedrock velocity-
density-Q profiles.

36.3 Implementation of Seismological Codes on Grid

The use of the EU-India Grid infrastructure (http://www.euindiagrid.eu/) allows to
conduct massive parametric tests, to explore the influence not only of deterministic
source parameters and structural models but also of random properties of the same
source model, to enable realistic estimate of seismic hazard and their uncertainty.
The random properties of the source are specially important in the simulation of the
high frequency part of the seismic ground motion.

We have ported and tested seismological codes for national scale on the Grid
infrastructure. The first step was the speed optimization of this package by the iden-
tification of the critical programs and of the hot spots within programs. The critical
point in the algorithm was the computation of synthetic seismograms. The optimiza-
tion was performed in two ways: first by removing of repeated formatted disk I/O,
second by sorting of seismograms by source depth, to avoid the repeated computation
of quantities that are depth-dependent.

The second step was porting of the national scale hazard package on EU-
IndiaGRID infrastructure. Two different types of parametric tests were developed:
on the deterministic source parameters and on the random properties of the source
model. The first experiment is performed by perturbing the properties of the seismic

http://www.euindiagrid.eu/
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Table 36.1 Performance of the three test runs

Seed1 Hz Persut Italy Seed10 Hz

Type of submission Direct to CE WMS WMS
Total no of job 216 526 600
% of successful job 26 65 80
Total time of computation of successful job 948 h 1200 h 791 h
Average time of computation for one job 17 h 3.5 h 1.6 h
Number of computed seismograms for one job 197720 91398 29232

sources selected by the algorithm before the computation of synthetic seismograms.
In the second test different sets of curves of source spectrum generated by a Monte-
Carlo simulation of the source model are used for scaling the seismograms. In both
cases there are many independent runs to be executed, so a script for generation of
the input and other scripts for checking the status of jobs, retrieving the results and
relaunching aborted jobs were developed.

36.4 Preliminary Results

One preliminary test over deterministic source parameter for whole Italy (“persut
Italy”), and two different tests over random properties (“seed1 Hz” and “seed10 Hz”)
for the whole Italian territory, with different frequency content and different max-
imum distance for the computation of seismograms, were conducted. The perfor-
mance of the package over the grid in terms of computational time and number of
successful jobs was tested, and submission of job and retrieval of its output were
refined.

The number of seismograms that must be computed determines the duration and
the storage requirement of the run. This parameter seems critical for the success of
the job. The test runs on the random component of the source gave an indication on
the effective number of jobs that must be computed to have a good estimate of the
distribution of the ground shaking peaks at each receiver (Table 36.1).

The first runs have provided a preliminary evaluation of the uncertainty of the
hazard maps due to the random representation of the source and to the uncertainty on
source parameter. Figure 36.2 shows an example of results of the test on the random
component of the source model. The variability on the different random realizations
of the source model (right) is shown in terms of ratio between standard deviation and
average at each receiver.
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Fig. 36.2 Maps of average of PGV (peak ground velocity) on different random realizations of
source model (left) and variability of the PGV in terms of ratio between standard deviation and
average of the maximum peaks at each receiver

36.5 Conclusions and Perspectives

We have ported and tested seismological codes for seismic hazard assessment at
national scale on the Grid infrastructure. The use of the EU-India Grid infrastructure
allows to conduct massive parametric tests for evaluating the uncertainties in the
computed hazard maps. Two different types of parametric tests were developed:
on the deterministic source parameters and on the random properties of the source
model. The performance of the package over the grid in terms of computational time
and number of successful jobs were tested and submission of job and retrieval of
its output were refined. The tests on the random component of the source gave an
indication on the effective number of jobs that must be executed to have a good
estimate of the distribution of the ground shaking peaks at each site. At the same
time, they provided a preliminary estimate of the uncertainty of the hazard maps due
to the random representation of the source.

The procedure followed for porting the package on the grid infrastructure can be
implemented for other seismological programs as well.

A Cooperation Project, aimed at the definition of seismic and tsunami hazard sce-
narios by means of indo-european e-infrastructures in the Gujarat region (India), has
been recently funded by the Friuli Venezia Giulia Region. This two-years project,
starting in November 2011, involves three Italian partners (DiGeo, University of Tri-
este; ICTP SAND Group; CNR/IOM uos Democritos) and two Indian partners (ISR,
Gujarat; CSIR C-MMACS, Bangalore). The project aims to set up a system for the
seismic characterization, integrated with the e-infrastructures distributed amongst
India and Europe, to allow for the optimization of the computation of the ground
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shaking and tsunami scenarios. This goal will be attained thanks to the strict con-
nection with the European project EU-IndiaGrid2, that will provide the necessary
infrastructure. Thus, the project will permit developing an integrated system, with
high scientific and technological content, for the definition of scenarios of ground
shaking, providing in the same time to the local community (local authorities and
engineers) advanced information for seismic and tsunami risk mitigation in the study
region.
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Chapter 37
Learning Scenarios for a 3D Virtual
Environment: The Case of Special Relativity

Cécile de Hosson, Kermen Isabelle, Maisch Clémént, Parizot Etienne,
Doat Tony and Vézien Jean-Marc

Abstract Special Relativity, as introduced by Einstein, is regarded as one of the
most important revolutions in the history of physics. Nevertheless, the observation
of direct outcomes of this theory on mundane objects is impossible because they
can only be witnessed when travelling at relative speeds approaching the speed of
light c. These effects are so counterintuitive and contradicting with our daily under-
standing of space and time that physics students find it hard to learn special relativity
beyond mathematical equations and to understand the deep implications of the the-
ory. Although we cannot travel at the speed of light, Virtual Reality (VR) makes
it possible to experiment the effects of relativity in a 3D immersive environment
(a CAVE: Cave Automatic Virtual Environment). The use of the immersive envi-
ronment is underpinned by the development of dedicated learning scenarios created
through a dialectic between VR-related computational constraints and cognitive con-
straints that include students’ difficulties.

37.1 Introduction

This research takes place within the context of the EVEILS research project (French
acronym for Virtual Spaces for the Education and Illustration of Science). This
project aims at exploring the innovating potential of Virtual Reality (VR) in sev-
eral areas of science through an interdisciplinary approach involving physicists, VR
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specialists and physics education researchers. The project exploits advanced inter-
faces in order to confront a student with unusual phenomena otherwise inaccessible
to human experience. The exploration of the cognitive modifications and pedagogi-
cal advantages associated with the ‘immersion’ is part of the main goals of EVEILS.
This educational aspect makes EVEILS quite specific among the research programs
devoted to computer simulations associated with VR [1].

Special Relativity, as introduced by Einstein, is regarded as one of the most impor-
tant revolutions in the history of physics. Nevertheless, the observation of direct
outcomes of this theory on mundane objects is impossible because they can only be
witnessed when travelling at relative speeds approaching the speed of light c. The
theory of Special Relativity teaches us that space and time are neither absolute, that
is, independent of the observer (or the reference frame associated with the observer),
nor independent from one another. Instead, they make up a global geometric structure
with 4 dimensions, called space-time, whose “time” and “space” components depend
on the reference frame used to describe physical bodies and events in terms of posi-
tions and instants. In particular, the length of a given object, as well as the duration
of a phenomenon (between two well-defined events) will be—not only appear—
different for two observers moving with respect to one another. These effects are so
counterintuitive and contradicting with our daily understanding of space and time that
physics students find it hard to learn relativity beyond mathematical equations and
to understand the deep implications of the theory. Although macroscopic objects can
not travel at the speed of light, Virtual Reality (VR) makes it possible to experiment
the effects of relativity in a 3D immersive environment (a CAVE: Cave Automatic
Virtual Environment, see Fig. 37.1)1 where the speed of the light is simulated to a
reduced value. The EVEILS project is a framework designed to merge advanced 3D
graphics with Virtual Reality interfaces in order to create an appropriate environment
to study and learn relativity as well as to develop some intuition of the relativistic
effects and the quadri-dimensional reality of space-time. Of course, very early, math-
ematics were used to predict what objects would look like in relativistic motions and
this have been applied to VR computing. Nevertheless, the specificity of the EVEILS
project is to make physics education research actively involved in both conception
and evaluation of the scenarios to be implemented into the CAVE.

37.2 Overview of the Research

The use of the immersive environment is underpinned by the development of
dedicated learning scenarios created through a dialectic between VR-related com-

1 A CAVE is a surround-screen, surround-sound, projection-based virtual reality system. The illu-
sion of immersion is created by projecting 3D computer graphics into a cube composed of display
screens that completely surround the viewer. It is coupled with head and hand tracking systems to
produce the correct stereo perspective and to isolate the position and orientation of a 3D input device.
The viewer explores the virtual world by moving around inside the cube and grabbing objects with
a appropriate device.
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Fig. 37.1 Picture of the
CAVE used for the EVEILS
project (LIMSI, CNRS/Orsay,
France)

Fig. 37.2 Diagram of the
research process

putational constraints and cognitive constraints that include students’ difficulties.
Investigating students’ understanding of relativistic situations (that involve speeds
closed to c) led to the typifying of a cognitive profile that orientated the situations to
be implemented into the CAVE and the associated learning scenarios (see Fig. 37.2).

These scenarios aim at approaching the consequences of the invariance of the
speed of light and more specifically the relativity of the simultaneity but also a
deeper understanding of the concepts of “reference frame” and “event” (in physics).
Here we will present the results of the characterization of the cognitive profile and
its consequences on the development of the scenarios.

37.3 Students’ Difficulties in Special Relativity: Elements of the
State of the Art

The transition from classical to relativistic kinematics requires a radical change in the
conceptual framework. In the theory of special relativity, c is a constant that connects
space and time in the unified structure of space-time. The speed of light is equal to that
constant and thus is invariant with respect to any inertial reference frame. Besides,
the simultaneity of two events is not absolute (two events at different locations that
occur at the same time in a given reference frame are not simultaneous in all other
reference frames). Assuming this change in the conceptual framework requires a
sound knowledge of the concepts of reference frame and event that underpin the
laws of classical kinematics.
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Studies conducted in order to characterize student’s difficulties in special relativity
are not very numerous. Nevertheless, from what have been explored we can detain that
students use ‘spontaneous’ kinematics lines of reasoning (such as absolute motion,
distances and velocities) to explain mechanical phenomena in both classical and
special relativity frameworks [2, 3]. Students think that simultaneity is absolute and
independent of relative motions [3, 4]. Students fail in understanding the concept
of reference frame confusing “reference frame” and “point of view”. Thus, each
observer constitutes a distinct reference frame [4]. Moreover, they fail in defining
and using the concept of event and thus confuse the instant of an event and the instant
of the perception of that event by an observer [4, 5].

By connecting students with visual consequences of movements whose speed
appears close to the speed of light we also hope we can reach a better understanding
of concepts involved in the classical kinematics framework. This echoes various
researches that pointed out the benefits of introducing modern physics in high school
in order to improve fundamental concepts comprehension even in classical physics
[6]. This could also contribute to update the physics content taught in the secondary
school context.

37.4 Confronting Students to the 3D Virtual Environment

Considering both VR-related computational and cognitive constraints we designed
learning scenarios to be implemented into the CAVE. These scenarios aim at giving
direct access to:

• lengths and durations are not invariant and depend on the relative velocity between
the objects and the reference frames involved. Thus, there is a priori a conflict
between the intrinsic definition of the objects in their own reference frame and
their actual occurrence in other reference frames, with respect to which they are
moving. More precisely, Special Relativity teaches us that, in these other reference
frames, the (instantaneous) lengths between two given points of the object are
generally not the same. For instance, a billiard puck that is intrinsically a sphere,
is no longer a sphere when described in the rest frame of the billiard board (see
Fig. 37.3, with respect to which it is moving. This calls for a consistent description
of the objects in any reference frame, i.e. in the 4D space-time reality itself.

• the speed of light c is finite (and invariant), so we do not see the objects where they
are now, but where they were when they emitted the photons that we perceive now.
The determination of what a given observer effectively sees at a given location at
a given time (i.e. at a given point in space-time), requires a framework in which
the whole history containing the past positions of the various objects of the scene
is accessible to find the emission event.

The general idea of the scenarios is to confront users immersed into the CAVE
with objects (billiard pucks) moving on a billiard table (without frictions) at a speed
approaching that of the light (Fig. 37.4). Interaction with the simulation is made
possible by applying impulsions to the pucks, to observe the effect of the limited
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Fig. 37.3 The rendering of a relativistic scene involves a search in the history of each vertex (point)
of the billiard pucks. Each time an image is generated for the user, we store the position of each
vertex at the current simulation time, after applying Lorentz contraction to the intrinsic definition
of the objects. The history table built in this way can then be deep-searched through by dichotomy
to find the emission event associated with each vertex, at any later observation event [7]

speed of light and the Lorentzian contraction of length in the carom billiard. 2 Indeed,
our application allows observing some subtle consequences of the theory of Special
Relativity which are particularly important for physics education:

• The changes in the puck shape
• The apparent non-simultaneity of the bounces
• The apparent acceleration and deceleration of the pucks
• The aberration of the light

With respect to students’ spontaneous lines of reasoning (see above) we focused
on the concept of event as defined by its coordinates in space and time in a given
reference frame. Since the perception of an event (e.g. emission of light) by an
observer depends on the time taken by the light to travel from the location of the event
to the eyes of the observer, the signal travel time of light will impact the observations
of the users immersed in the simulator. In everyday life the light signal travel time
does not matter because it is close to zero whatever the location of the emission of
the event. But when the students take it into account, they consider that the order
in which two events occur is a consequence of the order in which these two events
are perceived as if causality would apply from future to past [5]. In our environment

2 To avoid overloading the simulation and affecting the understanding of the scene by superimposing
effects of very different nature, we have not implemented the Doppler effect nor the effects of
changes in light intensity. Indeed, we initially limited the rendering to purely geometrical effects
(space-time and related concepts). The Doppler effect is certainly an effect of space-time, but its
manifestation depends on the physical nature of light (electromagnetic wave which actually has a
frequency...). In our approach, for now, we do not question the luminous phenomenon itself but the
space-time architecture of the physical reality.
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Fig. 37.4 The carom billiard running in the EVE CAVE (CNRS/LIMSI, Orsay, France)

Fig. 37.5 On the left screen-capture the apparent collision delay is observed; one the right screen-
capture the observer can see the object deformation as an effect of the consideration of the finite
value of c. The photons that arrive into the eye of the observer have not been emitted at the same
time. The image seen is not the result of the emission of photons emitted simultaneously

the signal travel time cannot be neglected (c is fixed to 1m/s), thus mundane objects
are not seen as in everyday life. The simulator we designed takes into account the
relativistic effects (simulation algorithms based on Lorentz transform, [7]) and also
those due to the light propagation. Then we make the hypothesis that the users of our
simulator will take into account the time delay between emission and perception in
a relevant way.
According to our first scenarios, users (who also are observers) are asked about
changes in the shape of the pucks and about the changes in their velocity. We also
question them about the instant of the contact of the pucks with the billiard table. The
corrected proper time of each puck is visible. It represents the time measured by a
clock located in the puck itself. The delay of reception of the photons by the observer
(who is actually not located where the time is measured) is taken into account. Thus,
according to the movement of the puck, the perceived time seems to pass faster or
slower. Moreover, the movement of the puck can be “freeze” so that the puck is seen
using the “Matrix” effect: a camera turns around the puck showing each part of it
without changing the initial point of view which is the observer’s one.

The same scene can be replayed but as seen by an observer shifted on the left (or on
the right). Then, two pucks (of two different colors) are in movement perpendicularly
to the billiard table (Fig. 37.5). The observer can be located at equal distances between
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the red puck and the orange one. He can also moves to the left (or to the right) breaking
the symmetry of the distances. All the effects observed are discussed.

37.5 Conclusion and Perspectives

Five users were immersed in the simulator and had to explain what they saw when
confronted to the learning pathway. We undertook a lexical analysis searching for
some specific conceptual elements that we consider as key points for the users’
understanding. These elements are the following: (a) the incoming of light in the
eye, (b) the finite nature of the speed of light, (c) the distance between the pucks
and the user, (d) the object discretization (a set of points as punctual sources of
photons), (e) the geometrical relativistic effects explained by the Lorentz transform.
Following users’ reactions during the immersion, we detected which situations favour
the emergence of the conceptual elements that allow a relevant interpretation of the
situation. As a conclusion the immersion of users in the 3D environment where they
are confronted to relativistic phenomena favours lines of reasoning that take into
account the light travel time and the arrival of light into the users’ eyes.

We believe that using our application to experience these effects “without think-
ing” will help to develop intuition on relativistic behaviours while trying to play
billiard properly at relativistic velocities. It is expected to help students in their
efforts to understand Einstein’s theory from a practical point of view. This will be
tested by the EVEILS group through a dedicated research work in formal evaluations
on physics students.

References

1. Savage CM, Searle A, McCalman L (2007) Real time relativity: exploration learning of special
relativity. Am J Phys 75:791–798

2. Saltiel E, Malgrange JL (1980) Spontaneous ways of reasoning in elementary kinematics. Eur
J Phys 1:73–80

3. Villani A, Pacca JLA (1987) Students’ spontaneous ideas about the speed of light. Int J Sci Educ
9(1):55–66

4. Scherr R, Schaffer P, Vokos S (2001) Student understanding of time in special relativity: simul-
taneity and references frames. Am J Phys 69:24–35

5. de Hosson C, Kermen I, Parizot E (2010) Exploring students’ understanding of reference frames
and time in Galilean and special relativity. Eur J Phys 31(12):1527–1538

6. Biseci E, Michelini M (2008) Comparative teaching strategies in special relativity, GIREP.
Conference, August 18–22, Nicosia

7. Doat T, Parizot E, Vezien J-M (2011) A carom billiard to understand special relativity. Virtual
reality conference (VR), IEEE, pp 201–202

8. Hewson PW (1982) A case study of conceptual change in special relativity: the influence of
prior knowledge in learning. Int J Sci Educ 4(1):61–78



Chapter 38
Stories in Physics Education

Federico Corni

Abstract Narratives are at the basis of every effort of making sense of human expe-
rience. Stories are a particular type of narrative particularly suitable for children
because they involve them affectively and cognitively. This contribution deals with
the opportunity of using stories for physics education in primary school. It is intro-
duced a disciplinary approach suitable to be shaped into stories, relying on cognitive
linguistics results, as well as some elementary features of the stories are compared to
the fundamental caracteristics of scientific inquiry. Hints are proposed for possible
research programs and some examples of stories, coherent with this program, are
presented and discussed.

38.1 Introduction

It is out of doubts that children love stories. A fact presented to children in form
of a story gains a great attraction and becomes very interesting to their eyes. The
emotions that stories stimulate make the children fully involved, not only affec-
tively, but also cognitively [1]. Stories, however, are not only to be mentioned when
speaking about children, since they represent, in a more general meaning, the way
humans express their thought through language. As the stories frame the narrated
facts into a certain structure and with a certain sequence, in an analogous way also
concepts and thoughts are explicated within a certain structure and sequence. When
we explain a scientific theory or a model, we organize our talk in a suitable way, with
assumptions, logical connections, references, and support of experimental observa-
tions: everything follows a coherent sequence, necessary and sufficient to support
the thesis. A mathematical theorem is expressed as a logical path we have to follow,
starting from the hypotheses, to show the evidence of the thesis. From this point of
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view, stories and theories or models in physics are not two distinct species; rather
they are the ends of a spectrum of how humans create meanings.

From this qualitative consideration, we could start to fund the use of stories in
physics education as form in which to shape the disciplinary contents and the way
they are presented and taught to children.

Not every type of story, however, is adequate to host science contents, as well
as not every approach to science is suitable to be framed into a story form. On one
side, the contents to be delivered have to be suitable to be shaped in narrative form;
on the other side, the stories have to meet certain conditions to be suitable for the
construction of meanings.

In this contribution both aspects will be treated, that of the stories and that of
the contents: in the next two sections will be introduced a disciplinary framework
coherent with the basic forms of language as they are recognized and studied in
cognitive linguistics, then will be evidenced features of stories that make them akin
to the process of scientific inquiry; in the further next section will be proposed general
hints for possible research programs and experimentations of the production and use
of stories for physics education; finally, will be illustrated and discussed examples
of stories developed according to this program.

38.2 The Disciplinary Framework for Physics Education in
Primary School

Cognitive sciences and cognitive linguistics in particular [2, 3] evidence recursive
and pervasive patterns, called image schemata, we use to express our thought with
language and to understand the world. An image schema is a recurrent pattern, shape
and regularity in, or of, our actions, perceptions and conceptions [2]. We extract these
structures from bodily experiences: they are developed very early in the life and are
already present in a rudimental form also in small children. They are simple yet have
enough internal structure so that more elaborate mental structures can be built upon
them. In other words, they make reasoning possible [2].

Image schemata are more general than every particular mental image we form; this
means that any effort to represent them, even schematically, trivializes them. We have
the concept of triangle, but whenever we draw a triangle, we reduce its generality.
Moreover, image schemata are more basic than any proposition, explainable with a
definite statement; rather they emerge with analog fashion from our thought.

These recurrent patterns are relatively few in number and we use them in a variety
of situations. In synthesis, image schemata are real abstractions, gestalts: structures
simpler than the sum of their parts. Table 38.1. reports the most important image
schemata evidenced by Johnson [2], Croft and Cruse [4], Evans and Green [5].

Children, in this sense, are abstract thinkers, since they make sense of reality
employing image schemata, the same used by adults, just less featured or differen-
tiated. They and we speak about natural, emotional, and social phenomena using
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Table 38.1 Main image schemata form specific literature

Polarity light-dark, warm-cold, female-male, good-bad, just-unjust,
slow-fast, high-low

Space up-down, front-back, left-right, near-far, center-periphery,
other:contact, path

Process process, state, eyele
Container containment, in-out, surface, full-empty, content
Force/Causation balance, counterforce, compulsion, restraint, enablement,

blockage, diversion, attraction
Unity/Multiplicity merging, collecting, splitting, iteration, part-whole,

mass-count, link
Identity matching, superimposition
Existence removal, bounded space, object, substance, fluid substance

metaphorical projection of image schemata [6]. The abstract elementary concepts
developed by the children’ minds should not be regarded as obstacles for scientific
thought; on the contrary, these concepts share the same seeds of adults’ formal science
and are to be regarded as resources to build upon. Fuchs [7] has identified an impor-
tant gestalt, named Force Dynamic Gestalt (FDG), particularly relevant to scientific
understanding. It is structured with three main aspects that we use to understand the
most diverse complex phenomena, from psychological ones-fear, happiness, pain-to
social ones-justice, the market-, and that can be strictly related to basic and simple
concepts useful to explain the behaviour of various natural phenomena, such as those
involving fluids, electric charge, heat, motion, and chemicals.

The FDG has the aspects of fluid substance, polarity of verticality, and force. The
image schema of fluid substance has the character of an amount or quantity, and is
related to the scientific concept of extensive quantity. The verticality image schema
has the character of intensity or scale, and corresponds to the scientific concept of
intensive quantity or generalized potential. Finally, the image schema of force, that
summarizes various more simple schemata of direct manipulation (see Table 38.1),
is related to causation and the scientific transversal concept of energy [7]. So, we
think to and speak about the increase of temperature of a pot of water while it is
heated on a heater in the same way we think to and speak about the increase of the
level in a glass while we pour water, or in the same way we think to the rise of
electrical potential while we charge a capacitance. Again, we refer to heat as a fluid
substance that flows from hot to cold things in contact, in a similar way as we speak
about water or air that flow from a high-pressure vessel connected to low-pressure
one. Water, heat and electric charge, in these examples, are conceptualized as fluid
substance-like quantities with a qualitative vertical scale of intensity.

The physics contexts that are usually regarded as distinct fields of knowledge,
especially in the school curricula, with this approach are seen in a unitary fashion,
evidencing their analogical structure of contents. Every context has its characteristic
extensive quantity that accumulates into containers; the current of such quantity flows
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Table 38.2 Correspondence between the fundamental concepts of the contexts relevant for primary
school

Context Substance-like Potential Capacitance Current Resistance

Fluids Volume Pressure Section Current Hydraulic impedance
Heat Entropy Temperature Specific heat Thermal current Thermal resistance
Electricity Electric charge Electric potential Capacitance Electric current Electric resistance
Motion Momentum Velocity Mass Force …

through the cotainer boundaries directed by a negative difference of the conjugate
generalized potential; the scientific concept of capacitance relates to the way in which
the potential increases when the extensive quantity accumulates into a container; and
the concept of resistance relates to the way in which the potential difference increases
to increase the current intensity. Table 38.2 shows the analogical correspondence
between the main experience contexts relevant for primary school physics education.

At primary school level, physics education has the general aim to help children to
identify, differentiate, and recognize and master the relationships among the aspects
of the FDG.

38.3 Stories and Scientific Inquiry

The connecton between image schemata and phenomena are the metaphors we pro-
duce, through imagination, expressing the affinity among the various experience
contexts. When we want to express our thought to ourselves or to someone else we
are forced to put in a narrative form (verbal and sequential) what is an imaginative
pattern in our mind. At the basis of every effort of making sense of human experience
there is the narrative thought, which searches for meanings and establishes relations
[8].

Narratives are spontaneous and natural tools, very appropriate to the human being.
Historically they appeared with the development of oral cultures, well after writing.
In the child they appear very early, without external influence or instruction. Over
time the child refines his ability of employing this tool and learns the mechanisms
that regulate narratives in order to produce them more and more effectively. Many
research efforts are devoted to the study of narratives, especially by humanists, but
also by scientists.

A particular kind of narrative is the story form. We know that children love stories:
let’s discuss if and how such a tool may be useful for physics education purposes.

The most common and basic features of stories can be summarized as follows [9,
10].

1. Stories have a general structure called story grammar or story schema. If we
listen to someone speaking, not necessarily we feel the speech as meaningful and
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interesting for us, and this even if he is treating a particular argument and does
not beat around the bush. A narrative results meaningful for us when it is dressed
in a form that attracts our attention, that is affectively attractring. Stories build
upon, engage, and strengthen affective meaning. Basically, a story consists in a
beginning that is set up by a problem created by a polarity, a middle part where the
problem is elaborated, and an ending where the problem is solved. It is ultimately
a technique for organizing events, facts, ideas, characters, and so on, whether
real or imagined, into meaningful units that shape our affective responses. As the
events of the story proceed, the story tells us how to feel about the whole picture.

2. A story tells about a limited world, with a created and given context. It is a
simplified and delimited environment where events stand out and are clearly
focused so as we can grasp the necessary information and search for their meaning.
The story form provides a suitable environment to exercize imagination. Things
become meaningful within contexts and limited spaces.

3. Stories are narratives that have an end. A story does not necessarily end when
we are told that all lived happily ever after, but when we have grasped all the
presented events and situations and we know how to feel about them. A narrative
is a story because its ending balances the initial tension and completes all what
was elaborated in the middle. Stories grant us the satisfaction of being sure how
to feel about events and characters.

To answer the question about the utility of stories for phyisics education we can
draw a sort of parallel between the peculiarities of the story form listed above and
those of scientific inquiry.

1. An investigation is an action that developes in time. It starts from a problem,
it provides for the elaboration of information, and ends with a solution of the
problem. Not all data are appropiate for a given inquiry, but only those ones that
are coherent with the need of clarification and rational understanding the problem
rises. An inquiry is the story of the information that involves us cognitively.
Affectivity and cognition are two ways of grasping things.

2. Within an investigation, the interest is focused and the object of the study is
limited. In order to converge to a solution, the investigation field must be defined
and limited, the phenomenon object of inquiry have to be insulated form the rest of
the world, and, in some cases, it can be reproduced and studied in the laboratory.
A circumscribed world and the laboratory work favor the research.

3. An investigation does not end arbitrarily, but when all needed information is
known and it is organized in a coherent and meaningful picture. We do not feel
to have finished an inquiry until we have arrived to a satisfactory solution of the
initial and of all open problems. Completeness and coherence are the final gaols
of any inquiry.

As a story is a search for affective meaning in a context, analogously, science is
a search for rational meaning of a phenomenon. As, over the primary school years,
children interests evolve from affective to rational values, the story form can fairly be
regarded as the suitable environment to match both kinds of meaning. Stories could
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be used as a vehicle to guide the children in their growth between the affective needs
of early childhood and the developing interest in rational and scientific understanding
of the world of higher ages. Stories can be employed at all grades of primary school
as transversal educational tools that develops together with children.

38.4 Hints for Education Research

Joining the disciplinary approach to physics and the methodological value of stories
discussed in the previous two sections, we may argue that well crafted stories can
be tools useful to clarify and make apparent the aspects of the FDG and their rela-
tionships about an object of interest. This makes our thought clear to ourselves and
to the listeners of our stories.

Telling good stories about natural phenomena, i.e., using a correct natural language
for it, is the first step toward a useful conceptualization of the processes of nature. A
story is in general narrated in natural language, but if one seeks to clarify the aspects
of the FGD, he needs and makes use of a language which becomes increasingly clear,
accurate, unambiguous, and, finally, formal.

For the purpose of science education, stories can be either told by the teacher,
or told by the children, or both. The fauncions are different, of course, and fairly
important. In the rest of this paper stories will be treated in their particular value for
the teacher side.

Just a little parenthesis about children storytelling. We have observed that children
are competent narrators even in the early childhood: stories can be used by the teacher
as instrument for the assessment of the children learnings. This is a valuable function
of stories. In fact, a scientific education driven by the cognitive processes that occur in
the children minds rather than oriented to the mere acquisition of contents, as outlined
in the second section, cannot be assessed with the conventional instruments (tests,
prolems, …) suitable to quantify notion knowledge and scientific competence. The
children thought can be accessed and qualitatively evaluated through the analysis
of their discourses, through the observation of the language naturally employed
to explain their stories of any type (concerning fantastic facts, or explaining an
experimental inquiry). In this sense, grids of language analysis, either from a syntax
point of view, or from a semantic point of view, can be useful [11, 12].

Back to our focus, stories to be told by the teacher in primary school have to
be suitably designed, with developing structure, content, characters and language
according to the children mind development and age.

Research efforts should be addressed to the development of the story form from
early childhood up to the last years of primary school. With increasing age of the
children:

1. the story structure should change from simple and elementary to articulated and
complex, hosting pupils activities (experiments, texts, drawings, games, …) and
teacher intervention (discussions, explanations, …)
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Fig. 38.1 Scenes of the three stories of the “Piccoli Scienziati” project

2. the content should concern increasningly abstract topics (water, food, …, heat,
…, energy)

3. in the first years, the affective characters of the story can be fantastic characters,
then, in the last years, some of them could remain as friends of children, but
the effective central characters should become the natural phenomena and the
physical quantities

4. language should become more and more precise and specific to the particular
cases, as well as decontextualized referring to general conceptual organizers.

This research program contributes to overcome the notion of a dichotomy between
narrative and paradigmatic thought. In contrast to Bruner [8], narrative and paradig-
matic forms of understanding represent a polarity that opens up a spectrum between
the poles of narrative and paradigmatic thought. At the same time, this program
works in the direction of giving a unitary fashion to primary school instruction, and
of strengthening the marriage between sciences and humanities.

In the next section, will be synthetically presented the stories produced within the
project “Piccoli Scienziati” (Little Scientists), developed at the University of Modena
and Reggio Emilia in the last three years, proposed to a large number of teachers
in training courses in various Italian Regions, and experimented by the teachers
themselves in their classes (see Corni et al. [13]).

38.5 The Pico’s Stories

Lots of examples of use of stories are present in science education literature, most
of them with historical background [14–23].

The Pico’s stories [13]—Pico and his friends at the Luna Park, Rupert and the
dream of a swimming pool, and The Rupert efforts and the mountain trip (Fig. 38.1)—
are designed to be used at the various levels of primary school according to the above
research program.

They are animated stories in slideshow format that tell the adventures of some
friends in various situations. They are corredated by two cases full of materials–toys,
simple models, devices of everiday use–for experimental and laboratory activities.
Each character of the stories has evident features in which a child, according to his
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temperament and disposition, can easily identify with. Pico is the archetypal child,
lively and creative, who may become a scientist. He acts as mediator between the
story world of characters and the real world of children. He is always present in
the story scene and promptly intervenes in the problematic situations. He poses the
right question at the right time and involves children in the solution inviting them to
make hypotheses, draw pictures and schemes, perform experimental activities with
the help of the materials of the cases. A second key character is Blackbird that flies
high and looks at the situations from different points of view. Rupert, a frog, pretty,
ingenuous and a bit unlucky, is the carefree child that, together with his bear friends
Thomson and Aielmo, undergo to various vicissitudes and adventures.

In the folowing, the features of the three stories will be synthetically presented with
reference to the variables evidenced in the previous section concerning the education
research. The structure concerns the complexity of the scene and the presence of
children and teacher activities, the content relates to the aspects of the FDG, the
characters are the effective entities over wich the children attention is focused, and
the language concerns the linguistic competencies needed.

38.5.1 Pico and His Friends at the Luna Park (1st–2nd Grades)

The friends buy ice creams, exchange ice cream balls and reflect on the quantities
and flavors. Then they buy drinks and reflect on their quantities and on their levels
in various glasses.

Structure. The scene is still and and centered on the friends.
Content. Identification and differentiation of the aspects of quantity and intensity

of substances.
Characters. The friends who want to have fun at the Luna Park. The story is

centered on their wishes.
Language. Elementary and with common terms.

38.5.2 Rupert and the Dream of a Swimming Pool (3rd–4th Grades)

Rupert wishes to place a swimming pool in his garden. It positions the pool at various
heights and tries to fill it by connecting with pipes to a nearby aqueduct.

Structure. The scene is structured and focused on essential elements (aqueduct,
pool, pipe). Children are invited to do experiments with a model apparatus.

Content. Identification and differentiation of difference of potential, current, resis-
tance and their relationships in the context of water.

Characters. The Rupert’s problem to be solved.
Language. Elementary with the introduction of terms of common language like

to empty the pool, water flow, water level.
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38.5.2.1 The Rupert Efforts and the Mountain Trip, Part I (4th–5th Grades)

Rupert struggles to push a wheelbarrow full of flower pots to emebllish the pool. He
tries various strategies, using the wind and an inflated balloon.

Structure. The scene is complex and offers various cues. Children are invited by
Pico to study and explore (following some worksheets) a hairdryer and toys (a car
and a balloon) to understand their functioning and to find the way to better employ
them to obtain a result.

Content. Identification, differentiation of differences of intensive quantities and
currents of substances in interactions (wind generated by the hairdryer with the car;
air blowon by an on board inflated balloon with the car); relationships between current
and changes in potentials of the cause (wind) and of the effect (motion).

Characters. The wind and the car in the experimental activities. Rupert and his
wishes are on the background.

Language. Precise and specific to express clearly the various conditions met.

38.5.2.2 The Rupert Efforts and the Mountain Trip, Part II (Second Part)

Rupert and his friends go for a mountain trip and see and experience various natural
phenomena (rivers flowing downhills, a melting glacier, a dam with an artificial
lake, a landslide, operating wind mills, a lightning during a storm, food, photovoltaic
panels, …). The story is an adventure to discover nature.

Structure. The numerous scenes are rich and offer many cues. Children are invited
by Pico to discuss about natural phenomena and their effects on one another.

Content. Decontextualization and generalization of the relationships between dif-
ferences of potential and currents in the interactions.

Characters. Natural phenomena. Rupert and his frined are on the background.
Language. Specific to every phenomenon, but more and more decontextualized

referring to potencials and currents.

38.5.3 Results of Experimentations with Children

The results of the use of the swimming pool story in fourth grade classes have been
evaluated [24] with reference to the following research issues:

1. children involvement in problem solving,
2. transition from the description to the interpretation levels,
3. identification of the relevant variables,
4. generalization of meanings.
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Fig. 38.2 Percentages of descriptive and interpretative children’ drawings and texts

38.5.3.1 Children Involvement in Problem Solving

By analyzing the children’s drawings evolution, context items are less and less present
and sidelined in the background, while elements that relate to the problematic sit-
uation are highlighted and centered. The drawings made by each child evidence a
gradual ability to identify and focus on significant story objects.

38.5.4 Transition from the Description to the Interpretation Levels

The analises of children drawings and texts show (see Fig. 38.2) a gradual shift from
phenomenological description to formulation of hypotheses and interpretations.

38.5.5 Identification of the Relevant Variables

During the evolution of the story, children begin to identify some concepts, mainly
those of water level difference, current and resistance. The learning analysis of every
child shows a generally increasing trend with some fluctuations.

38.5.6 Generalization of Meanings

Generalization is a high goal and it cannot be reached effectively with a single
activity or series of activities limited in time. However, two children in particular
have developed a remarkable level. They represent and explain by words that if the
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pipe is full of water, its shape does not influence the water flow, even if in some points
the pipe is lifted above the water level of the aqueduct. This conclusion is not directly
deducible from the story and the provided activities with the hydraulic model.

38.6 Conclusions

Support for the use of stories in physics education has been outlined. Research in
this direction must be conducted in order to define how to design stories, how to
employ them in the didactical practice, and what results can be obtained. The project
“Piccoli scienziati” has started a research program since three years ago and some
encouraging results are now being obtained.
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Chapter 39
How Physics Education Research Contributes
to Designing Teaching Sequences

Jenaro Guisasola

Abstract Over the last decades, a growing number of physicists have taken up
the challenge of implementing the same research discipline in physics learning and
teaching as applied to traditional research in the field. This commitment is widely
known as “Physics Education Research” (PER). In this paper, I will single out some
of the directions taken by present and emerging research that I deem promising.
I will also discuss the impact of research on the educational practice of physics
teaching at university level. This paper presents evidence from different studies to
demonstrate the potential positive impact of research into teaching and learning
physics on students’ understanding of physics. Finally, I will show some practical
challenges and propose some steps that could be taken to ensure PER growth and
productivity.

39.1 Introduction

In recent decades a growing number of physicists have taken up the challenge of
applying an approach to physics education research, just as rigorous as traditional
physics research, concerning problems relating to learning and teaching physics.
This commitment is widely known as “Physics Education Research” (PER). PER
concentrates on understanding and improving how physics is learnt by studying
the contents of the physics curriculum and what teachers and students do when
teaching and learning in schools. The research field relating to teaching science,
and in particular Physics Education, has been well-established for some decades. It
attempts to integrate knowledge from different fields of research; such as physics,
the psychology of learning, the epistemology of science or the pedagogies of the
teaching–learning process [1, 13] in a non-mechanical way.
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The objective of “improving” student learning lies at the heart of all education
research. As Ref. [9] says ‘there is a little reason to do research, unless there is a
pay-off in the classroom’. PER has developed around intensifying the belief that
this goal is possible. Its objective is usually formulated as “reforming or changing
the teaching of physics” causing PER to go beyond identifying student learning
difficulties found in traditional teaching. Research has developed didactic materials
and strategies, which have been repeatedly submitted to examination, assessment
and redesign. A number of different studies have had a positive impact on physics
teaching and learning. One example is research into student’s difficulties in terms
of learning physics concepts which resulted in designing new instruments to assess
students’ knowledge and the effectiveness of teaching. Halloun and Hestanes [8] used
the results obtained from an investigation into university students’ ideas, within the
field of Mechanics, to design the “Force Concept Inventory” formative assessment
test. Since its design, there has been an increase in the number of physics programmes
and textbooks, which pay greater attention to conceptual differences. Recently, in the
field of electromagnetism, Maloney et al. [12] have developed formative assessment
instruments with similar aims.

However, difficulties in carrying out research into teaching science, aimed at
improving the practice of teaching, must not be underestimated. Lijsen and Klaassen
[11] argue that designing learning sequences requires a complex process of applying
the general principles of didactics to specific teaching contexts for teaching the
subjects on the curriculum. They point out that this task is not linear but rather a
cyclical process with the aim of generating knowledge about teaching and learning,
implementing improved teaching methods appropriately in the classroom. Designing
teaching sequences is not a mechanical process involving transferring pedagogical
principles and research results to teaching specific science subjects. On the contrary,
teaching sequence design is a creative process, which considers not only research
but also the classroom culture and the circumstances of both teachers and pupils.

In this paper I will discuss the impact of research covering educational practice
of teaching physics on university courses. I will look at some practical challenges
and propose some steps that could be taken to ensure PER growth and productivity.

39.2 Implications of P.E.R. to Designing Teaching Sequences

Designing research-based teaching sequences takes into account two kinds of
research recommendations: (a) results of empirical studies on students’ ideas and
reasoning; (b) technical contributions connected to the nature of science and how
it is learnt and taught. Both contributions are connected, as the principles deriving
from the latter influence how empirical studies are analysed on the former. Analysing
students’ ideas involve not only conceptual aspects but also epistemological and onto-
logical aspects. On this point, it is necessary to analyse the historical development of
the topic to be taught, the difficulties that the scientific community had to overcome
and the arguments used to construct new concepts and explanatory models. Working
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from this epistemological analysis on the scientific content of school curriculum, it is
possible to define the teaching–learning aims in a well-founded way. In other words,
it is possible to justify choosing these aims based on epistemological evidence of
the discipline and not idiosyncratically or based on the educational programme’s
tradition.

The research recommends sequencing the main stages that teacher must work
through when designing the teaching programme. In our research group we use the
so-called “learning indicators” to specify what students should learn on the topic in
accordance with the school curriculum [4, 5]. The learning indicators include onto-
logical aspects (values and attitudes) that must be consciously taken into account.
Research into teaching sciences shows that the emotional and value-related aspects
cannot be considered without making a close connection to cognitive processes when
students are working on their activities in science classes [19]. In this respect, design-
ing activities that relate aspects of science, technique, society and the environment
to each other means supporting a presentation of socially contextualised science that
encourages students’ interest in the scientific topic being taught. Including activities
related to Science-Technology-Society-Environment generates interest among stu-
dents on the study topics, encouraging them to get involved in the solving task [18].

The design and development of the research-based teaching sequences imply that
creative integration must be carried out taking into account the teaching difficulties,
learning indicators and ontological aspects. This creative integration leads to a close
analysis of the differences between the learning difficulties and the teaching targets
set in the curriculum. This analysis should build bridges between activity design
and research work. In this respect we can say that we are using evidence from the
empirical research when designing the sequence. It is necessary to highlight that
the curriculum standards provide information on "what should be taught" generally.
On the contrary, teaching aims for the panel that we have defined using the research
evidence specify even further what students should learn and justify why they should
do it.

Although many of the activities from the innovating educational sequences are
common to the questions and exercises from the text books used in regular teaching,
it is necessary to highlight that they are used differently. Maybe the most significant
differences revolve around the time dedicated to student difficulties, plus activities
that aim to interest the students on the topic and justify introducing new models and
concepts. The sequence activities are designed with the aim of providing students
with opportunities to understand and apply the same model repeatedly. On the other
hand, the activities also tackle epistemological aims by getting students to appreciate
the power of a scientific model capable of explaining a great number of experimental
cases. As a conclusion, all the above can be organised into Table 39.1.
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Table 39.1 Use of research evidence to design teaching sequences

Students’ ideas and rea-
soning

Epistemological analysis
of the contents of the
school curriculum

Interests, attitudes, val-
ues and standards

Difficulties in learning Learning indicators S-T-S-E Aspects

Teaching goals
Set out specific problems and aims in a sequence

Interactive learning environment
Teaching strategies

39.3 Teaching Sequence of Electromagnetic Induction (EMI)

Over recent years, within the Physics Education Research Group of the University
of the Basque Country (PERG-UBC), I have carried out different research projects,
which have developed teaching sequences for classroom implementation and sub-
sequent assessment as one of their main objectives. See, for example, [2, 4–6]. In
this paper, I will describe the processes involved in designing teaching sequences
following the instruments within chart 1, with specific reference to teaching Elec-
tromagnetic Induction (EMI) in an Introductory Physics Course at university level.
Regarding students’ ideas, previous works [3] have identified their conceptual and

epistemological difficulties in understanding the theory of EMI. On this point, it is
necessary to analyse the historical development of the topic to be taught, the dif-
ficulties that the scientific community had to overcome and the arguments used to
construct new concepts and explanatory models. Working from this epistemological
analysis of the scientific content of the school curriculum, it is possible to define the
learning indicators and justify their choice based on epistemological evidence from
the discipline and not idiosyncratically or based on the tradition of the education pro-
gramme. We will present the learning indicators drawn up for teaching EMI given
in Table 39.2 below:

Analysing the differences between the learning difficulties and the teaching aims
set provides us with bridges between sequence design and the research work. In this
respect we can say that we are using evidence from the empirical research when
designing the sequence. Table 39.3 below shows the sequence for EMI topic.

Although the sequence design is strongly supported by evidence from research,
it is necessary to assess how it is implemented in relation to learning indicators. This
means that talking about teaching sequences based on the evidence from research
involves assessing their implementation. This aspect will be mentioned in the next
section.
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Table 39.2 Description of learning objectives and difficulties in EMI topic

Learning indicators Students’ difficulties

(i1) Be able to weigh up how useful it is to
solve the proposed problem

- EMI presentation is not significant to
involve students in the study

(i2) Be familiar with the experimental phe-
nomena of electromagnetic induction

- Lack of familiarity with the scientific
lab methodology (compiling data, handling
apparatus, analysing results)

(i.2.1) Find out about electromagnetic
induction phenomena in spirals and
solenoids crossed by variable magnetic
fields

- Difficulties to distinguish between the
empirical level (use of multi-meters and
interpretation of measurements) and the
interpretative level that uses concepts such
as variable magnetic and electric fields over
time, Lorentz Force, magnetic flow and
electromotive force

(i.2.2) Find out about electromagnetic
induction in circuits that are moving within
a stationary magnetic field

-Not used to working in a group

(i.2.3) Find out about electromagnetic
induction phenomena caused by a combi-
nation of the aforementioned effects
(i.2.4) Be able to tell the difference between
the phenomenon of producing induced
electromotive force and generating induced
current intensity
(i3) Be able to analyse electromagnetic
induction phenomena qualitatively and
later quantitatively

- Students find it hard to: a) Interpret
simple induction phenomena properly. b)
Attribute EMI to the presence of a vari-
able magnetic field or to the variation of
magnetic flux c) Apply Faraday’s Law cor-
rectly, interpreting motional electromotive
force phenomena

(i.3.1) Using macroscopic modelling cor-
rectly

- Students tend to use a field model
more frequently than a force model when
explaining EMI phenomena

(i.3.2) Using microscopic modelling cor-
rectly

-Few students show that they know how to
explain the phenomena from a microscopic
and macroscopic point of view

(i4) Repeatedly use scientific work strate-
gies to find the solution to the set problems

- Lack of familiarity with the scientific
methodology in problem solving. Difficul-
ties to:
≈ Carry out qualitative analysis
≈ Make a hypothesis
≈ Draw up alternative strategies
≈ Analyse results
≈ Handle apparatus
- Not used to working in a group
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Table 39.3 Map of the didactic sequence for the study on EMI

Problem sequence Science Procedure to be learnt by
the students

Explanations for the students to
understand

What is the interest
and/or use of the
EMI study

- Science is interested in natural
phenomena and their social
implications. The origin of the
interest in a phenomenon,
situation or fact can vary
depending on: the science
topic, technological problems,
local or global problems, etc

- Acquiring a preliminary
conception of the study that is
going to be carried out and
promoting interest on the EMI
study

When does an EMI
phenomenon occur
and when does it not

- Make empirical observations and
take down information on the
phenomena that occur and
make predictions on what
might happen

- Macroscopic and qualitative
study of EMI. EMI occurs
when there is a variable B over
time and/or when a conductor
moves in a magnetic field.
There is no induction if the
conductor is in a stationary
magnetic field

How can the EMI be
quantified

- Science is able to measure the
phenomena that are seen and
give quantitative answers from
the phenomena seen

Macroscopic perspective of EMI

- Faraday’s Law
- Induced emf
- Induced emf ∗= induced I
- Energy conservation law (Lenz

Law)
Is there another way of

measuring induced
emf

- Science can solve the same
problem using different laws
and points of view. A problem
can be solved with different
procedures and get the same
results

Microscopic point of view for EMI

- Find out about the field of
application for the laws

- Lorentz Force

- Magnetic force
Non conservative electric field
- Relationship between emf with

Lorentz force and the
conservative electric field

- Reference systems and the fields
Applications for EMI - The applications of science and

technology in everyday life
meet our needs but they are
also present in our leisure.
Science and its technological
applications are all around us

Know how to apply Faraday’s law
within the context of your
everyday life beyond the school
context
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39.4 Assessment of Teaching Sequence and Conclusions

Physics education research, generating relevant knowledge about teaching science
subjects, presents significant difficulties. Firstly, considering that one proposal is
“better” than another involves agreeing with the aims used to assess the quality of the
proposal. These quality criteria may be based on the percentage of students who pass
official internal and external tests which may have some correlation with the students’
results in conceptual comprehension tests. In other words, quality may be measured
in terms of the number of students preparing to following science and engineering
studies and in the proper preparation of this elite group. An alternative method of
measuring quality revolves around how effective it is at generating better scientific
literacy and increasing the wider understanding of basic scientific theories. Finally,
the nature of the teaching quality is a question of values, concerning educational
administration and, finally, the teachers responsible for implementing it. In any event,
if different quality criteria are applied in different situations, it is not possible to
identify a single “best teaching practice’.

Another important difficulty in generating knowledge relevant to teaching is
demonstrated by evidence from research [17] showing that teachers make changes
when implementing the curriculum which may affect original intentions, and envis-
aged goals. This may lead to teaching veering off track from its “official” goals. In
addition, extensive research into teachers’ thinking [15] shows that teachers have
a positive attitude towards the results of didactic research, but are not prepared to
change how they teach if the actions proposed are not consistent with their teaching
practice. Teachers point out that their educational practice is strongly influenced by
their school colleagues and by textbooks and didactic materials used in classroom
practice.

Studies carried out by PERG-UBC bear in mind the aforementioned difficulties
when analysing teaching sequence implementation. They are usually assessed in
three ways. Firstly, we are interested in the effectiveness of the sequence compared
to the traditional approach to teaching. Pre-test and post-test analysis is used for
this, consisting of a questionnaire with questions related to the learning indicators
specified for the sequence. In addition, the students’ conceptual understanding in the
experimental groups is compared with the Control group. These results are used to
judge the sequence’s effectiveness in terms of improving the students’ understand-
ing, compared to traditional teaching of the subject. We know the methodological
difficulties of making these kinds of comparisons, but we agree with Leach and
Scott [10] that if they are made in accordance with the conditions imposed by the
quantitative methodology of research, they are at least as valid as any others.

Secondly, a group of tasks is usually used to assess the experimental groups’
conceptual and methodological understanding. These tasks are carried out by the
experimental group students throughout the sequence implementation. The task
structure meant that students had to explain their decisions and their results, as well



404 J. Guisasola

as predicting how situations would develop following the scientific model studied
in class (assessment of epistemological aspects). Student responses are recorded on
audio or video for later analysis.

Thirdly, our goals demand that students should be interested in the tasks and
acquire greater interest in the scientific content of the subject. We wish to assess
the sequence’s influence on student activities. To do so, a Likert scale questionnaire
was designed scoring from 1 to 10. It consisted of 13 questions divided into three
sections on: the contents, the method of working in class and the satisfaction with
which the work was done. The students in the experimental groups completed the
questionnaire after finishing the course. A teacher who had not taught the sequence
supervised questionnaire completion, which was done anonymously.

Results from the Teaching and learning EMI project shows that the majority of
students (between 50 and 70 %) in the experimental groups demonstrate correct
understanding of the studied scientific model. It would actually have been surprising
if all the students had answered all the questions correctly. This would have meant that
all the students had acquired all the knowledge and skills proposed in the indicators.
Our, no less idealistic, intention was for the vast majority of student answers to lie
between the “correct” and “incomplete” codes and this was achieved for three quarters
of the pupils, in all questions. Similarly, the vast majority of the student groups, who
answered tasks where it was necessary to apply the scientific model they had studied,
did so correctly. In the case of control group students, the percentage of correct and
incomplete replies did not reach 25 % in any of the post-test questions.

The experimental group students also showed a (more) positive attitude to the con-
tents of the experimental teaching sequence. Connections with the concepts studied
beforehand and the method of working on the contents in the sequence were partic-
ularly emphasised.

What evidence do these results contribute to teaching the topics in question? When
drawing conclusions and looking at implications for teaching, it is necessary to bear
in mind that the teaching sequences designed in the different projects were imple-
mented in two or three groups of students. In addition, teachers who implemented the
sequence are experts in the teaching strategies used and have helped to design some
aspects of the sequence. So, we cannot present evidence for more general contexts or
teachers untrained in the use of the sequences. However, we have found that similar
research on teaching sequences carried out by international groups [14, 16] has also
achieved a significant improvement in teaching the specified indicators.

Our projects are not designed to provide conclusive evidence on why students
might improve their learning and, in fact, there may be improvements in learning
due to other features of the teaching process. However, we think that the existence
of a connection between students’ learning improvements in the specified indicators
and the implementation of these teaching sequences may be a plausible explanation:
the sequence and its implementation having been assessed in accordance with the
research methodology into science teaching.

The results contributed by our projects show that, for whatsoever reason, students
who follow the sequences are capable of obtaining a significantly better understand-
ing of the scientific models proposed in the learning indicators than students who
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receive traditional teaching. So, teachers who decide to use these sequences in the
future seem likely to be able to help their students learn more effectively than with
the traditional teaching approach.

Continuing with the design of materials and strategies, as well as their assessment
in extensive samples of schools and at different educational levels seems crucial to
me, as in research we base ourselves on the fact that if the science teaching (physics)
were as it should be, it would not be necessary to spending time getting a better
understanding of “how”, “when” or “why” students learn.
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Chapter 40
Quantum Physics in Teacher Education

Gesche Pospiech and Matthias Schöne

Abstract Teacher education forms the decisive link between physics education
research and the realization of research results in school. The actions of teachers
are influenced by their own experience from school, from study at university and the
need to follow the school curriculum. Discrepancies between these factors have to
be overcome. In quantum physics, the gap between teaching traditions at university,
recent experimental results and the possibilities of teaching at school is especially
big. Therefore it seems desirable to study this gap in detail in order to diminish it
within given resources.

40.1 Introduction

Quantum physics is the basic theory of physics. During the last decades there has
been made significant progress in understanding its fundamental features as opposed
to classical physics. Especially experiments concerning uncertainty, entanglement
and quantum information allow for deeper insight and have found their way into
popular science (e.g. Zeilinger 2003). In this way the fascination of youth towards
quantum physics is raised.

However, in general these new developments do not yet find their way into the
school curricula and also not into teacher education. On the contrary the teaching
at school is strongly influenced by the historical developments, such as the atomic
model, the representation of e.g. an electron by the so-called wave-function or the
statistical interpretation of the uncertainty relation of position and momentum as
central parts. Whereas it is undoubted that quantum physics as a basic theory has to
be taught at school it is not equally clear which aspects to choose as the most relevant
content. Therefore the implementation of a modern course in quantum physics be
at school or at university requires big efforts in several aspects: first it needs the
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definition of an agreed upon “canon” for school and university alike and secondly
identifying appropriate learning pathways.

The decision of teachers regarding the focus of their lessons relies on several
factors: their own experience as students in school, their own convictions about good
physics teaching and its related goals, what they have learned at university and last
but not least the school curriculum with the expected teaching. In addition, teaching
quantum physics is strongly connected with the personal views on the role of physics
and its statements it can make as a science and where its borders are.

Teacher education has to cover mastering the basics of quantum physics—
including some mathematical formalism—and on the other hand being able to explain
it to students. In university lectures on quantum physics these both combined goals
mostly are not reached in such a way that the teachers transfer their knowledge into
the classroom. So the adequate fitting of content knowledge and pedagogical content
knowledge remains an open problem. The goal of the present study is to go a first
step towards its solution in describing the relation between the conceptions of the
lecturers at university and the students’ conception of the relevant quantum physics
terms and the interrelations.

40.2 Theoretical Framework

Teacher education lies in the triangle between the professional knowledge teachers
are expected to acquire at university, their own experiences from the physics lessons
they attended themselves at school and the demands of school curricula, lesson
plans and school authorities, [1]. In order to devise their teaching teachers have to
combine their content knowledge, the pedagogical knowledge and the pedagogical
content knowledge. This is seen through the glasses of personal convictions, teaching
habitudes and cornered by the school curriculum.

40.2.1 Teaching of Quantum Physics

Quantum physics proves to be a special area in physics teaching because of its
abstract formalism, the differences to classical physics, the nearly complete absence
of real experiments suitable for school and the strong traditions in teaching partly
due to the long unclear history of interpretation. In addition, in quantum physics
as a vivid research area with numerous experiments concerning its fundamentals,
there is an exceptional discrepancy between concepts revealed by recent research
and the more traditional views of teaching at school. Many courses at school (and
at university) start with the photoeffect in order to introduce light as particle and
in the sequence guiding the students towards quantum objects and the double slit
experiment. During this learning path students tend to retain classical notions; they
might still think: “finally, the electron must take some path or other” [2].
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In modern presentations of quantum physics the terms of superposition, uncer-
tainty and entanglement play a central role, [3, 4]. Michelini and her group have
developed a didactical path along the core concepts of quantum theory: the super-
position principle and uncertainty, strongly related to phenomenology treating the
polarization of photons interacting with polarizers and birefringent crystals, in the
end leading to the formalism. For the use of teachers a web site has been constructed
[5]. But this approach is not typical for university lectures on quantum physics.

In each learning pathways learning difficulties of students can be observed. A
broad range of studies on high school students and university students analyzes con-
ceptions of quantum mechanics (for a short overview see [6]). Students’ difficulties
in understanding and acquiring an adequate quantum view depend not only on the
subject in question—atomic model, uncertainty relation or wave function—but also
on preliminary instruction, [7]. Many students do not exhibit a consistent perspective
on uncertainty and measurement across multiple contexts. A more refined study [8]
focuses on the change of students perspective depending on the views of the instructor
as well as on own personal convictions about the “real world”, (see also [9]). Baily
and Finkelstein find that the students’ views on quantum mechanical phenomena
can be significantly changed by instruction, e.g. by explicitly teaching the quantum
perspective, but may stay mixed between classical and quantum interpretation.

However, there are nearly no studies taking teacher students into the view. One
exception is a study concerning the conception of atomic model [10]. The problems
of teacher students mostly are the conceptual understanding and the interpretation
of quantum physics. Often students calculate without a mental concept [11], the
indeterminism and the measuring process are not understood and the classical views,
like trajectories or fixed properties remain unchanged [12]. Mannila et al (2001)
found differences between students preparing for teacher and future physicists with
teacher students tending more to a quantum view. Because of the small number of
participants it is not clear whether this is a general feature.

Concerning teachers researchers find that they have limited viewpoints about
quantum mechanics. The teachers relate between quantum mechanic concepts and
classical ideas in an undifferentiated way. This is a big obstacle in the teaching
process in school in the light of a recent study showing that—quite independent
from the teaching approach—especially concepts taught in quantum physics are very
stably retained, [13]. This hints to the importance of the above mentioned triangle
of previous experiences of teacher students for their future learning and directs the
focus onto teacher education.

40.2.2 Teacher Professionalisation

Studies show that the quality of teachers’ explanations strongly depends on their
content knowledge, [14, 15]. It has to be flexible and adjusted to their students
needs. An effective teacher is the single most important factor of student learning
[16].
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Demtröder et al [17] argue that teaching physics is an own profession, not a part of
the education for future physicists and has to be a study course of its own. Besides the-
oretical instruction Pedagogical Content Knowledge (PCK), like methodical didac-
tical knowledge, discussion of historical and philosophical question, interpretation
of quantum physics concepts and main modern applications, is necessary to teach
quantum physics well in school.

So adequate teacher formation at university has to be developed, especially as
it turns out that the most relevant learning period concerning content knowledge
seems closed after the “Referendariat” [18]. In an approach to teacher preparation
[10] five interactive components of an instructional model are identified: exploring
learners pre-instructional knowledge, the content analysis from the educational per-
spective, identifying the learners needs, fostering the reconstructing of knowledge
and meta-cognitive activities. Because in quantum physics the concepts are retained
exceptionally well [13] this procedure is of great importance. A study from Bagno
et al (2010) showed that teachers need extensive qualitative discussions besides a
founding in the formal aspects of quantum theory. But in many courses teachers
learn quantum physics with a strong focus on mathematical formalism. As a con-
sequence teacher students often do not know the didactical possibilities to teach
quantum physics.

To explain the context of the study teacher education in Germany will be explained
in a few remarks. Teachers study two subjects, e.g. physics and mathematics, with
equal weight. Part of the study are lectures and seminars on general pedagogy. During
their physics study they learn experimental physics, theoretical physics and attend
laboratory work. In addition there are special seminars and lectures on pedagogical
content knowledge. The physics course covers all the basic areas of physics. Gener-
ally only few of these lectures are specially prepared for teacher students but mostly
are designed for students choosing physics as their major. However, in Saxony the
lectures in theoretical physics are given separately for teacher students. With respect
to quantum physics this opens up special possibilities for analyzing the gap between
university and school curriculum.

40.3 Design of Study

In this study we concentrate on the relation between the actual teaching and learning
of quantum physics at university in the special case of teacher education. On the basis
of these results an additional course with emphasis on PCK in quantum physics will
be developed. As a first step the status quo is being described.

40.3.1 Research Questions

First we analyze the fit between lecturer views and the view and demands of teacher
students concerning lectures in quantum physics. The questions are:
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• Which are the central concepts taught by lecturers?
• How do students grasp and understand these concepts?
• Which of these concepts are suited for teaching at school according to the view of

teacher students?

40.3.2 Methodology

The goals and main content of the quantum physics course given by the lecturers
were collected by a written questionnaire with open-ended questions. They were also
asked about the obstacles in teaching, relevant topics and concepts, they wanted to
teach to students, a rating of students pre-knowledge and if they make any differences
between teacher students and future physicists.

For the teacher students’ views a pilot interview study was started with five stu-
dents to find the content of theoretical lectures, demands for an additional course
and suitable topics for teaching quantum physics at school. Also a test of under-
standing was made with a german translation of tests of Robertson/Kohnle [11] and
Baily/Finkelstein [7] as an anchoring test with respect to the learning difficulties
described in the studies above. The topics of this test were quantum mechanical
measurement, probabilities, possibilities oft interpretation, entanglement and EPR
(Einstein, Podolsky, Rosen) Experiment, non determinism and uncertainty princi-
ple. In addition the interviewed student should rate the sufficiency of the content and
the pedagogical content knowledge and their own understanding after their standard
course in quantum physics.

The answers were of both groups to open questions or interviews were analyzed
with the qualitative content analysis after Mayring [19] to find the main categories.
To compare the interview results concept maps of the categories were built with
the program Atlas.ti c≈. The main categories were defined as best linked with other
categories or often mentioned in the interviews.

Based on this analysis we created a main quantitative questionnaire containing
questions on the main contents of the lectures, the demanded content for an additional
didactical course and suitable topics for a school course in quantum physics, a rating
of imparted PCK and CK knowledge after a standard course and a self rating of the
quantum physical understanding.

40.4 Results

40.4.1 Results of Analysis of Lectures

The main concepts of the standard courses in quantum physics from lecturers’ point
of view are shown in Fig. 40.1 as a concept map.



412 G. Pospiech and M. Schöne

Fig. 40.1 Main concepts according to lecturers. The most important topics are marked grey

Lecturers put a great focus on mathematical techniques. One possible reason may
be that lecturers often rate students’ mathematical knowledge as insufficient and that
it has to be enlarged. So the ability for doing formal calculations and mathematical
analysis of quantum physics are two of the main goals of the lecturers. Other impor-
tant goals are the knowledge of basic concepts and example applications. But no
lecturer mentioned methodical or didactical concepts as important. Lecturers often
feel there is too few time for these additional questions and/or they are not trained
in this respect.

40.4.2 Results of Pilot Study with Teacher Students

As a first result of the pilot study the five different interviews with the students were
analyzed and different categories for the content of theoretical physics courses, the
demands for an additional didactical course and possible topics for teaching quantum
physics in school were created. The main content of the lectures from the students
point of view are shown in Fig. 40.2 as a concept map.

The identified categories were used as different choices in the quantitative main
questionnaire, so a rank order of these topics could be constructed. In contrast to the
lecturers’ view students see more details like the Compton or photo effect than main
principles. They separate more between physical model and mathematical formalism.
Also students connect general quantities to concrete examples, e.g. Spin is related
to hydrogen atom, but indistinguishability not at all. Also the main demands of
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Fig. 40.2 Main contents of lectures—seen by students. The most important topics are marked grey

Fig. 40.3 Students demands for an additional didactical course

the students for an additional course that improves the didactical education were
categorized and are shown in Fig. 40.3, the main demands also marked grey.

As a second part the answers in the test for understanding were analyzed. Three
of five students formally knew the problems of the measuring process in quantum
physics, but none respectively only one could apply this knowledge to two questions
about energy measurement (see Robertson/Kohnle [11], question 1.1 and 1.2). In
contradiction 90 % of the comparable experimental group of Robertson/Kohnle could
give the right answer to question no. 1.1 and 35% to question no. 1.2.

Concerning the explanation of quantum properties the uncertainty could be
described by four of five students, but none could describe the difference between
the uncertainty in a classical Galton Board experiment (for further details see
Baily/Finkelstein [7], essay question no. 2) and quantum uncertainty. This is almost
in agreement to the result of Baily/Finkelstein with 15 % right answers.

Only two of five students in our survey could describe the indeterminism and
the entanglement correctly. None of the students knew the significance of the EPR
Experiment.
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40.4.3 Results of Questionnaire

In the main study 20 master students participated, mainly from the fifth year at
universities in Dresden and Leipzig.

The content view of the master students in the quantitative survey is similar to the
qualitative one. Main subjects like the Dirac formalism, the Schrödinger equation and
calculus of potential wells are mentioned often, but historical experiments seem not
so important for this group. In addition they put more attention to angular momen-
tum/spin and mathematical formalism, e.g. the description of the time evaluation, so
they are closer to the lecturers view.

The main demands of the students are also a stronger explanation of the physical
model in interpretation questions but mainly PCK questions in practical teaching
methods (18 of 20 students), concepts for a teaching unit (17 of 20 students), appli-
cation examples (14 of 20 students) and general educational viewpoints (16 of 20
students). This is in accordance to the rating of students own learned PCK in quantum
physics lectures. 70 % of the students think the given knowledge is not sufficient for
teaching quantum physics well in school. In contradiction students feel well prepared
in their content knowledge. 16 of the 20 interviewed students think the main concepts
of quantum physics became clear. But not all subdomains were equally rated, only
11 of 20 of the students feel well prepared in the topic of entanglement, 12 of 20 in
uncertainty and only 8 of 20 in the understanding of the measurement process. In
accordance to the lecturers’ view only 12 of 20 students feel sufficiently prepared in
the mathematical formalism.

The analysis of suitable topics for school courses in quantum physics show that
the uncertainty principle, application of laser and properties of quantum objects
are recommended by all students. Also the photo effect (19 of 20 students) and
interference experiments (17 of 20) were seen as suitable topics.

Many topics from the university lectures like angular momentum, Schrödinger
equation, Bose Einstein Condensation, probability distribution and equations of radi-
ation, which are difficult, were rejected by the students for school education.

Visionary application topics like quantum computer or cryptography are rated
ambiguous. This shows that students often reconstruct their own school experience,
especially in historical experiments, but are open for new subjects like applications
if they are well constructed. The analysis of the central points of the saxonian school
curriculum (2011) shows similar topics with photon as a quantum object, the photo
effect, interference of photon, electron and neutron and Heisenberg’s uncertainty
principle. Only the measurement process was not mentioned by the students, but
is a main topic in the curriculum. It is remarkable that lecturers are focused on
mathematical formalism, which cannot be used in school, because only basics of
vector algebra are known by the pupils.
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40.5 Future Work

In order to compare content structures of university and school lectures it is planned to
analyze two different concept maps. One is built up from lecture scripts and exercises
of university lectures, the other from school books. Hendrik Härtig has shown in his
dissertation (2010), that school books are with high significance a good indicator for
the average school lesson. To validate both concept maps experts will analyze and
verify them.

To improve the pedagogical content education of teacher students we are plan-
ning an additional course. Main goals of this course is the discussion of basic ideas
of quantum physics, fundamental experiments and possible problems in the teach-
ing learning process. But also teaching concepts in quantum physics and practical
developments by students will be included.

The course will be evaluated with a pre- and posttest with qualitative instruments
and a questionnaire.

40.6 Conclusion

This study shows that lecturers and teacher students have different views and demands
for a reasonable course in quantum physics. Lecturers see basic mathematical tech-
niques and quantum physics formalism as main goals. Teacher students want to
understand the basic principles, interpretational problems and like to discuss PCK
relevant questions, like practical teaching methods, teaching concepts and applica-
tions.

It was shown that teache students feel well prepared in the content knowledge
but poorly in pedagogical content knowledge with the consequence that they fell
not prepared to teach quantum physics in school. We will analyze the effects of an
additional course especially for teacher students in this respect.
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Chapter 41
Using a Sociocultural Approach in Teaching
Astronomy Concepts with Children of Primary
School

Rocco Servidio, Marcella Giulia Lorenzi and Mauro Francaviglia

Abstract This chapter describes the use of a social collaborative learning approach
to teach astronomical concepts. We used a repeated measure design to test the effec-
tiveness of a teaching intervention aimed at improving basic concepts of Astronomy.
Results show that children after the didactical experience were able to give a detailed
explanation of the acquired knowledge. These results suggest that the approach
adopted is fruitful and helps children to learn and understand scientific concepts,
revisiting their pre-existing knowledge, often influenced by naïve explanations.

41.1 Introduction

Several studies highlighted that primary school age children often build their scien-
tific concepts of the physical world on the basis of their own everyday experiences
[2, 3, 7, 9, 11, 12] . Some of children’s Astronomy ideas are [5, 10]: the “Earth is
flat” (children imagine the Earth shape as a disk); the “Earth is hollow” (the earth is
similar to a rectangle or to a sphere). Yet, children think that some natural phenom-
ena can represent negative events. They consider, for example, the passage of comets
as negative events or premonitory signs that warn people about possible dangers or
disasters. Another common children misconception concerns the day/night cycle,
which they attribute to the Sun anthropomorphic quality [6]. The authors claim that
children have the idea that during the day the Sun “lives” like a normal being and
then, in the night, it “goes to sleep” (as ancient people believed).
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A deep understanding of scientific concepts requires that children significantly
learn and share both theoretical and practical skills. Hence, to encourage this con-
ceptual attainment, teachers should design educational settings able to stimulate the
students’ mental activity to analyse problems and then to apply “creative thinking”
strategies. The main idea of this approach is to stimulate children to learn from
direct experience without restricting the didactical potentialities of the scientific
exploration. Furthermore, learning is more productive when children are exposed to
the socials interactions, where language, group discussions, collaborative and coop-
erative work, and tools’ use play an important cognitive function (Vygotskij 1986).
There enhances reflection and helps learners to build well-grounded and shared sci-
entific concepts.

Although the research on children’s ideas remains an important field of inquiry
into the astronomical education as a whole, many questions associated with the cog-
nitive processes involved in knowledge acquisition and concept learning are still
unanswered. We can summarize these aspects as follows: (1) is it possible to restruc-
ture the pre-existing children’s misconceptions regarding Astronomy concepts? (2)
What is necessary in order to improve the traditional educational settings to teach
Astronomy concepts in a productive way? A common aspect of the aforementioned
factors concerns teacher modalities to deliver scientific concepts.

In this study, made in a recent academic year, we tested the effectiveness of
teaching intervention, which was based on “sociocultural learning” (Vygotskij 1986).
We used a repeated measure design to compare teacher and investigator treatments.
The last one emphasizes the role of “social learning theory” as a good didactical
strategy to teach Astronomy topics. The instructional material was organized with
the intent to motivate children learning interest, facilitating their mental elaboration
of the information presented. Specifically, we argued that Astronomy concepts are
not difficult to learn. Nevertheless, it is important to identify appropriate didactical
methods that help children to better understand scientific ideas. Therefore, we also
argued that children astronomical knowledge before treatment session was affected
by naïve ideas. We expected that when applying the sociocultural learning approach
to the treatment session, children would improve their astronomical understanding.

This chapter is organized as follows: in the next Sect. 41.2 we describe the aim
of the current study; then, in the “Procedure” Section, we present the design and
the procedure adopted in developing the current research. “Results” of the pre- and
post-tests assessments follow. Finally in the Section “Conclusion” we present the
outcomes of the study.

41.2 Aim of the Study

The purpose of the present investigation was to examine the effectiveness of a socio-
cultural didactical approach with the support of cognitive tools, aimed at teaching
Astronomy concepts. Children and teachers were actively involved during the edu-
cational and didactical sessions. The main idea was to create a productive learning
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context, where teacher and children work cooperatively. It is widely agreed that
“learning” is not merely an individual process, since a more complete cognitive
result can be achieved when social and cultural aspects are taken into account [4].

We designed and used traditional didactical materials and multimedia contents ori-
ented to attract students’ attention and interest. By applying this didactical approach
students were able to share ideas, make inferences, and they identified relationships
among concepts, rather than exchanging information without a concrete direct expe-
rience.

41.3 Method

41.3.1 Participants

The participants in this study were twenty-two Italian children (10 males and 12
females), aged between 9 and 10 years (M = 9.8; SD = 0.35), took part in this study.
They attended two fifth-grade classes of a Primary School in San Lucido (Cosenza,
Southern Italy). For the study purposes, all the didactical activities took place in each
single classroom, respectively. We did not use a preliminary test to measure children’s
cognitive abilities. Students participated in this study after having obtained a written
consent of the School Director. The children sampling took into account the previous
studies that showed different examples on how children learn Astronomy concepts
([2] Kikas 2003; Vosniadou and Brewer 1992).

41.3.2 Study Design

We used a repeated measure design to test the effectiveness of the sociocultural
didactical approach (Vygotskij 1986). In this study, pre-test session represents the
control condition and the post-test the experimental one. The proposed study design
includes the Mathematics and Physics schoolteacher’s suggestion, which wished
that all children received the same astronomical concepts delivered through the pro-
posed didactical approach. This educational approach was also coherent with the
objectives and the guidelines of the Italian Primary School curriculum. In order to
control the student’s learning progress, we used different evaluation methods, such
as graphical representations, questionnaire and social learning activity. Participants
were individually tested except for the cooperative educational activity.

The twenty-two-grade students, attending the primary school, received the same
basic teaching on the shape and rotational movement of the Earth and Sun, the
day/night cycle, the seasonal changes, gravity, meridians, and parallels. We intro-
duced these concepts in the fifth-grade primary class since during the research



420 R. Servidio et al.

children have already completed the educational programme (according to the Italian
Education Minister curriculum) that included the learning of astronomical concepts.

Before starting with the direct educational activities children were pre-tested
by using a multiple-choice questionnaire, in order to evaluate their initial knowl-
edge about specific astronomical phenomena. Schoolteachers examined the students’
learning by using this type of test. Thus, we avoided to introduce new didactical
constraints in the classroom. The investigator administered again the same question-
naire immediately after the treatment session, aimed at examining children learning
progress, and again one month later, in order to evaluate how children maintained
the acquired knowledge over time.

We assumed that after the treatment session children would better understand the
astronomical concepts. In this study, the treatment included educational activities
based on “social learning theory”. All the didactical activities were presented to
children with appropriate information along with conceptual tools and practical col-
laborative activities. This approach should help children to improve their scientific
understanding, avoiding at the same time the learning of astronomical concepts in a
naïve way. Specifically, it is rather effective when children learn scientific concepts
in a non-monitored context (e.g., family environment, and so on).

41.3.3 Materials and Data Collection

A geographic map of Italy, two globes, a lamp with swing arm, equipment for drawing
(a black marker), a blackboard, balloon and a flashlight, a thermometer, two manuals
of Astronomy and a laptop were adopted during the whole period of the treatment
activities. We also selected a series of multimedia lectures notes that the investigator
used in the classroom during the lessons, to explain the Astronomy concepts to
children. In addition, to support children’s learning, we arranged simple hands-on
Astronomy exercises in the classroom.

To assess children’s Astronomy concepts and to easily introduce them we
designed a questionnaire, taking into account the previous studies conducted by
other researchers [12]. The questionnaire consisted of twelve items, and each one
included two answer modalities: dichotomous (Yes or No) and open-ended. We used
the open-ended modalities to collect a richer source of information about children’s
astronomical knowledge. The open-ended questions aimed at identifying the mean-
ingful utterances used to explain some astronomical events and indicating the learning
of new concepts. Therefore, we were able to understand as children explained sci-
entific concepts they learned. The questionnaire items examined the Earth’s shape,
the day/night cycle, the Earth’s rotation, the concept of gravity, meridians, parallels
and others concepts regarding the Solar System.
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41.3.4 Procedures

Two classrooms of students participated in this research carried out during in the
2009 academic year. According to the study design, the investigator delivered the
same educational contents in each classroom, separately. Children were told that the
proposed educational activities were not a test and that they could say if they did not
wish to answer a question or did not know an answer. The same instructions were
given for the graphical representations. In addition, schoolteacher of Mathematics
and investigator gave no support to children to perform all the designed educational
activities. One month after the end of the educational activities, we evaluated chil-
dren’s learning again.

Initially, students were individually tested administering them a pre-test question-
naire. Each participant was invited to read carefully the questions statement and then
to pick out the correct answers, providing an explanation of it (open-ended modality).

During the second session (called treatment) we delivered target Astronomy con-
cepts. Each educational activity consisted of two parts. In the first part of the lesson
the investigator introduced theoretical concepts in Astronomy to children. After-
wards, the investigator designed some simple experiments in the classroom, in order
to actively involve the children. The aim of this approach, based on “social learning
theory”, was to explain to the children the basic astronomical phenomena, making
use of their own conceptual knowledge. The duration of each lesson lasted approxi-
mately 45 min. The research was carried for five and half weeks and the educational
activities were delivered twice per week (Tuesday and Saturday). Finally, the third
session included second and third observation, respectively.

The schoolteacher of Mathematics in one year earlier (April–May 2008) taught
to the children basic astronomical concepts by adopting a normal textbook. These
concepts included the shape of the Earth and the day/night cycle. The textbook
included theoretical description of astronomical phenomena and practical exercises
to improve the students’ learning. For instance, the textbook displayed the position
of the Planets by using images, chart and other materials. Finally, it provided a list
of questions to evaluate the children learning. The duration of each lesson ranged
from 35 to 45 min. It depended by the lesson organization and by the topics of the
didactical activities scheduled, as well as by the students’ attention.

According to the research purposes, we performed a classroom pre-test aimed at
assessing the initial children’s knowledge about Astronomy. We administered the
questionnaire in the classroom and each student had to reply it individually. Children
had approximately 50 min to fill it out. They knew that this was not a test, and that
they could say if did not wish to answer a question or did not know one. In addition,
subjects completed the task without receiving any support.

After this preliminary assessment, investigator started with treatment activi-
ties. The research design included both theoretical contents and simple hands-on
Astronomy exercises. We designed the educational material to be flexible, taking
into account children’s ideas that emerged during the class discussions. It included
multimedia resources (e.g., videos, animations, images, and sounds). During the



422 R. Servidio et al.

educational sessions children were stimulated to apply a social-cooperative strategy
aimed at enhancing the learning of astronomical concepts. Other activities included
discussions in a whole-class session. For example, a child asked the following ques-
tion: “If I move, I go to the other side of the terrestrial globe, for example, in China,
here will I walk to head down and therefore could I fall from the Earth?” Hence,
the investigator introduced the concept of gravity, explaining to children that it is an
attractive force, which causes all bodies to move towards the centre of the Earth. In
the next educational meetings the investigator introduced other astronomical con-
cepts like: day/night phenomenon, Earth rotation, seasonal changes, meridians and
parallels. Most of these concepts were delivered with the support of multimedia
materials.

At the end of the treatment session, the investigator administered the post-test
questionnaire. The setting was the same of the pre-test. One month later, we repeated
again the questionnaire administration, without modifying the school setting.

41.3.5 Data Analysis of the Results

First, we assessed the internal consistence of the designed questionnaire performing
a Cronbach alpha reliability test. We obtained a good reliability result. The Cronbach
alpha value was 0.72. Nunnaly [8] has indicated 0.70 to be an acceptable reliability
coefficient, but lower thresholds are sometimes used in the literature.

Preliminary pre-test analysis showed that all participants had similar prior astro-
nomical concepts (Fdichotomous(1, 21) = 1.53, p > 0.05; Fopen-ended(1, 21) =
0.13, p > 0.05). Children acquired these backgrounds on Astronomy during their
previous educational activities carried out by schoolteacher. Vice versa, the differ-
ences between pre-test and post-test condition were significant (Fdichotomous(2, 65) =
16.50, p < 0.01; Fopen-ended(2, 65) = 35.73, p < 0.01). Secondly, after pre-test
68 % of the 22 assessed children answers correct to the dichotomous items, whereas
32 % gave a wrong answer. Analysing the results of the post-test, we obtained that
98 % of the answers of 22 assessed children were correct and only 2 % of them
answered wrongly. 1 month later, we have observed a short difference in comparison
with post-test. In particular, 97 % of the assessed children answered correctly, while
the remainder 3 % of them answered wrongly.

Results show that the mean number of correct answers to the questions after the
treatment (M = 11.79, SE = 0.10) and 1 month later (M = 11.63, SE = 0.10) was
greater compared with pre-test results (M = 8.18, SE = 0.32). Although all children
had the same initial knowledge about Astronomy concepts, an active, social and
collaborative participation improved their scientific understanding.

To examine the significance of the students’ learning changes occurred over time
and in connection with the treatment, we have performed a series of two-tailed paired
t-test. The results indicated that there was an overall significant improvement from
pre- to post-test scores for the dichotomous questions (t21 = −10.62, p < 0.01)
regardless of treatment condition. However, the difference between the two outcome
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measures was not significant (t21 = 0.70, p > 0.05). We obtained the same result
for the open-ended questions. A significant improvement from pre- to post-test scores
indicated that the children language showed more details to explain Astronomy con-
cepts (t21 = −15.82, p < 0.01). In contrast, we did not find significant differences
between post-test and one month late measures (t21 = 0.70, p > 0.05).

41.4 Conclusion

The aim of this study was to experiment the social learning approaches to teach
Astronomy concepts. After training treatment, children understood astronomical
notions and in particular the behaviour of the Earth system, and they clarify their
knowledge about day/night cycle, and other concepts introduced during the treatment
session. For instance, children understood that day/night phenomenon is the result
of the Earth rotation on its own axis. The pre-test results showed that few children
answered correctly to the astronomical questions, but in many cases they gave an
incorrect description of the phenomenon. On the contrary, post-test results showed
that children increased their conceptual acquisition. As expected, the results of the
current study provide meaningful evidence that children retrieved easily the Astron-
omy concepts learned during the classroom activities. In particular, this social learn-
ing astronomical experience shows that certain didactical strategies have a greater
potential to improve scientific knowledge in children. After the treatment, children
showed not only the ability to learn new astronomical knowledge in their memory, but
also to retrieve it easily by using scientific language and avoiding naïve explanation.

These results support our expectation, indicating how social learning strategies
and use of tools can improve children understanding of scientific events and, in
particular, of astronomical concepts. It means that children’s learning is more pro-
ductive when teaching involves both social educational and interaction strategies
among pairs with the support of tools that increase the scientific learning. Clearly, the
level of acquisition of the new knowledge reflected the treatment carried out during
the investigator activities. Children verbal descriptions and/or explanations repre-
sent important aspects to evaluate their scientific conceptual learning. For this latter
aspect, examining children’s open-ended statements, we found significant similari-
ties in both theoretical and practical educational content delivered in the classroom.
In addition, reading the children’s descriptions it is possible to find also a narrative
thinking that show the cognitive association between scientific concepts and quality
of the learning [1].

The current results indicate also that the integration of social learning method-
ologies and use of multimedia contents create a didactical environment, in which
children are stimulated to extend their own scientific mental skills. This learning
setting encouraged children in an active exploration of ideas affording their oppor-
tunity to learn Astronomy concepts in a new and dynamic way. However, the role
of the schoolteacher is crucial. Schoolteachers should be able to experiment new
didactical approaches to reinforce children interest, designing classroom laboratory
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to teach astronomical phenomena. The social learning approach gives to schoolteach-
ers the possibility to fascinate children, and capture their attention and stimulate the
imagination.

Overall, this study demonstrated the successful use of the theory of social learn-
ing and tools for engendering playful astronomical learning. The didactical settings
were designed to include theoretical and practical activities that mediated differ-
ent astronomical concepts and phenomena. This enabled students to actively think
on scientific concepts, thus providing their new way to explore scientific concepts
and then to improve the learning outcomes. This combined use of social learning
approach and tools means that the students themselves become a central part of the
educational activity rather than just watching something in an inactive way.
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Chapter 42
Dynamic Modelling with “MLE-Energy
Dynamic” for Primary School

Enrico Giliberti and Federico Corni

Abstract During the recent years simulation and modelling are growing instances in
science education. In primary school, however, the main use of software is the simula-
tion, due to the lack of modelling software tools specially designed to fit/accomplish
the needs of primary education. In particular primary school teachers need to use
simulation in a framework that is both consistent and simple enough to be under-
standable by children [2]. One of the possible area to approach modelling is about the
construction of the concept of energy, in particular for what concerns the relations
among substance, potential, power [3]. Following the previous initial research results
with this approach [2], and with the static version of the software MLE Energy [1],
we suggest the design and the experimentation of a dynamic modelling software—
MLE dynamic-capable to represent dynamically the relations occurring when two
substance-like quantities exchange energy, modifying their potential. By means of
this software the user can graphically choose the dependent and independent vari-
ables and leave the other parameters fixed. The software has been initially evaluated,
during a course of science education with a group of primary school teachers-to-
be, to test the ability of the software to improve teachers’ way of thinking in terms
of substance-like quantities and their effects (graphical representation of the exten-
sive, intensive variables and their mutual relations); moreover, the software has been
tested with a group of primary school teachers, asking their opinion about the soft-
ware didactical relevance in the class work.

42.1 Introduction

During the recent years simulation and modelling are growing instances in science
education. Modelling activity is useful to construct a language among students and
teacher, to develop the ability to deal with variables, to design experiments, to
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interpret the results. These are abilities usually associated with secondary school
sicence education curriculum, so the software are designed to accomplish the needs
of students with a deeper mathematical grounding. In primary school, the main use
of software is the simulation, which is an easier way to work with variables and their
relations, without the need to deal with the definition of the model in which the var-
ialbles are related. Often the simulation software for primary school are performing
a single task and are useful as a substitution or an integration of the experimental
activity. This approach can lead to a non-coherent design of activities, as the primary
school teacher often doesn’t have a theoretical framework in which the activities can
be placed. For this reason we suggest that the teacher needs to develop the ability to
build and test simple models of phenomena, which can be successively experimented
in the class activity.

Today we observe the lack of modelling software tools specially designed to
fit/accomplish the needs of primary education. In particular primary school teachers
need to use modelling and simulation in a framework that is both consistent and
simple enough to be understandable by children [2].

One of the possible approach to modelling is the construction of the concept
of energy, in particular for what concerns the relations among substance, potential,
power [3].

Following the previous initial research results with this approach [2], and with the
static version of the software MLE Energy [1], we suggest the design and the exper-
imentation of a dynamic modelling software—MLE dynamic-capable to represent
dynamically the relations occurring when two substance-like quantities exchange
energy, modifying their potential.

Modeling energy transfer processes is a possible activity to introduce primary
school teachers and children. Energy transfer processes are a suitable starting point
for simple modeling activities in primary school, as energy is an important subject
in the primary school curriculum which is often approached in a simplified and
descriptive way: energy in different forms, “transformation” of energy, renewable
and disposable energy forms, etc.

Instead, our approach considers the construction of the concept of energy: the rela-
tions among substance, potential, power [3] are the foundation of energy concept.
Starting with simple phenomena in which energy is transferred from an “energy
carrier” to another. Every energy carrier has two aspects: a substance-like quan-
tity (extensive quantity) and a conjugated quality, or potential (intensive quantity).
Combining the two aspects of quantity and quality we have an effect which can be
assimilated with power or “force”.

As a starting point, static modeling of energy transfer processes is useful both for
pupils and for teachers [1], as they can discuss and interpret the observed phenomena
using the symbolic representation provided by the software as a language, helping
to develop a more accurate use of common words.

Although useful, static modeling has a series of limitations in use: shows its
limits in particular when the model needs to be verified (primary school teacher’s
competence is often not sufficient to predict the behavior of the model and this can
lead to misunderstanding among children).
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Another critical aspect connected with static modeling is the lack of quantitative
information: to be effective and to guarantee a comprehension of the cause and
effect relation between input and output, energy transfer needs to be quantified, at
least showing the relation of direct and inverse proportionality between variables.

42.2 Dynamic Modelling Software for Primary School

At the present there are no modeling software designed for primary school, and the
availability of dynamical modeling software although not specifically designed but
at least suitable for primary school is very little.

We discarded software such as Stella (ISEE Systems) or Coach (CMA), in which
the model has to be expressed by means of formulas and the relations are repre-
sented in graphical form, because in this case the poor mathematical grounding of
the teacher represents a problem. Other software make use of graphical representa-
tion of simple mathematical relations, such as VnR (Variables and Relations, by Ian
Lawrence). This software can be suitable for teachers but it can be difficult in the
everyday use, as it reduces the relations between physical quantities to mathematical
relations, leading teachers to think in terms of mathematical relations (with some crit-
ical aspects) rather than relation among physical quantities (Corni et al 2007). At last,
software like Junior Simulation Insight (Logotron) or Modeling Space (…) present a
graphical representation acts dynamically, driven by variables, which constitute the
mathematical model.

Although Junior Simulation Insight is very good for simulation (it has a very
comprehensive collection of simulations, from different contexts and well related
with the primary school curriculum), the interface and the functions of the software
are quite complex. Moreover, modeling is difficult for primary school teachers, due
to their poor mathematical abilities.

Our proposal is to develop a simple modeling software, to let the teacher model
simple energy transfer processes. Teachers will be able to predict the behavior of
simple energy transfer processes (what happens when a variable changes); to verify
the relation between cause and effect (causation); to verify the behavior of everyday
life processes. In this way, teachers will be able to design experiments or exploration
activities and to assist pupils during the design of the experimental activities.

42.3 Features of MLE Dynamic Software

According with the Force Dynamic Gestalt approach [3] and previous research results
[1], we propose a software to model a single “device” and two energy carriers, one
incoming and one outgoing. Each of the two carrier has two aspects: a substance-
like quantity (extensive variable) and a conjugated quality or potential (intensive
variable). According with Image schema theory [5] and Interface design theory [4]
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Fig. 42.1 MLE Dynamic

in the software each variable is represented with a slider: horizontal for quantity,
vertical for intensity.

The interface of the software is abstract, requesting the user to assign to each
of the four variables its name and its meaning. Our proposal is a sort of “abstract
simulation”. It has the characteristics of simulation, because it allows to predict the
behavior and to verify hypotheses, but it does not present a graphical representation
of the simulated phenomenon, so we can say that it is a simulation, although with
abstract representation. The model on which the simulation relies on is a simple
relation among four variables, two for the incoming carrier and two for the outgoing
one, so it is Qin x ν Vin = Qout x ν V2out, where Q is the quantitative variable and
νV is the difference of potential.

Teachers are guided by a worksheet in the analysis of the process of energy trans-
fer, following some steps: identify the relevant variables: substance-like/extensive
quantity and conjugated intensity/intensive quantity both incoming and outgoing
from a “device”.

Teachers decide which is the dependent variable, choosing the relevant model
among four (the dependent variable can be one of the four variables), then they
decide two more variables (parameters) which have to be set and remain fixed, and
finallyhey increase or decrease the independent variable and see the corresponding
variation of the dependent one.

The area of the yellow square labeled “energy” represents the total amount of
energy transferred during the process.

It is useful to focus on the role of energy in the transferring process: to change
the amount of transferred energy it is necessary to change one of the two incoming
variables. Changing one of the outgoing variables affects the other outgoing one,
with no change in the total amount of energy transferred. Otherwhile we can change
one of of the incoming variables, changing the total amount of energy transferred.
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42.4 Conclusions

Abstract representation is useful to help the teachers to focus on the relevant vari-
ables, i.e. “building” the model. It helps to develop a general model, which is more
suitable to interpret phenomena in different contexts. The relations among the vari-
ables are clear and unambiguous if the “choice algorithm” is followed carefully (by
means of a guide worksheet). Abstract representation does not help to refer to the
concrete and relevAnt aspects of the observed phenomena, so it would be useful a
label or a iconic explanation of every variable. In the beginning it is important to
understand the basic behavior of the device and the relevant variables (it’s impossible
to build a model without thinking about cause and effect process). After the initial
comprehension of the observed phenomenon, the software is helpful to formalize
the behavior under different circumstances and in different situations. The software
shows its limits when representing currents expressed with discrete quantities (such
as number of sharpened pencils with a mechanical pencil sharpener, or number of
sacks of flour produced by a windmill) Further improvements in the software will
let the user, when uses the simulation, to remember the choices made, including
some iconic elements: labels for the four variables; an icon for “fixed” variables
(parameters); a text field, in which the question(s) posed by the user, and to which
the model they answer, can be written using natural language; iconic representation
of the energy carriers (moving flames, charges, drops of water …) with different
colors to indicate their different potentials. At the moment the MLE-Dynamic soft-
ware graphical interface is context-independent, with no iconic reference to the real
appearance or symbolic representation of the substance: water, electricity, motion,
etc., have the same representation. This is useful to improve the teachers’ ability to
develop models which are independent from the context, but it is not suitable for
children. In the future we are introducing the possibility to characterize every carrier
with its iconic representation.
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Chapter 43
The Story Format and the Cycle of Meaning
Construction for Physics Education in Primary
Schools

Cristina Mariani and Federico Corni

Abstract The story format may provide a stimulating environment, including tasks,
questions or problems, giving space for scientific experimentation and group discus-
sions guided by the teacher. In this contribution we present the main advantages of
the story format for physics teaching and learning and the features that a story should
have in order to implement what we call the “cycle of meaning construction”, which
constitutes an attempt to integrate the attributes already accredited to the story for-
mat in science teaching with pedagogical, methodological and didactic approaches.
Lastly, a story will be presented in brief as a possible example for primary school
physics education.

43.1 Introduction

In primary schools, the teaching of sciences is a delicate issue, both from the point of
view of the children learning and that of the teacher teaching. We suggest and illustrate
that a story, appropriately planned and implemented with a series of strategies and
activities and supported by a planned methodological approach, may offer a powerful
tool as a context in which children and teachers are supported in their needs. From
children side a story, in fact, may give value to the baggage of imagination and
creativity that the child brings with him/her and which the teacher may draw on.

Moreover the story context gives to children the opportunity to find and to use
ordinary words to express their ideas. Furthermore, the structure of the story in
terms of experimental activities and didactic interventions based around disciplinary
contents constitutes practical support for teachers and at the same time, it helps them
to acquire skills in the planning and development of their own science curricula. In
this article, we illustrate the features that a story should have in order to implement
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what we call the “cycle of meaning construction”, i.e., to serve as a methodological
support from the point of view both of the scientific disciplines and that of teaching.
Lastly, the story “Rupert and the Dream of a Swimming Pool” will be presented as
a possible example of application story features for primary schools.

43.2 The Story as Context to Improve the Cycle of Meaning
Construction

Our interest here is limited to defining and systematising the characteristics that a
story should have in proposing the story format as a medium for science education
in primary schools.

The story turns around gaps, interruptions in which all children and teachers
activities, related to the problem posed by the story, are inserted. There are gaps to
allow for the imagination and reflection. “A story consists of narrated elements and
of blanks and gaps” [1]. “Stories can tell the truth, but never the whole truth. (…)
Gaps, on the other hand, must be left open to the imagination of the audience” [2].

Gaps may also be reinterpreted from a methodological and didactic point of view
as interruptions to the story in which to insert children’s and teachers’ creativity and
activities. The alternation between story and interruptions can help to intertwine the
levels of logic and reality with those of thought and imagination, as well as encour-
aging the ongoing transition from one plane to the other. There are interruptions for
experimental activities.

Experiments, according to the semiotic mediation framework [5], are carried out
using an instrumental approach. The experimental apparatus embodies meanings that
pupils have to discover, stimulated by the task. The story supplies the tasks and it
may concern artefact or embodied questions [6]. The choose of the task is a critic and
important point. Although children find the motivation in a story for studying a given
topic, how they then formulate good questions that drive the investigation phase may
by no means be taken for granted. Particularly in the early years of primary school,
children are not generally able to come up with scientific questions by themselves,
so the story must guide the investigation process, asking the right questions in the
right order. As far as the scientific investigation method is concerned, H. Fuchs [3]
highlights that the process of construction of more or less formal scientific models
of natural reality exploits interconnections that oscillate cyclically between posing
questions or problems, hypothesising solutions or foreseeing results, and planning
experiments or experiencing: what he calls the four-cycle (4C) of hypotheses, ques-
tions, experiments and models. Suggesting the questions helps children to find their
footing when faced with the other three stages of the four-cycle and, in the future,
to learn how to formulate good questions independently. The child, stimulated by a
contextualised question, construct situated texts [7] The “situated texts” produced by
the children evolve to some form of “scientific texts” on the basis of the pupils’ age
[9], fostered through the decontextualisation and recognition of analogies, thanks
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to teacher iterative didactic cycle (DC) that includes experimental activities, the in-
dividual production of output (oral and written texts, drawings, sketches, gestures,
gazes and sounds...) and group discussions [8].

The story in science primary school teaching constitutes an attempt to integrate
the attributes already accredited to the story with the 4C approach and the DC of
semiotic mediation. This integration leads to a recursive sequential structure which
we might call “cycle of meaning construction” (CMC). The recursive structure is the
following:

• Telling a segment of the story that focuses on a problematic situation
• Presenting the task through a question
• Formulating individual hypotheses (written texts, drawings, etc.)
• Discussing in a group where pupils come together on a number of shared hypothe-

ses
• Experimenting
• Observating and individually interpretating (written texts, drawings, etc.)
• Discussing in a group under the guidance of the teacher in order to reach a common

text
• Restarting the story with the overcoming of the problematic situation.

The CMC, by virtue of its integrating three levels, constitutes an example of didactic
transposition, and serves as a methodological mainframe for the teacher.

43.3 Features of Story Format and Examples from the Story
“Rupert and the Dream of a Swimming Pool”

Having set forth these premises, we shall now propose a list of features to be included
in a story for science education. We illustrate them (roman number) and their direct
application (roman number-a) to the story “Rupert and the Dream of a Swimming
Pool” intended for 4th-grade pupils but may also be suitable for children in the 3rd
and 5th grades. This story has been experimented in numerous classroom [10–12].

(I) Each character has aspects with which children can easily identify. The chil-
dren’s identification with the characters is necessary for their emotional com-
mitment and attention. (Ia) The frog Rupert and Pico are positive characters
and represent two sides of the figure of the researcher: the former sums up
the typical personality traits and behaviour of a child; the latter, the more
serious and calculated behaviour of an adult. Students may feel emotionally
more drawn to one or the other or to both, depending on their own personal
inclination.

(II) The story consists of a series of problematic situations which the characters
must deal with and which draw in children’s attention and arouse their emo-
tional involvement [13]. Children are thus highly stimulated to marshal their
intellectual abilities in the acquisition of new knowledge and skills. (IIa)The



434 C. Mariani and F. Corni

swimming pool cannot be filled, or it is placed in the shade, or it overflows: cir-
cumstances that force Rupert to move the swimming pool to different heights
and different distances from the aqueduct supplying the water, through tubes
of various lengths and of different bores, from three different taps to be found
at different heights.

(III) The circumstances created by the stories must be believable, yet the fan-
tasy elements arouse children’s imagination, attention and curiosity, serving
to ensure that they may enter the imaginary world while exiting it just as
easily. (IIIa) The story is set in a garden which could be real; the problem-
atic situations are plausible and reproducible through real experiments using
real apparatus; the funny or dramatic scenes refer to amusing situations that
may occur in keeping with the laws of physics; the drawings are deliberately
essential so as not to distract children and help them to focus on the elements
to be considered in the study.

(IV) Pupils’ involvement in the resolution of the problems is necessary for the
story to progress. They are directly called upon from within the story by the
characters, who explicitly consult them and ask what should be done. (IVa)
Pico addresses directly to the children through the screen and serves as a link
between the fantasy world of the story and the real world of the classroom.
Pico brings about this interaction by sending the children of the class a case
with all the materials needed to carry out the experiments, and during the
interruptions in the story he assigns tasks to be carried out and asks them
to then send the results back to him; he stimulates group discussion with
questions and suggestions, and makes himself available for personal contact
with the pupils by e-mail.

(V) The story features a great sense of aesthetics, harmony and order: all those
qualities that come together to provide a familiar and serene atmosphere in
order to place children in the best possible conditions for learning. (Va) The
atmosphere of the story is created by both the narrative and the images.. The
images are drawn by a children’s illustrator (Arcadio Lobato) who, exploiting
a form of beauty capable of arousing emotion, sets the atmosphere against a
landscape with various shades of warm, intermingling colours.

(VI) Time is paced by logical events (problems and their solutions, causes and their
effects, conceptual sequences, etc.), rather than by mere narrative events. For
example (VIa) Rupert has to full fill the swimming pool connected to the
aqueduct with difference in level between two containers and with or without
inclination of the tube.

(VII) There are gaps to allow for the imagination, experimental activities and
reflection (see paragraph 1.2) (VIIa) In “Rupert and the Dream of a Swimming
Pool” Pico sent to the pupils the experimental apparatus shown in Fig. 43.1.
Questions, related to the semiotic uses of this apparatus, are posed by Pico in-
side the story to help children to discover that water can be transferred; water
flows from higher to lower pressure (represented by higher and lower water
levels); the pressure difference provides the push to drive the water through
the tube (represented by a difference of water level); the balance corresponds
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Table 43.1 Example of pivot words

Narrative steps related to
logical events

Children’s pivot words Meaning to be built

…Rupert wants to find a
suitable home for his
future family. It must be
welcoming and have a
swimming pool on the
top of the hill...

Tube, pump, glass, bucket.
Fill, bring

Water can be transferred

…Rupert thought he might
link up the swimming
pool to a nearby
aqueduct with a tube.
But only a little bit of
water ends up in the
swimming pool...

Aqueduct, tube. Upper level
It has the pressure; it can
go upwards

Water flows from higher to
lower pressure
(represented by higher
and lower water levels)

…Loretta gives instructions
to lower the position of
the swimming pool
compared to the
aqueduct…

Up to a certain level; the
right level; equal. Lower
tap, lower, faster.
Running, reaching,
overtaking, passing

The pressure difference
provides the push to
drive the water through
the tube (represented by
a difference of water
level). The balance
corresponds to the
condition in which the
pressure levels are the
same (same levels)

…Now the swimming pool
is in the right place, it
fills up perfectly and the
water level is always the
same, even when Rupert
spills some of the water
over the side…

…Rupert decided to
connect the swimming
pool to the higher tap,
thinking that the
favourable inclination of
the tube would allow the
swimming pool to fill up
faster…

Faster. One is emptied and
the other is filled. To
overflow

The pressure difference
provides the push to
drive the water through
the tube (represented by
a difference of water
level). The driving force
is not influenced by the
inclination of the tube

…Rupert decided to
connect the swimming
pool to the lower tap...

From low down upwards. It
doesn’t fill up. Manage
to pass. The push for it
to get through anyway
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Fig. 43.1 shows the experi-
mental apparatus sent by pico
to the pupils, set up as per the
problems presented in story
presented in “Rupert and the
Dream of a Swimming Pool”

to the condition in which the pressure levels are the same (same levels); the
driving force is not influenced by the inclination of the tube.

(VIII) There are gaps to insert teacher didactical cycle for for teacher-led discussions
(see paragraph 1.2). There is a knowledge to be pieced together by the child
under the guidance of the teacher in light of the various experimental and
didactic activities proposed during the interruptions (VIIa). In order to make
the didactic aspect more explicit, In Table 43.1 we list a number of pivot words
(second column) extrapolated from sentences uttered by children during the
pilot experimentations. The pivot words may, in turn, be placed in relation to
meanings to be constructed. (third column).

43.4 Conclusions

A story, put together with the features identified and presented here, may have a
positive impact on the teaching/learning process. We wish to emphasise the impor-
tance of the story with its capacity to engage pupils both emotively and cognitively,
interspersed with experimental activities and discussions led by the teacher, aimed
at constructing scientific meanings.

The acquisition of the scientific method and of meaning construction skills are
some of the key goals of science education. This is a very important aim consid-
ering that both the scientific method and meaning construction, in view of a future
conceptualisation, are the fruit of a complex interconnection of specific cognitive
tools, referred to as thinking and acting, as questions, experiments, hypotheses and
modelling. This structure becomes even more complex if we consider that young
pupils are unable to form scientific questions by themselves but must be taught to do
so.
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Chapter 44
Teaching Modern Physics for Future
Physics Teachers

E. F. Nobre, A. O. Feitosa, M. V. P. Lopes, D. B. Freitas, R. G. M. Oliveira,
M. C. C. Filho, N. M. Barone, R. Monteiro and M. F. S. Souza

Abstract In this work we present a new way for teaching Modern Physics to students
of course for teachers formation. One of the great difficulties faced by the teachers
of the secondary schools of the State of Ceará, in Brazil, may have its origin in their
formations during the undergraduate courses. We aim to offer a course in modern
physics so that future physics teachers can transmit this knowledge to their future
students in a clear, simple way and with good results, awakening in their future pupils
the interest by the study of Sciences in general and in Physics, in particular.

44.1 Instructions

Since year 2000, when Modern Physics was included in the program of examination
for entrance of students in the Federal University of Ceará (UFC), the secondary
schools began to include Modern Physics into their programs. The big problem was
that this inclusion has been made simply Since year 2000, when Modern Physics
was included in the program of examination for entrance of students in the Federal
University of Ceará (UFC), the secondary schools began to include Modern Physics
into their programs. The big problem was that this inclusion has been made simply
as an appendix to the contents of the third year of high school, almost in the end of
the school year. In addition, many teachers were not familiar with this subject and
thus the inclusion of Modern Physics was compromised.

Aiming to help solving this problem, we developed a discipline of Modern Physics
to be applied to students of the Undergraduate Course in Physics from the Federal
University of Ceará (UFC), sponsored by the Virtual UFC Institute. The course is
specific for training teachers in pre-service and is applied to 5 cities in the State of
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Ceará. The Virtual Institute of Federal University of Ceará (Virtual-UFC), besides
creating, implementing and maintaining the technological core, organizes the phys-
ical structure, logic and the educational progress of each course. All over the world,
the electronic learning (e-learning), a model of teaching based on the online environ-
ment, leveraging the ability of the Internet for communication has been an excellent
way to open the University to the student’s home, allowing a high degree of flexi-
bility in any academic program. There is no doubt that the multimedia technology
is a powerful tool in the development of e-learning contents, which is inserting deep
changes at higher education [2, 6]. The use of e-learning mediated by the Infor-
mation and Communication Technologies (ICTs) in the educational process, has
favored the inclusion of a contingent of people in higher education, contributing to
increase places in higher education. This work is part of project developed at the
Learning Environment of the Virtual Institute of the Federal University of Ceará, in
Brazil, called SOLAR. The most part of courses which are being developed in this
e-learning environment are focusing on the teachers formation. The production of
teaching materials for e-learning plays a more significant relevance role than those
ones we use for presence courses. In this process the steps of planning, construc-
tion, mediation and evaluation inherent to the traditional teaching, plus the endless
possibilities of combining the diversity of information available and the benefits of
interactivity, flexibility and dynamism favored by the ICTs require the implemen-
tation of this material in a more safely way. We must consider that the students are
not face to face with their teachers, so they need a material absolutely clear and easy
of understanding. By developing the didactic material that is used at the distance
courses, the didactic transition of the Virtual UFC, uses as a methodologic reference
the socio-interactionism [5]. In this context, the education becomes a dynamic task
that allows to the students, themselves, the active construction of their knowledge,
according to their experiences in different situations where they live.

44.2 Methodology and Discussions

The material concerning of Modern Physics was developed by a team composed by
a Professor, who was in charge of all the contents of Physics; Educators, experts at
Pedagogy who are in charge of the Didactic Transition (DT) and technicians in ICT.
This last team is composed by specialists in various areas of computing who use the
multimedia technologies in order to transform the texts written by the Professor in
e-materials. So, each class presents animations, retractable texts, vector animations,
links to additional readings, chats, forums, and all kinds of resources currently used
in digital technologies focusing on education. The use of these tools enables the
integration of various resources in a single learning environment, and encourages
the adoption and understanding of audiovisual language. Our main goal is develop
e-lessons in order they are presented to the students in a very clear, simple and
attractive way. Nevertheless our structure is developed based on the idea of the use
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of on line material, all materials of the virtual courses of the UFC, are available on
line and in printed form for the students.

The course was developed in six lessons covering the following topics: Special
Relativity; Thermal Radiation and the Origin of Quantum Theory; Atomic Models:
Thomson, Rutherford, Bohr; Wave-Particle Duality and the Principles of Quantum
Theory and Nuclear Physics Topics. The teaching material was structured in order
to bring a bit of History of Physics in all contents. In some subjects, we developed
animated lessons, with audio. In all classes the subjects were presented with simu-
lations, animations, music, challenges that were intended to excite students to seek
solutions to challenging problems, suggestions of sites for complementary reading
and research and much supporting material, discussion forums, chats and an special
virtual space called portfolio, where the students presented the solutions of the exer-
cises. In nuclear physics lessons we also developed a special tool called Dynamic
Book, which are virtual books to complement the covered topics. The structure of
lessons is showed below:

Lesson 1: Special Relativity–8 Topics

• Topic 01: Galileo’s Transformations Review
• Topic 02: The Michelson-Morley Experiment
• Topic 03: The Postulates of Relativity; Simultaneity
• Topic 04: Time dilatation
• Topic 05: Space Contraction
• Topic 06: Lorentz transformations
• Topic 07: Relativistic Dynamics-Relativity of mass
• Topic 08: Relativistic Dynamics: Energy

Lesson 02: Thermal Radiation and the Origin of Quantum Theory–5 Topics

• Topic 01: Black Body Radiation-Principles
• Topic 02: Black Body Radiation-Theory
• Topic 03: Photoelectric Effect, The Quantum Theory of Radiation
• Topic 04: Compton Effect
• Topic 05: X-Rays

Lesson 03: Atomic Models 1–4 Topics

• Topic 01: Thomson Model
• Topic 02: Successes and Failures of the Thomson model
• Topic 03: Model of Rutherford. Experiment Rutherford Planetary Model
• Topic 04: Successes and Failures of the Rutherford model

Lesson 04: Atomic Models II-Atom quantized Model–4 Topics

• Topic 01: Atomic Spectra, Spectrum Series, Bohr’s Postulates
• Topic 02: Electron orbits, the Hydrogen Atom
• Topic 03: Energy Quantization
• Topic 04: Successes and Failures
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Lesson 05: Wave-Particle Duality-4 Topics

• Topic 01: de Broglie Waves
• Topic 02: Diffraction Particle
• Topic 03: Principle of Uncertainty
• Topic 04: The Wave Function

Lesson 06: Topics in Nuclear Physics-4 Topics

• Topic 01: The Nucleus
• Topic 02: Nuclear Reactions
• Topic 03: Radioactivity
• Topic 04: Radiological Risks to Health

The lessons were developed in order the students could use the new multimedia
technologies with the use of computers and the internet, but besides these virtual
recourses, the students had six meetings at presence moments with their Teach-
ers/Tutors during the application of discipline. There was one Teachers/Tutors for
each city. These teachers/tutors, some of them are specialists in Physics Teach-
ing, some with Master’s degree in Physics and some finishing his doctoral degree,
accompanied the students during the time that the lessons are applied. This team of
Teachers/Tutors was coordinated by the same Professor who produced and wrote
all the material and by the Coordinator of tutors, a Professor whose function is to
monitor the progress of the work of Teachers/Tutors. In addition to face meetings, the
students were oriented at a distance by their teachers/tutors through the discussion
forums, chats, and all the resources currently available by the digital technologies.

The method of evaluation of the course in e-learning is different from what is
done in traditional courses. In this course the students were evaluated personally
and virtually. The students had several small conceptual evaluations at the end of
each face meetings with their teachers/tutors. The goal of these evaluations was to
provide students a better understanding of physical concepts. There was no math
in these evaluations. Besides these small tests, the students did a big test which
required physical concepts and also the mathematical tools. The virtual evaluations
were distributed among the six discussion forums and the six lists of exercises solved
by students and posted on the solar environment. The final average was formed with
the results of all evaluations: in presence and virtual evaluations. For the student who
did not achieve the minimum average, a kind of GPA (Grade Point Average) required
for approval by the University, was offered a final exam: an written exam covering
all topics studied. In addition to the material produced especially for this course,
the students were guided to consult also some basic textbooks of Modern Physics
(Acosta, Beiser, Eisberg-Resnick, Serway, Tipler). In addition to basic textbooks on
the subject, the student also received a printed manual containing all lessons that
were available on the website of the course. This greatly favored those students who
still not have a computer in their homes.

The results of 31 students who participated of this project were excellent. The
most of them was approved with A concept and there was a minimal dropout. These
results are showed in figure bellow.
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Fig. 44.1 General results of
all students
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44.3 Concluding Remarks

As a result of this way of teaching Modern Physics, we obtained one of the best
results so far, since the beginning of the Physics Course in 2007. The students felt
truly attracted by this subject. The abandonment was minimal, the frequency in the
meetings was almost total and participation in activities was massive. The results
showed approval ratings in the discipline between 80 % to 100 %. Next year, first
half of 2012, we will apply the lessons of Modern Physics to all students, around
11 cities, involving about 100 students. We hope that the project will have again the
same acceptance by the students and they are as successful as were the students of this
first class. Another expected result is the involvement of students who attended the
course acting as monitors in the next application of the project in 2012. Playing a role
as monitors of the discipline, they will act under the guidance of teacher / tutor of the
class, helping the new students, answering questions, forming study groups, which
may bring greater benefits in learning. We also expect that helping to colleagues,
may promote a consolidation in student learning that will act as a monitor.
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Chapter 45
An Alternative Approach to Canonical
Quantization for Introducing Quantum Field
Theory: The Double-Slit Experiment
Re-Examined

Eugenio Bertozzi and Olivia Levrini

It is in vain that we say what we see; what we see never resides
in what we say. And it is in vain that we attempt to show, by the
use of images, metaphors, or similes, what we are saying; the
space where they achieve their splendour is not that deployed by
our eyes but that defined by the sequential elements of syntax.
(Michel Foucault, The Order of Things)

Abstract In the last years a growing research concern, within physics education,
has been addressed to the production of teaching proposals for introducing notions
of quantum field theories (QFT) at the secondary school level. The proposals are
usually the result of the effort of translating the most widespread approach to QFT in
university textbooks, “canonical quantization”, into natural language. After a discus-
sion of the pros and cons of taking canonical quantization as reference, an alternative
educational approach is presented. The approach is not yet a teaching proposal but
a set of criteria needed for extracting the conceptual and cultural essence of QFT to
be taught also without sophisticated formalisms.

45.1 Introduction to the Research Problem

Quantum Field Theory (QFT) is without doubt an advanced and specialized topic
that only a part of university physics students is required to deal with. Nevertheless,
a growing interest about teaching QFT can be observed in recent years and a certain
number of studies exists aimed at producing teaching proposals for introducing no-
tions of QFT at the secondary school level or within introductory physics courses at
the university level (see for example [4]). The main motivations of such a growing
interest stem from the requirements of secondary school physics curricula towards
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contemporary physics topics [9] and from the need of tuning school and extra-school
activities: particle physics, the standard model, the last frontiers of physics are indeed
object of popular science books and of important and successful exhibitions.

According to an architectural metaphor, QFT can be seen as an imposing building
of linguistic engineering, built of very fine materials and assembled by refined craft-
like experience; on the other hand, in its usual presentation in university textbooks, it
looks like a tangle of threads and formal structures fit one into the other; a ‘quarrel’ be-
tween general-particular, new-old, physical-metaphysical, formal-linguistic aspects.

Entering such a tangle, pointing out its essential conceptual structure, analyzing
it from the specific perspective of Physics Education Research (PER), so as to arrive
at designing a teaching proposal for secondary school students, is the main goal of
the research work we are carrying out.

The specific aims of the present paper are:

• To show that outreach activities and school teaching proposals are usually the
results of the effort of translating the most widespread approach currently utilized
in university textbooks (canonical quantization) into a familiar language (§2);

• To discuss the pros and cons of the choice of taking ‘canonical quantization’ as
approach of reference for outreach and teaching proposals (§3);

• To present the main features of an alternative approach to QFT that can act as
reference for designing outreach activities and school teaching proposals (§4).

45.2 Outreach Languages and School Teaching Proposal on
Contemporary Physics

Steven Weinberg, in one of his popularization books on contemporary physics, in-
troduces the notion of elementary particle as follows ([11], p. 25):

“Furthermore, all these particles are bundle of the energy, or quanta, of various sorts of fields.
[…] There is one type of field for each species of elementary particles; there is an electron
field in the standard model, whose quanta are electrons; there is an electromagnetic field
(consisting in electric and magnetic field) whose quanta are photons; [...]”

Although no explicit formulas appear in the previous explanation, the opacity
and technicality of some terms and expressions utilized by Weinberg suggest the
idea that a certain formal apparatus underlies the whole argumentation. In particular,
statements like these seem to be not only a ‘direct translation’ of QFT into natural
language, but also, more specifically, a direct translation of the most widespread
approach to QFT in the university textbooks: the canonical quantization procedure.

The procedure focuses on the electromagnetic field and on the process of quan-
tizing it by replacing, with operators, the numbers representing the coefficients of
the Fourier expansion of the solutions of the d’Alembert equation. Every other quan-
tum field (for example, the quantum Dirac field for relativistic spin 1/2 and m mass
particles or the quantum Klein–Gordon (KG) field for relativistic 0 spin and m mass
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particles) is indeed constructed extending such a formal procedure by analogy: take
the generic solution of a wave equation expressed as the Fourier expansion on plane
waves, focus on the coefficients of the expansion and elevate them from numbers to
operators by defining their commutation (bosons) rules or anti-commutation (fermi-
ons) rules. As Mandle & Shaw write: “From the quantization of the electromagnetic
field one is naturally led to the quantization of any classical field, the quanta of the
field being particles with well defined properties” [8] .

Weinberg’s expressions, like canonical quantization:

• Provide a paradigmatic role of the electromagnetic field;
• Seem to emphasize more the analogy between radiation (electromagnetic field)

and matter fields than the differences among them.

Remarkable echoes of the approach described above can be individuated also in
the context of PER. The teaching proposal of Art Hobson ([6]) is a significant example
of that. Targeted to secondary school students, such a proposal introduces the notion
of “particle as field quanta” by means of the comparison of the two interference
patterns created by radiation and matter in the context of the double slit-experiments
at low intensity. In particular, after observing the same behaviour between light and
matter beam, the author provides the following interpretation:

“Just as Fig 1.[the interference patter of light at low intensity] is evidence that light is a
wave in a field, Fig. 3 [the interference patter of electrons at low intensity] is evidence that
matter is a wave in a field—an extended real physical entity that comes through both slits and
interferes with itself”. As far as the relation between matter field and electron is concerned,
the author remarks: “That is, when we say that ‘an electron came through double slits,’ we
really mean that an extended single excited field (space-filling) came through the double-slit”
(p. 631).

The key-linguistic expressions used by Hobson (“particle as field quanta”, “matter
is a wave in a field”) are very close to Weinberg’s words and, in our opinion, they
share with Weinberg the same weaknesses:

i) What do such expressions mean for people or students lacking the formal back-
ground on which the reasoning is however grounded?

ii) If the language is taken literally, what does a sentence like “an extended single
excited field (space-filling) came through the double-slit” say, when referred to
an electron?

iii) Where and how a student is guided to grasp the differences between a classical
field and a quantum one?

45.3 Pros and Cons of the Canonical Quantization Procedure

The pros of canonical quantization are very evident at university level and concern
its technical effectiveness: the formal analogy is a short and direct way to construct
the new theoretical entities.
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The cons, at least in our opinion, are particularly evident when this approach
is taken as a reference for outreach and in designing teaching proposals: in these
cases, the lack of formalism on which the procedure is based leads the translation to
be conceptually opaque and at risk of giving back a very simplified, semi-classical
image of fields and particles.

In particular:

• A students is encouraged to associate to each particle a field whose image is almost
the same of the classical electromagnetic field;

• Particle and fields are presented as two entities belonging to the same “level”
of existence (particles are oscillations of a field coming through both the slits,
Hobson).

These two issues are questionable, as well as from the PER perspective, also from
the perspective of the Foundations of QFT:

i) on the field-particle duality, Haag remarks:

“Yet the belief in a field-particle wave duality as a general principle, the idea that to
each particle there is a corresponding field and to each field a corresponding particle
has also been misleading and served to veil essential aspects. The role of field is to
implement the principle of locality”. (Haag 1996, p. 45–46)

ii) on the “different levels”, Julian Schwinger, one of the fathers of QFT, underlines:

“Until now, everyone thought that the Dirac equation referred directly to physical
particles. Now, in field theory, we recognize that the equations refer to a sublevel.
Experimentally we are concerned with particles, yet the old equations describe fields....
When you begin with field equations, you operate on a level where the particles are not
there from the start. It is when you solve the field equations that you see the emergence
of particles”.

45.4 Alternative Approach to Quantum Field Theory

In order to overcome the cognitive, linguistic and philosophical weaknesses of canon-
ical quantization, an alternative educational approach has been built. The approach
is not yet a teaching proposal but a set of cultural and operative criteria needed for
extracting the conceptual and cultural essence of QFT to be taught also without so-
phisticated formalisms. In this sense, the construction of the approach represents
the preliminary stage needed for preparing the design of a teaching proposal for
secondary school students.

45.4.1 Cultural Choices

The cultural choices that characterize the approach are the following:
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1. The introduction/discussion of the notions of quantum, quantum field and parti-
cle is developed along a multilevel structure, i.e. a structure where the levels of
phenomenology, formalism and interpretation are related but distinguishable, as
suggested by the research on foundations of physics and PER;

2. In the wake of Bohr, the limits of natural (classical) language in translating quan-
tum formalism are taken as a inner feature of contemporary physics and not as a
problem to overcome. Familiar images, as well as good metaphors, take indeed
their power in bridging the gap between the rich world of experience and the for-
mal physical re-construction of such a world. The gap is in-principle bridgeable
when the mathematical reconstruction of the world provides a “projection” of the
world itself in a Euclidean space, i.e. when the properties conceptualized by the
mathematical description can be re-synthesized in a representation that “lives” in
a space somehow “isomorphic” to the space we experience. This game becomes
more and more problematic in quantum physics, since the new mathematical
description projects the real world in highly abstract, unfamiliar spaces, such
as the Hilbert space. “Diagram space” cannot be simply related to “real-world
space”, and “diagram objects” do not have that set of properties, one is usually
led to reassembled in something recognizable as an image of “real objects”. As
a consequence, the complex relationship between QFT formalism and natural
language is assumed to contain a profound cultural value that ought to be ex-
ploited by showing the necessary partialness of familiar images or metaphors in
giving back how the formalism models quantum objects and their interactions.

3. In order to introduce the notion of quantum field, a basic and essential con-
ceptual structure is constructed: basic means that it does not have to refer to
any specific quantum object but it must embody the common features of all the
quantum objects; essential means that it must include only what is needed to
justify phenomenological evidences. Only in a second stage, the basic and es-
sential structure is enriched so as to take into account the “particles zoo”. In the
logics of searching, first, for what is common to all the quantum objects and,
then, for what is specific to the various quantum objects, the phenomenological
and conceptual analogy between radiation and matter is presented and where the
analogy breaks downs is stressed.

45.4.2 Operative Criteria: Rough Structure of a Conceptual Path

The cultural choices of the approach have been implemented in a rough conceptual
path that should operatively orient the future work aimed at designing a teaching
proposal.

The conceptual path foresees two macro-steps.
The first step is based on the operative choice of referring to the double slit

experiment at low intensity, as Hobson suggests, as an effective experimental basis
for emphasising the analogy in behaviour of radiation and matter and for introducing,
from such an analogy, the notions of quantum and quantum field.
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The double slit experiment allows both phenomenological constraints to be se-
lected (emission and detection of a quantum object, formation of an interference
pattern of the screen, spot by spot), and the “basic and essential conceptual structure”
to be constructed for introducing the notion quantum field. The conceptual structure
includes: (a) time-like and space-like correlations (the quantum object propagates
from where it is emitted up to where it is revealed and it is spatially extended) needed
for justifying the formation of the interference pattern on the screen; (b) the discreet-
ness of dynamical quantities needed for justifying the spots progressively recorded
on the screen.

The emphasis on time-like and space-like correlations implies a selection of a
few features of a wave-like formalism so as to stress that, when the wave metaphor
is used, it cannot be freely extended up to where the common use of the metaphor
could lead. For example, it cannot be extended for modelling the superposition of
two quantum fields as a classical sum of amplitudes: amplitudes in the formalism of
QFT become operators acting on a Fock space.

The focus on the discreetness of dynamical quantities, involved in the interaction
with the screen, allows the metaphor of particle to be problematized and discussed
within the model of interaction embodied into the theoretical construct of quantum
field. This model of interaction is very different from the model expressed by a classi-
cal field, like the electromagnetic one. Roughly speaking, the mediation enacted by a
classical field between two systems can be represented in ordinary three-dimensional
space. The transformation of the coefficients of the Fourier expansion of a quantum
field into creation and annihilation operators introduces a fundamental change: it
introduces the need of referring to an abstract space (the Fock space), where the
whole set of possible infinite interaction processes must be explored. In other words,
the quantum model of interaction requires a preliminary construction of an abstract
“space of possibilities” (represented by Feynman diagrams) that cannot be repre-
sented in ordinary space. The model implies hence a fine imaginative game needed
for keeping together a not trivial space-time description of the quantum object propa-
gation, the abstract space of all the possible interactions and the physical place where
quantum systems are detected. According to our cultural perspective, it would be a
pity to short-circuit such a game by using pseudo-familiar images and by “simply”
telling that, in quantum interaction, “the force at distance between two charges is
nothing but an exchange of a virtual photon” ([1], p.473).1

In order to stress both the counter-intuitive phenomenological behaviour of the
quantum object and the need of taking the phenomenological level apart from the
formal/conceptual one, we suggest a specific use of the words quantum and quantum
field. In the wake of [3, 7], we suggest to use the word quantum just for fixing the point
that the quantum object shows some phenomenological properties (propagation, dif-
fraction/interference and discreteness in interaction) that cannot be all contained in
a single image of wave or particle. The word quantum field is, instead, used for

1 The book of Amaldi is one of the most widespread physics textbooks in Italy for upper secondary
school.
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indicating the formal/theoretical construct able to keep together the properties of
quantum.

The second macro-step concerns the enrichment of the basic formal structure so
as to show where each field gains those properties that allow it to be associated to a
specific particle. In order to describe a particle it is indeed necessary to move from
a model defined by the common properties of radiation and matter to the “particles
zoo” constituted by electrons, photons, muons etc. From an operative and experi-
mental point of view, this means to take into account what happens, for example, in
the big-science experiments in order to justify the need of providing the notion of
quantum with further specifications like mass, electric charge, spin and other quan-
tum numbers (strangeness and so on). From a conceptual point of view, enrichment
means to introduce new symmetries (conservation laws) needed to apply the model
of interaction, embodied into the notion of quantum field, to the analysis of concrete
processes ([10]).

From the more general perspective of the foundations of QFT, the process of
enrichment is crucial for pointing out where the analogy between radiation and
matter breaks down. Although radiation and matter present common behaviours in
the double slit experiments, there is a fundamental difference between them: whilst a
classical theory of the electromagnetism does exist, no classical theory of the matter
fields exists, as it is formalized by the Gupta-Bleuer condition which is the quantum
analogue of the Lorentz condition. Such a constraint makes photons (and the other
interaction particles) very different from matter particles.

45.5 Final Remarks

In the paper, an approach to QFT alternative to canonical quantization has been
presented. Three main elements remark, in our opinion, its peculiarity with respect
to canonical quantization:

• Instead of playing a prototypical role, the electromagnetic field is addressed as the
last step of the process of complexification of the basic structure and the specific
feature of the photon of being “an interaction quantum bounded to a classical
theory of fields” is stressed;

• The formal analogy, chosen by the canonical quantization as tool for building the
different quantum fields on the basis of the electromagnetic one, is replaced by
a multi-level structure where the notion of quantum, quantum field and particle
are progressively built so as to stress what all the quantum objects have in com-
mon (both phenomenologically—the quantum—, and conceptually—the quantum
field) and what makes the various objects different (particles);

• Instead of stressing mainly the continuity between natural language (or classical
images) and QFT formalism, the limits of the former are assumed to contain one
of the most important cultural messages to be passed to secondary students.
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Chapter 46
Basic Concept of Superconductivity:
A Path for High School

Marisa Michelini, Lorenzo Santi and Alberto Stefanel

Abstract The need for renewed physics curricula, it suggests to include topics of
modern physics. The phenomenology of superconductivity is interesting, because:
macroscopic evidence of quantum processes; presentable with simple and motivating
experiments; involving interesting technological applications. An approach designed
to introduce superconductivity in the high school, based on experiments, aimed to
recognize the change in electric and magnetic properties of an YBCO sample at phase
transition is presented with some results about experimentations with students.

46.1 Introduction

Teaching and learning Modern Physics is a challenge for Physics Education research
involving multidimensional perspectives [1–5]. The results of different international
surveys show a diffuse illiteracy in the scientific areas and from different perspec-
tives [6], that motivated a diffuse reflection on how physics is taught, how can be
proposed in a renewed ways [7, 8]. The curricular researches stress the need to reor-
ganize classical physics as physics in context where the technological apparatuses
used in everyday life become objects of study to develop concepts and theory, clas-
sical principles based techniques used in research offer to the pupils experiences of
methodologies of physic ([9, 10], Cobai et al 2011). It seeks effective bridges from
classical to quantum physics, to create continuity between what the students tradi-
tionally faced and the new topics [2, 9–11] also for education of Quantum Mechanics
[1, 4]. Research experimentations on modern physics evidence the feasibility of the
introduction of Quantum Physics in Upper Secondary, particularly when the focus
is on the basic concepts [12, 13] or on the integration of physic and technology
[10]. Empirical studies showed some typical learning difficulties of students in the
acquisition of a a quantum mechanical way of thinking and also made clear the
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effective learning produced by coherent research based teaching/learning sequences
[13].

In this perspective, superconductivity offers many opportunities to explore phe-
nomena very interesting for students because challenges that stimulate the construc-
tion of models, activate a critical re-analysis of their knowledge on magnetic and
electrical properties of materials, stimulate links between science and technology,
thanks to really important applications (i.e Maglev Trains, supermagnets for physics
research and MNR test) [14, 15].

We developed, in the collaboration of the European projects MOSEM 1-2 [16],
an educational path for high school to introduce superconductivity, integrating it
in the courses of electromagnetism. The educational path developed implement an
IBL approach using a set of hands-on/minds-on apparatuses designed with simple
materials and High Technology, YBCO samples, USB probe to explore resistivity
versus temperature of solids [17].

The present paper focus on the rational of the educational path, presenting its
main steps aiming the following research questions: Which conceptual elements
of superconductivity can be introduced from phenomenology? How to construct a
coherent description of the magnetic and the electric properties of a superconductor?
How to introduce the main aspects of the BCS theory?

Some general results are also reported concerning the students learning, referring
to a future work for a more extensive discussion of it.

46.2 Superconductivity and Classical Physics

Superconduction is a quantum mechanical phenomenon to a large extent as implied
in the Ginzburg-Landau theory [18], in the BCS theory [19], in the Josephson effect
[20]. In spite of this, [21] pointed that “According to basic physics and a large number
of independent investigators, the specific phenomenon of flux expulsion follows nat-
urally from classical physics and the zero resistance property of the superconductor—
they are just perfect conductors”. In particular they showed, following [22] and their
own work [23], that the Meissner effect (B = 0 inside a superconductor) can be
derived just from Maxwell equation applied for a R = 0 conductor. At the same
time they stressed on the possibility to use classical electromagnetism (without ad
hoc hypothesis) the derivate the London equations, usually framed coherently just in
the BCS theory [19]. [24], aiming to understand stable levitation when a magnet is
posed on a superconductor, proposed a treatment of superconductors of I and II type
to give into account Meissner effect as well as pinning where “the main concepts
involved are electromagnetic energy, thermodynamic reversibility and irreversibility,
Lenz-Faraday’s law of induction, and the use of variational principles”.

These theoretical results ensure that the phenomenology of superconductive state,
almost for what concern the Meissner effect, can be described in the framework of
classical electromagnetim. From an educational perspective, the concept of electro-
magnetism (magnetic field, flux, magnetization) can be used as tools to explore the
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phenomenology of superconductivity. In this perspective the Meissner effect (B =
0 inside a SC) can be explained as an em induction process occurring in an ideal
conductor (R = 0 ν). The London equations constitute the theoretical (implicit)
reference for the exploration and a possible intermediate goal of the educational
path. The attempt to explain how the R = 0 ν condition can be created inside a
superconductor bridges toward the quantum mechanical frame for the creation of the
superconductivity state.

46.3 The Rational of the Path on Meissner Effect for Upper
Secondary School Students

The educational path approaches the Meissner effect through an experimental explo-
ration of the magnetic properties of a superconductor sample (SC—a disc of YBCO
with very weak pinning effect), aiming to the identification of the diamagnetic nature
of a SC.

An YBCO disc at room temperature (Te) does not present magnetic properties.
When it reaches the temperature of LN (TNL), the evident levitation of a magnet on
it poses the problem to individuate what kind of magnetic property has or acquire
a SC when T is close to TNL. A systematic exploration of the interaction of the SC
with different magnets and different objects (ferromagnetic objects in primis), with
different configurations, put in evidence that a repulsive effect is ever observed when
a magnet is posed close to the SC and no interaction is observed when a ferromagnetic
object is putted close the SC alone. These exploration leads to the conclusion that:
when T = Te, a SC does not evidence magnetic properties; when T ≈ TNL, suddenly,
magnetic properties emerge (there is a phase transition?). Moreover the SC is not
ferromagnetic, it do not transmit the magnetic field inside, it is not a permanent
magnet, it do not behave like a magnet, it do not become like the mirror image of
the levitated magnet. It always shows repulsive effects close to a magnet, like all the
diamagnetic objects placed near a magnet. For that a SC at T ≈ TNL must be classified
diamagnetic. The strength of the interaction between a SC and a magnet, several
orders of magnitude greater than those observed with ordinary diamagnetic materials,
suggest to give a more detailed characterization of the nature of the diamagnetism
of the SC.

Starting from the evidence that the SC shows magnetic interaction only when a
magnet is close to it and that the SC do not interact with a ferromagnetic object, it
is possible recognize that the interaction with a magnet do not depend on the pole
put close to the surface of the magnet, the equilibrium position is always the same.
Changing magnet (inside a range of course), the equilibrium position changes but is
always the same, for the same magnet. Moreover when TNL < T < Te the B field can
be different by 0 inside the YBCO sample (a magnet interact strongly with an iron
ring also when a YBCO disc is putted in between), but when T ≈ TNL the magnetic
field inside the SC sample must be very little (in this condition the magnet and the
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iron ring do not interact when the YBCO disc is in between). The magnetization of
the SC is always adjusted to react to the external magnetic field, tending to preserve
the initial situation. In particular if B = 0 when the superconductivity state is created,
the system tend to react to an external magnetic field creating a counter field that
tend to maintain B = 0 inside the SC (Meissner effect). It is possible to find a similar
behavior in the case of eddy current produced in the electromagnetic induction. For
instance a magnet is evidently braked when falling down on a thick copper layer
or inside a copper tube. It is evident however that never can be stopped, as in the
case of the SC. In fact If the magnet were to stop, the induced emf immediately
ceases and, due to the Joule effect, also the induced current ceases immediately.
The magnet would be stopped just falling over a conductor with R = 0ν (an ideal
perfect conductor!). Supposing that an electromagnetic induction process will be
at the base of the superconductivity levitation, a link between the magnetic and
electric property of the SC is activated. This suggest that the resistivity of the YBCO
sample could be suddenly change when T ≈ TNL and the levitation phenomena is
observed. The experimental measurement of the breakdown of the resistivity of a
SC, give quantitative evidence to this link making explicit also that a phase transition
occurs when the YBCO sample changes from the ordinary conductor state, to the
superconductor state.

The phenomenological exploration leads to the conclusion that R = 0 as well as
B = 0 inside the SC, aspects that characterize the Meissner effect. The levitation
phenomena, that is a phenomenological evidence of this effect, can be described as
a fall down of a magnet occurring at v = 0 velocity. When the superconductive state
is create with the magnet away from the SC, the magnetic flux changes from 0 to the
value corresponding to B*S (B* is the mean value of the magnetic field produced
by the magnet on the surface of the SC of area S). When the superconductive state
is create with the magnet over the YBCO sample, the flux variation is due to the
change in the magnetic properties of the SC. So also in this case, where apparently
there isn’t a flux variation, an electromagnetic induction process is at the base of the
levitation phenomenon.

To give into account how this superconductive state can be created, it is possible to
start from the analysis of the energy of the electrons system inside of a crystal lattice.
In the ordinary conduction state the electrons could be treated as not interacting par-
ticles, because of the negligible interaction occurring and due to two part: a repulsive
part, due to the coulombian interaction essentially screened by the mean field pro-
duced by the lattice; an attractive part, due to an effective potential emerging as results
of the interaction of the electron and the lattice. Only the second part is depending
from the temperature, so when it is prevalent with respect to the coulombian part,
the system of electrons become instable for creation on Cooper pairs, or in other
words the formation of pair of correlated electrons is a process energetically favored.
The collapse of these Cooper pairs on the same ground state is responsible of the
R = 0 property of an SC, that is recognized to be at the base of the superconduction
behavior.

The discussion of the creation of Cooper pairs ends the exploration of the Meissner
effect that is the main focus of the present work. The educational path faces also the
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other effect evidenced usually by the II type of SC, as the persistent currents, the
pinning effect and the correlated phenomenology. This effects are observed when
the superconductivity state is created in presence of an external field. The pinning
effect, due to the penetration of the magnetic field inside the SC sample inside the
vortexes created by supercurrents, emerges as the anchoring of the magnet to the SC.
This is at the base of the MAGLEV train.

46.4 From Electron Conduction to the Superconduction of the
Cooper Pairs

The Meissner effect is described characterizing the SC state, on the phenomeno-
logical level, with the two conditions Bint = 0 and RSC = 0, but do not giving
into account how the phase transition can occurs and the processes that produce the
change from the initial situation, to the SC state. This change can be described in an
educational perspective as follow.

The energy of the electrons inside a solid, that can be written roughly as the
following sum:

Eel = Ke + Vint = σ(i)Ki + 1/2[σ(i ∗=j)Vcoul − σ(i)V2ij]

where:

• Ke = σ(i)Ki = σ(i)p2
i /2m≥ is the kinetic energy of the electrons, pi being the

momentum of the i-th electron and m* is the effective mass of the electron inside
the lattice (including in a phenomenological way the interaction pf the main field
produced by the lattice)

• Vcoul = 1/2σ(i ∗=j)Vcoul(rij) is the screened Coulomb energy (of the form:
Vcoul(rij) = Vc exp (−ωrij)(e2/rij)

• V2 = 1/2σ(ij)V2ij is an effective energy potential due to the interaction of electron
and lattice (in the case of Sc of I type this can be written in a relative simple way
as a phonon-electron interaction).

In an ordinary conductor the electrons can be treated as a system of non-interacting
particles, or weakly repulsing particles due to the predominant term Vcoul in the inter-
action part of energy Vint. When the temperature increases Vcoul remains essentially
the same,V2 generally change. In the ordinary conductor Vint remains greater than
zero. Their state is characterized by the values of: energy, momentum, spin. (es. E,
pl,∼). Many energy level are possible and are one very close in energy to the other.
Of course many electrons can possess the same energy but have different values of
the momentum. For each momentum two state are possible (one with spin ∼ and one
with spin →). The electrons, being spin 1/2 h particles, due to the Pauli principle,
(at T = 0 K) fill all the energy level till a maximum value named Fermi energy
level. When T increases some electrons can usually acquire energy making a transi-
tion to excited state and leaving lower state partially empty. The presence of a band
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of energy level one very close to the other ensure that the system of electron can
exchange energy with the lattice. This exchange is at the base of the presence of a
resistivity greater than zero in the ordinary conductors.

In the SC this schema changes, because the attractive contribution V2 can become
greater than Vcouland the interaction energy Vint become negative (Vint < 0) and
the electron are subjected to a net attractive energy. For anyhow smallI Vint < 0 the
electrons system become instable for production of couple of electrons correlated
by the long range interaction V2. When one of this pair of electrons (Cooper pair)
is created the energy of the system decrease of an amount of the order of the main
value of < V2 >. The pairs of electrons are (quasi) systems with integer spin. For
energetic reasons (but not only) the coupling of electrons with opposite spin and
opposite momentum is favored. Due to their integer spin, the electron pairs occupy
all the same ground state, that is separated from the first excited state by an energy
gap of an amount proportional to N < V2 >, where N is the number of pairs created
in the systems. The same process that produces the electron pairs, produces also the
energy gap. The state created is not only relatively stable, but also ensures that the
pairs of electrons cannot exchange energy with the crystal lattice. In other words the
energy gap ensure that the resistivity of the system becomes zero. The creation of
pairs of electrons is a crucial process in the creation of the superconductive state.

In the case of SC of I type the schema described is framed in the BCS theory
of superconductivity [ ], being the V2 term of interaction expressed as a potential
energy interaction between two electrons mediated by the exchange of phonons. In
the case of the SC of II type it is not clear what kind of interaction is responsible of
the V2 energy potential.

46.5 Experimentation with Students

Explorative activities with students are carried out in informal learning setting, in four
contexts (Udine, Pordenone, Frascati) with 685 students. These activities was impor-
tant to test microsteps of the path, in particular for what concern the way in which
students discuss the distinction between the levitation due to the Meissner effect and
the levitation due to the pinning effect. The research experimentations of the educa-
tional path on Meissenr effect of SC was performed with students in eight contexts in
Italy (Udine, Pordenone, Cosenza, Bari, Crotone, Siena) with 335 students of Italian
upper secondary schools (17–19 aged). In these experimentation tutorial worksheets
are used to monitor the students learning, analyzing their answers, drawings and
schemas after the construction of typical categories. Few results concerning three
main conceptual steps are given, referring to further work a more thorough details.

The change in the properties of the YBCO disc when T ≈ TNL. When student
answered to the question concerning the change of the properties of a YBCO sample
when the temperature is T = TNL, sentencing: (a) “the properties of the YBCO have
changed”, “the diminution of the temperature produced a change in the behavior of the
YBCO” (40 %); (b) “The disc of YBCO changes his properties. It repels the magnetic
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field” (35 %); “The YBCO disc is magnetized” (13 %); Re-arrangement of the atoms
(7 %); other answers (5 %). The change in the property of the superconductor is
the main focus of about 90 % of the students answers, explicitly referred to the
magnetic properties in about half of the sample. When the students were requested
to represents the magnetic field configuration that can give account of the stability
of the levitation configuration, they drawn: field lines do not penetrating the YBCO
if T < TNL (55 %); field lines around the SC and aroud the magnet (37 %); the lines
of the magnet penetrate inside the SC at T > TNL (8 %). The first two categories
include all the draw where the field do not entry in the SC.

For what concern the intermediate way to resume the Meissner effect indicate that:
“It consists in canceling the magnetic field is part of a SC”, “At a certain temperature
of the transition to the SC the Meissner effect means that the SC ceases to oppose any
resistance to the passage of electricity and being all or almost all internal magnetic
fields” (22 %); The Meissner effect makes levitating a magnet over a superconductor
without any constraint (57 %), “an effect which changes the physical properties of
objects subjected to cooling” (14%); “magnetic fields are arranged in such a manner
(such as jammed) that the magnetysme in air because it has no possibility to deviate)
then receives only fields opposite to the magnet.” (7 %). In all the students answers
the Meissenr effect is identified phenomenologically. It Is also explicitly framed on
the conceptual plane by the students of the first group.

46.6 Conclusion

An educational path on superconductivity for Upper Secondary School was designed.
Students are engaged in an experimental exploration of the phenomenology of use
the experiments developed in the context of the European projects MOSEM and
MOSEM 2. The focus is on the analysis of the Meissner effect to characterize the
perfect diamagnetism of the superconductors under the temperature of the phase
transition. With an experimental exploration, carried out both with qualitative obser-
vations, both with measurements using on-line sensors, students gradually construct
the conclusions that B = 0 and r = 0 inside a S under the critical temperature. The stu-
dents use concepts of the electromagnetism (the field lines, the magnetization vector,
the electromagnetic induction law) as tools to construct a link between magnetic and
electric properties of a syperconductor, describing the phenomenology of the Meiss-
ner effect, according to the suggestion of many authors, that show the possibility to
describe the Meissner effect in the framework of classical electromagnetism. In the
phenomenological description of the superconduction the aim is the recognition of
the role of the electromagnetic induction in the description of the Meissner effect.
How this state is produced or the phase transition occurs, it is described for what
concern the role of the creation of the Cooper pairs on the change in the energy of
the electrons system of the superconductors. The focus on energy leave open the
opportunity to go deep in the quantum description of the energy gap formation.
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From research experimentations carried out in eight different contexts with 335
students emerge that the majority of students recognize the change in the magnetic
properties of the superconductor under a critical temperature, the B = 0 condition,
the different nature of the magnetic suspension and the levitation of a magnet on a
superconductor sample.
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Chapter 47
An Experimental Approach of Nodes Towards
the Electric Potential for Students and Teachers

Alessandra Mossenta and Marisa Michelini

Abstract Electricity is a common learning topic. Early research on students’ dif-
ficulties on circuits pointed out that the concept of potential does not have role nor
meaning and referred it to the link between electrostatics and circuits. Subsequent
research highlighted how potential is not recognized as a significant quantity for
charge transfer or in activities to bridge electrostatics and circuits, micro and macro
view. Starting from these outcomes a teaching/learning proposal was designed on
charge transfer with simple hands-on experiments and sensors. It aims at realizing the
students’ cognitive need for an interpretative quantity (potential) driving the charge
transfer, with a meaning of energy.

Sm,t
i, j = (1 − ν)Sm,t−1

i, j +νSn,t,u,v
i, j

47.1 Introduction

Static electricity forms part of our daily experience, concerning both natural phe-
nomena (e.g. discharging by sparks) and technological devices (e.g. functioning of
photocopiers).

The role of education, to provide students of tools to organize phenomenology
and to build models for its interpretation and for a sound approach to everyday
challenges, implies the need to take into account also this topic. From the educational
point of view, electrostatics has a central role in electromagnetism as a fundamental
context where charge, field and potential concepts are introduced and principles as
the conservation of charge and the superposition principle organize the interpretation
of phenomenology. On a methodological plane, electrostatics could provide a fertile
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context where the process of building scientific knowledge as an activity of model
development, starting from and based on phenomenology, could be exemplified.

A broad research on learning difficulties (Pfundt 2009), pointed out that for the
students’ perspective, the concept of potential (along with the related concepts of
potential difference and fem) does not have a role in the operation of electric circuits
nor a separate meaning justifying its use as an interpretative quantity [2, 3]. According
to the first studies about the reasoning on circuits [2–4], students identify and/or not
relate adequately potential difference with current and potential, analysing circuits
with sequential and local reasoning. Potential is not associated with an electric field
and/or forces. Students do not relate current, in its macroscopic manifestation, with
the microscopic phenomenon of charge motion. A suggested solution was to connect
electrostatics and electrodynamics, via microscopic models. Other researches relate
the learning difficulties to a reuse of the previously acquired electrostatics knowledge
in an unchanged form [5], potential difference corresponding to a difference in the
local density of mobile charges at the circuits points considered. Subsequent research
concerned both proposals of teaching/learning sequences designed to build links
between microscopic view in electrostatics and macroscopic view of the electric
circuits [6–8], and studies of the students’ reasoning in interpreting electrostatics
phenomena [9, 10]. As concerns the high school and university students’ description
in explaining electrostatics phenomena, four models of electricity were identified
[9]. According to the most popular model, electricity is a fluid that passes from one
body to another: through rubbing it passes only on to dielectrics; through contact, it
passes only on to conductors. Researches on students’ understanding of the transfer
of charge between charged conductors [10] pointed out that students admit a transfer
only between oppositely charged conductors until one of the conductors became
neutral (according to the rule ‘like charges repel’). Primary-school student teachers
explained the charge transfer between two identical metal spheres with the different
quantities of electrons on them, freely interchanged with the difference in potentials
[6], and a process of electrons moving from the sphere with the greater number to that
with the lesser, until both spheres obtain the same charge. Researches on university
students’ reasoning linked to the use of electrical potential and capacitance in the
processes of electrical charging of a body [11–13] confirmed the previous model
and pointed out that students attribute to the potential the meaning of “indicator
of quantity of charge” which the body can contain, establishing an identification
between charge and potential. The capacitance is identified with the charge, as if
the body were a recipient that admits a certain quantity of charge depending on its
size, or it is understood as the facility to drive the charge. When reasoning include
Coulomb’s force, a certain identification between electric force and electric potential
is produced.

Some proposals focused in the domain of electrostatics for high school or univer-
sity students were developed to overcome the learning difficulties, in the perspective
of linking electrostatics and electrodynamics, a microscopic with a macroscopic view.
Borghi et al. proposed a teaching sequence based on the use of microscopic models
to link electrostatic phenomena with direct currents. Starting from experiments on
charging objects by rubbing and by induction closely examines the Volta’s ideas of
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tension and capacitance to make the students acknowledge that a charging process
is due to the motion of electrons representing a current. Tension is considered as the
particular condition of the charge configuration producing divergences of the foils of
an electroscope and capacitance as a magnitude expressing the ability of the system
to receive more charge. The sequence developed by Guisasola et al. [14], takes into
account the historical concept of capacitance in phenomena of body charging, for a
transition from electrostatics to electrokinetics, helping students establish connec-
tions between the movement of charges (microframe) and an energy analysis of the
system (macroframe). As a result of the implementation of the proposal, authors
found that many students seemed not to relate the processes of charging to other
electrostatic concepts such as potential or field. Moreover, students did not develop
model-building skills to the hoped level. The authors connect this problem to the
previous research, suggesting that scientific reasoning skills are difficult to develop
without a curriculum specifically aimed at giving students practice in engaging in
scientific activity.

47.2 The Vertical Proposal on Electrostatics

Our activity focused on a vertical sequence, offering possibilities to develop sci-
entific content and methodological skills to the pupils since their first explorations
of phenomenology, to build scientific concepts and methods when their interpreta-
tive models are build first. This could provide pupils with scientific ideas avoiding
the need of a change of their spontaneous ideas when they are deeply inserted in a
spontaneous way of reasoning, during high school or university.

We developed a learning proposal starting from learning and conceptual knots
emerged from literature, in the theoretic framework of the Model of Educational
Reconstruction [15]. A first part of the proposal is focused on the macroscopic prop-
erties of the electric interactions, to build the first level of interpretation of the elec-
trostatic phenomena yet at Primary School level. In this phase we aim to produce
the need to introduce an interpretative entity, the charge, to give sense to phenom-
ena observed during electrical interactions emerged in charging processes of several
materials; the properties of dual nature and mobility also emerge from phenomena
interpretation. Following this first part, a quantitative activity was proposed, focused
on interpretation of the movement of charge and its transfer by rubbing and by con-
tact. The measure of charge involved in the process aims to introduce the concept
of potential, to give it a role of driving the charge transfer and a meaning of work
to do it; the measurements aim to give evidence also of charge conservation. The
proposal is organized as a sequence of explorative hands-on activities with explo-
rative stimulus-worksheets [16, 17] to drive the development of a coherent building
of macroscopic models then substituted by microscopic models; when implemented,
a strategy of Conceptual Microsteps based up SPEA cycles (Situation, Prevision,
Experiment, Analysis) is proposed, to give to the students methodological tools in
training the scientific methods aspects. The sequence is designed also to be proposed
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to prospective Primary School teachers, during their education to develop their Peda-
gogical Content Knowledge [18]. We report the first outcomes of an implementation
of the sequence with middle school and high school students.

47.3 The path

The first qualitative part of the proposal can briefly be summarized as follows:
Pulling and rubbing: Observed macroscopic interactions between couples of

objects pulled off the same/different surfaces or rubbed with the same/different mate-
rial aims to build the concept of electric state of objects linked to a macroscopic
property responsible for the interactions. The two kinds of interaction are attributed
to the relation between two kinds of property, each of which can be assumed by each
object.

The couples: The attraction of two objects modified one with the other by pulling
or rubbing gives a first appearing of the idea that charging is an effect of an interaction,
in which both objects of the couple involved in pulling or rubbing are modified,
resulting in different states.

An electric state detector: A simple detector made of strips of adhesive tape,
pulled apart after being stuck together, allows to increase the kind of objects that
can be electrified by rubbing (insulators and metals), gives evidence that the effects
of pulling and rubbing are referred to the same origin (differently from magnetic
effects) and brings out the conclusion that there are only two kinds of electric state.
Observing many interactions leads naturally students to assume the dependence of
the interaction from distance and level of modified state.

A can: Repulsion of aluminium strips from the bottom of a metal can after a contact
with a charged object introduce charging by contact and movement of charge; when
a charged object is only brought near to the can the observed effect is linked with the
presence of (microscopic) entities into the neutral can; the process of induction offers
an interpretation of the experience and is the starting point to explain the behaviour
of a plastic bottle and of a foil electroscope. The activities involve insulators and
conductors, to see the similarities in the process of charging, for a highlight of the
global nature of electricity, and the different mobility in them, as responsible for the
difference in time where electrical phenomena are involved.

Faraday cage: The change in distribution of charge on an flat aluminum sheet after
its shaping as a cylinder and the induction produced by a charged bar inserted on
a metal can leads students to acknowledge the distribution of charges on the outer
surface of a conductor and the charge measurements made by a charge sensor (Pasco)
and a Faraday cage.

The second part of our proposal aims to introduce potential as a new property
needed to manage the transfer of charge, emerging from explorations designed to
face the learning knots pointed out by the previous analysis of the subject content and
of the learning difficulties. During the exploration of simple transfers of charge some
features of the potential emerged, as its depending on variables specifically studied.
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Moreover, the exploration leads students to observe the conservation of charge as a
constraint of the process. A further step aims to give a meaning of potential as work
needed for the transfer of charge. Then potential is linked to the electric field, that is
explored.

The first exploration concerns the transfer of charge in rubbing: the objectives of
measurements of charge on two objects rubbed together are to introduce students to
the way of measurement proposed, and to develop the model of charge transferred
from one object to the other while conserving it as explanation of the same quantity
of charge of different kind, looking at the global system of both objects involved in
rubbing.

The next step concerns the transfer of charge by contact. The measurements
explore first the contact between a rubbed (charged) insulator and a neutral metallic
sphere, showing a transfer by contact between insulator and metal; then, successive
contacts of two metallic spheres, identical and not, in different starting situations are
observed: (a) only one sphere charged, to study the transfer on a neutral metal, in
equal or different quantities; (b) both spheres charged, to study the transfer between
charged objects. The proposed sequence aims to create in the students a conflict
situation when appears a transfer of charge from a little sphere to a big one, increasing
the difference in charge on the spheres instead of decreasing it, as the usual model
emerged from literature should predict. The measurements are easily explained if a
new quantity is introduced that manages the transfer, “potential”, depending from the
charge on the spheres and from their size. The proposed explanation is summarized
in Fig. 47.1. It is organized in steps as follows:

Step 1: After a contact of two equal spheres, one of which charged, half charges
transfer: assuming a state of the charged sphere as referent for the condition of the
charge configuration producing a transfer, after the contact both spheres are in the
same state; it can be labeled by the charge on them.

Steps 2 and 3: A transfer is carried out in two pairs of spheres, each of them
composed of one of the previously charged spheres (having the same charge and size)

Fig. 47.1 Example of a measurement during the steps (left) for introducing the need of potential
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and one smaller neutral sphere (of different size): the different amounts of charges
on the smaller spheres are related to their different size, introducing a dependence of
the state on the size of the objects; the amounts of charges on the two equal spheres
are related to their state, as their size is the same. A hypothesis can be done that
the greater amount of charge on them is related to a greater capability to transfer.
The final state of each smaller sphere is the same of the big sphere it touched, so a
comparison can be made also between the states of the two smaller spheres, showing
in the smallest sphere a better capability for transfer than in the other little sphere.

Step 4: After a contact of the equal spheres with different amounts of charge,
the amount of charges become the same on each sphere: the previous hypothesis is
checked and the same final condition referred to the charge can be assumed also if
both spheres are charged.

Step 5: After the contact of the two different spheres with different amounts of
charge, σQ increases, according to the hypothesis that the sphere with a smaller
amount of charge and a smaller size is in a state more favorable for the transfer than
the other. The quantity related to the state of the spheres is named “potential” and it
depends on both size and charge of the spheres. Each steps shows that in the transfer
charge is conserved.

A meaning for the new quantity is provided with an exam of the charge transfer
between two spheres linked by a paper strip, showing that charge is transferred also
by an insulator, along a path, and then doing the same in different ways: by a person
making a work on the charges, bringing them from one sphere to another by a little
conductive disk attached to an insulated handle, or using a battery. This work is
stored with the charge transferred and gives a measure of the capability of transfer of
the charge. Bringing charge on a conductor (the sphere) requires increasing energy
as the charge on it increases, and produces an increased capability of transfer in this
charge. Measuring the charges on the involved objects (spheres and disk) during each
step of the transfer, students can see that the disk does not discharge completely, and
that the charge transferred diminishes with the increasing of the amount of charge
(and its potential) on the sphere to charge. The charge transferred (and therefore the
efficiency of the charging process) depends on the potential difference, as can be seen
looking at the transfer between charged sphere and disk, according to the capability
for the charge transfer, and the transfer stops when the potentials on the different
conductors are the same.

A generator or battery is then introduced as a device able to charge a sphere at
a fixed potential, 1, 2 or 3 kV with Pasco equipment; after charge measurements on
the 3 different spheres used before, students observe that charges on each sphere
are in the same ratio of its potential, establishing a relation between charge and
potential, where capacitance, C, is introduced as the constant between the charge,
Q, and the potential V, Q = CV; looking at the measurements on different spheres the
dependence of capacitance from the size of the sphere (its radius, R) can be seen,
C = kR; combining the two relations a formal expression for the previous qualitative
observations can be stated, as V = kQ/R.

The process of charging a capacitor is examined in detail: it is introduced in the
context of the previous experiences, and starts from their conclusions. It can be a
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starting point for exploring the space between its plates, to build the concept of field
with one explorer moved and then filling the space in two or three dimensions with
several little explorers as fragments of tea leaves in oil.

After the planning of the sequence we defined a main Research Question, asking if
it is possible to build an educational proposal from middle/junior high school students
and for teachers, starting from the macroscopic exploration of phenomena and using
its power to interpret them, addressing subject and conceptual knots in electrostatics
as regards potential and field too. We suppose that only a sequence coherent in the
step by step conceptual outcomes could be a basis to link electrostatic and circuits.
We designed a set of Research Questions to obtain an overall view. As concerns the
transfer of charge by rubbing, and the objective of the measurements carried out, we
state a first Research question:

RQ1: Do students recognize a transfer of charge and its conservation in exploring
electrification by rubbing?
As concerns the transfer of charge by contact our Research Question takes
into account the explanations of students:

RQ2: What are the spontaneous reasoning of students in explaining the transfer of
charge? Do they take into account the conservation of charge?

RQ3: What changes produces the proposed sequence into the students reasoning
about the transfer of charge? Did the reasoning involve only one object or
take into account the system?

47.4 Data and Discussion

A one hour activity was carried out with 2 groups of middle school pupils, M1
and M2, focused on the measurements of charges on rubbed objects, after a brief
discussion about the experiences of the first part of the path. The same focus was
given in a path proposed in a last year class of high school, H1. In another class of
the same level, H2, the whole proposal was carried out. We analyzed the worksheets
related to the experience of measuring the charge on rubbed objects, and test in/out
for the whole path in H2. The test proposed situations of contact of charged spheres,
as in literature [10] asking for a prevision and an explanation about the final charge
distribution.

After the experience of charging by rubbing, pupils were asked for an explanation
for the unlike signs of the charges on the objects (QA) and for the equal magnitude
of the two charges (QB). The answers take different directions in the two groups: a
majority in M1 (20/30 pupils, 67 %) relates the systems condition with the measured
values, tautologically, explaining QA: “because one (object) was positive and the
other negative”; more than half of the group does not answer in QB, but 12/30 pupils
(40 %) explain the same magnitude with the same process on the objects; “there
was the same number of charges having suffered (the objects) the same process” or
“because they were rubbed each other”. The other group (M2) related the observed
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outcomes to the features of the systems: 26/28 pupils (93 %) for QA explain the
different sign of charges with the different color of the objects: “the two disks had
a different colour”, and for QB explain the same amount of charge with the same
shape: “are both disks, the disks are equal”. In H1 we observe for QA in majority
the same kind of answers of middle school pupils: 5/12 students answer as M1,
2/12 as M2 (referring to the different material of the disks); 3/12 students claim
a process (microscopic) that involves charges: a separation of charge, “in rubbing,
the opposite charges displaced on different disks”; a transfer, “there was a charge
passage from a material to the other”, a polarization. “the charges take an opposite
orientation”. For QB 4/12 students relate the systems condition with the measured
values, tautologically (“the charges after the rubbing are equal”), 2/12 explain the
same magnitude with the same process on the objects (“They were charged in the
same way for the same time”).

The outcomes from the test in/out of the class that carried out the whole proposal
can be summarized referring to situation (a), where 2 equal spheres were charged
before the contact with +8μC and +2μC. In test in, 50 % of pupils explain the final
situation in terms of evolution of systems in different states towards a common state
of equilibrium (process); 33 % explain the impossibility of transfer with a reasoning
based on the Coulombian force. Analyzing the other situations, reasoning based on
the idea of force is expressed in different situations and produces several images
about the processes and the final charge distributions. Two kinds of process emerge
in answers admitting a charge flow for equilibrium: a charge transfer from the more
charged sphere to the other with neutralization of opposite charge, or a charge flow
in both directions to reach the same configuration of charge on both spheres without
a need of neutralization. After the activity, in situation (a) 100 % of students admit
a transfer; forces are not cited in explanations; 66 % of explanations referred to a
process of transfer: “The two spheres have the same dimension, so the transfer of
charge will happen from the more charged sphere and there will be a re-distribution
between the spheres leading them to equilibrium”; the others cite the final equilibrium
state: “The sphere will reach the electrostatic equilibrium”; 4/19 students introduce
the idea of potential as reference for the transfer.

As concerns our Research Questions, we conclude that:

RQ1: Pupils of middle and high school recognized that both objects charged by
rubbing, but did not recognize a transfer and conservation of charge. They
relate the same rubbing or the same shape of the objects with the same amount
of charge, the difference in material with the difference in sign: pupils show a
local reasoning, looking at the system as a set of separate systems; a process of
transfer did not emerged. Moreover, the different material of the discs could be
a cue of the need of a general rule managing the process, avoiding a different
effect of the same rubbing on different materials. This did not emerge, also
if the reasoning of high school students shows a implicit assumption of the
charge conservation.

RQ2: High school students’ reasoning for charge transfer grounds on the concept of
force (Coulombian), or on a model of fluid. The processes involving this model
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are symmetrical (a transfer in both directions, a spreading of the common
charge) or not: in this process the charge transfer happens according to the
amount of charge. Conservation of charge is assumed implicitly, excluding
the charge configurations where charge is not conserved.

RQ3: After the instruction, a new way to look at the situations is produced, where
there is a referent for the final state of equilibrium, the potential, and it is
taken as a criterion for the transfer. This new perspective implies to look at
the system as a whole.

The different perspectives adopted by the students in observing a simple electro-
statics phenomenology suggest the need to discuss these models also with teachers,
during teacher education. The proposal could be further developed, to shift the con-
cepts in the context of electrokinetics.
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Chapter 48
From Heuristics to Humble Theories in Physics
Education: The Case of Modelling Personal
Appropriation of Thermodynamics in
Naturalistic Settings

Olivia Levrini, Giulia Tasquier, Barbara Pecori and Paola Fantini

Abstract The paper concerns the analysis of a successful classroom experience
where secondary school students made evident progress in appropriating thermo-
dynamics according to personal approaches. The main result of the analysis is the
construction of a definition of appropriation which is operational in two senses: (i)
it includes the indication of what observable features must be searched in students’
discourses for recognizing appropriation; (ii) it is effective for recognizing appropri-
ation also in cases where it is not evident. The study is the first step of an iterative
process aimed at developing a “humble theory” for explaining when, how and why
appropriation is triggered and supported in real classrooms.

48.1 Introduction

The study concerns an analysis of data collected during the implementation of a
teaching proposal on thermodynamics (about 25 school-periods) in a class of 20
students (17 years-old) of a scientifically-oriented secondary school in Italy (teacher:
P. Fantini).

During the activities we observed that something important happened: the students
appeared to make evident progress in appropriating thermodynamics according to
personal approaches, by taking part in the teaching/learning dynamics of the class-
room. In other words, most of the students seemed to be able to find a way, that they
feel comfortable with, for understanding and re-organizing knowledge.

In the light of this evidence we decided to carry out a study in order to answer the
following research questions:
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RQ1 - How can the word “appropriation” be defined so as to become an operative
tool for recognising and evaluating the effectiveness of a teaching/learning experience
(What “appropriation” means)?

RQ2 - What factors (features of the contents knowledge reconstruction, collective
activities, learning environment, mediation action,..) trigger and support individual
processes of appropriation (When, why and how appropriation occurs)?

48.2 Methodological Framework

Both the selection and formulation of the research questions mirror our choice of
referring to Design Studies as methodological framework [1, 2]. Of the Design
Studies we considered, in particular:

– the theoretical orientation: “Design studies are conducted to develop theories, not
merely to empirically tune ‘what works”’ [1].

– the “local” (or “humble”) character of the theories [2, 3]: “Unlike grand theories
or orienting frameworks, they [the theories] aim at being specific enough [local]
to do real work for improving instructional design” [1];

– the iterative design.

A sentence particularly stimulating for the work is: In order to pursue this inti-
mate relationship between developing theory and improving instruction, the Design
Studies indicates that, in collecting and analyzing data, “what works” must be under-
pinned by a concern for “how, when and why it works, and by a detailed specification
of what, exactly, ‘it’ is” [1].

According to the Design Study, we organized the research as follow.
In order to answer RQ1 (“What appropriation is”), we:

(a) overviewed the whole corpus of data in order to select a manageable and signif-
icant set of data for providing the first operational definition of appropriation;

(b) tested the definition against more complex data [by enlarging the empirical base
up to “theoretical saturation”, [6]] in order both to refine it and to evaluate its
operative power in making invisible visible.

As far as the RQ2 (“How, when and why appropriation occurs”) is concerned,
we are now working for abstracting, from the specific context, the first hypotheses
so as to point out new foci of attention for designing a second level of the experiment
within an iterative design.

The last point is in progress and the paper will focus mainly on the work we did
for answering RQ1.1

1 A brief description of the work we did for answering RQ2 is reported in Levrini et al. [5].
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48.3 The Educational Reconstruction of Thermodynamics

The teaching proposal was designed so as to shape the learning environment as a
properly complex territory [4]. At the basis of the notion of learning environment as
properly complex territory there is the idea that some forms of complexity in physics
contents can be transformed into productive complexities, i.e. complexities that allow
learning environments to be, besides intelligible, rich enough to enable each student
to reach deep understanding and to exploit his/her cognitive potential.

The forms of productive complexity, chosen and implemented in the thermody-
namics path, are:

(1) Multi-perspectiveness: the same contents (phenomenologies) have been ana-
lyzed from different approaches - the macroscopic and microscopic ones - treated
consistently as two different models;

(2) Multi-dimensionality: a critical-philosophical reflection has been developed on
the peculiarities of the two approaches through specific activities (questionnaire,
discussions);

(3) Longitudinality: according to our idea that learning physics is a continuous
process of widening, refining, revising knowledge already acquired, the ther-
modynamics ways of modeling systems, processes, interaction have been sys-
tematically compared with the models used in the theories previously studied
(classical mechanics and special relativity).

48.4 Data Analysis and Results

48.4.1 Data Sources

During the activities we collected data from different sources: written tasks (quan-
titative and qualitative problems on key concepts, including problems known as
puzzling from the research in physics education); audio-recording of lessons; stu-
dents’ notebooks; notes of a Master student (GT, an Author) observing the classroom
activities; questionnaires stimulating critical-epistemological reflection; video and
audio recording of classroom discussions about the issues raised by the question-
naires; audio-recorded individual interviews to 10 students conducted at the end of
the whole work; audio-recorded interview to the teacher and discussions with her.
Since we could not complete 2 interviews because of time constraints, only 8 out of
10 have been taken into account for the analysis.

48.4.2 Working out an Operational Definition of Appropriation

In order to work out an operational definition of appropriation, we focused the analy-
sis on the data related to 5 students: their semi-structured individual interviews; their
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Table 48.1 Central ideas around which students’ discourse runs

Michele The Curiosity for “how things
work”

“I like Physics because it explains how reality
works, so to say, I’m very curious about how
objects work and natural events”

Matteo The pleasure of speculating, in
particular on the philosophical
distinction between “being and
becoming”

“I believe that […] it is fundamental to build a
basis and to speculate on how theories are
found, how concepts are elaborated. These
concepts will certainly last longer than
formulas”

Chiara The pleasure of understanding by
exploring and testing different
points of view or perspectives

“It may be more complete to try to analyze a
phenomenon, or whatever is around us, from
two different points of view rather than from
one […]. It widened my view”

Lorenzo The need of searching for a unified
consistent framework for deep
understanding

“One can see that everything is integrated, it is
not divided in topics each with its own laws,
instead everything can be connected, unified;
the argument becomes wider, more uniform”

Caterina The fascinating search for “not
obvious details that are usually
taken for granted”

[I like physics since] “obvious things are not
taken for granted”.[Of thermodynamics I
like] “that it made me notice something I had
not noticed before”

answers to questionnaires on a critical-epistemological reflection; their contributions
to classroom discussions.

The 5 students were chosen on the basis of three criteria: our impression they
could represent interesting cases for studying appropriation; the richness of their
interviews; their being representative of the class (3 boys, 2 girls, with different
levels of performance in physics and different roles within the classroom dynamics).

The data concerning each student were selected and re-arranged so as to draw
“the student’s profile”. In order to make the 5 profiles comparable, all of them were
constructed following the same steps: (i) to pick up the central idea, if there is one,
around which the student, during the interview, develops her/his discourse; (ii) to
see if and how such an idea is developed along the interview; (iii) to reconsider
the classroom discussions and the answers to the questionnaire in order to check if
there is a relationship between the student’s position during the interviews and what
appeared in the previous activities.

The profiles’ comparability allowed us to get the definition of appropriation out
of observable features of students’ discourses.

The first main evidence which comes out from the construction and the comparison
of the profiles is the variety of the central ideas around which students developed
their discourse (see Table 48.1).2

2 The names of the students are invented.
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The other very important evidence is the students’ personal way of talking about
temperature, since it is evident they focused their attention on those features of
temperature more meaningful to them.

Michele, for example, according to his general perspective, focused his attention
on the temperature gradient because this is what makes engines work: “Different
temperatures are necessary…, only with different bodies with different temperatures
we can have a cycle and work”.

Matteo, instead, focused his attention on the distinction between ΔT and T,
because he saw, in this distinction, the philosophical difference between “being and
becoming”: [I think that] Q = mc ΔT is ‘becoming’ […]… there is a change. […]
the first relation [PV = nRT] is ‘being’ because […] [there is] absolute temperature
T, that doesn’t change.”

Thanks to the construction and the comparison of the profiles, the following
features of students’ discourses can be recognised as signals they did appropriate
thermodynamics:

(a) the discourse is developed, around one key-idea, consistently along the whole
interview;

(b) the key-idea allows the formulation of arguments on-task, i.e. arguments which
allow aspects of thermodynamics to be selected and meaningfully linked one to
the other;

(c) the keywords, around which each student constructs her/his arguments, reveal
personal engagement, by being genuine and emotion-laden;

(d) the argumentation is thick, i.e. it includes elements belonging to a meta-cognitive
and/or epistemological dimension;

(e) the specific approach to disciplinary knowledge is not occasional (it can be
traced back to the student reactions in different classroom activities).

The acknowledgment of these features allowed us to formulate an operational def-
inition of appropriation: A personal process of content knowledge transformation
that leads disciplinary knowledge itself (feature b) to be a consistent (feature a) and
personal reconstruction of physics “signed” by the students, where “signed” means
that:

– the voice of the teacher is not present (feature c);
– physics content knowledge is assumed within a personal broad path to knowledge

that goes far beyond the mere aim of learning thermodynamics (features d, e).

48.4.3 Testing the Definition Against Complex Data

For completing our answer to RQ1 we have, then, tested our definition against 3
interviews that appeared, at a first level of analysis, cases of non-appropriation,
because of:
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– the lack of an explicit and evident personal idea around which student’s discourse
runs;

– the common “flat” sound of their ways of talking about physical concepts (“In
classroom, we have done…”, “we have introduced the concept of temperature
by…”, “I remember that we had…”, or “I don’t remember if…”);

– the same strategy of talking about physics by going over, chronologically, the
classroom activities.

Instead, the finer analysis we could carry out by applying the definition of appropri-
ation shows that only one interview is an evident case of non-appropriation. Another
interview shows that the student resonated with the global sense of the work, but she
seemed to be still inside the process of searching for her own approach to learning.
The last interview reveals not only that the student appropriated thermodynamics,
but also that appropriation was particularly difficult to be recognized because of a
“natural”, spontaneous cognitive resonance of the student with the inner physical
language and its formal structure.

As example, we report the results of the analysis of the interview to Paolo, the
last one, we carried out by applying the criteria we had pointed out for recognising
appropriation.

In the first 30 min (out of 37) of the interview, Paolo goes over the whole path for
describing where the concept of temperature has been addressed and in what formal
relations it appeared.

The language used in the description sounds as an attempt to remember what
has been done: “We have given the initial definition to the temperature… “, “Then,
we have done the macroscopic approach…”, “In between we have seen the laws of
Gay-Lussac and Boyle…”

In his discourse, however, Paolo shows to move within the disciplinary dimension
very easy and with self-confidence. In particular, he appears to be very sure both in
moving along a formal dimension and in connecting formulas to phenomena or in
recognizing the modelling dimension that stays behind formalism.

He also shows a marginal interest for reflections about physics or about his per-
sonal view as the few minutes devoted to the second and third parts of the interview
prove (7 min).

Paolo may, hence, seem a student who deeply and efficiently understood the
contents, without searching for that personal approach needed for transforming dis-
ciplinary knowledge into a “signed” knowledge.

Instead, in his discourse all the features we pointed out for recognizing appro-
priation can be found. In particular, as soon as we re-analysed the interview by
applying our criterion of consistency, the repetition of a specific point became vis-
ible: he stresses several times that, for him, what matters is that physics has the
power of reaching the “same result” (“the same formula”) in different ways and that
some routes (like the microscopic one) are based on already acquired knowledge
(like mechanics). These two aspects make, in his opinion, physics knowledge reli-
able: reliability of knowledge emerges as that key-idea around which his discourse
is consistently developed.
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This idea can be consistently related to a specific image of physics to which he,
implicitly, refers when he says that the boundaries of physical knowledge are clearly
demarcated with respect to other forms of knowledge, such as philosophy:

“The questionnaire has been something interesting but, sincerely, it seems to
me that it did not have many implications on thermodynamics… perhaps more on
philosophy.”

His consistent and not occasional position in looking at physics as reliable and
well-demarked knowledge makes us to think that, along the whole interview, he
is also implicitly supporting the objectivity of physics as another feature that makes
physical knowledge reliable. From this perspective, the impersonal way of describing
the path in the first part of the interview, seen at a first level of analysis as sign
of lack of appropriation, can be acknowledged as the expression of a well-formed
epistemological position: physics is physics. He was in fact re-constructing the path
by selecting those pieces of knowledge he considered reliable and by cutting off what
could sound subjective.

In this sense, we can also infer that Paolo’s discourse is thick: a precise episte-
mological dimension can be recognised behind his pure and competent disciplinary
(mono-dimensional) discourse.

To sum up, the application of the specific criteria we pointed out for recognis-
ing appropriation leads us to conclude that also Paolo’s discourse can be acknowl-
edged as a clearly signed content knowledge reconstruction. The relative poorness
of his philosophical and meta-cognitive language, which made rather complicate to
acknowledge signals of appropriation in his words, can be, in our opinion, ascribed to
his “natural”, spontaneous and authentic cognitive resonance with physics. Because
of this natural resonance with physics, a fine and specific analysis has been needed
for recognising that the impersonal language used by Paolo was, in fact, his personal
language.

48.5 Final Remarks… Toward a Humble Theory

Following the Design Studies methodology, data collected during an experiment of
thermodynamics have been analysed so as to work out a definition of appropria-
tion. The definition we formulated is operational in two senses: (i) it includes the
indication of what observable features must be searched in students’ discourses for
recognizing appropriation; (ii) it is effective for recognizing appropriation also in
cases where it is not evident.

In the light of the obtained results, the next important move of our research is
the construction of a humble theory able to explain when, how and why collective
activities trigger and support personal appropriation. Such a concern is, in our opin-
ion, a fundamental step for disseminating good practices, as well as for making the
research results more and more powerful to promote innovation in schools.

In analogy with what happens in the physics of complex systems, the kind of
humble theory we have, now, in mind ought to be shaped as a dynamical model
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comprised of: (i) boundary conditions, i.e. those context conditions which make the
learning environment suitable and fruitful for triggering and supporting appropria-
tion; (ii) a dynamical mechanism lying at the back of the process, i.e. a mechanism
enacted and managed by the teacher in order to make individual cognition, collective
dynamics and the disciplinary knowledge resonant with one other [5].

From an operative point of view, we are analysing data coming from 3 further
experiences with other 2 teachers (one of them indeed implemented the same pro-
posal, during the same period, in two different classes). What makes these data
particularly interesting is that one experience, out of three, was unsuccessful: not
only appropriation did not occur (with only few exceptions), but also the forms of
complexities seemed to play a counterproductive role in fostering basic understand-
ing. A further element of interest is that the unsuccessful experience is one of the
two experiences realised by the same teacher.

This specific situation will allow us to treat the analysis of the boundary conditions
somehow independently of the dynamical mechanism of mediation: being, indeed,
the teaching proposal and the teacher the same in a successful and in the unsuccess-
ful experience, we expect to find different boundary conditions responsible for the
different reaction of the two classes.
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Chapter 49
Theory Versus Experiment: The Case
of the Positron

Matteo Leone

Abstract The history of positron discovery is an interesting case-study of complex
relationship between theory and experiment, and therefore could promote under-
standing of a key issue on the nature of science (NoS) within a learning environment.
As it is well known we had indeed a theory, P.A.M. Dirac’s theory of the anti-electron
(1931), before the beginning of the experiments leading to the experimental discov-
ery of the positive electron (Anderson 1932). Yet, this case is not merely an instance
of successful corroboration of a theoretical prediction since, as it will be shown, the
man who made the discovery, Anderson, actually did not know from the start what
to look for.

49.1 Introduction

Over the years many researchers argued for the usefulness of history and philoso-
phy of science (HPS) in science teaching. Among the main reasons for using HPS
are its power to promote understanding the nature of science (NoS) by making it
concrete and meaningful (e.g. [18, 25, 27, 30]); to provide scientific clarification of
the concept to be taught [11] to overcome conceptual difficulties by drawing on the
similarity between philo- and onto-genesis of knowledge (e.g. [13, 15, 26]). Despite
the intensive support for using the HPS in science teaching, however, “the issue
continues to be complex and controversial” [12] see also [14, 29].

This paper is essentially a case study in the history of particle physics that could
likely promote understanding a NoS key issue, namely therelationship between
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theory and experiment.1 The starting point will be an interesting remark originally
put forward by Kuhn, of Structure of Scientific Revolutions fame. According to [20]
there are two classes of scientific discoveries, namely those discoveries which “could
not be predicted from accepted theory in advance and which therefore caught the
assembled profession by surprise” (e.g. the oxygen, the electric current, x-rays, and
the electron), and those that had been “predicted from theory before they were dis-
covered, and the man who made the discoveries therefore knew from the start what
to look for” (e.g. the neutrino, the radio waves, and the elements which filled empty
spaces in the periodic table). As emphasized by Kuhn, however, “not all discoveries
fall neatly into one of the two classes,” and one notable example of such an occurrence
had been the discovery of positron by Carl Anderson in 1932. The positron is there-
fore especially suitable to show the complexity of theory-experiment relationship
within a learning environment.

49.2 Theory Versus Experiment in the Positron Discovery

The standard history of positron discovery is well known [9, 16, 17, 23, 31]. In
May 1931 P.A.M. Dirac brought up the hypothesis of the anti-electron from his
relativistic quantum theory of the electron. According to [10] , “an encounter between
two hard γ -rays (of energy at least half a million volts) could lead to the creation
simultaneously of an electron and anti-electron”. In October 1931, during a Princeton
lecture, the soon to be appointed Lucasian Professor of Mathematics stated that “this
idea of the anti-electrons doesn’t seem to be capable of experimental test at the
moment; it could be settled by experiment if we could obtain two beams of high
frequency radiation of a sufficiently great intensity and let them interact” (Dirac, as
excerpted by [19]).

Within a completely different context, on September 1, 1932, Carl Anderson
reported about a discovery obtained during a cosmic radiation research program at
the Caltech Laboratory in Pasadena, under the directorship of Robert Millikan. By
means of a vertical cloud chamber operating in a strong magnetic field, Anderson
photographed indeed the passage through the cloud chamber volume of “a positively
charged particle having a mass comparable with that of an electron” [2] eventually
named “positron”.

The connection between Dirac’s anti-electron and Anderson’s positron occurred in
February 1933 at the Cavendish Laboratory in Cambridge thanks to P.M.S. Blackett
and G. Occhialini. By means of their recently developed triggered cloud chamber [7],
the Cavendish researchers succeeded indeed in collecting many photographs showing

1 The U.S. National Research Council committee for K-12 education recently advocated the view
that using HPS materials might promote understanding NoS. In the section “Practice 7: Engaging
in Argument from Evidence” of their recent recommendation, it is indeed emphasized that the
“Exploration of historical episodes in science can provide opportunities for students to identify the
ideas, evidence, and arguments of professional scientists. In so doing, they should be encouraged
to recognize the criteria used to judge claims for new knowledge and the formal means by which
scientific ideas are evaluated today” ([30] pp 3–19).
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positron tracks that they interpreted through the theoretical framework provided by
Dirac [8].

In fact, (Dirac’s) theory preceded (Anderson’s) experiment. In this respect, during
the 1933 Solvay Conference, Ernest Rutherford expressed his regret at the way the
history of positron discovery occurred, since “we had a theory of the positive electron
before the beginning of the experiments. […] I would have liked it better if the theory
had arrived after the experimental facts had been established” [21].

49.3 Anderson’s Experiment

According to Anderson, his celebrated photograph (Fig. 49.1) showing a positron
traversing a 6 mm lead plate upwards was obtained on August 2, 1932 [3]. The
change of curvature below and above the plate showed that the particle went upwards
and lost energy while crossing the lead shield. Since the curvature indicated that the
particle had a positive charge, while the length of path and the specific ionization were
electron-like, Anderson concluded that the particle behaved as a positive electron.

Anderson’s original papers devoted to the positron [2, 3] do not report about the
actual circumstances leading to the discovery. The first details date back to his 1936
Nobel Lecture, where Anderson explained that the plate was inserted “to determine
without ambiguity [the particles’] direction of motion”, due to “the lower energy
and therefore the smaller radius of curvature of the particles in the magnetic field
after they had traversed the plate and suffered a loss in energy” [4]. As regards
the theoretical framework, many years elapsed before Anderson explained that the
Dirac’s theory “played no part whatsoever in the discovery of the positron” [5].

The primary historical sources, however, tell quite different a history. As for the
experimental setup, in all likelihood the 6 mm lead plate had a different goal than later
recollected by Anderson. Two months before his discovery, he had indeed reported
that the goal of distinguishing between positive and negative particles was pursued

Fig. 49.1 Anderson’s cloud
chamber photograph of a
positron traversing the 6 mm
lead plate upwards, discussed
in September 1932 in Science
[2] and submitted in February
1933 to Physical Review [3]
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Fig. 49.2 Anderson’s cloud chamber photographs, submitted in June 1932 to physical review [1],
showing a particle of uncertain sign of charge that suffers a deflection of 0.5 degrees in traversing
the 6 mm lead plate

by collecting “precise data on the specific ionization of the low-energy positives”
rather than with a lead plate. Since at low energy protons and electrons ionize very
differently, measures of specific ionization will indeed “distinguish […] between
downward positives and upward negatives” [1]. But what is most significant here is
that plates of lead were used by Anderson two months before his discovery (Fig. 49.2),
with the reported goal of pursuing the study of the “scattering of the cosmic particles”
([1] p. 410). For some reasons, aims and methods change as of the later recollections.
What if the discovery of positron was an entirely accidental and unplanned issue?

The primary sources offer a new perspective also for what concerns the theo-
retical framework. While no grounds exist to support the view that Dirac’s theory
influenced Anderson’s experiment, another theory actually played a relevant part. It
is worth to recollect that Anderson worked under Millikan’s directorship, and that
according to Millikan’s “atom-building” theory, cosmic-rays are γ -rays. Central to
this theory is the idea that cosmic rays band spectrum is due to the absorption of
photons emitted in the atom-building, “in the depths of space”, of abundant elements
like helium, oxygen, silicon and iron, out of hydrogen. The appearance of positive
charges in the cloud chamber photographs, detected since late 1931, could be ex-
plained within Millikan’s framework by suggesting the ejection of protons following
the “disintegration of the nucleus” [28]. Thus, Anderson was clearly thinking in terms
of Millikan’s theory when he wrote in his first paper devoted to the discovery of the
positron that one of the possible ways to explain the photographs was that a negative
and positive electrons “are simultaneously ejected from the lead [emphasis added]”
(Anderson 1932, 238) according to a process similar to that formerly suggested by
Millikan to explain the alleged proton tracks. In 1934, Anderson was still moving
within Millikan’s theoretical framework when he wrote that “the simplest interpre-
tation of the nature of the interaction of cosmic rays with the nuclei of atoms, lies
in the assumption that when a cosmic-ray photon impinges upon a heavy nucleus,
electrons of both sign are ejected from the nucleus […]. [The photographs] point
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strongly to the existence of nuclear reactions of a type in which the nucleus plays a
more active role than merely that of the catalyst [emphasis added]” [6].

49.4 Blackett and Occhialini’ Synthesis

By their discovery of plenty of electron-positron pairs within the new phenomenon
of cosmic-ray “showers” (Fig. 49.3), made possible by their efficient triggered cloud
chamber [22], Blackett & Occhialini’s “constructed a forceful case” [20] for the
existence of positron. Furthermore, they grasped that Anderson’s positive electron
and Dirac’s anti-electron were the same particle, a view supported by the fact that
Dirac’s theory predicted the successful detection of a positron by the cloud chamber
method. As reported by Blackett and Occhialini, Dirac’s calculation of probability
of electron/positron annihilation process led to a positron mean life in water close
to 3.6 × 10−10 s. Thus, the Cavendish researchers concluded, “in [Dirac’s theory]
favour is the fact that it predicts a time of life for the positive electron that is long
enough for it to be observed in the cloud chamber but short enough to explain why
it had not been discovered by other methods” ([8], p. 716).

Notwithstanding their support to Dirac’s theory, Blackett and Occhialini’s original
paper provides reasons to believe that, in some respects, they departed from Dirac’s
pair production mechanism. In one instance, they suggest indeed that electron and
positron “may be born in pairs during the disintegration of light nuclei [emphasis
added]” since the showers had been observed to arise in air, glass, aluminum and
copper” ([8], p. 713). Within another context, namely F. Joliot and I. Curie’s April
1932 observation of electrons moving towards a polonium-beryllium neutron source
[24], they concluded that Joliot and Curie’s electrons were actually positrons arising
from the action of neutrons (as opposed to γ rays). Both instances reveal a production
mechanism dissimilar of the one originally put forward by Dirac.

Fig. 49.3 Photographs of
electron-positron showers
captured by Blackett and
Occhialini via their triggered
cloud chamber technique [8]
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49.5 Concluding Remarks

As pointed out by Kuhn, it might be safely concluded that Dirac’s theory preceded
positron discovery (to Rutherford’s regret); that Anderson’s experiment was done in
complete ignorance of Dirac’s theory; and that Blackett and Occhialini made use of
Dirac’s theory to corroborate the positron existence. However, as we have evidenced
above, on the one hand a “wrong” theory (Millikan’s one) guided Anderson’s dis-
covery of the positron and interpretation of the tracks. And on the other hand, a
“correct” theory (Dirac’s one) was not fully exploited by Blackett and Occhialini in
interpreting the positron production mechanism.

This case study raises therefore a number of relevant issues about NoS. Firstly,
that the theory versus experiment relationship is not always a two-poles one (often
in actual science, as in the actual discovery of positron, more theories and more ex-
periments are involved). Secondly, that sometimes “wrong” theories led to “correct”
discoveries. And, finally, that original historical sources tell histories in some re-
spects at odds with textbooks histories or with later recollections by the protagonists
themselves.
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Chapter 50
Mass from Classical to Relativistic Context:
A Proposal of Conceptual Unification
Experimented in the IDIFO3 Summer School

Emanuele Pugliese and Lorenzo Santi

Abstract The IDIFO3 summer school proposed a basic concept construction in
modern physics to young talented students. Inertial and gravitational mass concepts
were examined in Newtonian paradigm, the former according to Mach as well. Tem-
poral component of 4-momentum was interpreted as total relativistic energy, through
series expansion at low velocities; we then built the relativistic conceptual extension
of mass starting from rest energy. We integrated an analysis on how students consider
mass with an inquiry on mass meanings produced by our path. The results allowed
us to recognize five student profiles.

50.1 Mass

“The concept of mass is one of the most fundamental notions in physics, comparable
in importance only to the concepts of space and time” [6]. The historian of science
Max Jammer puts mass on a level with the “backstage” of all physical phenomena:
space-time. Mass plays such a founding role because massless macroscopic objects
would be made of massless particles, without any form of interaction energy among
them: we would have a Universe of free particles travelling at light speed.1 Mass
is to be admitted to endow matter with “something” that characterizes it and that
determines its motion in the absence of electromagnetic fields.2

This quantity has a manifold character. In Newtonian physics, it is essentially the
metaphysical “quantity of matter”, deeply connected with inertia; the conception is
explained in the opening paragraph of Principia:

1 We take into account Special Relativity here.
2 Gamow considers indeed gravity as the force that rules Universe.
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The quantity of matter is the measurement of the latter obtained from the product of density
and volume. […] Air of double density, in a double space, is quadruple in quantity […]
And the norma [Latin text] of all bodies, which be differently condensed for any causes, is
identical […]. I will mean hereafter, everywhere, this quantity under the name of body or
mass.

Inertial mass acquires its gravitational meaning with the development of the uni-
versal gravitation law. In 1883, Mach [9] criticized Newton’s conception of mass,
because it brought to a vicious circle, and proposed an operative definition through
the measure of accelerations. He used a meaningful result derived from Newton’s
second and third laws, where m1 can be put as unit of mass:

m2

m1
= a1

a2
. (50.1)

Eventually, in Special Relativity (SR) a variation of mass corresponds to a vari-
ation in the internal energy of a body3: the idea of mass becomes more and more
subdivided.

50.2 Learning Problems

The concept of mass is very difficult to understand because of this multifaceted
character and of the persistence of the ontological vision above as well. A further
facet: in the theory of General Relativity, the momentum-energy density modifies
the geometry of space-time, so matter exerts an active action on the last, differently
from what happened with Newtonian space.

In high-school textbooks, the following learning problems have been found: iden-
tification of weight with gravitational mass; belief that a beam balance measures
weight; inertial mass defined operationally through F/a, where, as a literature exam-
ple, F is the measurable force impressed by a compressed spring. On the subject
matter ground, the conception of quantitas materiae has also generated misconcep-
tions concerning the mass-energy relation: mass is converted into energy, in a generic
sense (6 high-school textbooks); E = mc2 represents conversion of mass into energy
(1 high-school textbook); confusion/mistakes between energy conservation law and
mass conservation law (3 textbooks) [8]. In matter of students’ learning difficulties,
an experiment on 16 to 18-aged Spanish pupils was performed. They tend to prefer
a teleological-qualitative (pre-theoretical) view of mass to an operative-quantitative-
formal (scientific) vision. For instance, most of them identified it with other quanti-
ties: volume or density on one side and weight on the other; in addition, quantitas
materiae prevailed on inertia [2].

3 This quantity is usually called rest energy E0: the energy of a body measured in its rest reference
frame.
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50.3 Relativistic Mass Debate

In several treatises on relativity a quantity called "relativistic mass" appeared, whose
expression is

mr = m0√
1 − u2

c2

. (50.2)

Using the latter, one can rewrite relativistic momentum in the form

p = mr u (50.3)

Is it enough to justify the use of ( 50.2) as the expression for a proper physical
quantity?

Taylor and Wheeler underline that relativistic mass is the first component of
relativistic quadrimomentum, while the invariant mass is the magnitude of the latter:
a scalar. Actually, why should we interpret m in the following master equation as the
inertial classical mass?

E2 − p2c2 = m2c4. (50.4)

In general, there are good reasons both to consider mass in continuity with New-
tonian mechanics and to interpret it as a completely new quantity4 in a new “para-
digm” [7]: ≈the expression m0√

1− u2

c2

is best suited for THE mass of a moving body∗,

wrote [11]. From the mathematical point of view, the two quantities are completely
symmetric: the classical mass can be generalized to two quantities with different
tensorial characters [1].5 One strong objection to relativistic mass is that

mr = E

c2 (50.5)

varies with the reference frame: it should not define a physical property of a real par-
ticle or body. In spite of the last considerations, however, [5] claimed the importance
of relativistic mass:

Newton’s Second Law […] was stated with the tacit assumption that m is a constant, but we
now know that this is not true, and that the mass of a body increases with velocity […]. For
those who want to learn just enough about it so they can solve problems, that is all there is
to the theory of relativity – it just changes Newton’s laws by introducing a correction factor
to the mass.

4 The philosopher of science Feyerabend considered it a ≈relation, involving relative velocities,
between an object and a coordinate system∗, instead of a ≈property of the object itself∗ [4].
5 Similarly, you can generalize the classical quantity “time” either to the proper time or to the zero
component of (ct, x, y, z).
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50.4 The Activity

We took a sample of 42 talented high-school students, aged 17 to 19, selected for
attending a modern physics summer school. Our activity consisted in an interactive
tutorial with proposals for individual reflections and group discussions. We gave
each student worksheets containing open and closed questions; for the discussions,
we asked for conceptual differences among the (classical) notions of mass examined
first, then what classical meanings of mass underwent a change passing to relativity.

We began the rationale of our path with the quotation in Sect. 50.1, together
with another one containing an operative definition of mass through weight, from
Principia. An analysis of inertial and gravitational mass concepts in Newtonian
theory followed, as well as an overview of Mach’s definition of the former.6 We then
introduced proper time using light clock, built 4-displacement through analysis of the
world lines, and came to quadrimomentum dividing by proper time, in analogy with
classic momentum. We finally performed a Taylor series expansion of the temporal
component in the Newtonian limit and defined this quantity as relativistic kinetic
energy, apart from an additive constant. The identification

E0 = mc2, (50.6)

as well as its interpretation, were straightforward.
We asked the students some questions after the path:

1) “When does mass plays a role in your everyday life and which phenomena is it
involved in?”

2) "What theories of physics do study these phenomena?”
3) “What do you mean when you talk about the quantity of matter?”
4) “What connotations and definitions of mass do you know?”
5) “Does the inertial mass of a body change in function of its energy, apart from the

kinetic energy?”
6) "In many textbooks relativistic mass is mentioned. Explain what it is".

50.5 Data

Histograms from the collected data follow. For the analysis, we used “vertical” and
“horizontal” modalities. The former consists in a separate examination of every
answer: we aimed at categorizing them and finding their distribution in the student
sample. The latter was a search for each student’s own way of “looking at” mass –
examining the correlations among answers – to recognize the five profiles, or levels
of “physical representation”, pointed out by Doménech et al.

6 We also inserted a reference to mass as the result of interaction with all other masses in the
Universe.
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They are

• ontological (pre-theoretical7): mass is either a general property of matter or com-
pletely identified with bodies/matter/particles. In this case quantitas materiae
becomes the best example;

• functional: the quantity is identified with a property, behaviour or trend of a phys-
ical system, for instance inertia or heaviness. An implicit theoretical framework
is already present here;

• translational: the quantity is identified with another one whose definition is
assumed as well stated, for instance mass as either density/ volume, or weight;

• relational: the quantity is defined through precise conceptual relationships inside a
formal theory made by a number of mathematical laws.8 In our analysis this repre-
sentation was reduced to a clear and well-defined outline of conceptual relations;

• operational: the quantity is a number that you obtain through a series of explicit
and achievable operations; gravitational mass comes out of a measure with an
equal arm balance.

Moreover, answers to questions 4–6 allowed us to recognize several scientific
meanings of mass: inertial, gravitational, Mach’s empirical meanings, mass in SR
(referred as “energy”, “rest energy”, ≈rest mass∗ by students), “relativistic mass.”,9

together with quantitas materie.

50.5.1 Analysis and Results

For questions 1–3, we divided described phenomena in classes; then physical theories
that students join to phenomena were grouped, as well as things described as quantity
of matter. The categories are not mutually exclusive.

We found out that in free fall mass is taken into account by a high percentage
(17 %) of students, showing they haven’t understood the physical meaning of the
Equivalence Principle Fig. 50.1.

We also found that 24 % of the sample considers kinematics as a theory in which
mass is a prominent quantity and that 8 students don’t distinguish areas from theo-
ries as interpretative models for phenomena. From the third question emerges that
32 % of students identify correctly “quantity of matter” with mole, both in a general
sense (ontological profile, 10 %), and as numbers of moles (relational profile, 22 %).
However, identification with mass is present in 15 % of the sample.

7 It does not refer to a theoretical framework. The definition is then concrete, in spite of appearance:
it’s implied by a concrete view of physical world.
8 Mass is given byF/a in the inertial sense and byP/g, or through universal gravitation law as
well, in the gravitational sense.
9 We took these meanings from [2] and extended it to Special Relativity.
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Fig. 50.1 Recalled familiar phenomena, “null answers” stands for answers not concerning the first
question

A meaningful quotation from an answer classified in Fig. 50.2 asquantitas mate-
riaeis “Mass […] can be derived from a formula m = ν/V”. 45 % of students only
listed mass meanings in these answers.

Only 35/42 students answered to the fifth question. We found no conceptual ref-
erence at all to the mass-rest energy equality in 40 % of cases. This lack is associated
in several cases (20 % of the total) to the presence of the idea of “relativistic mass” in
students, in an explicit or implicit form, although we stressed the role of relativistic
energy in our rationale. In contrast, the conceptual reference is present in 43 % of
cases, in implicit form or explained in words. There are relatively many uncertain
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Fig. 50.2 Meanings of the idea of mass (IV question)
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answers (14 %), that consists in enunciations, invocation of a generic mass-energy
relation or not understandable sentences: 3 students answered “No, because kinetic
energy doesn’t affect the rest energy”, showing that very likely in their conception
rest energy is completely unrelated to (inertial) mass.

Thirty-nine students answered to the last question. The concept of “relativistic
mass” appeared integrated in Einsteinian paradigm in 36 % of the sample. We could
not find, by contrast, this integration in 31 % of the students. A meaningful example
for the category “mass at relativistic speed” is the following: ≈That means that mass
in motion at very high speed can become energy and vice versa∗. According to this
conception, only at high velocities we enter in the realm of relativity, where mass in
motion could turn energy. The correct definition – mass depending on speed – was
given instead by more than 15 % of students, also using formalism; one among them
has directly deduced the formula, with the aim of reducing relativistic expression
for momentum to the classical one.10 These students learned the right concept of
“relativistic mass” in the proper theoretical framework.

As regards students’ profiles, the relational one is clearly dominant: it affects
about 60 % of the sample. Notice that there is no operational profile, that only one
among students uses a partially translational representation and four students the
ontological one Fig. 50.3.
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Fig. 50.3 “Relativistic mass” (VI question). The first category includes both a generic relation with
energy (ontological level) and a formula connecting E, m, E0m0 in every possible combination
(relational level)

10 This is, as we have seen, the crucial issue in the debate on this topic.
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50.6 Conclusions

Our first research question was “How and in which contexts did our students relate
themselves to the term ‘mass’ and make use of it?” Some interesting elements came
out. Phenomena – as well as physical quantities – recalled in familiar semantic
areas are in large part mechanical ones, except for quantity of matter, “force fields”,
“gravitational field”. The pre-theoretical conception quantitas materiae is rooted in
most of students’ minds; however, students that answered the first group question
never made use of it, as verified in the analysis of video recordings. A few students are
aware of the importance of mass in electromagnetism and no one can contextualize it
in familiar phenomena. “Ubiquity” is a character of mass expounded by 6 students,
but it’s not been rationalized by the half of them. In the end, mental representations
of mass seem to be strongly affected by learning areas, so it is important to design
integrated teaching [3]. We noted in particular a local view of the mass in SR in a
context defined by speed and a grasping of the concept of mass in SR as limited to
a “chapter” of physics.

Our second research question was “How did students interpret the extension of the
concept ‘mass’ to ‘mass as rest energy’ in the relativistic context (under the
influence of our path)?” It came out that the young talents show very good abil-
ity to formalize, the relationship ( 50.6) being an important exception in this regard.
Besides, terminology plays an important role in the proper understanding of mass
in relativity and in framing its conceptual relations with total energy, rest energy,
“relativistic mass”. Wrong answers about the latter – reporting learning difficulties
concerning relation ( 50.2) – have been found in 26 % of the students indeed. More-
over, misconceptions found about mole were probably generated by the identity
between the word used for the physical quantity and for the unit.
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Chapter 51
Theories as Crucial Aspects in Quantum Physics
Education

Marco Giliberti

Abstract A lot of difficulties aroused in interpreting quantum physics from its very
beginnings up today are still at the core of most educational presentations. In fact,
usually people try to grasp theoretical concepts by referring to a blend of ideas
taken from scientific, pre-scientific and common sense schemes. In this paper a
pre-condition for every educational approach will be proposed: to rigorously keep
to quantum mathematical formalism in order to understand the meaning and the
“reality” of quantum physics. It will be argued that the addition to quantum theories
of most extraneous concept or common sense scheme comes from an ambiguous
idea of nature, scope and aims of science itself.

51.1 Introduction

Many difficulties faced by most educational reconstruction of quantum theories have
epistemological reasons, mainly embedded in the so called paradoxes of the quantum
world. Even the educational paths that do not follow a historical (more often a pseudo-
historical) approach, often lack a crucial point: that the meaning and the “reality”
of quantum physics, just as the meaning of every physics topics, must be read from
the theory, i.e.: the meaning and the concept of force should to be stressed from
newtonian mechanics and the “reality” of the electric field should, in physics, be
understood by Maxwell equations.

In this paper the lack of consciousness about the proper and exclusive nature of
physical theories is related to thess well known difficulties and it is proposed that,
in order to avoid many misinterpretations, which especially come by connecting
quantum theories with classical physics concepts in wrong ways and by trying to
reduce it to common sense schemes, a pre-condition is crucial: in quantum physics
education please rigorously keep to quantum mathematical formalism (that is that of
Quantum Mechanics or that Quantum Field Theory) and its interpretation.
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51.2 Nature of Difficulties: Theories

First of all our language describes an image. [...] It’s clear that, if we want to under-
stand the meaning of what we say, we must explore the image. But the image seems
to save us this effort; it already hints at a determined use. So it mocks at us [24].

The undetermined “mess” to which we give the name “reality” is subjected to
continuous changes because the status of the supposed entities that should form this
“reality” is very flexible. Important and very known examples of these changes are the
idea of absolute time, that of a luminiferous ether as a medium for the electromagnetic
waves and the very idea and structure of atoms [3].

In fact, it is not possible to separate the object of knowledge from the instrument
of knowledge: they must be considered as a whole. And this aspect is one of the
main teaching of quantum physics from its very beginning. Theories are but mental
constructions that help us find and define reality and utilize its resources. Physics
inquiry begins with schemas and concepts that need not to be explained by theories;
they come from common notions and language. Then proceeds introducing other
concepts by means of what we can call “pretheories”, that is already known physics
theories stated as granted. Pretheories are unavoidable features and, for instance they
are at the basis of our understanding and designing of measuring devices. Finally, our
inquiry arrives at physics theories, that are determined by the basic concepts intro-
duced before (common schemas plus pre-theories) plus formalized well defined new
disciplinary concepts [19]. Actually we can imagine facts like icebergs, submerged
under the surface of the sea of immediate experience that is perceived through com-
mon schemas. The submerged part of these facts can only be hypothesized, or, in a
sense, imagined. A coherent and formalized imagination of this under-the-sea level
of reality gives rise to physics theories. We can even think of these imagined realities
as fairy tales; in this sense a scientific explanation is a story about how some entities,
that are imagined but considered as real, would, by their very hypothesized nature,
have worked together to generate the phenomenon to be explained [20]. A very sim-
ple and clear example of what is stated above about the construction of useful entities
in theories as fairy tales can be found in star constellations. They are useful in finding
the way on open sea and they are obviously man made constructions. But are they
real? In what sense of the word real? Do they form natural entities? [21]. A way to
answer to the previous questions is thinking that the truth value of a theory is given
by the complete set of its mathematical formalism, by its field of applicability and
by the rules of correspondence between these two [5].

A more physical example can be found in classical mechanics. In the mechanical
description of the world, to the word force a reality in sé is often associated, as if forces
were independent and external elements of reality. On the contrary, in physics, they
find their meaning in the context of the Newtonian theory with its three principles.
Newtonian mechanics is not a way to describe forces, but a conceptual schema into
which forces, by means of their formal connections with other elements of the theory,
become a part of reality [5].
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Difficulties clearly emerge when we start to believe in the very real objective
existence of constellations and of forces as they were natural real entities independent
on human scientific schemas. But after all, it could be said that these questions
regarding the objectivity of the world have not prevented physicist from regarding
their results as objective facts. However it should be clearly stated that when this
attitude is put forward even to quantum physics, our understanding of the world
explodes into paradoxes.

51.3 Nature of Difficulties: Quantum Physics

Initially science does not develop by reflecting on its foundations, but with the accu-
mulation of facts and the assimilation of new knowledge. But sometime one meets
great contradictions and the greater the contradictions, the greater is the success
in overcoming them. One important example of contradictions can be found in the
divergence between the classical model of the atom and the studies on the emission
of light by substances that eventually brought to the birth of quantum mechanics
[19]. We can say that when we face contradictions we are like a paramecium that
meets an obstacle: at first he goes backward and then starts again to go forward in a
direction chosen at random. One could advise him of a better direction, nonetheless
what he knows is correct: He cannot go in that direction! [18].
In the developing of quantum physics at least three steps can be singled out.

(1) Old quantum physics: that is facts and interpretations from 1900 till about 1925.
Examples are the problem of black body radiation and the model by Planck;
the photoelectric effect with its explanation by Einstein and the various model
of the atom, mainly Bohr’s atom. It’s a set of facts and interpretations with the
background idea of the existence of the so called quanta. Old quantum physics
is the first response given by physicists to faced contradictions, but by no means
constitute a theory.

(2) Quantum mechanics: with its formalism given by Heisenberg, Jordan and Born or
that given by Schrödinger and Dirac, is a non-relativistic theory with well defined
axioms that describes the behavior of a finite number of interacting particles.
There are many different formulations of Quantum mechanics i. e. are matrix
formulation, wave function formulation, path integral and second quantization
formulation and even non orthodox formulations like Bohm’s one [22].

(3) Quantum field theory: it is a relativistic quantum theory and every relativistic
quantum theory will look, at sufficiently low energies, like a quantum field theory
[23]. The most known example of a quantum field theory is quantum electro-
dynamics, but even the standard model of particle physics is a quantum field
theory.

(4) And here come the problems: popular and even didactic interpretation of quantum
physics very often mix these three parts together with great ingenuity. Moreover
they often focuse on old quantum physics that, as stated above, is not even a
theory and therefore it cannot be a reference for understanding.
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51.4 A Pre-step Solution for Quantum Physics Education

Instead of working in the general mess of the old quantum physics, before educational
reconstruction of the topic, as a pre-step, we should choose a reference theory in
one of its formulation, identify the concepts of the theory in this formulation and
understand their meanings inside the theory [5].

In my opinion the framework of quantum field theory is best suited than quantum
mechanics for quantum physics education in general and, more specifically at high
school. One of the reason is that only in quantum electrodynamics the concept of
photon can be well defined. At the University of Milano we have been working on
this subject since 1995 and many encouraging results have come [2]; [4]; [6–8];
[10–17].

Anyway in general, whatever reference theory is chosen, in physics education one
has to try to avoid misunderstanding of ideas and words that are used by the theory,
but come from preceding conceptions (pre-theories, or even common sense) rooted
in the biased idea that physics reality can be identified even out of a formal theory.
A clear example of this can be seen in the idea of particle in quantum physics. When
we speak of particles we should clearly state what we mean, what the theory allows
us to think of, and what it does not.

We must be careful that with that word we do not implement the idea that par-
ticles indicate physics entities in the sense of an ingenuous realism, and that these
(ingenuous) entities coincide with the quanta of the theory.

As it has been previously pointed out, in scientific construction, reality comes out
of a set of coherent interpretations of the formalism of the reference theory. In this
sense the common word “particle” is nothing but a useful metaphor of what is meant
by the theory. In quantum mechanics particles of the same “kind” are identical, not
only because they have the same charge, the same mass, the same spin,... but also
because they are indistinguishable even through their position. They are identical
because they have the same physical properties.

We could think of a system with two electrons of different energy. In this situation
we can say that one electron has a certain energy while another one has another
energy, but it could be impossible to answer to the question “Which electron has
which energy?”. In more formal terms, the wave function obtained by the exchange
of this two particle would yield the same previsions for the measurements of every
observable. It is thus clear that the intuitive semantic content of the word “particle”
given to the quantum mechanics quanta is, in general not adequate.

From an educational point of view I believe it could be much clearer if we spoke of
quanta as linked to the excitations of the normal mode, as it is done in quantum field
theory, in this way it would be evident that they are identical and indistinguishable...
and have little to do with the “usual” particles. It is the event of revelation of a
quantum in a device that drives us to use the word “particle”, giving a metaphorical
sense to a word coming from classical physics (and from common language).
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If one strictly follows the guide of a theory most of the paradoxes (in quantum
physics more or less all coming from wave/particle dualism) become not so central,
with a great help for teaching.

51.5 A More Deep Difficulty

I’m not claiming that keeping in close touch with a quantum theory all difficulties
run away. In fact an objective problem remains and it comes from the theory itself. In
formulating quantum mechanics (and even quantum theory of fields) the world must
be split in two parts; in this way we have a dichotomy: a microscopic quantum physics
description for the system we are studying and a macroscopic classical description
for measuring devices; experimental context and results must be described in classi-
cal terms. Quantum mechanics cannot even be formulated without this distinction.
The problem is that the theory gives no indication on how “to cut the world”. Quite
obviously to get information from a microscopic experiment we must produce an
amplification process that leads to a macroscopic change; but, as even the apparatus
are in principle describable in terms of quantum mechanics, this leads us to an aporia.
Is there a macroscopicity parameter? Not in the theory. Nor it seems in experiments
(see for instance experiments of diffraction of macromolecules that show their wave-
like proprieties [1] or the quantum macroscopic proprieties of a superconductor). So
some deep difficulties are still rooted in quantum mechanics itself: there’s really no
need of making educational path that instead of presenting difficulties where they are,
generate confusion mixing aspects, ideas and words coming from a too ingenuous
vision of reality.

51.6 Conclusions

In conclusion this paper is a call to realism. I would like to stress that, as we already
(some time unconsciously) do for classical physics, when dealing with quantum
physics education we keep closely to a specific formulation of the theory. We can
choose among one of the many formulation of quantum mechanics or one of the
formulation of quantum filed theory (we in Milan suggest the latter, for his more
easily grasped epistemology, linked to specific space time field instead of the con-
figuration space wave function of quantum mechanics).The path to follow and the
results obtained in experimentations are but a secondary problem in this perspective:
they come after.

Historical or conceptual presentations and educational reconstructions of the topic
cannot in our opinion skip this point, as instead many times they do keeping an eye
closer to the path than to the goal.
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Chapter 52
An Interference/Diffraction Experiment
for Undergraduates

Milena D’Angelo, Augusto Garuccio, Fabio Deelan Cunden, Francesco
Fracchiolla and Nicola Minafra

Abstract We present an educational double-slit experiment aimed at strengthening
students’ ability in physical reasoning, both from a theoretical and an experimental
perspective, while improving their understanding of interference/diffraction phe-
nomena. In particular, students are lead to focus their attention on the hypotheses
employed in the reference theoretical model (i.e., Fraunhofer or far-field diffrac-
tion), and are guided to build an experimental setup that satisfies such conditions.
For completeness, we also present some quantitative results based on two different
measurement techniques: The direct measurement of intensity versus position, and
digital photography.

52.1 Introduction

Young double-slit experiment is one of the most common educational experiments
performed in undergraduates optics labs. Beside representing a simple tool to famil-
iarize with interference/diffraction phenomena, the double-slit experiment is a quite
useful preliminary step to the experimental discovery/verification of Fresnel-Arago
law, which naturally leads to address the role of polarization in the context of coher-
ence and may help to guide students toward the intriguing classical-to-quantum
transition [1].

In this paper, we propose to exploit the double-slit experiment to strengthen stu-
dents’ ability in physical reasoning, while guiding them to develop some essential lab
skills. In fact, one of the leading ideas is that the experimental study of the double-
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slit interference/diffraction phenomenon offers students the precious opportunity to
recognize the physical meaning of the mathematical approximations at the heart of
their reference theoretical model (i.e., Fraunhofer diffraction), and to develop strate-
gies to experimentally satisfy them. Our approach may become particularly useful
in view of the introduction of Michelson stellar interferometer, as well as spatial
coherence through measurement of fringe visibility (see, e.g., Refs. [2–4]).

In this respect, we aim at focusing students attention on the hypotheses on which
the reference theoretical model is based; in particular, we guide students to build
the experimental setup in such a way that it satisfies the “plane wave approxima-
tion.” Such steps naturally lead students to face the strong setup-dependence of this
approximation. Once students are confident with the phenomenon under considera-
tion, they are guided to build their own setup while taking into account some practical
issues such as the resolution limit of their measurement device, thus getting ready to
perform quantitative measurements on the observed interference/diffraction pattern.

52.2 Theoretical Background

Interference/diffraction phenomena are generally introduced by considering a mono-
chromatic plane wave impinging on a double-slit mask followed by an opaque screen,
parallel to the plane of the mask, and placed far enough from it that the impinging
radiation can be assumed to be made of plane waves (“Fraunhofer or far-field approx-
imation”); the angular intensity distribution in the interference/diffraction pattern
observed on the screen is well known to be given by [2]:

I (θ) = 4 I0sinc2
(πa

λ
sin θ

)
cos2

(πd

λ
sin θ

)
(52.1)

where λ is the wavelength of the incident radiation, a is the slit width, d the center-
to-center slit separation, θ is the observation angle with respect to the direction
orthogonal to the mask (for an incoming plane-wave at normal incidence: θ0 = 0),
and I0 is the intensity of the radiation diffracted by a single slit in the direction of
incidence of the incoming plane-wave (i.e., at θ = θ0 = 0). A schematic setup at
normal incidence is reported in Fig. 52.1, together with an (out-of-scale) sketch of
the intesity distribution given by Eq. (52.1).

At the undergraduate level, Eq. (52.1) is seldom demonstrated. Most often the
positions of maxima and minima predicted by Eq. (52.1) are obtained by applying
the superposition principle and the Huygens principle, so that the slits are seen as
made up of point sources emitting in phase (or with a fixed phase delay defined by
θ0) thanks to planar wavefronts assumed for the incoming light. Moreover, the far-
field hypothesis for the position of the observation screen is employed to simplify
the expression of the optical path differences from the mask to a given point of the
screen.
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Fig. 52.1 Typical simplified version of a standard double-slit experiment

In the context of diffraction thoery, the plane-wave approximation at the heart
of Eq. (52.1) is introduced in terms of the Fraunhofer approximation, and is said to
be satisfied when the smaller between the source-to-mask and the mask-to-screen
distances (B and D, respectively) satisfies the condition: min(B, D) >> (a +
d)2/λ. This condition can also be expressed in terms of angles:

max(νθin,νθout ) << νφ, (52.2)

where νθin = arctan[(a + d)/B] is the angle under which the aperture is seen by
the point source, νθout = arctan[(a + d)/D] is the angle under which the aperture
is seen by an observation point, and νφ = arctan[λ/(a + d)] is the angle subtended
between the aperture and the distance between two consecutive wavefronts (λ), as
indicated in Fig. 52.2. Such a pictorial representation could be drawn and discussed
with students for them to realize the interplay between the involved parameters for
satisfying the plane-wave approximation. For instance, as the aperture transverse
dimension increases, while keeping the wavelength fixed, νφ decreases and the
input and output divergence angles subtended by the aperture increase, thus requiring
larger distances B and D for satisfying the plane-wave approximation (Eq. (52.2)).

The importance played by the plane-wave approximation for obtaining
either Eq. (52.1) or the positions of the intensity maxima/minima, is generally not
explicitly emphasized when dealing with interference/diffraction phenomena, nei-
ther it is its physical meaning. This may be adequate when first introducing the
phenomenon at the undergraduate level, however, a lab experience offers students
the opportunity to realize that this approximation is not valid in an absolute way, but
it rather depends on the setup parameters. A wavefront appearing planar to a given



508 M. D’Angelo et al.

Fig. 52.2 Schematic representation of the “plane wave” or “Fraunhofer” or “far-field approxima-
tion”: The slit width a and slit-to-slit distance b are such that the portion of wavefront incident on
the double slit can be taken as planar. At fixed λ, B, and D, greater values of a and/or d may not
satisfy this approximation

double slit, will not be so for a double slit with larger transverse dimensions; the
same can be seen in terms of different wavelengths. By analyzing these kinds of sit-
uations, students begin to acquire an operational tool to better interpret the physical
meaning of the mathematical approximations that are always at the heart of reference
theoretical models; in particular, in the present situation, students get a more correct
feeling for the concept of plane wave, a better understanding of the laser beam as its
best approximation (a pretty common misconception students have until they hap-
pen to study Gaussian beams), and, most important, learn do develope experimental
procedures for verifying whether or not their setup verifies the theoretical hypotesis.

52.3 Building the Setup: Role of the Experimental Parameters

The relevant parameters in a double-slit experiment are: Source wavelength (λ), mask
transverse dimension (in our case, center-to-center slit distance d and slit width a),
source-to-mask distance B, and mask-to-screen distance D (as compared to the first
two parameters).

In order to qualitatively understand the role played by the source spectrum and
central wavelength, one may compare the interference/diffraction patterns observed
by looking at LEDs of different colors (such as blue, green, yellow, and red) through
a double slit (a ∼ 0.1 mm, d ≤ 1 mm) placed as closed as possible to the observer
eye. Standing 2−3 m away from the LED is generally sufficient for the light waves
reaching the double slit to approximate plane waves, so that high visibility interfer-
ence/diffraction patterns are observed. Besides observing the expected shrinking of
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the interference fringes with decreasing wavelengths, students have the opportunity
to get an idea of how sensitive the double slit interference/diffraction pattern is to
wavelength variations. In fact, the difficulty in comparing the width of interference
fringes for yellow and red, as well as yellow-green and green-blue, suggests that
double-slit interference would not be a very precise tool for measuring wavelength
and/or wavelength differences, or, equivalently, that the condition for monochromatic
light is not a particularly stringent one in the present experiment. This result may of
course be employed to remind/introduce the role played, in diffraction gratings, by
the number of slits for improving the spectral resolution.

The next step is to start building the experimental setup for performing more
quantitative observations and measurements. Our experiment is genrally performed
with either an He-Ne laser (JDSU) or red laser diodes (Futura Electronics), and by
employing different sets of double slits from 3B Scientific.

As discussed in Sect. 52.2, although the source-to-mask and mask-to-screen dis-
tances do not appear in the intensity distribution of Eq. (52.1) (or, equivalently, in the
positions of intensity maxima and minima) the plane wave approximation is essen-
tial to obtain this expression. In order to build a setup satisfying this approximation
(Eq. 52.2), it is necessary to implement a strategy which guarantees observable dif-
ferences in the interference/diffraction pattern as B and D go above and beyond the
Fraunhofer condition.

Concerning the distance B, such a strategy may be based on the fact that Fraun-
hofer diffraction patterns are expected to be insensitive to transverse shifts of the
diffracting mask: In the far field limit, the diffraction patterns produced by each
single slit, separately, perfectly overlap. Hence, by observing on a distant screen
(D ∼ 2 m) the pattern produced by each one of the two slits separately (i.e., when
the other one is covered), one can easily verify whether or not the incident light
beam approximates a plane wave. By signing on the observation screen the center
and width of each single-slit diffraction pattern, students will notice that the larger
the distance B (i.e., the smaller the divergence νθin of the incident wavefronts as
seen from the diffracting aperture), the more the two single-slit diffraction patterns
get closer and tend to overlap. Students should be brought to qualitatively analyze
and justify the variation, with both a and d, of the minimum distance Bmin giving
an acceptable plane wave approximation. Two examples of such observations are
reported in Fig. 52.3. Beside focusing their attention on the operational meaning of
the plane wave approximation, students have a chance to avoid, once and for all,
one of the most common mistakes related to far-field interference/diffraction phe-
nomena: The idea that each slit, separately, would give a far-field diffraction pattern
centered on the slit center (idea which is in clear contrast with the interference fringes
appearing when both slits are open). This preliminary qualitative analysis thus allows
students to face some of the well known difficulties related to their understanding of
the wave model for light (e.g., the tendency to inappropriately apply and combine
elements of geometrical and physical optics to a given experimental situation [5]).

Once the distance B is adequately chosen so that most of the available double-
slits see an incoming plane wave, the variation of the interference/diffraction pattern



510 M. D’Angelo et al.

Fig. 52.3 Experimental data obtained by scanning the distant observation plane when either one of
the slits is coverd and when both slits are open. Experimental parameter are: B = 8 cm, D = 264 cm,
a = 0.15 mm, d = 1 mm (left plot) and d = 0.5 mm (right plot). In the left plot the plane-wave
approximation is clearly not satisfied, and the distance between the two diffraction patterns is
comparable with their width. In the right plot the plane-wave approximation is pretty well satisfied,
as the distance between the two diffraction patterns is reduced to 0.03 of their width

with the mask-to-screen distance D can easily be observed by simply displacing the
observation screen starting from the smallest possible distance from the mask.

Now that B and D have been chosen so that most of the available double-slits sat-
isfy the far-field condition, students can take note of the positions of a few interference
and diffraction maxima and minima, for different double-slits. Beside checking the
role played by a and d on the interference/diffraction fringes, students should be
brought to choose both the mask and the mask-to-screen distance D in order to guar-
antee the better possible precision for such position measurements, as required by
any standard quantitative analysis.

In Fig. 52.4, for completeness, we show the results obtained by students who
autnomally chose to compare two different measurement devices: A Lucegrafo [6]
and a digital camera (Canon Digital Rebel with Canon EF-S 18–55 mm lens). Both
instruments, relatively cheap and easy to use, allow precise measurements, speed
up the data acquisition, and give direct information about the intensity distribution
in the observed interference/diffraction pattern. The results obtained by employing
the Lucegrafo are more precise than those obtained with the more noisy digital
camera: The error goes from 7 % in the first case, to about 14 % in the latter. Still,
the achieved accuracy is better than the one generally obtained with graph paper (of
the order of 20 %). The precision of the first method could be further improved by
increasing the statistics: By increasing the photodiode gain diffraction peaks over the
10th order have been measured. In general, both methods are relatively simple and
powerful, and offer students the chance to develop basic lab skills and familiarize with
measurement techniques and instruments, thus enabling them to develop knowledge
and competences that will be useful in a broad variety of lab experiences.
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Fig. 52.4 Interference diffraction pattern of a double-slit with nominal values: d = 0.3 mm and
a = 0.07 mm, measured at a distance D = 180 ± 2 cm from the mask. Left column: same pattern
as mesured at two different gain settings of the lucegrafo (shown in the rigth top corner); the
grey strokes are the minima found by the program written by students to automatically find the
intensity minima. Rigth column: histogram of the average intensity recorded in all vertical lines of
the processed image shown in the right top corner (where the comparison between the raw image
taken by the camera and its contrast-enhanced version is shown)

52.4 Conclusion

We have presented a basic double-slit experiment that, thanks to its simple imple-
mentation, is adequate for any undergraduate optics lab. The essential point of the
proposed experiment is to exploit one of the simplest optics lab experiments for
strengthening students ability in physical reasoning and developing essential lab
skills. In particular, we have indicated strategies for leading students to recognize
the role played by certain basic hypotheses (such as monochromatic source and plane
wave approximation), and to realize that the corresponding mathematical approxima-
tions, although never perfectly verified in practice, can be sufficiently well satisfied
in well thought experimental setups. In fact, lab experiments are certainly the most
immediate way for students to understand the operational meaning of many math-
ematical approximations, thus gaining physical insight into the phenomenon under
consideration and the basic concepts connected to it.

The Authors sincerely thank M. Dabbicco and M. Ciminale for useful discussions
and suggestions.
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Chapter 53
Disciplinary Knots and Learning Problems
in Waves Physics

Simone Di Renzone, Serena Frati and Vera Montalbano

Abstract An investigation on student understanding of waves is performed during
an optional laboratory realized in informal extracurricular way with few, interested
and talented pupils. The background and smart intuitions of students rendered the
learning path very dynamic and ambitious. The activities started by investigating
the basic properties of waves by means of a Shive wave machine. In order to make
quantitative observed phenomena, the students used a camcorder and series of mea-
sures were obtained from the captured images. By checking the resulting data, it
arose some learning difficulties especially in activities related to the laboratory. This
experience was the starting point for a further analysis on disciplinary knots and
learning problems in the physics of waves in order to elaborate a teaching-learning
proposal on this topic.

53.1 Introduction

Wave phenomena are everywhere. Everything can vibrate. There are oscillations and
waves in water, ropes and springs. There are sound waves and electromagnetic waves.
Even more important in physics is the wave phenomenon of quantum mechanics.
When and how can it make sense to use the same word, wave, for all these disparate
phenomena? What is it that they all have in common?

A first answer lies in the mathematics of wave phenomena. Periodic behaviour of
any kind, one might argue, leads to similar mathematics. There is a more physical
answer to the questions. If it is possible to recognize deep similarities in different
physical phenomenology, then it is likely that we can describe them by mean of the
same mathematical tools.
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In order to introduce interested and talented students on this intriguing field in
which wave phenomena can be described most insightfully, we designed an optional
laboratory within National Plan for Science Degree.1

In the following, we describe methodological choices made in planning an
extracurricular learning path on waves and oscillations and some examples of activ-
ities. In particular, we outline the advantages of introducing mechanical waves by
using the Shive wave machine [6]. Many laboratory activities can be proposed in
which students explore waves behaviour in qualitative way, guess what can happen
and suddenly test their hypothesis. Furthermore, we present same disciplinary knots
that arise usually in empirical investigation, according to the Model of Educational
Reconstruction [1, 2].

Finally, we describe learning problems on fundamental topics which arose in
the laboratory. Further analysis on disciplinary knots is needed for a new teaching-
learning proposal.

53.2 An Extracurricular Learning Path on Waves

In the last years, many Italian Universities are involved in National Plan for Science
Degree.

The PLS guidelines are the following:

• orienting to Science Degree by means of training
• laboratory as a method not as a place
• student must become the main character of learning
• joint planning by teachers and university
• definition and focus on PLS laboratories.

There are several types of PLS laboratories. Laboratories which approach the disci-
pline and develop vocations, self-assessment laboratories for improving the standard
required by graduate courses and deepening laboratory for motivated and talented
students.

We proposed two deepening laboratories for selected students2 titled Waves and
energy and Sound and surroundings. The laboratories are optional and the activities
take place in Physics Department. We are meeting students for 3 hours almost every
month and planning to continue for last 3 years of high school. We decided that for
the first year both laboratories had the same introductory activities on waves physics
and all students works together.

We planned activities by focusing on

• conceptual issues such as characterization of the oscillatory motion and energy
aspects versus characterization of wave energy and energy transport

1 Piano nazionale Lauree Scientifiche, i.e. PLS.
2 Coming from third class of Liceo Scientifico Aldi – Grosseto, followed by their teacher G. Gargani.
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• methodological issues in order to propose a complementary experience compared
to what was done in class.

Students ended their learning path on waves and sounds in class before the laboratory
starts.

Moreover, their class made an instruction trip to our department and perform a
standard laboratory experience on diffraction and interference.

53.3 Shive Wave Machine

We chose to begin with a series of activities performed by student by mean of a Shive
wave machine, showed in Fig. 53.1a.

This wave machine, developed by Dr John Shive at Bell Labs in ’50, consists of
a set of equally-spaced horizontal rods attached to a square wire spine. Displacing a
rod on one of the ends will cause a wave to propagate across the machine. Torsion
waves of the core wire translate into transverse waves.

Table 53.1 shows the main advantages and disadvantages of Shive wave machine
versus wave tank, another educational device very common in school.

Fig. 53.1 a Shive wave machine, b Wave tank

Table 53.1 Shive wave machine versus wave tank

Shive wave machine Wave tank

Easy student interaction
Measure λ, T, v Surface waves
Superposition principle Measure λ, T, v
Reflection study Reflection and refraction study
Energy considerations Interference and diffraction
Easy study of stationary waves and resonance
Limit of application
One-dimensional wave Lack of information on energy
Lack of study of refraction, diffraction and interference Poor interaction with student



516 S. Di Renzone et al.

Measures were obtained by using a camcorder and extracted from the captured
images.

Students used Shive wave machine for studying the following wave aspects:

• dependence on space-time of waves
• impulsive and periodic waves
• wavelength and frequency
• energy transfer
• speed of propagation
• superposition principle
• reflection and transmission.

For example, by coupling core wires of two Shive wave machine with different rod
lengths, an impulsive wave can be reflected and transmitted through the discontinuity
(two examples are given in Fig. 53.2). Students can measure from captured images
all wave amplitudes and speeds and verify that energy is conserved.

53.4 Further Activities in Laboratory

After using Shive wave machine, sound waves were studied by using a microphone
and an oscilloscope (Fig. 53.3a). Further verification of the principle of superim-
position was made. Also beats and patterns of periodic beats (Moiré fringes) were
studied.

Interference was studied for sound waves in order to stimulate reflection around
similarities and differences between different kinds of waves (longitudinal ver-
sus transverse, three-dimensional versus two-dimensional, and so on). Figure 53.3b
shows a schematic layout of interference experiment.

Fig. 53.2 a A pulse from the left (top) and transmitted and reflected pulses (below), b A pulse from
the right (top) and transmitted and reflected pulses
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Fig. 53.3 a Characterizing a sound waves by using an oscilloscope , b Acoustic interference

This experiment is complementary to interference with laser light and allows
measuring the speed of sound and discussing problems and connected applications
of interference in acoustics.

In order to study resonance, we started from a mechanical system with proper
modes which can be forced by induction. A ceramic magnet is hanging to a string
suspended over an electromagnet. Students can vary the frequency of a square wave
that power the electromagnet, they can measure the amplitude value varying the
frequency of the forcing term.

The next steps will be to study resonance with the Shive wave machine, in acoustic
and optical resonant cavities.

53.5 Some Disciplinary Knots in Wave Physics

Starting from our previous empirical investigation in teaching waves, we designed
the learning path on waves described in previous sections in order to use it as a pilot
study in an optional laboratory performed with few, interested and talented students,
i.e. in the best conditions for teaching and deepening topics in physics.

We focused our attention on topics in which the main difficulties in learning
usually appear.

We have considered the following conceptual knots:

• Waves as function of several variables; this usually is an hidden trouble. Even
brilliant students can use for long times functions of one and several variables
without any real understanding of deep difference.

• Energy transport is essential in order to distinguish waves from other periodic
phenomena and comprehend many applications.

• Superposition principle is a fundamental concept. In wave physics, many phenom-
ena can be clarified and some unexpected behavior can be explained by applying it.
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• Analogy in waves phenomena; difficulties in this area are very common and re-
ported [4, 5], especially in recognizing the same behaviour in different context
such as total reflection, diffraction, beats, interference and so on.

• Resonance; despite it is a relevant phenomenon which runs through almost every
branch of physics, many students have never studied it. Yet, resonance is one of
the most striking and unexpected phenomenon in all physics and it easy to observe
but difficult to understand.

53.6 Learning Problems

Despite excellent boundary conditions (motivated and talented students), despite
optimal behavior and relationship between instructors and pupils (we both have
really fun in making this laboratory), we have encountered learning problems on
fundamental topics.

The first learning problem arose when we requested graphics for Shive wave
machine position of one rod versus time (position fixed) and position of rods versus
space (time fixed), in order to outline the dependences from space and time variables
and put them in relation with measurable physical quantities.

Home students’ task was to extract all data from video captured by themselves.
We had outlined the importance of calibrating the video for time and space measures
by giving examples and hints.

Students prepared two graphics with 3 experimental points with no errors, the
points were 0, max, 0, i.e. they measured only the maximum wave amplitude and the
period or the wavelength, guessed the nodal point must be 0 and make graphics by
drawing one half period, like shown in Fig. 53.4.

The next time students presented graphics with about seven points and uncertain-
ties of about 15 or 20 %

We were astonished. With camcorder, the data can have uncertainties of few
percent.

After a brief discussion, we discovered that videos captured in the previous lab
are useless for time calibration because digits on clock display are too small and they
had forgot to measure a length in the devices that can be used as calibration.

Fig. 53.4 A drawing like that shown was done on a large sheet of graph paper
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Thus, they adopted the following strategy: measuring lengths on the computer
display with a ruler and measuring time by a chronometer. You can imagine what
precision could have measuring lengths on a computer display.....

On the other side, these students are very clever in executing tasks in which they
have received instruction as in a laboratory at school where usually a worksheet is
given.

In our opinion, they are still missing the main purpose of a measure: obtain the
maximum of information from nature with the given devices.

Furthermore, how can they understand deeply the difference between a one dimen-
sional wave and a function encountered in a math lesson, or between one dimensional
wave and two-dimensional or space waves or surface waves, if they are not able to
construct graphics that represent completely a physical situation starting from data?

53.7 Conclusions

We proposed and are testing a learning path in wave physics.
Some disciplinary knots were identified and laboratory activities were developed

in order to help understanding in learning processes. Testing these activities in an
optional laboratory with high school student can be considered the first step in order
to develop a designed-based research learning path [3].

These laboratories seemed to be very successful but in the meantime students
showed serious lacking in fundamental topics, especially in collecting properly and
in using correctly the experimental data in order to describe physical system.

These lacks are the basis of observed learning problems and remains a real trouble
for any further progress in knowledge.

It is crucial to analyze deeply the teaching-learning processes in undergraduate
school in order to avoid, or at least, minimize these kind of learning problems.
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Chapter 54
Lorentz’ Force as a Tool for Physics Inquiry:
Studying Particle Tracks in Cloud and Streamer
Chambers

Pasquale Onorato and Anna De Ambrosis

Abstract A sequence of experiments aimed at exploring magnetic force on moving
charged particles is presented. At first students work with equipment that reproduces
Thomson’s experiment of 1932. Afterwards they analyze images of sub-nuclear parti-
cle tracks in cloud and streamer chambers in historical experiments. The sequence has
been tested with high school students. Our results compared with the ones reported in
the literature indicate that students’ understanding of the direction and magnitude of
the magnetic force markedly improved and some typical difficulties were overcome.

54.1 Introduction

Many researches have investigated students’ difficulties in understanding main fea-
tures of magnetic force on moving charged particles [3, 4, 6, 7]. Results show how
students easily confuse electric and magnetic fields and how they are inclined to
think that the force experienced by a moving charged particle is directed toward a
magnetic pole or has the same direction as the magnetic field lines independently
of the velocity of the charged particle [8]. To help students overcome these difficul-
ties our idea is to stress the peculiarity and uniqueness of this force as it appears in
real experiments involving elementary particles. In this way Lorentz force and its
characteristics are introduced as tools of physics inquiry rather than a formula to be
memorized.

In this paper we present three of such experiments which are included in a wider
sequence of activities on electromagnetic interaction. They have been designed in
cooperation with a group of high school teachers involved in a program funded by
the Ministry of Education and aimed at preparing students for science studies at
university. Two main choices were shared by the group:
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• emphasizing the experimental approach;
• making students carry out quantitative measurements by themselves while working

in groups.

In order to keep to these choices we resorted to an extensive use of digital camera
and image processing software that made it possible for the students work directly
not only on tracks obtained by the experimental apparatus available in the laboratory,
but also on images acquired in historical experiments. The experiments included in
the activity sequence are:

• The study of the magnetic force on electrons, emitted by a cathode, moving through
a homogeneous magnetic field.

• The experiment made in 1932 by C. Anderson, while studying cloud chamber
tracks left by cosmic rays, that allowed the “discovery” of the positron.

• The pion-muon-electron (pi-mu-e) decay chain resulting from antiproton annihi-
lation π ≈ μ ≈ e, observed at Experiment PS 179 at CERN, Geneva in 1983.

The activity sequence has been planned for students in high school or in introduc-
tory physics courses and tested with about 100 high school students. The students
worked in groups of four and completed the sequence in two sessions of three hours.
They used tutorials and worksheets designed to guide their work and to collect data
on their ideas, predictions, experimental results, and interpretations. In the following
the activities are briefly described and examples of results obtained by the students
are reported.

54.2 The Thomson Experiment and the Lorentz Force
on Electrons

The first experiment refers to the study of the magnetic force on electrons moving
through a homogeneous magnetic field. At this purpose an apparatus designed to
reproduce Thomson’s experiment for measuring the electron charge-to-mass ratio is
used.1

Actually with this kind of equipment the magnetic force

∗F = q

m
∗p × ∗B, (54.1)

was first measured by J.J. Thompson in 1897.
In order to do a quantitative analysis students acquire, by means of a digital

CCD camera (see Fig. 54.1), the images of the circular electron orbits and then use
the photos to find the quantitative relationship between force, cyclotron radius and
electron momentum. A sequence obtained by varying the magnetic field and the

1 In particular, we used the PASCO e/m apparatus available in the students’ laboratory of our
Physics Department.
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Fig. 54.1 a The experimental apparatus for measuring the Lorentz force. A discharge tube is placed
within the uniform magnetic field produced by two Helmholtz coils. Photos are acquired by the Web
Cam. b Students can find the coordinates of any point of the electron track by moving the cursor in
the picture. They can measure straightforwardly the diameter of the circular electron track, or use a
formula to compute the radius of a circle going through three points. c Photos acquired at different
values of the accelerating voltages (200 and 250 V) and of the magnetic field (8–16 Gauss). d and
e Experimental results show a linear relation between the momentum of the particle charge and the
radius of the trajectory and an inverse relationship of proportionality between the magnetic field
and the radius

accelerating voltage is reported in Fig. 54.1c. The momentum, p, of the electrons
can be obtained from the electric potential V applied between anode and cathode
and expressed in keV/c (c is the velocity of light in a vacuum) by using the formula
cp = √

mec2
≥

2eV . The photo analysis develops in the following steps:

• From measurements of the radius R at fixed magnetic field, and with increasing
accelerating voltage students obtain that the radius of the cyclotron orbit depends
on the momentum of the electron according to a direct proportionality (Fig. 54.1d)
r ∼ p → r = η(B) · p.

• From the measurements of R at fixed accelerating voltage and with increasing mag-
netic field students find that the radius of the circular trajectory and the magnetic
field are inversely proportional (Fig. 54.1e), r ∼ 1B → r = β(p)

B . Then r = λ p
B ,

where λ does not depend on p, nor on B. Since η(B) · p = β(p)/B = λ p
B we

can writeλ = η(B)B. The value of λ can be determined by finding ηfor a given
value of B.
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• From data in Fig. 54.3 we can find, for B = 1, 01 · 10−3T , η ← 0.337c
[ m·T

K eV

]
.

By converting in SI units we obtain η ← 0.337 · 3 · 108
[

10−2·T
103e

]
= 0.11

e 103
[ T

C

]
,

then: λ = η(B)B = 1.02
e ← 1

e , and r = p
eB . The value of r is connected to the

centripetal force needed to produce the observed circular motion: | ∗Fc| = p2mer,
then | ∗Fc| = e

me
pB.

• Finally, the direction of the magnetic force is considered. Students are guided to
recognize that the force on the moving charges results always perpendicular both
to the field and to the velocity (momentum). Data collected in testing this activity
with high school students show that most of the student groups obtained graphs
as the ones reported in Fig. 54.1d and e and were motivated to find the relation
among | ∗FL |, | ∗B|, and |∗v|, following the suggestions included in the worksheets.

The experience acquired by the students in working on digital photos, taken while
observing directly a phenomenon, was helpful to prepare them to the following
activities, based on the analysis of sub-nuclear particle tracks in cloud and streamer
chambers as they appear in images taken by researchers in their original experiments.
In these experiments the momentum is generally expressed in MeV/c, then it is
useful to transform previous results in a compact formula with conventional units.
We obtain: r [cm] ← 0.33 p[MeV/c]

B[T ]Z , then p[MeV/c] ← 300r [m]B[T ]Z , where r
is the radius of the orbits measured in cm, p is the momentum in MeV/c, B is the
magnetic field given in Tesla and Z is the charge in electron units. This formula,
which holds also in relativistic mechanics, allows students evaluate the momentum
of a particle from the measurement of the radius of the particle track.

54.3 Particle Tracks in Wilson Chamber: The Anderson
Experiment

Students analyze particle tracks in cloud chambers by using images of real historical
experiments and retrace Anderson’s experiment of 1932 that led to the observation
of the “positron”, the first evidence of antimatter [2]. At first they observe the tracks
of different known particles in a cloud chamber (Fig. 54.2a) and answer to some
questions about the masses and the charges of the particles “photographed” in the
figure. Then they analyze Anderson’s photo (Fig. 54.2b) and are guided by worksheets
to follow the procedure devised by Anderson to discover the charge of the unknown
particle. Students measure the radii of the particle tracks in pixels and transform it in
centimeters once known the width of the lead plate. Typically students measured a
larger radius of 13.7 cm and a shorter of 5.5 cm in an external field of 15,000 Gauss,
corresponding to an electron momentum of 62 and 25 MeV/c respectively. They
calculated that the particle loses about 37 MeV/c of its momentum when it passes
through the lead plate (the fitting circumferences are plotted in Fig. 54.2c). So they
argued that the charged particle is coming from the bottom of the picture, where
the curvature radius is larger, thus the velocity higher. Once known the direction of
the magnetic field they were able to conclude that the tracks were left by a positive
charged particle, the positron.
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Fig. 54.2 a The density of ionization is consistent with the assumption that the track (a) corresponds
to a proton [1]. b Cloud chamber photograph by Anderson of the first positron ever identified. A
lead plate, 6 mm thick, separates the upper half of the chamber from the lower half. A positron
passes through the lead plate and emerges as a electron. c Circumferences drawn by students to fit
the particle tracks. d The streamer chamber photo of a π ≈ μ ≈ e decay chain resulting from an
antiproton annihilation. At each decay the tracks change direction sharply, indicating simultaneous
emission of an unseen neutrino. e Analysis carried out by a group of students, who measured the
linear momentum of each particle. They added the momenta (dashed arrows) of unseen neutral
particles

54.4 The Pion-Muon-Electron Decay and the Invisible neutrinos

In the last experiment students examine a streamer chamber photo of a pion-muon-
electron (pi-mu-e) decay chain resulting from antiproton annihilation [5]. The image
(Fig. 54.2d), recorded in 1983, shows the annihilation of antimatter: an antiproton
( p̄) produced in the accelerator at CERN, annihilates in the collision with a nucleus
of neon (Ne). This produces a pion (π+) slow moving along a spiral before decaying
into a muon (μ+), and a neutrino(νμ) which cannot be observed as a track as it
has no electric charge. The students are guided to measure the linear momentum of
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each particle focusing on the decay events where the tracks change direction sharply.
They measure the radius of curvature of the last part of the pion track and obtain
the value of the momentum of this particle. In the same way they obtain the initial
muon momentum. Using these results students can plot the vectors corresponding to
the pion and muon momenta respectively and verify that the total momenta after the
pi-mu decay and before the reaction are quite different both in the magnitude and in
the direction (Fig. 54.2d). They are guided to interpret this result as the production
of new neutral particles.

54.5 Results and final remarks

At the end of the work we asked the students answer some questions on the direction
of the force experienced by a charged particle moving through a magnetic field,
drawn from the literature [1]. Two different representations of the field are used: by
magnetic poles and by magnetic field lines (Fig. 54.3a). Results reported in Fig. 54.3
refer to one of the questions used. They show that the work on the pictures improved
high school students’ understanding about the direction of the magnetic force and the
experience acquired step by step in doing the activities also reduced the frequency of
sign errors. We think that image analysis of particle tracks carried out by the students
in small groups helped them in focusing on main characteristics of magnetic force
(direction and dependence both on the particle momentum and on the magnetic field).
Students experimented how the knowledge acquired allowed them to make the same
type of analysis and predictions made by scientists in the original experiments and
this awareness seemed not only to enhance their interest in the topic, but also to favor
their understanding.

Fig. 54.3 Text and illustrations for the pole and field representations questions used in the study
described in Ref. [1] and answered by our students. b Proportions of correct, sign error, and field
direction answers in the study described by Scaife and Heckler’s for the pole and field representations
after instruction on magnetic force (S–H) compared with the answers given by our students after
the activity sequence
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Chapter 55
Active Learning by Innovation in
Teaching (Alit)

Dina Izadi and Marina Milner-Bolotin

Abstract Today more than ever before, the future depends on students’ ability to
apply the knowledge they learn in the classroom to solve real life problems such as
global warming, climate change, air pollution, waste disposal, energy generation,
world poverty and food production. In the incessantly changing world, students of
the twenty-first century are very different from the students of the past. This requires
educators to think continuously about how to change their teaching to empower and
engage modern students, which makes educational innovations imminent. Contem-
porary students must be proactive in seeking relevant information and applying it
to solve real life problems. However, the way we teach hasn’t changed sufficiently
to reflect these changes. Like in the earlier centuries, the dominant pedagogy in
many contemporary science classrooms is still teacher-centered instruction, rely-
ing on route memorization and passive learning. To help science educators make a
transition from passive to active learning in order to engage students in meaning-
ful learning process, “Active Learning by Innovation in Teaching” (ALIT) model
is introduced. This model offers a way of finding different approaches to engage
students in meaningful science learning and apply their knowledge to solve real life
problems.

55.1 Introduction

In order to be able to solve the problems faced by modern societies, the students
should learn how to apply science they learn in the classroom to the world around
them. Unfortunately passive learning strategies and the testing systems utilized by
many science teachers, create a gap between the “classroom science” and the “real

D. Izadi (B)

Ariaian Young Innovative Minds Institute (AYIMI), Tehran, Iran

M. Milner-Bolotin
Faculty of Education, University of British Columbia, Vancouver, Canada

B. G. Sidharth et al. (eds.), Frontiers of Fundamental Physics and Physics Education 529
Research, Springer Proceedings in Physics 145, DOI: 10.1007/978-3-319-00297-2_55,
© Springer International Publishing Switzerland 2014



530 D. Izadi and M. Milner-Bolotin

world science” that has a potential to affect modern society. In countries such as Iran
students who passed the entrance exam (Konkoor) with higher scores are more likely
to be accepted to universities. However, most of the times the majors these students
choose do not entirely reflect their interests. Often, students pass science courses
and study science topics in the syllabus without acquiring any deep and meaningful
knowledge of the subject. This lack of conceptual understanding is also reflected in
how students’ success is measured: via end of semester grades obtained by solving
plug-and-chug problems on science exams. An important aim of modern education
should be helping students acquire and develop science knowledge, skills and abili-
ties that they can apply to solve real life challenges. Research shows that students also
need to develop communication and collaboration skills. This can be achieved via
encouraging them to engage in active and creative learning in as many ways as pos-
sible [19]. A key emphasis in active learning pedagogy is placed on the combination
of the theoretical knowledge with experimental—practical skills, which are crucial
for motivating students. Active learning environment also requires a cooperative and
collaborative atmosphere, where students are encouraged to ask questions and work
together to seek answers. One of the challenges active learning pedagogy aims to
address is helping students see and critically examine the environment around them,
think about the phenomena they encounter in the real life as scientists, and solve the
problems faced by the society using novel approaches.

A growing number of modern high school and college teachers have already
realized the importance of moving from a passive to an active learning environment
in order to motivate students via engaging them in a meaningful learning process.
However, many teachers feel a need for support in implementing active learning
pedagogies in the classrooms: designing and implementing activities to be used inside
and outside of the classroom, as well as choosing pedagogically effective activities
relevant to their science curriculum from the plethora of activities produced by other
educators [9–11, 18, 19, 21].

55.2 Active Learning by Innovation in Teaching Model to
Develop Student-Centered Education

In a teacher-centered learning environment, such as the traditional instruction, the
teacher’s primary functions are lecturing, designing assignments and tests, and grad-
ing. Some instructors use short quizzes at the beginning of every period for this
purpose; others who don’t want to spend a lot of class time administering and grad-
ing quizzes prefer to include questions on the readings assignments in their regularly
scheduled examinations. In the student-centered learning environment, the students
must take responsibility for their own learning [14, 22]. The students must identify
what they need to learn to have a better understanding of the problem, and determine
where to get the necessary information (books, magazines, teachers, other students,
the internet, etc.). This approach forces students to become active learners, to take
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ownership of their learning and to work cooperatively. This process also increases
students’ motivation to learn, improves their retention of material, promotes deep
conceptual understanding, and encourages more positive attitudes toward the sub-
ject [4, 5, 16]. In a teacher-centered learning environment, instructors often have
implicit expectations about what students should learn and how they should learn it
[14]. At the first glance, this approach seems to be a safer one. Yet it is less efficient,
if we want to encourage our students to acquire critical thinking skills and develop
positive attitudes about science. Sometimes, however, the students who have been
accustomed to traditional pedagogies may resist student-centered pedagogies and
collaborative learning approaches. They might prefer to learn individually without
cooperating with other students. These students like to be more distinguished among
other students and might not see how they will benefit from collaboration with peers.
How can we encourage more students to become active learners instead of sitting in
class, listening to their instructors, transcribing and memorizing meaningless formu-
lae in order to get a passing score on the final exam? As educators we should consider
how to help students become independent learners while applying their knowledge
to solve real life problems, such as global warming, generation of renewable energy,
reduction of carbon dioxide emissions.

Ariaian Young Innovative Minds Institute (AYIMI) is a scientific institute located
in Iran. It was founded in 2009 (http://www.ayimi.org). It aims at improving science
learning via providing opportunities for the students to apply science to solve real life
problems. Its other goal is to investigate students’ views about the nature of science
and about what it takes to learn science [6, 12, 13]. Assessment of student learning is
completely different in AYIMI activities. To make a transition from passive to active
learning, and engage students in the learning process, (ALIT) model is introduced
(Fig. 55.1). This model offers students different approaches to solving problems and
to investigating suggested science topics. AYIMI follows the ALIT model for science
teaching. In this model, the students learn to use science to improve their society and

What do teachers do?

Suggest a topic to be presented Provide different facilities

Final assessment

What do students do?

Research & Experiment

Report the results without any new idea Report the results with a new idea and invention

Fig. 55.1 Active learning by innovation in teaching (ALIT) model

http://www.ayimi.org
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solve some of its most important problems. ALIT pedagogy encourages students to
work cooperatively to achieve common goals.

55.2.1 What Do Teachers Do?

55.2.1.1 Suggest a Topic to be Presented

A science teacher discusses with the students different topics relevant to the cur-
riculum and relevant to the students that might require further investigation. The
class can brainstorm possible problems that the students will investigate and later
present to the class. Alternatively, a teacher might suggest a topic for investigation
in class and then ask the students to think about possible experiments that they can
perform to investigate this topic. These experiments might be conducted by the stu-
dents working in groups outside of class, or a teacher might support the students
by providing them with necessary facilities at school. To help the students build on
their prior knowledge and motivate them to explore the topic of interest to them, a
teacher might ask the students to think about the topic and write down what they
already know on this subject. Then the students discuss their notes with peers and
research related subjects to this topic in scientific books or on the internet. Teachers
can devise a method of approaching the subject from the students’ point of view. It
is important to consider what was taught in previous classes, how the topic might be
of interest to the students, how the topic of investigation might link to other school
subjects. Then the teacher invites the students to discuss what they need to study and
perform their experiment in front of the entire class.

55.2.1.2 Provide Different Facilities

According to the topic and what the students need to do to conduct an experiment, a
teacher might provide them with different facilities and resources. These resources
are used in order to conduct the preliminary experiments in class. However, students
can design a more complicated experimental apparatus by themselves in order to
obtain more advanced results. In a laboratory, the students work in groups to design
their own experimental setup and collect the best possible results to address the
problem under investigation.

55.2.1.3 Final Assessment

In traditional learning environments, the focus is most often placed on summative
assessment: quizzes, exams, final papers [1]. For many students, this feedback is
not useful in terms of their learning outcomes. A formative, ongoing assessment has
been proven to be more effective in helping students learn science [2, 7, 8, 17, 20].



55 Active Learning by Innovation in Teaching (Alit) 533

In ALIT model teachers can provide continuous ongoing feedback on students’
work: evaluate the groups’ interpretations, their results, their experimental setup, etc.
At the capstone event of the ALIT model, different groups present their projects in
a competition. Students and teachers also comprise the jury that judges the projects.
Students’ performance, the quality of their team work, the performance of project-
related practical tasks, introduction of novel approaches in solving problems which
can help them in real life, as well as students’ confidence in project presentation are
the most important parameters that guide the evaluation process.

The final assessment has the following components:

• Individual responsibility of team members
• Quality of student collaboration
• Quality of face-to-face interactions
• The level of students’ self- confidence
• Quality and quantity of student learning
• The approach in finding the best solution
• The quality of the design of a method or apparatus related to the topic.

55.2.2 What Do Students Do?

55.2.2.1 Research and Experiment

Unlike the traditional teacher-centered learning environments, in the proposed model,
teacher’s primary role is to direct student thinking and help them integrated their
prior knowledge, find useful resources via conducting independent research and do
independent investigation. This model is akin to Project-Based Instruction discussed
elsewhere [3, 15]. The students take notes and build models which are consistent
with their preliminary findings. They brainstorm ideas in their groups to define the
research focus—the problem they will investigate. The next step is conducting exper-
iments which help students integrate science concepts and apply them to solve a
specific problem. For example, a teacher asked the students to design an experi-
ment that involved a ball. One of the teams decided to find parameters that help
describe the collisions of this ball with different objects made of different materials.
In physics, elasticity is defined as an ability of a material to return to its original
shape after the stress (e.g. external forces) that made it deform has been removed.
The weft and warp of different fabrics have been measured and with a high speed
camera the falling objects (different balls) which heating targets (different fabrics)
have been clearly analyzed. Then in laminar flow the relation between resilience
coefficients and weft and warp of different fabrics have been analyzed with MAT-
LAB (www.mathworks.com) software. Other students built a gun which is made
from a solenoid and a ball and found the optimum velocity of this electromagnetic
gun. Another group suggested a model to use tidal energy, as a renewable energy,
to generate electricity by making the tidal water enter a specially designed cylinder
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with a piston. In these experiments the students have an opportunity to show their
creativity. Engaging in a long-term project with a team of 3–6 students allows them
to apply scientific concepts more thoroughly while solving a meaningful science
problem under the guidance of a teacher.

55.2.2.2 Report the Results

The results from students’ independent or group investigation are reported in class.
Some of the results will show known relations between different parameters. How-
ever, sometimes the experiment will allow the students to unveil new previously
unknown relations. Students are invited to take part in a competition with other
groups and defend their projects. The groups who have worked in depth and are
able to defend their findings and illustrate the research process in depth will win the
competition.

55.3 Students’ Role in ALIT

The students’ role in ALIT can be described as follows:

• Forming a group in which each member takes specific responsibility
• Carrying out the research projects in each group
• Talking in class and producing a first stage report
• Designing a model to explain the observations
• Carrying out different experiments and explaining observations
• Collecting data
• Analyzing data and sometimes comparing these data to a simulation
• Presenting the results of the investigations in front of other teams and jury to

challenge their topics with different team members
• Writing a final report.

55.4 Conclusions

To help students grow as scientists, teachers can suggest different project topics
and encourage students to design experimental setup, to conduct the experiments on
the topic and to find the best approaches and solutions to the problems. To support
this process, the students are encouraged to collaborate with their peers inside and
outside of class. (ALIT) model, will persuade students to act as a teacher in a way
to help others understand science better. Cognitive research shows that memorizing
information does not promote meaningful learning. However, when this knowledge
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is used to solve a practical problem relevant to students’ lives, it becomes more
meaningful. In conclusion, in ALIT model the students are encouraged:

1. To solve more practical problems and find solutions using a combination of
theoretical and experimental approaches.

2. To find new methods in solving problems. This makes the students think more
critically while trying to invent novel solutions to real problems. It also helps
extend their scientific abilities.

3. To combine qualitative and quantitative approaches and deductions, to learn how
to evaluate their data statistically and compare theoretical predictions with the
collected data.

4. To report the results in front of audiences in competitions. This positively affects
students’ communication skills and their self-confidence about science learning.

5. To acquire collaborative and leadership skills while working in a group to solve
a science problem.

In conclusion, from our experience, the ALIT model helps promote conceptual
science learning, excite students about science and allow them to apply what they
learn in the classroom to solve real life problems.
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Chapter 56
Capacitors, Tanks, Springs and the Like:
A Multimedia Tutorial

Assunta Bonanno, Michele Camarca and Peppino Sapia

Abstract In this work we present an interactive multimedia tutorial allowing to
comparatively explore the dynamical behavior of the “Two-capacitor system” and
of others systems, quite different, but showing a very similar energetic behavior: (i)
two communicating tanks; (ii) two coupled lossy springs “sharing elongation”; (iii)
plastic collision between two material points; (iv) two coaxial, rotationally coupled,
disks spinning around an axis. The aim of the work is to give learners useful insights
on the fundamental subject of energy transformation. The tutorial, appropriate for
high school and first year university students, is implemented in a form that makes
it also suitable for classroom use with an Interactive White Board.

56.1 Introduction

There is a well-known textbook problem [5, 6] that every once in a while, since forty
years, appears in the literature [1, 2, 4, 7–9]: the so called “Two Capacitor Problem”,
also present in on-line forums as “The Capacitor Conundrum” [9]. The problem
concerns two capacitors, one of which (C1) charged, the other (C2) uncharged, which
are connected at time t = 0. Simple calculations show that in the process a fraction
C2/(C1 + C2) of the initial electrostatic energy disappears, apparently giving rise to
a paradox. The behavior of this system asks some questions usually worrying learners
(first of all: where does lost electrostatic energy go?). The search for answering these
questions allows, from a didactical point of view, to highlight many subtleties about
energy transformation processes. In this regard, it is very useful comparing the two
capacitors system with others systems, quite different, but showing a very similar
energetic behavior: (i) two communicating tanks containing a fluid, initially located
in one of the two; (ii) two coupled lossy springs “sharing elongation”; (iii) plastic
collision between two material points; (iv) two coaxial, rotationally coupled, disks
spinning around an axis.
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In this connection we present here an interactive multimedia tutorial allowing to
comparatively explore the dynamical behavior of described systems. The tutorial
(implemented in a form that makes it also suitable for classroom use with an Inter-
active White Board) is appropriate for high school and first year university students
and has manifold goals; among others: (i) to give learners useful insights on the fun-
damental subject of energy transformation; (ii) to shed light on the role of dissipative
phenomena in the achievement of equilibrium; (iii) to illustrate the role of analogies
in the study of physical phenomena, in the aim to allow students to get used to a
proper identification of similarities between apparently different scientific subjects;
(iv) to pave the way for further quantitative treatment of the problem.

In the present paper, after summarizing in Sect. 56.2 the two-capacitor-problem
family, we will describe, in Sect. 56.3, the tutorial. In Sect. 4, eventually, we draw
some interesting conclusion.

56.2 The Two-Capacitor(-like) Problem(s)

A capacitor is charged (Fig. 56.1, left) by a given potential difference (p.d.) V1; then
it is disconnected from the e.m.f. source and connected to an uncharged capacitor,
with which it shares its electric charge (Fig. 56.1, right). To determine the final state
one must impose the conservation of charge and the requirement of a common final
p.d. through the two capacitors. Simple calculations show that the “initial” stored
electrostatic energy (Ui = 1/2CV 2

1) halves in the “final” equilibrium state (U f =
1/4CV 2

1); so that a definite fraction of the initial energy “disappears”. For sake of
simplicity we consider the case in which capacitors have equal capacities, so that this
fraction is 1/2. More generally, one can easily show that the “disappearing” fraction
of the initial energy is given by:

C2

C1 + C2
(56.1)

where the subscripts 1 and 2 refer, respectively, to the initially charged or uncharged
capacitor.

Fig. 56.1 The two capacitor problem. A capacitor is initially charged, the other uncharged (left).
Then capacitors are connected so to share the electric charge (right). In this process half the elec-
trostatic energy “disappears”



56 Capacitors, Tanks, Springs and the Like: A Multimedia Tutorial 539

A very interesting consideration, on a pedagogical point of view, is the following:
there are different mechanical systems (apparently dissimilar from each other, and
even more so than the system of two capacitors) that show exactly the same kind
of energetic behavior (Fig. 56.2). In fact, Simple calculations allow to verify that for
each of the systems represented in Fig. 56.2 the energy loss for the attainment of the
final state of equilibrium is equal to half the initial energy (Table 56.1).

A closer comparison among described systems permits to highlight the following
similarities: (i) they are two-component systems; (ii) their energy depends quadrat-
ically on two symmetric intensive variables; (iii) their approach to equilibrium is
driven by the tendency to equalize these two variables; (iv) they all need some form
of dissipation to reach equilibrium, and lose half the energy in reaching equilibrium.
These analogies, and their conceptual implications are explored in a paper we have
recently written [3].

Fig. 56.2 Mechanical systems exhibiting the same behavior as the two capacitor system: a Two
tanks sharing an amount of liquid; b Two coaxial rotating disks sharing angular momentum; c Two
connected springs sharing elongation; d Two plastically colliding masses sharing momentum. In
each case the equilibrium is driven by equating an intensive variable: a Liquid height; b Angular
velocity; c Elastic force; d Velocity
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Table 56.1 Two-capacitors and related systems

System System parameter System variables
(equilibrium
condition)

Energy
“before”

Lost fraction of
initial energy

Capacitors’
capacity
(C)

V1, V2 : potential
difference across
capacitors
(V1 = V2)

1
2 CV 2

1
1
2

Tanks’
sectional
area (S)

h1, h2 : heights of
the liquid in the
tanks (h1 = h2)

1
2 ρgSh2

1
1
2

Moment of
inertia of
the disks
(I)

ω1, ω2 : Angular
velocities of the
disks (ω1 = ω2)

1
2 Iω2

1
1
2

Elastic
constant of
the springs
(k)

Springs’ elongations
(δ1 = δ2)

1
2 kδ2

1
1
2

Masses of
colliding
material
points (m)

Speeds of the
material points
(v1 = v2)

1
2 mv2

1
1
2

This table establishes a formal correspondence among the systems by comparing: characteristic
parameters (second column); system variables and related equilibrium condition (third column);
expression of the initial energy in terms of system variables (fourth column); fraction of the initial
energy lost after equilibrium has been reached

A useful visual tool in order to understand the energetic behavior of two-capacitor-
like systems is a graphical representation [9] of the system state in a Cartesian plane
whose coordinates are, for each one of the systems in Table 56.1, the corresponding
couple of variables in the third column. As an example, Fig. 56.3 shows the repre-
sentation for the two-tanks case. A little algebra allows to see that the fixed energy1

states of each system lie on an ellipse in that Cartesian plane; while equilibrium

1 With reference to Table 56.1, the various kind of energy are, respectively: electrostatic, gravitational
potential, rotational kinetic, elastic potential, translational kinetic.
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Fig. 56.3 A useful graphical representation of the energetic behavior of the two-tanks system. A
given state is represented in a Cartesian plane whose coordinates are the liquid’s levels (h1 and h2)
in the two subsystems. Fixed-energy states lie on an ellipse, while equilibrium states belong to the
bisector of the first and third quadrants. The example depicted in the figure refers to an initial state
(point A) in which the liquid is entirely contained in the right tank, and a final (equilibrium) state
in which liquid’s heights in the two subsystems are equal

states between the two subsystems are represented by points belonging to the bisec-
tor of the first and third quadrants. Reaching the equilibrium state, starting from an
imbalance between the two subsystems, requires a “jump” from an outer ellipse to
the intersection point between the bisector and an inner ellipse: the “jump” requires
the dissipation of a given amount of the system’s energy: this amount is always one
half, in terms of the energy corresponding to the starting ellipse.

56.3 The Multimedia Tutorial

The interactive tutorial, implemented as a web-browsable hypertext, is intended to
introduce in a visually appealing way the two-capacitor-like systems, in the aim to
discuss the subtleties regarding the transfer of energy between systems. In particular
it helps shedding light on the role of dissipative phenomena in the achievement
of equilibrium, suitably for high school (and first year university) students. On a
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Fig. 56.4 A screenshot from the tutorial, illustrating by means of an animation the distribution
of the electrostatic energy between the two subsystems (single capacitors) as the whole system
approaches equilibrium

Fig. 56.5 A screenshot from the tutorial, illustrating the mandated energy loss in a system consti-
tuted by two springs sharing elongation
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more strictly pedagogical point of view, the proposed multimedia permits learners to
acknowledge the same role of different variables in unlike systems, so to enlighten
the power of analogies in the study of physical phenomena. Finally, it paves the
way for further quantitative treatment of the problem, examples of which can be
found in [3]. Figures 56.4 and 56.5 show some screenshot of the tutorial, which can
be freely accessed on the web at the following URL: www.fis.unical.it/didattica/
FFP12/capacitors.
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Chapter 57
Energy Exchange by Thermal Radiation: Hints
and Suggestions for an Inquiry Based Lab
Approach

Onofrio Rosario Battaglia, Claudio Fazio, Nicola Pizzolato
and Rosa Maria Sperandeo Mineo

Abstract In this paper we present some laboratory activities developed in the frame-
work of an inquiry-based approach to the study of energy exchange by thermal radi-
ation. These activities were developed in the context of “Establish”, a FP7 European
Project aimed at promoting and developing Inquiry Based Science Education in Euro-
pean Secondary Schools. By starting from real life students are engaged in designing
and carrying out laboratory activities by collecting, processing and analysing data.
Particular attention is paid in building data interpretation by taking into account the
effects of parameters like the environmental temperature.

57.1 Introduction

Several researches in science education support the view that teaching science as
inquiry enables students to obtain an experience that is similar to that of scien-
tists, making their learning more meaningful and improving their scientific under-
standing [1, 2]. By inquiry we refer to learning experiences that engage students
in various integrated activities of identifying questions, collecting and interpret-
ing evidence, formulating explanations, and communicating their findings, that are
consistent with science standards and recent reports [3, 4]. In the majority of the
developed Inquiry Based (IB) approaches, a relevant role is played by laboratory
activities where students are directly engaged in finding answers to their questions,
developed in appropriate contexts. On the contrary, in traditional content-to-context
based physics education, the focus of laboratory activities developed by students is
mostly dedicated on verifying information previously transferred by the teacher.

It is well acknowledged that science education has to make students aware that
science is not just a body of knowledge that reflects current understanding of
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the world; it is also a set of practices used to establish, extend, and refine that knowl-
edge. Both elements, knowledge and practice, are essential [5].

In all IB approaches to science teaching, students are themselves engaged in the
practices and do not merely learn about them second-hand.

In this view, we are developing a teaching-learning sequence regarding the inves-
tigation of energy exchange by thermal radiation, conduction and convection, within
the context of ESTABLISH (http://www.establish-fp7.eu), a FP7 European Project
aimed at promoting and developing IBSE in European secondary schools. Our
teaching-learning sequence is organized by firstly engaging students by means of
scientifically oriented questions about real life situations, such as thermal insulation
of houses and the use of energy saving materials. Students are invited to design,
build, model by themselves a scale model of an energy-efficient house.

As a part of this inquiry-oriented teaching/learning sequence, here we present
a laboratory activity aimed at investigating the physics of energy transfer by ther-
mal radiation. A scientific investigation on the energy exchange between a powered
resistor and its surrounding environment during the heating and cooling processes is
proposed. Students are stimulated to plan and carry out their own laboratory activity
by collecting, processing and analysing data, in order to learn new concepts or laws
and obtain more meaningful conceptual understanding of the physics underlying the
process of energy exchange by thermal radiation. In particular, we report as problems
and experiments were developed in a workshop for engineering students attending
the second year of their university curriculum.

In the following section, we present the theoretical framework that grounded the
organization of the workshop. In Sects. 57.3 and 57.4 we describe an example of
inquiry-lab learning path where engineering students are directly involved in exper-
imental activities and in the related investigations aimed at giving theoretical mean-
ing to their experimental results. Finally, we discuss the pedagogical experiment by
drawing conclusions about the way to improve its efficacy.

57.2 Theoretical Background

The term “inquiry,” has been interpreted over time in many different ways through-
out the science education community. For this reason, many new documents better
specify what is meant by inquiry in science and the range of cognitive, social, and
physical practices that it requires.

The new Framework for K-12 Science Education [5] describes a set of practices
for K-12 students derived from those that scientists and engineers actually engage
in as part of their work. It is recognized that students cannot reach the level of
competence of professional scientists and engineers, as well as that to give students
opportunities to immerse themselves in these practices and to explore why they are
central to science and engineering is critical to appreciate the skill of the expert and
the nature of his or her enterprise.

http://www.establish-fp7.eu
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Eight practices are considered to be essential elements of the K-12 science and
engineering curriculum:

1. Asking questions (for science) and defining problems (for engineering);
2. Developing and using models;
3. Planning and carrying out investigations;
4. Analysing and interpreting data;
5. Using mathematics, information and computer technology, and computational

thinking;
6. Constructing explanations (for science) and designing solutions (for engineering);
7. Engaging in argument from evidence;
8. Obtaining, evaluating, and communicating information.

These may be, a fortiori, considered relevant for undergraduate students. However,
typical pedagogical methods used in introductory physics courses mainly engage
students in lectures and the related laboratory experiments can be grouped into two
categories:

• A theoretical relationship between two or more variables is already known (or at
least suspected) and an experiment is needed to verify or quantify this relationship.

• A theoretical relationship between two or more variables is not available but rather
sought through an experiment.

Such kind of activities obscures the inquiry characteristics of scientific investiga-
tion and very often students perform experiments by slavishly following the recipes
supplied by instructor.

Many papers have pointed out the fairly general process that one can follow to
design an experiment under any circumstances [6, 7]. This process can serve as a
tool for teaching students experimental design as well as to introduce in it many of
the practices previously described [5].

Relevant elements of such a process have been considered the following [6]:

1. Define the goals and objectives of the experiment;
2. Research any relevant theory (or idea) about what to expect from the experiment;
3. Select the dependent and independent variable(s) to be measured;
4. Select appropriate methods for measuring these variables;
5. Choose appropriate equipment and instrumentation;
6. Select the proper range of the independent variable(s);
7. Determine an appropriate number of data points needed for each type of measure-

ment.

An easy solution, of course, is to intend all the information in steps 1 through 7
as a prescription by providing a “cookbook” lab. However, these types of approach
should not supply an environment suitable to develop competences in experimental
design as well as to engage students in inquiring. Our approach is aimed at defining
and characterising practices in parallel at applying them at the solution of well-posed
problems. We think that this approach is relevant for making students aware of the
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involved practical/thinking process in a way that make them able to transfer these in
different contexts.

Here, we describe a 4 h Worksop (W) where students were put in a real problematic
situation that made them face with a real problem, whose solution required the acti-
vation of the typical operative processes (theoretical and experimental) of scientific
investigation.

57.3 Method

The W involved 60 engineering students that have completed their two courses of
Introductory Physics mainly consisting in lectures and activities devoted to the solu-
tion of numerical problems. They participated to the W on a voluntary basis.

The lab activities were introduced through a phase of topic exploration, mainly
based on students’ prior knowledge, that was followed by a discussion about the
relevant physical quantities, which should be taken into account in a contest of a
laboratory activity of measurements. From their previous studies, students should
know that the energy exchange between an emitting body and its surrounding is
caused by the processes of conduction, convection and radiation. By discussing
between each other, students should gather that, in the absence of a medium, as in a
vacuum system, the conduction and convection cannot take place. The inquiry–lab
activity on thermal radiation proceeded as following:

1. A scientific investigation on the energy exchange between a powered resistor
and its surrounding environment during the heating and cooling processes was
proposed;

2. Students were stimulated to design experimental activities aimed at testing pre-
viously formulated hypotheses;

3. Then, they were introduced to the laboratory equipment and invited to adapt their
plans about conducting the experiments with the available measurement facility
for the study of energy exchange by thermal radiation;

4. Finally, they carried out their own experiments by collecting, processing and
analysing data, by focusing on new concepts and laws and constructing models
supplying a meaningful conceptual understanding of the physics underlying the
process of energy exchange by thermal radiation.

57.4 The Lab Activities

At the end of the first two steps previously described, all students agreed that in order
to eliminate effects due to conduction and convection, the cooling experiments have
to be conducted in a vacuum environment. Moreover it is necessary to measure the
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Fig. 57.1 The vacuum tube containing the resistor and details of the ceramic-type resistor and the
thermocouple

Fig. 57.2 Heating and cooling curves of resistor and glass vacuum tube: on the left the temperature
of the tube is almost constant; on the right the glass tube temperature increases and then decreases
as the resistor temperature increases/decreases

variation of the resistor temperature as well as that of the environment (for example
a glass tube surrounding the resistor). Figure 57.1 shows the proposed equipment.

The system is composed by a vacuum pump which is connected to the vacuum tube
containing the resistor; the pump can lower the pressure inside the tube up to 0.1 mbar.
The temperature of the resistor is measured by means of a thermocouple which is
placed inside the vacuum tube and whose tip is in contact with the resistor surface. The
thermocouple is externally connected to an amplifier module and interfaced to the lab
computer. The resistor is a ceramic-type with the following physical characteristics:
11 W, 150ν. The temperature of the external surface of the vacuum tube is measured
by using a surface temperature sensor connected to a Vernier LabQuest computer
interface. A power management system drives the electric current into the resistor.

The first experiment was carried out by the measuring the temperature of the
resistor during the heating and cooling process. Figure 57.2 shows two typical results:
the first one involving a modest variation of the environment temperature, the second
one showing a relevant heating of the environment temperature.
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(a) (b)

Fig. 57.3 Fitting of cooling experimental data: on the left (the case of constant temperature envi-
ronment), data are well fitted with the Stefan’s law (curve (1)) and not with its linear approximation;
on the right (the case with a decreasing temperature environment) curves (1) and (3) do not fit well
experimental data that are well fitted with the Stefan’s law when the environment temperature is
supposed exponentially decreasing, curve (2)

Students decided to investigate the cooling process following the saturation regime,
just after the power supply has been switched off. They discussed about the collected
data and tried to compare their experimental findings with the theory of thermal
emission of radiation expressed by the Stefan law:

C
dT

dt
= −εσS(T4 − T4

b ) (57.1)

where T is the temperature of the emitting object, C the heat capacity, ε the emissivity,
σ the Stefan constant, S the object surface and Tb the temperature of the surrounding
ambient. Both the heat capacity and the emissivity are known. Students realised that,
in order to perform such comparison, it was necessary to integrate the Stefan law or
to approximate it (as reported in their textbooks) to an exponential law:

Tb(t) = (Tb0 − Tinf )e
−t/b + Tinf (57.2)

where Tb0 is the maximum value of ambient temperature, Tinf is the equilibrium
temperature and b is the time constant.

They tried to change these parameters in order to match the theory with the exper-
imental data, and found that in the case of Fig. 57.3a a satisfactory agreement is not
obtained for the exponential approximation, but the agreement is acceptable in the
case of numerical integration of Stefan law. For the case of Fig. 57.3b students tried to
identify the mean temperature of the glass tube as environment temperature during
the cooling, but in both case the agreement is not satisfactory. They deduced that
the problem needed further investigations. By analysing their thinking-aloud reason-
ing we verified that the experiment made students aware that the interpretation of
experimental finding needs to put in action a lot of approximations, in particular the
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need to understand the importance of the boundary conditions. A group of students
analysing the cooling of the glass tube and hypothesizing that in this case the effect
of conduction/convection can be the most relevant factor tried to fit data by imposing
also an exponential decreasing of the glass tube temperature by obtaining the curve
(3) (see Fig. 57.3b) that fits well experimental data.

57.5 Discussion and Conclusions

In this paper we present a teaching/learning path based on a set of inquiry-laboratory
activities aimed at driving students to the understanding of the physics underlying the
process of thermal radiation. Students are, initially, engaged by questions regarding
their everyday experience that lend themselves to scientific investigations and they
are stimulated to design their own experiments. Such experiments are discussed in
the classroom and adapted to the equipment at disposal. The experimental findings
are compared with the available theories and students discuss about the results of the
comparison. The question is: “Do our experimental data meet the theory?”. If the
answer is “yes”, everything is fine. If the answer is “no” (as usual) students should
check their experiment and think about physical phenomena that can affect the data.
Then, they can turn back to the theory, possibly modifying the previous one, and
conduct a new comparison. In this way, students are involved into a real scientific
research that can bring up to results unexpected even for the teachers, such as the
importance of the temperature of the surrounding environment into the study of the
energy exchange by thermal radiation. If the agreement between theory and collected
data is still not completely satisfying, as the most usual case, students could argue
that maybe they used a not perfectly correct value of heat capacity and/or emissivity
in the numerical solution of the Stefan law and perform further investigations on
how the accordance between data and theory can be improved by changing these
parameters.

The results from the W described in this paper seem quite promising. Students
showed to gain extensive experience in design of experiments by taking responsibil-
ity to define objectives, select appropriate methods to measure their variables, and
analysing data.

The experimentation of a simplified version of this inquiry-lab learning path on
high school students is under implementation and the results will be the subject of a
forthcoming paper.
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Chapter 58
Investigating Teacher Pedagogical Content
Knowledge of Scientific Inquiry

Claudio Fazio, Giovanni Tarantino and Rosa M. Sperandeo Mineo

Abstract This paper analyses the scientific inquiry in the context of modelling phys-
ical systems and point out some related teaching/learning strategies. Two relevant
points are also discussed: (i) the different representations of scientific inquiry held by
a sample of secondary school physics teachers and their competencies in conducting
investigations aimed at solving scientific problems; (ii) what kind of supports can be
supplied to teachers in order to modify their misconceptions about scientific inquiry
and develop adequate competences related to Pedagogical Content Knowledge of
Scientific Inquiry. The topic will be analysed in the light of some preliminary results
of a course for in-service physics teacher education held at University of Palermo in
the framework of Establish, an FP7 EU Project.

58.1 Introduction

In designing innovative pedagogical materials usually supports for teachers’ sub-
ject matter knowledge and pedagogical content knowledge for students’ ideas (e.g.,
misconceptions), but rarely for pedagogical content knowledge of scientific inquiry,
are provided. By inquiry we refer to learning experiences that engage students in
various integrated activities of identifying questions, collecting and interpreting evi-
dence, formulating explanations, and communicating their findings, that are consis-
tent with science standards and recent reports [1–3]. Many researchers have shown
that Inquiry-Based (IB) approaches to learning are able to increase student motiva-
tion, interest, understanding and development [3, 4]. However, despite the consensus
found in educational research, teachers may have different ideas about the meaning
of Inquiry-Based instruction and it has been shown that misconceptions abound [2].
These mistaken notions about inquiry can, perhaps, deter efforts to reform science
education.
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In this paper, we analyse scientific inquiry in the context of modelling physical
systems and point out some related teaching/learning strategies and how these are
perceived by physics teachers. The topic will be analysed on the light of some prelim-
inary results of a course for in-service physics teacher education held at University
of Palermo in the framework of Establish [5], an FP7 Project aimed at extending
the use of IBSE (Inquiry Based Science Education) in second level schools across
Europe.

58.2 Theoretical Background

Despite the consensus found in educational research about the efficacy of IB
approaches, it has been pointed out that misconceptions about IB instruction abound
and serve to deter efforts to reform science education [2]. The more relevant mis-
conception involves the idea that “ IB instruction is the application of the scientific
method” Many teachers learned as students that the process of science can be reduced
to a series of five or six simple steps. It has been shown that the notion that scientific
inquiry can be reduced to a simple step-by-step procedure is misleading and fails to
acknowledge the creativity inherent in the scientific process. Research has connected
this view with what science’s nature is perceived from samples of pupils and teachers
[6, 7]. Some studies showing that science teachers persist in holding views about
nature of science qualified as empirical or naïvely empirical, identify two peculiar
aspects in their thinking, involving: the role accorded to observation, which is seen
as giving experimental data an absolute value; the role played by theory in con-
ducting experiments and in making observations, along with the value of scientific
knowledge as a means of explaining and predicting [8–10]. Other studies report that
teachers carry positivistic views of their discipline: i.e. they teach only the knowledge
aspects of science and emphasize vocabulary rather than balance knowledge claims
with knowledge generation and evaluation, and present science as “the method” of
understanding the world [11]. Additional classroom consequences may include a
decreased emphasis on inquiry-oriented and problem solving teaching methods that
positively impact pupils’ conceptions of science [7, 11].

Teaching IB science entails ambitious learning goals for students and thus is com-
plex and difficult for teachers to enact [12, 13]. Moreover, most of teachers also have
not experienced IB instruction as learners and thus need guidance in enacting this
type of instruction [14]. Researches specifically aimed at the implementation of the
IB approaches to physics education have shown that teachers aren’t able to make
the transition from a purely transmitting didactics to an IB one only through the
illustration of the new methods and strategies [15]. Training experiences based on
new theoretical models have to be provided. Among these, models that underline the
necessity of collaborative construction of understanding and reflection on the enact-
ment of new practices in classrooms and on the consequent adaptation of materials
and practices show a relevant efficacy. Such procedures require an accurate designing
of the training activities where the roles of the different materials, the disciplinary
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conceptual knots, the problems related to the introduction of the innovative methods
are evident. It has been pointed out that a conceptual change approach is not only
relevant to teaching in the content areas, but it is also applicable to the professional
development of teachers. For example, as constructivist approaches to teaching gain
popularity, the role of the teacher changes. Teachers must learn different instruc-
tional strategies as well as also re-conceptualize or change their conception about
the meaning of teaching.

Founding on research related to the Inquiry Based (IB) methodology and to models
of the teachers training, our research takes as theoretical framework the following
key points:

(a) to analyze conceptions, reasoning schemes and teachers’ knowledge in the light
of the specific operative processes of an IB approach and to study how these can
enhance or thwart the introduction of innovative strategies and contents;

(b) to develop and to experiment a Training Action (TA) that proposes subjects and
strategies focused on the specific operative processes of an IB approach.

58.3 Method

The TAs developed by our local project propose subjects and strategies focused on
the specific operative processes of an IB approach, as well as on analysed ways to
integrate them in a pedagogy aimed at pointing out relevant elements of a adequate
Pedagogical Content Knowledge [16] for SI. Some pilot teacher workshops (W)
have been designed aimed at finding operative answers to defined research questions.
Here, we report about some preliminary results of a 4 hours W where teachers were
put in a real problematic situation that made them face with a real problem, whose
solution required the activation of the typical operative processes (theoretical and
experimental) of scientific investigation. Our research questions are the following;

1) Which kinds of approaches to a complex problem are preferred by teachers?
Which cognitive resources are involved?

2) Which relevant procedures of scientific investigation are put in action and how
are these intended by the teachers?

15 in-service secondary school teachers participated to the pilot workshop. They
had different backgrounds of graduation, pre-service training and kind of teaching
experience in different grade levels (junior or high school level). The W has been
developed into two phases: (a) analysis of a real problematic situation and devel-
opment of a solution; (b) reflection about the proposed solution and definition of
the characteristics of the procedures put in action for the searching of the solution.
During the first phase a real problematic situation involving the phenomenon of heat
conduction through different materials was proposed to teachers (see Fig. 58.1).

In particular, teachers were requested, through a questionnaire, to look at seven
different flat plates, different in material or mass, area and thickness and to predict
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Fig. 58.1 The experimental situation, first only theoretically proposed, then practically analyzed
by the teacher group. Some ice cubes are placed on plates of different material, mass, area and
thickness, identified by letters A, B, C, D, E, F, G, H

what happens if seven identical ice cubes are placed upon them, i. e. to predict the time
sequence of ice cubes melting. As a second question, they were requested to put into
evidence the parameters they considered relevant in influencing the melting process,
and to design a set of experiments devoted at checking the relevance of such parame-
ters. Then, the experience was really performed and they were required to compare
their predictions with the experimental results, writing down their comments.

The questionnaire sheets were photocopied and then returned to teachers for fur-
ther processing. As a second phase teachers were divided into 3 groups (5 teachers in
each group) to discuss their solutions with the guide of a researcher. The 3 researchers
had previously developed common discussion guide-lines and questions in order to
make explicit teachers conceptions about the meanings of investigation procedures
as to make a hypothesis, to construct a descriptive model, to find an explanation or to
compare different kinds of explanations. All the discussions have been audio taped
and the detailed analysis is in progress.

58.4 Results

A detailed analysis of teacher incorrect predictions with the related explanations is
in progress. We note here that all teachers correctly predicted that the ice cubes melt
sooner when placed on aluminum plates, but only 3 teachers performed the correct
prediction by appropriately ranking plates with different masses and thickness. By
considering at a finer grain detail the predicted melting time sequence for the three
aluminum plates (of different geometrical characteristics), as well as the teachers’
explanations about the parameters that have to be taken into account for the correct
description and explanation of the phenomenon, some considerations can be drawn
about the procedures they followed in formulating their hypotheses.

The correct analysis of the proposed situation must take into account several
parameters, i.e. the plates’ geometrical characteristics (surface area and thickness),
thermal capacity, thermal conductivity and the temperature difference between the
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two plate faces. All these parameters have to be considered together to correctly
explain the phenomenon. An approach based on the typical theoretical knowledge
about thermology, resulting from classical university education can easily guide the
teacher to search for an explanation to the phenomenon based on thermal conduction,
i.e. on the idea of heath flux between two surfaces at different temperatures. From the
Fourier law, we know that this flux is proportional to the surface area and inversely
proportional to the plate thickness, so thinner plates should make ice cubes melt
quicker, as they allow a bigger heath flow. Indeed, for a clear understanding of the
phenomenon other factors involved in the analysis of thermal interaction between two
bodies (the ice cube and the plate that exchange thermal energy until equilibrium is
reached) must be taken into account. This second kind of approach actually produces
opposite predictions with respect to the previous ones, i.e. a greater melting speed
of ice cubes placed on the thicker (and so heavier) plate. Our data show that 6
teachers appear to describe the phenomenon only on the basis of the Fourier law
by considering as more relevant factor the plate thickness and 5 teachers that seem
to consider thermal capacity as relevant for the explanation of the phenomenon, but
not plate thickness or thermal conductivity coefficient. It is worthy to note that the
4 teachers performing the correct ranking (2 graduated in Biology, 1 in Physics and
1 in Natural Science) analysed the experimental situation by trying to point out the
different characteristics of the various bodies and evaluating the relevance of each of
them and not by searching, in their knowledge, for laws to apply to the experimental
situation.

In comparing their predictions with experimental results, the majority of teachers
that predicted the melting of the ice cubes on the basis of a partial acknowledgement
of relevant variables expressed, in different ways, a sort of “surprise” with respect
to the results. They did not try to search for an explanation of the differences by
showing that their predictions were mainly driven by memory of subjects studied
during past courses. Only a few made reference to the necessary comparison between
what they remembered from textbooks and real-life experience. The great majority
of teachers at last commented that the approach to the proposed situation posed them
some difficulties, as it is one that is not part of their theoretical knowledge about
thermology.

As previously mentioned, the group discussion during the second phase of the W
was devoted to deepen the teacher conception of the different procedures involving
in a scientific investigation stimulated by the real situation analysed. A preliminary
analysis of the audio taped discussion shows the relevant factors described in the
following.

During the discussion, all teachers mentioned (at least one time) the need to
apply “the” Scientific Method (SM) in order to solve the different problems involved
in the analysis of an experimental situation. When requested to clarify what this
means, most teachers recited from memory the steps of this process (with only
minor variations): observe, develop a hypothesis, conduct an experiment, analyze
data, state conclusions framed in some theory and generate new questions. In their
idea, these unproblematic rules give them the guarantee to always find a solution to
the problems posed. In order to understand this full confidence in the SM it must be
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taken into account that the first chapter of all the high school physics textbook has
the title “ The Scientific Method”.

Another relevant factor is connected with teachers idea of scientific explanation;
very few teachers are aware that explanations are representations of scientific phe-
nomena that link observable features of that phenomenon with hypothesized events,
properties, or structures that are not directly observable because of their inaccessi-
bility (as for example the molecular movement) or conceptual nature (as for example
forces, energy,….). They did not show a clear distinction between explanation and
description, by often using observations or empirical laws as explicative or conjec-
tural models. Finally the fully confidence in the mathematical laws as explicative
framework was a common characteristic; our whole teacher sample was completely
confident in the explicative value of the Fourier’s law and no one was fully convinced
that the Fourier’s law is an empirical law based on observation.

These results obtained in the second phase of our W, integrated with the answers
to the problem posed in the first phase account for the need of an epistemological
clarification about what the term ‘scientific investigation’ means and how this can
be related to the construction of scientific knowledge.

58.5 Discussion and Conclusions

The analysis of data previously reported allow us to draw some conclusions with
respect to our research questions.

The majority of teachers showed an approach mainly involving the activation of
cognitive resources as memory of past learning experience in order to make sense of
reality. It seems that the way the proposed situation is first considered, or “read-out”,
plays a crucial role in achieving an accurate description and activating the correct
strategies to select the relevant variables. In some cases, these strategies seems to
activate “textbook-like” cognitive resources like memory and formulas, acting as
conceptual obstacles to the IB approach. This, in some ways works like a sort of
“short-circuit of knowledge”, avoiding a phenomenological approach to the problem
and a complete formulation of hypotheses. This last conclusion seems to be enforced
by the consideration that 3 out of the 4 teachers that correctly explained the ice melt-
ing process are not graduated in Physics and probably have superficially analyzed
thermal conduction in their University courses. So, it seems that previous knowledge
(particularly that coming from university) built in environments not linked with real
life experience, is not really significant for the learner and acts as an obstacle for
the inquiry competences that we want to develop in teachers. Practices as formu-
lating hypotheses or design appropriate experiments are strongly influenced by the
searching for appropriate physical laws.

The second phase of our W showed that our teacher sample had an uninformed
view that the scientific method is a fixed step-by-step process; many teachers explic-
itly declared that “science is a systematic process and that only by following these
steps in a orderly way, valid scientific knowledge can be constructed.” Teachers may
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have these uninformed views about scientific inquiry as a result of the traditional
portrayal of recipe-like experiments in science textbooks, as textbooks often play a
vital role in understanding the process of science [17]. It may therefore be reasonable
to argue that science textbooks should be revised in line with the contemporary con-
ception that there is no single scientific method to be used in developing scientific
knowledge [17–20].

Guide lines for future TAs suggested by the approaches followed by our teachers
can be synthesizes as follows. During the training time, characteristics of IB practices
must be explicitly addressed from a epistemological point of view, as well as problem
based activities that are not too much focused on specific disciplinary knowledge.
Preliminary results about teacher TAs involving environments based on problems
and situations not belonging to the field where teachers are expert show a greater
involvement of teachers that pay a greater attention to inquiry procedures rather than
to the correct application of disciplinary knowledge. In this way the previously cited
“short-circuit of knowledge” seems to be avoided and teachers can activate the rea-
soning resources necessary for a profitable development of their Pedagogical Content
Knoeledge about SI. Moreover teachers need to gain a more epistemically congruent
representation of how contemporary science is done by developing activities across
different domains of inquiry and many types of investigations.
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Chapter 59
Learning Knots on Electrical Conduction
in Metals

Giuseppe Fera

Abstract A number of studies related to the conceptual understanding of DC
circuits highlighted several difficulties in learning about: the closing of the circuit
[1], differentiation of the concepts of electrical energy, voltage and current [2], the
determination of the equivalent circuit as a descriptor of multiple loop circuit and
use of systemic reasoning instead of local reasoning [3]. Others researchers iden-
tified the following issues, which are relevant to learning: the phenomenological
relationship between electrostatic and electrodynamics [4–7] and the link between
the macroscopic and microscopic level of processes description [8–11]. The dilemma
of displaying the microscopic world is still under discussion [12, 13]: students are
confronted every day with colorful pictures of atoms and molecules which are spread
both by the media and the textbooks, not in accordance with the actual proportions
between the physical properties of the particles (size and speed) and can generate
misunderstandings about the microscopic processes. The comprehensive discussion
of these issues leads to design learning paths on those specific concepts which favor
a parallel approach on macroscopic and microscopic levels of the phenomena.

59.1 Introduction

This study is founded on literature survey and presents some research results on
teaching/learning of electric conduction in solids. Electricity is one of the most
important topics in physic, both looking at the wide contexts of everyday life where
it is applied, both for the relevant role of the involved concepts (charge, current, field,
potential, …). These aspects make electricity a subject for teaching in every level
of instruction. It is also one of the most investigated fields as regards the learning
difficulties of students of any age. From the perspective of physics education it’s
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important to recognize learning knots of the specific context. As concern the electric
conduction in metals, there are several knots related to different aspects:

(1) Electrical circuits, (2) Phenomenological relationship between electrostatic
and electrodynamics, (3) Link between the macroscopic and microscopic level of
processes description, (4) Use of simulations and analogies.

59.2 Electrical Circuits

The researches developed starting from 1980 [1, 14, 15] have analyzed how children
working with batteries, wires and light bulbs to build simple circuits. A number of
studies shows that the basic concepts related to the d.c. circuits are not intuitive and
that electrical phenomena are interpreted by young people through persistent and
widespread non scientific schemes. These alternative conceptions coexist in parallel
with the scientific view and are not integrated into it, even to the end of education
path. The transition from the common sense to the scientific view, according to [2],
is favored by the measurement procedures that allow to identify and recognize the
physical quantities voltage and current and their role in explaining the functioning
of the circuit.

As in the context of electrostatics, learning difficulties are compounded by the fact
that the processes involved in the electrical phenomena are far from direct sensory
perception. It is not easy to connect the observable effects to abstract concepts like
“electric charge”, “current” and “energy”. Since the students know that the batteries
“are consumed” and you pay for household electricity consumption, they believe that
in the circuits “something is consumed” and, for many of them, the most reasonable
thing to “consume” is the electricity itself, conceived as energy at times, sometimes as
electric current. Some authors find that the concept of conservation of electric charge
is intuitive for children and yet coexists with the view that the current is consumed.
In addition, the concept of electric potential is already quite difficult to acquire in the
context of electrostatics, for most students its relevance and applicability in the case
of electrical circuits remains unclear. The main learning knots identified, as regards
electrical circuits, are:

(a) need of closing the circuit for the current circulation
(b) topological knot: recognizing the equivalent circuit as describer of many loop

circuit [3]
(c) sequential knot: the current in a series circuit element is independent of its

position
(d) construction of formal thinking: representing the circuit with a symbolic scheme
(e) role of the battery: it is not a source of constant current regardless of the connected

circuit
(f) use of systemic reasoning in place of local reasoning: the change of a circuit

element can generate changes in all other circuit elements
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(g) interpretation and differentiation of the concepts of energy, voltage and electric
current [2]

(h) incorrect use of Ohm’s law: the absence of current implies absence of voltage.

59.3 Phenomenological Relationship Between Electrostatic
and Electrodynamics

Many authors [4, 10, 16] tend to identify in the missing link between electrostatic
and electrodynamics the main reason for incomplete students’ conceptual knowl-
edge about electrical circuits. These authors argue that students whose education
has focused on the microscopic processes involved in the functioning of electrical
circuits develop a better understanding not only of simple macroscopic phenomena,
but also more complex phenomena such as transient.

Specifically [7] argue that provide students with an explanatory mechanism facil-
itates the understanding of physical phenomena. They, to teach the electrical con-
duction, choose the electric field as conceptual referent and the surface charges as a
mechanism. In this way, they also realize the connection between the macroscopic
and microscopic description of the processes. Main learning knots of context are:

(a) transient processes occurring in electric circuits with capacitors
(b) electric charge concept and physical properties
(c) differentiation of the voltage propagation in the circuit by the current circulation
(d) voltage concept as engine of the charge transfer
(e) link between macroscopic concept of voltage and microscopic concept of electric

potential
(f) needs of surface charges on the wire so that the electric field inside the wire is

parallel to the wire longitudinal axis [7].

59.4 Link Between the Macroscopic and Microscopic Level
of Processes Description

The link between electrostatics and electrodynamics for many authors is integrated
with the connection between the macroscopic and microscopic description of the
processes of electrical conduction. In contrast, other studies [17, 18] show a cautious
attitude on the educational value of the microscopic model of learning by identifying
nodes as:

(a) overcoming the local model focused on the behaviour of single atom (as in
chemistry)
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(b) integration of different models: current as a flow of charge carriers, motion of
electrons in metals (random motion in the absence of field, drift motion in the
presence of field), description of states and processes in the quantum band model

(c) evidences for the existence of the electron and characterization of its physical
properties both intrinsic and interaction with the ionic lattice of the material.

59.5 Use of Simulations

A model of conduction in metals based on the free electron gas [19] can be used
to explain the observed relation between resistance and section of the wire (Ohm’s
second law): the resistance decreases by increasing the section not because the con-
duction electrons have more space available to move (the average number of col-
lisions of an electron per unit time does not change with respect to the thin wire)
but because a greater number of electrons through a section of the wire into time.
Similar representations are proposed by the simulations of the interior of a wire with
flowing current. According [20], computer simulation tools can be an opportunity
to promote the development of scientific thought in the students on issues of par-
ticular complexity, such as the relationship between macroscopic and microscopic
properties of material.

Simulations can show a phenomenon and/or enable one to make predictions about
its trend. Phet Interactive Simulations or Easy Java Simulations provide a micro-
scopic representation of electrical transport in solids. Showing current as moving
electron spheres to directly counter the spontaneous model that current is consumed,
but the physical proportions among electrons and lattice ions are not respected.
However such simulations can help to show how macroscopic properties emerge
from a microscopic model at the level of material individual constituent and their
interactions.

The use of simulations also involves learning knots among which we highlight
the following:

(a) physical proportions among electrons and lattice ions are not respected
(b) free electrons model of metals in Supercomet simulation: the average electric

field into a metal is zero, then opposite sign charges don’t interact by Coulomb
law.

59.6 Analogies

In teaching practice the use of hydraulic analogies is common in teaching of electrical
conduction in wires. Under this analogy the wires are likened to pipes and current
to a fluid flowing in them, the battery to a pump, etc. These analogies are founded,
from the mathematical perspective, on the fact that the transport equations defined
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by the laws of Fourier, Ohm, Poseuille have the same form to describe the flow of
heat, electricity and a viscous fluid, respectively. [21] argue that “using analogies
not only promoted profound understanding of complex scientific concepts (such
as electricity), but it also helped students overcome their misconceptions of these
concepts”. However, we can identify knots in the context:

(a) water is a liquid substance and electric current is not
(b) the current repartition between two parallel bulbs connected to the same battery
(c) the current repartition between two different bulbs in series.

59.7 Implications for Physics Education

Common reasoning must be taken into account in teaching: they should be considered
not only as creating an obstacle to learning physics, but also as resources at the
learner’s disposal.

The comprehensive discussion of these issues leads to design learning paths on
those specific concepts which favor a parallel approach on macroscopic and micro-
scopic levels of the phenomena.

The relative learning process should be planned as an aware and systematic tran-
sition between different levels of description and interpretation of phenomena.
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Chapter 60
Measures of Radioactivity: A Tool for
Understanding Statistical Data Analysis

Vera Montalbano and Sonia Quattrini

Abstract A learning path on radioactivity in the last class of high school is pre-
sented. An introduction to radioactivity and nuclear phenomenology is followed by
measurements of natural radioactivity. Background and weak sources are monitored
for days or weeks. The data are analyzed in order to understand the importance of
statistical analysis in modern physics.

60.1 An Early Experience

Since 2006, the Pigelleto’s Summer School of Physics is an important appointment
for orienting students toward physics in our territorial area [2].

Forty students from high school are selected to attend a full immersion summer
school of physics in the Pigelleto Natural Reserve, on the south east side of Mount
Amiata in the province of Siena.

During the 2009 edition, titled The Achievements of Modern Physics [1], a learn-
ing path on radioactivity was proposed by one of us (VM) to small groups of students.
After a brief introduction to the nuclear phenomenology, they were involved in mea-
sures of radioactivity from a weak source of Uranium in order to characterize the
emitted ionizing radiation by using an educational device provided by a school.

A teacher (SQ) was impressed by student’s involvement and suggested of elabo-
rating a learning path on Nuclear Physics in which the students are active and perform
directly measures of radioactivity, in order to propose this activity in her school.
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60.2 A Learning Path on Nuclear Phenomena

We planned a path which was proposed as a laboratory within the National Plan
for Science Degree and the school obtained founds for it from a regional project
supported by Tuscany (Progetto Ponte, i.e. Bridge Project) whose purpose was to
promote relations between Universities and High Schools for orienting students.

In order to integrate this learning path in the ordinary school program, the activities
were planned for the last year of high school (5a Liceo Tecnologico) after the lessons
on electromagnetism.

Teachers make few lessons in class in which presented and discussed the phe-
nomenology of nuclear physics. Afterward, the experimental setup was presented in
order to perform measure of background radioactivity in the laboratory.

The next step was to divide students in small groups that are involved in measures
of alpha, beta and gamma emission from weak sources of uranium and a very weak
source with trace of uranium ore.

During measurements, it rose soon the necessity of performing many measures
and the problem of valuating uncertainties. The students were ready to recall all their
knowledge on statistics for facing this problem. Table 60.1 shows the topics treated
by the teacher in class, in physics laboratory and in computer lab.

60.2.1 A Brief Introduction to Nuclear Phenomena

The lessons give an historical sight on the discovery of radioactivity, and connect the
previous knowledge of students to these phenomena so far from their daily experi-
ence.

Many examples and easy computations are performed in order to clarify concepts
such as binding force, the relative intensities of fundamental interactions at atomic
and nuclear distances, mass defect and binding energy, equivalence mass-energy and
so on.

Topics related to fission and fusion can be very stimulating for students, specially
for our society in these times of discussion about use of nuclear energy and security.

60.2.2 The Experimental Setup

The measures are realized by using a commercial Geiger counter usually used for
dosimetry. It can detect alpha, beta and gamma rays and it is possible to collect data
without any unit conversion (counts) and download them into a computer.

The detector and the sources are aligned by means of supports on an optical bench
as shown in Fig. 60.1a. The sources are shown with their supports in Fig. 60.1b (from



60 Measures of Radioactivity: A Tool for Understanding Statistical Data Analysis 569
Ta

bl
e

60
.1

C
ov

er
ed

to
pi

cs

A
br

ie
f

in
tr

od
uc

tio
n

to
nu

cl
ea

r
Ph

ys
ic

s
la

bo
ra

to
ry

A
n

in
tr

od
uc

tio
n

to
st

at
is

tic
al

da
ta

C
om

pu
te

r
la

b
ph

en
om

en
a

an
al

ys
is

D
is

co
ve

ry
of

ra
di

oa
ct

iv
ity

B
ac

kg
ro

un
d

m
ea

su
re

s
D

is
tr

ib
ut

io
ns

:B
er

no
ul

li,
Po

is
so

n,
G

au
ss

V
er

if
y

th
at

ra
di

oa
ct

iv
e

de
ca

y
fo

llo
w

s
Po

is
so

n’
s

di
st

ri
bu

tio
ns

Pi
er

re
e

M
ar

ie
C

ur
ie

M
ea

su
re

m
en

to
f

U
ra

ni
um

so
ur

ce
s

at
di

ff
er

en
td

is
ta

nc
es

R
ep

re
se

nt
at

io
n

of
ca

su
al

ph
en

om
en

a
Te

st
in

g
sa

m
pl

es
by

gi
vi

ng
10

,2
0,

30
,5

0
da

ta
fr

om
th

e
ba

ck
gr

ou
nd

N
eu

tr
on

di
sc

ov
er

y
an

d
at

om
st

ru
ct

ur
e

M
ea

su
re

m
en

to
f

U
ra

ni
um

so
ur

ce
s

at
di

ff
er

en
td

is
ta

nc
es

M
ea

n,
m

ed
ia

n,
va

ri
an

ce
an

d
st

an
da

rd
de

vi
at

io
n

C
om

pa
re

m
ea

ns
an

d
st

an
da

rd
de

vi
at

io
ns

of
pr

ev
io

us
sa

m
pl

es
w

ith
th

e
m

ea
n

an
d

st
an

da
rd

de
vi

at
io

n
of

ve
ry

lo
ng

m
ea

su
re

(m
or

e
th

en
10

00
da

ta
)

D
im

en
si

on
s

of
at

om
an

d
its

co
ns

tit
ue

nt
s

α
,β

an
d

γ
ra

ys
m

ea
su

re
m

en
t

B
er

no
ul

li,
Po

is
so

n
an

d
G

au
ss

di
st

ri
bu

tio
ns

N
at

ur
al

ra
di

oa
ct

iv
ity

ph
en

om
en

ol
og

y
(i

n
pa

rt
ic

ul
ar

α
,β

an
d

γ
em

is
si

on
)

α
,β

an
d

γ
ra

ys
m

ea
su

re
m

en
tw

ith
di

ff
er

en
ts

hi
el

ds
E

xa
m

pl
es

M
ea

su
re

s
w

ith
a

sm
al

lU
ra

ni
um

so
ur

ce
T

he
ex

is
te

nc
e

of
a

pa
re

nt
di

st
ri

bu
tio

n
V

er
if

y
th

at
fo

r
m

ea
n

va
lu

es
gr

ea
te

r
th

an
…

th
e

Po
is

so
n’

s
di

st
ri

bu
tio

n
be

co
m

es
in

di
st

in
gu

is
ha

bl
e

fr
om

th
e

no
rm

al
on

e
Is

ot
op

es
M

ea
su

re
s

w
ith

a
sm

al
le

r
U

ra
ni

um
so

ur
ce

W
ha

ti
s

a
go

od
st

at
is

tic
al

sa
m

pl
e

Fo
rc

es
in

to
at

om
s

an
d

nu
cl

ei
(h

ow
st

ro
ng

or
w

ea
k

w
ith

nu
m

er
ic

al
ex

am
pl

es
)

M
ea

su
re

s
w

ith
a

ve
ry

w
ea

k
U

ra
ni

um
or

e
so

ur
ce

M
ea

n
an

d
va

ri
an

ce
of

a
st

at
is

tic
al

sa
m

pl
e

C
om

pa
re

m
ea

su
re

s
of

ba
ck

gr
ou

nd
an

d
ve

ry
w

ea
k

so
ur

ce

N
uc

le
ic

an
di

e…
L

aw
of

ra
di

oa
ct

iv
e

de
ca

y
N

at
ur

al
ra

di
oa

ct
iv

e
ch

ai
ns

B
in

di
ng

en
er

gy
an

d
m

as
s

of
a

bo
un

d
st

at
e

E
qu

iv
al

en
ce

m
as

s-
en

er
gy

B
in

di
ng

en
er

gy
pe

r
nu

cl
eo

n
Fi

ss
io

n
an

d
re

la
te

d
to

pi
cs

Fu
si

on
an

d
re

la
te

d
to

pi
cs



570 V. Montalbano and S. Quattrini

Fig. 60.1 a The experimental setup, b Radioactive source in their supports

left) small Uranium sheets in plastic holder (m1 = 0.152 g), other Uranium sheets
(m2 = 0.888 g), fluorescent marble.

60.2.3 An Introduction to Statistical Data Analysis

We started from a question. There are limits to the precision of a measurement? By
answering to this question, we can fix the cases in which the use of statistical data
analysis make sense.

The first step is to recall all previous knowledge of students on statistics (there are
many but almost never used in physics by teachers), such as mean, variance, standard
deviation, distributions [3]. At this point, it is possible to introduce the pupils to some
elements of sampling theory.1 They are ready to deal with the statistical data analysis
of our measures.

60.3 Measures and Statistical Data Analysis

The data are collected in the meantime by the Geiger detector and can be downloaded
in a computer. The teacher can divide the data in sets in order of giving different tasks
to any group of students in computer lab.

In Fig. 60.2, a confront between two slightly different measures can be made.
Figure 60.1a shows the data which are divided into to groups (N1 = 188, with mean
182, standard deviation 16, sample standard deviation 1 and N2 = 437, with mean
194.5, standard deviation 14, sample standard deviation 0.7). It is easy to compute
the difference between means but it is overwhelmed by the uncertainty if one uses
standard deviation, on the contrary the use of sample standard deviation allows to
estimate quantitatively the difference.

1 [4] for a synthetic review.
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Fig. 60.2 a The data from Geiger detector, b Frequency histogram for N2 data

60.4 Conclusion

This learning path on nuclear phenomena was performed on three last classes in 2010
and 2011. We presented the revised path, after analysing the learning difficulties
encountered by students in these years. All classes made the introduction to nuclear
phenomena in class and in laboratory, only one class made some activity in computer
lab. In our opinion, this path is very interesting for students but hardly feasible in last
class due to graduation exam. It can be an excellent optional proposal for interested
students but if a teacher want to implement it in class it needs to be revised the
presentation of statistical topics in previous years.
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Chapter 61
Active and Cooperative Learning Paths in the
Pigelleto’s Summer School of Physics

Roberto Benedetti, Emilio Mariotti, Vera Montalbano and Antonella Porri

Abstract Since 2006, the Pigelleto’s Summer School of Physics is an important
appointment for orienting students toward physics. It is organized as a full immer-
sion school on actual topics in physics or in fields rarely pursued in high school, i.e.
quantum mechanics, new materials, energy resources. The students, usually forty,
are engaged in many activities in laboratory and forced to become active partici-
pants. Furthermore, they are encouraged in cooperating in small groups in order to
present and share the achieved results. In the last years, the school became a training
opportunity for younger teachers which are involved in programming and realization
of selected activities. The laboratory activities with students are usually supervised
by a young and an expert teacher in order to fix the correct methodology.

61.1 The Pigelleto’s Summer School of Physics

In the last years, many Italian Universities are involved in a large national project1

in order to enhance the interest of high school students towards scientific degrees, in
particular in Physics, Mathematics and Chemistry.

In this context, we started to organize a full immersion summer school of physics
in the Pigelleto’s Natural Reserve, on the south east side of Mount Amiata in the
province of Siena. Our purpose is offering to really motivated students an opportunity
of testing the scientific method, the laboratory experience in a stimulating context,
by deepening an interesting and relevant topic in order to orienting them towards
physics.

1 Progetto Lauree Scientifiche, i. e.Scientific Degree Project from 2006 to 2009.
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Forty students from high school are selected by their teachers in a wide network
of schools within the National Plan for Science Degree2 and come from the south
Tuscany (Arezzo, Siena. Grosseto).

The school is usually held in the beginning of September and lasts for four days.
The 2011 edition was titled Thousand and one energy: from sun to Fukushima [5].
Some previous editions were Light, colour, sky: how and why we see the world
[10, 11], Store, convert, save, transfer, measure energy, and more…[10, 11], The
achievements of modern physics [1, 12], Exploring the physics of materials [4, 8].

Topics are chosen so that students are involved in activities rarely pursued in high
school, aspects and relationship with society are underlined and discussed.

In the morning, we usually propose lectures in which, by stimulating the active
involvement, we give the necessary background for the following activities in labora-
tory. In the afternoon, small groups of students from different school and classes are
engaged in laboratories activities, playing an active role. Every group is supported by
one or two teachers that are available for discussions and hints. We propose different
laboratories, usually eight in different places. Sometimes they focus on the same
physics phenomena explored by different point of view. Every group has the task of
preparing a brief presentation in which describing to other students what it has been
learned in lab. In the evening, a sky observation is proposed. If it is cloudy, we can
propose an indoor problem solving.

In the last years, the school became a training opportunity for younger teachers
which are involved in programming and realization of selected activities.

Many educational choices are made in programming the summer school:

• Main target and methodologies are discussed and selected with the teachers in-
volved in PLS

• Almost all laboratories are made with poor materials or educational devices pro-
vided by some schools

• The groups are inhomogeneous and formed by following the teachers suggestions
in order to promote the best collaboration

• The main topic is related to all activities and must be not trivial
• Almost all laboratories lead to at least one measure and its error evaluation.

Active learning [2, 9] plays a central role throughout all school activities. During
the morning lectures, students are engaged in more activities than just listening. They
are involved in discussion of or thinking about issue before any theory is presented
in lecture or after several conflicting theories have been presented. We often present
them a paradox or a puzzle involving the concept at issue and have them struggle
towards a solution, by forcing the students to work it out without some authority’s
solution.

In the laboratory activities, they are encouraged in cooperating in small groups in
order to present and share the achieved results. The laboratories are organized in such
a way that cooperative learning is implemented. A closer analysis of our laboratories

2 i.e. Piano nazionale Lauree Scientifiche, which continues the legacy of the previous project since
2010.
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shows that all requests for achieving a cooperative learning are satisfied [3, 7],
such as positive interdependence, individual accountability, face-to-face promotive
interaction, social skills and group processing.

61.2 Some Learning Path

Two examples of learning paths made in Pigelleto’s summer school are shown in
Table 61.1.

We emphasize that it was always planned in the lab at least an activity that we can
call How it works. This type of activity is very stimulating for students that literally
discover the underlying physics, as expected in a context-based approach [6].

61.3 Communicate Physics

The oral talk in which students share what they have learned in laboratory is stressed
as the central part of the school. Students are not used to speak in public and fear
this moment but many of them respond well to the challenge. They can choose the

Table 61.1 Two examples of learning paths

The achievements of modern
physics 7th–10th September
2009

Thousand and one energy: from
sun to Fukushima 5th–8th
September 2011

Morning lectures Morning lectures
On the validity of a physical theory

On concepts of classical
physics disproved by modern
physics Atomic models: from
classical to modern ones How
laser works Radioactivity,
nuclei and surrounding On
nuclear energy and energy
resources

On Energy Energy from nuclei
Energy from sky and sun
Energy from the ground On
photovoltaic panels On fuel
cells Conductors and
superconductors

Laboratories Laboratories[5]
How it works: a spectroscope How it works: a photovoltaic panel
Measurement of Plank’s constant

with a LED[1] Photoelectric
effect[1] We characterize a
diode laser We characterize the
natural radioactivity Measure
of the speed of rotation of a
star[12]

How it works: Stirling machine,
solar oven, coffeepot
Measurement of the
mechanical equivalent of heat
Electromagnetic induction and
energy dissipation Newton’s
cradles and Yo-Yos
Radioactivity background
versus. small Uranium sources
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form and the means utilized in the communication. Everyone can talk or a group
can delegate a speaker, they can present the data in the blackboard or with slides.
Furthermore, they can show devices or material for better explain the topic. At the
end a brief discussion is performed between the communicators and the public.

In the beginning the communications were proposed in order to share the results
of each lab to everyone. It was a necessity because we haven’t enough time and space
to perform all experiments with everyone. In the years, these communications are
became the central activity that stimulates students to be active and cooperative in
the learning path.

61.4 Conclusion

The Pigelleto’s Summer School of Physics plays a central role for orienting students
toward physics in our territorial area. Our main goal is the excellent feedback that
returns from students, their families and teachers. In the last years, the applications
are increased up to double the available positions. In our opinion, the main reason
of this success is the active and cooperative learning of interesting topics in physics
that students have experienced during the summer school.
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Chapter 62
The Challenge of Contemporary Society
on Science Education: The Case
of Global Warming

Barbara Pecori, Giulia Tasquier, Olivia Levrini, Francesca Pongiglione
and Margherita Venturi

Abstract The big problems that contemporary society needs to address (e.g. climate
change) challenge our traditional idea of education and require to revise the goals
of science education research. Such problems are indeed so complex as to require a
wide range of competencies to be engaged in producing and implementing solution
strategies. Science education is forced to take into account the many dimensions
that characterize contemporary science and to face the task of bringing together the
potential of all the different perspectives [8]. An example of this kind of research,
concerning environmental problems, will be briefly described and its first encourag-
ing results illustrated.

62.1 A Research on Teaching About Complexity

The Global Warming (GW) issue is a problem which existed from more than 20 years.
However, it is difficult to capture a deep interest and attention by the general public
due to its complexity and the interweaving between different levels/dimensions:
scientific, cultural, psychological-behavioral, political-economic and ethical.

From the perspective of Science Education the environmental issues require a
rethinking of scientific content and a review of the traditional curricula because of
(i) the inter-disciplinary nature of the topic; (ii) the disciplinary problems linked to
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the construction of some important Physic concepts (i.e.: transparency, absorption,
emissivity); (iii) the effect and the role of the scientific controversy/debate.

From the perspective of Sociological/Behavioral research, the environmental
issues require to investigate the emotional attitude of citizens with respect complex
issues, like global changes, that have important impact future [4].

A research has been started at the Physics Department, University of Bologna,
supported by the CIRE (Interdepartmental Center for Educational Research), aiming
at designing a teaching proposal on GW based on the contributions of different fields
of research [9].

62.2 First Results of the Research Project

The research work carried out so far has been divided into three phases, that will be
described in details in the paragraphs below:

(a) To identify the main emotional, cognitive and cultural barriers that prevent the
individuals from engaging in actions that can limit GW (contribution from psy-
chological/behavioral research);

(b) To identify operational criteria for rethinking the disciplinary contents coming
from the analysis of barriers (joint contribution of different fields of research);

(c) To make explicit the criteria by applying them to simple models of explanation
of GW (contribution of Science Education research).

(a) Identifying Emotional, Cognitive and Cultural Barriers

The first phase consisted in the analysis of some important European reports [1,
3] where some behavioral barriers, which come from the way people perceive the
risk of GW, can be identified. We summarized the research results in three kind of
barriers that are described below.

i. Not individual but collective. The lack of understanding of some basic climate
dynamics can cause the climate problem to be perceived by people as concerning
only a global and not an individual level: the individual does not take its role as
“causal agent” in the interaction between man and nature.

ii. Too big or too small. Two opposing perceptions of the risks associated with
climate change can both cause reactions of “denial” of the problem. If risks are
seen as too big, the individual feels he can do nothing about them and therefore
does not care; if risks are seen as too small, the individual feels to be entitled to
neglect them. The uncertainty that characterizes some aspects of the scientific
debate, produces disorientation, loneliness and sense of guilty.

iii. Too far. To individuals it is not clear what are short-term and what are long-term
risks: the present generation feels to be called to “pay” for a probable good of
the future generations.
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The research in social/behavioral science shows that there is an emotional attitude
which manifests itself in divided feelings as guilt, confusion, frustration. Faced with
the complexity of the debates on environmental issues, like global warming, people
have a different kind of “fear” than respect to cataclysms or disasters. This kind of
fear acts at a deeper level and causes people to keep a safe distance from the issue of
climate priorities. The unknown, the uncertain, the complex, the debated, all generate
a sense of disorientation and a feeling of inability to act [5].

(b) Defining Operational Criteria for Disciplinary Reconstruction

The second phase consisted in defining some operational criteria to guide the
process of discipline reconstruction that can allow science education to contribute to
overcoming the emotional/cognitive/cultural barriers:

i. As far as the barrier Not individual but collective is concerned the corresponding
criteria is to make the role of the individual explicit - what interaction between
man and nature - in the modeling of global warming.

ii. For the barrier Too big or too small the criteria is: to make it explicit, in the model-
ing of global warming: what is shared and what is under discussion; examples of
causal connections, typical of complex systems, between man-nature-technology
and examples of feedback to show that small causes can have large effects and
back again.

iii. For the barrier Too far the criteria is: to place, the examples already treated, on
a time scale, typical of an evolutionary approach to complex systems, to reflect
on possible future scenarios (i.e.: the melting of glaciers).

(c) Applying the Criteria to the GW Model

The third phase consisted into applying the criteria to a simple model of GW expla-
nation [6], where the main role is played by thecoefficient of absorption in atmos-
phere (a).

In the model we have chosen it is possible to apply criterion (i) because it is
possible to recognize the central role of human action in the variation of the parameter
a.

It is also possible to apply criterion (ii) because it is possible to show examples
of causal links and feedback mechanisms (i.e.: If a increases → then T increases; if
T increases → the glaciers are melting; if the glaciers are melting → a increases).

As far as criterion (iii) is concerned the model offers the possibility to raise the
issue of the predictive character of the models that study the evolution of complex
phenomena, like the melting of glaciers.

62.3 Future Developments

This synthetic description is intended to highlight the importance and the potential
of a reflection on the changing role of Science Education to face big problems that
society needs to address.
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The results already obtained support the hypothesis that addressing the issue of
GW from different perspectives may help to develop teaching materials on this topic
able to convey the message that:

– The scientific controversy does not concern the existence or not of GW, but it
concerns the predictions of the models in terms of consequences of the GW;

– The models of GW cannot show a power of prediction in classical terms (like
in Classical Mechanics) because the phenomenon is intrinsically complex and
multi-dimensional.

To introduce the epistemological dimension, in particular epistemology of complex-
ity seems potentially able to provide students with cultural tools to rationally navigate
in the jungle of ideological wars about environmental issues.

This is an important goal for Science Education in the challenge of finding an
effective perspective, not only for teaching Physics, but also for educating young
people to Scientific Citizenship.

The future research development includes design of a teaching proposal for intro-
ducing GW as a topic in physics teaching at higher secondary level, integrated in a
wider teaching path about Thermodynamics, already produced and tried out by the
Physics Education research group of the Bologna University [2, 7].
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Chapter 63
Magnetic Field as Pseudovector Entity
in Physics Education

Carlo Cecchini, Marisa Michelini, Alessandra Mossenta, Lorenzo Santi,
Alberto Stefanel and Stefano Vercellati

Abstract The analysis of the nature of the magnetic field offers the ideal framework
in which students could address the mutual integration between mathematics and
physical aspects facing experimentally the analysis of the phenomenology. Took
look how students face experiments in which the phenomenology founds the theory
and the mathematics offers its formalism as the best language to describe the explored
phenomena, an activity concerning the pseudovectorial nature of the magnetic field
was performed looking at the way in which the students’ reasoning evolve.

63.1 Introduction

As in several physics situations, the knowledge of the symmetries of the physical
systems analyzes the situations in a more effective and simple way, but the individ-
uation of the symmetries could not be done without passing through the knowledge
of the laws of transformation of the single entities that take part in the systems [1,
3, 6, 8]. For instance, symmetries are related with laws of conservation through the
use of the Neother’s first theorem [7].

Unfortunately the role of symmetries in high school physics education is often
underestimated. The ways in which entities are transformed by symmetry operations
are usually not explicitly adressed, the usual goals of the high school physics courses
are only aimed to the definition of the structures of the entities, and this approach
creates an intellectual gap between students’ studies in high school and university
courses [2].
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The main example of this intellectual gap is related to the distinction of axial and
polar vectors. In high school this distinction is usually neglected and this learning
knot lies submersed until students had to face it in the university courses.

This research is aimed to study how high school students’ reasoning evolves in
the construction of formal thinking when they face an explicit situation in which the
pseudovectorial nature of the magnetic field is highlighted.

63.2 Context and Sample

Research work was done in the context of the Summer School of Modern Physics
held in Udine during the summer of the 2011. The students participating to this
school were the best 42 students coming from the last 2 years of the Italian high
school (students are 17–18 years old; school grades 12th–13th). The opening course
of this intensive school was the course of electromagnetism. It was a 16 hours long
course distributed on 3 days.

63.3 Instruments and Methods

During this course of electromagnetism, students, divided in 7 groups of 6 compo-
nents each one (4 groups of 12th grade students and 3 of 13th grade), follow an
inquired based learning path that was constructed on the experimental exploration
of the formal properties of the magnetic field with the aim to construct a formal
representation of it. In particular the works on the exploration of the pseudovector-
ial properties of magnetic field was proposed in this learning path as an interactive
lecture demonstration using an inquired based tutorial constructed with the Prevision-
Experiment-Comparison (PEC) strategy [4, 5].

Fig. 63.1 Situation proposed to the students in the first step
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The situation proposed was the one represented in Fig. 63.1. Taking into account
the given circuit, students had to draw its mirrored image representing the needles
of the compass, the needle of the reflected compass and analyze the picture (the
compass is represented as the circle placed above the coils).

The second step was the realization of the experiment and the analysis of the
original and the mirrored situations. Then, in the third part was asked to the students
to rise up some considerations starting from the experimental observations.

63.4 Data

Data were collected using personal inquired based worksheets. In the first phase, the
provisional phase, 36 % of the students represent the mirrored image of the needle as
simple reflection, 28 % represents the needle of the compass with opposite verse, 5 %
represent only the mirrored apparatus and 36 % did not replay to this task (Fig. 63.2).

At the second phase, 19 % of the students highlighted that the verse of the mirrored
image of the needle is the same without justify it, while 14 % highlights that the verse
is different justifying their answers saying that the verse is different due to the right
hand rule (2 %), because the verse of rotation of the coils change (2 %), because there
is a change in the direction of the magnetic field (Fig. 63.3).

In phase three, 64 % of the student highlight that the magnetic field is not a vector
reporting only the representative matrix wrote by the teacher on the blackboard 31 %,
highlighting the rule in the recognition of the nature by the different rule of reflection
29 %, pseudo magnetic vector is like the angular momentum or quantities that are
defined through a vector product, 14 % because the scalar product is anti-commutative
5 %, or give other argumentation 4 %, 5 % did not motivate and the remaining 36 %
did not reply (Fig. 63.4).

Fig. 63.2 Representation of the mirrored image of the needle done by the students
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Fig. 63.3 Observation done by the students of the experimental results

Fig. 63.4 Consideration done by the students on the nature of vector of the magnetic field

63.5 Data Analysis

Neglecting the students who did not replay and the ones that represented only the
mirrored apparatus, students’ spontaneous approaches to the analysis of the mirrored
situation are almost distributed equally on two different way of analysis: the first one
is the representation of the needle of the compass as a simple reflection of it and
the other is the drawing of the compass needle starting from physical consideration
of the mirrored apparatus. No significant differences were highlighted between the
13th and 12th grade students.
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In phase two, the analysis of the experimental situation, could be noticed how
decrease the number of students that thought that the compass needle (i.e. the mag-
netic field) is reflected in the standard way, but not to a negligible percentage high-
lighting two main approaches. The first approach followed, by that the students of
13th grade (that had already faced the magnetic field description during the previous
school year), is to look at the experiment as a confirmation of their ideas and not as an
investigation opened to new findings, do not allowing them to notice keys elements
that are in opposite with their thesis. The second approach, followed mainly by the
12th grade students is more open to the acceptance of eventually discording results
respect to their prevision and so they can noticed and highlighted these discrepancies.

After the discussion, in the third phase, no one of the students recognize the
magnetic field as a ‘standard’ vector, but the motivations that they gave are distributed
on a wide spectrum that is reported in Fig. 63.4. Interesting to be noticed is that, even
almost one third of the students justified this aspect reporting only the formal structure
wrote on the blackboard by the teacher, the remaining part highlights experimental
evidences to support this inference. In addition the data also highlight how mainly
the 13th grade students propose comparisons and analogies with other quantities
that they had already faced during their previous study (as for instance the angular
momentum).

63.6 Conclusions and Further Remarks

This experimentation, done on the introduction to high school students of the nature
of pseudovector of the magnetic field, highlight how through a simple experiment
student could face this formal characteristic, recognize it and do comparison between
this characteristic and analogous previous physic entity that they already know. In
addition, looking data concerning question two, were highlighted how the standard
way of teaching used in the high school represent an obstacle to the acceptation of
this ‘new’ property by the student in they further studies.
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Chapter 64
A Model of Concept Learning in Physics

Wagner Clemens and Vaterlaus Andreas

Abstract Learning concepts in physics is difficult due to the often simultaneous
presence of misconceptions. We have developed a dynamic model of concept learn-
ing, which includes the dynamics of misconceptions. In its simplest form the model
simulates the learning of the concept and the unlearning of the misconception with a
two-dimensional differential equation system. The major conclusion from our model
simulations is that while teaching a concept, misconceptions should be intensively
addressed. Rapid decay of concept knowledge observed in experiments after con-
cept teaching is explained in our model with the persistent presence of a high level
of misconception.

64.1 Introduction

Recently, exploring the time dependence of learning physics concepts has gathered
increased attention [1–3]. The data about concept learning shows convincingly that
the acquisition of concepts is a dynamic process. As a consequence the interpreta-
tion of quantities like the normalized gain, for example, requires great care since the
results strongly depend on the time points when the data are recorded. Therefore a
more thorough understanding of the dynamic process of learning is required. Heckler
et al. [2] investigated concept learning of an introductory physics course at the uni-
versity level. Data were collected from more than 1,600 students. Every few days or
every week 12 students (in the average) were asked to solve a set of multiple-choice
questions concerning physics concepts. Students were asked before, while and after
the topic was taught. The proportion of correct answers was then plotted against
time. It turned out that the most effective learning event was the homework activity
since the homework due time showed the highest level of concept knowledge.
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The goal of this work is to construct a model, which is able to simulate the time
course of concept learning. The model we present is based on previous work done
by Lei Bao [1]. The major difference is that our model consists of two variables,
one for the concept c and one for the misconception m. It distinguishes between
not knowing the concept (1 − c) and the level of misconception m. The differential
equation system we present to simulate concept learning has two stable fixed points,
a concept fixed point and a misconception fixed point. Learning of concepts means
in terms of our model, to move the system away from the misconception fixed point
so that it relaxes on the concept fixed point after the learning phase.

The major conclusion from our model is that if misconceptions are not properly
addressed in class, resulting in a reduced misconception level, teaching of concepts
in physics will be almost futile. Student’s concept knowledge rapidly decays, after
the learning phase. Thus an initial unlearning phase of misconceptions is necessary
(if misconceptions are initially present) to settle concept knowledge on the long run.

64.2 The Model

Our model of concept learning consists of two coupled differential equations, one
for the concept c and one for the misconception m

dc/dt = αc(1 − c)(1 − m) − γc m,

dm/dt = −βm(1 − m)c + µ(1 − m).

The parameters α and γ are the coefficients for learning and unlearning of con-
cepts. The misconception is learned with rate coefficient μ and unlearned with rate
coefficient β. The levels of the concept and the misconception are in the interval [0,
1]. The variable c is defined as probability to solve a concept question correctly at
the given time point. Although we call the variable m misconception level it sum-
marizes all detrimental effects on the concept knowledge. Therefore m hampers the
learning and promotes the unlearning of concepts. We assume that the learning of
concepts is hard at the beginning and at the end. This justifies that the learning rate is
proportional to c(1 − c). The most progress is made for concept learning of c = 0.5.
The same argument also holds for the unlearning of misconceptions (unlearning is
proportional to m(1 − m). However, learning of concepts does not only depend on
the concept c but also on the level of misconception, m. Thus learning of concepts
is easier the larger the factor (1 − m) is. The stronger the misconceptions are the
slower is the learning of concepts. The unlearning of concepts is proportional to the
product of the level of the concept and the misconception. If there is no concept
there is no unlearning and the stronger the misconception the stronger the unlearn-
ing. The unlearning of misconception is amplified by the presence of a high concept
level. Therefore we multiplied the misconception unlearning term −βm(1 − m) by
c. Finally, misconceptions have a permanent learning term, (1−m), due to everyday
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experience (for example: there is no real world experiment without friction) or due
to intuitive perception (for example: adding a resistor to a circuit should increase the
equivalent resistance).

64.3 Results

In order to find reasonable values for the learning and unlearning parameters we used
the data provided by Heckler and Sayre [2]. They applied multiple-choice questions
to students in order to test their understanding of physics concepts in Mechanics and
Electricity and Magnetism. A data point corresponds to the normalized answer of 12
students (average). At every time point a different representative sample of students
was asked the same questions. The data points of the electric circuit problem are
shown in Fig. 64.1.

If a topic is taught directly by lectures, labwork or homework we increase α
and assume an enhanced learning ability αenh. To obtain the fit curve we used the
procedure (fminsearch) provided by Matlab. The procedure was allowed to adjust the
following parameters providing the results α = 0.4, αenh = 3̃44, β = 0.24, γ =
0.043, μ = 0.0015 and the initial value of the misconception level minit = 0.8.
The time points for the onset and the end of the enhanced learning phase were kept
constant at t1 = 28 days and t2 = 39 days. These time points correspond to the
onset and offset of the teaching period. We selected for the initial condition of the
concept the first point of the measurement cinit = c5 = 0.47 (circuit question).
The fitted misconception level at the beginning is approximately minit = 0.8 and
seems to be rather high. The rate constant for enhanced learning is about ten times
higher αenh = 3̃44 than the basic coefficient α = 0.4. It is also remarkable that
the rate for unlearning misconceptions is of one magnitude smaller than the rate

Fig. 64.1 Fit of the model to
the data provided by Heckler
and Sayre [2] (electric circuit
problem). The full line repre-
sents the concept knowledge
and the dashed line the mis-
conception level
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of concept learning. As a consequence, the unlearning of misconception has to be
done in an efficient way in order to successfully teach concepts. If the misconception
level is not substantially reduced (when starting at minit ∼= 0.8) during the learning
phase, the concept level decays quite rapidly after the enhanced learning phase (see
Fig. 64.1). Finally students end up in the misconception fixed point and all efforts to
understand the concept were in vain. The long-term behavior of the system is shown
in Fig. 64.2 (thin full line: concept; thin dashed line: misconception). It emphasis our
point of view that we not only have to teach concepts, but we also have to unteach
misconceptions.

What happens to the student knowledge if misconceptions are unlearned at the
same time as the concept is taught is shown in Fig. 64.2. In order to do the cor-
responding simulations we introduced an enhanced unlearning coefficient for the
misconception βenh = 0.37 during the concept teaching period. Between days 28
and 39 we changed the misconception unlearning rate from β to βenh. During this
time period the misconception level drops markedly so that after the learning phase
the system drives towards the concept fixed point.

64.4 Discussion

In order to provide a better understanding of the evolution of concept knowledge we
have developed a new model, which allows for simulating the interaction between
the concept and the misconception. Using the model we fit the data about concept
knowledge recorded by Heckler and Sayre [2]. In our model students start at a
medium level of concept knowledge and at a strong misconception level. For the
first 27 days the model moves towards the misconception fixed point. Between day
28 and 39 the learning activities take place leading to a change of the learning
coefficient from α to αenh. After day 39 the topic is assumed to change and without

Fig. 64.2 Simulation of
unlearning misconceptions.
The thick full line represents
the concept knowledge and the
thick dashed line is the level
of misconception. The thin
lines represent the simulation
of the concept (full) and the
misconception (dashed) due
to the data shown in Fig. 64.1
for comparison
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unteaching misconceptions the system moves back to the misconception fixed point.
In contrast, if the misconceptions are properly addressed during the learning phase
the misconception level drops substantially so that after the learning phase the system
ends up in the concept fixed point on the long run.
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Chapter 65
Invitation to Physics not Only for Gifted Pupils

Stanislav Zelenda

Abstract In Talnet–we create new opportunities for gifted pupils in science. We
suppose any level of giftedness or interest must have practical opportunities to be
found and developed. We focus on study, research, inquiry, collaborative and model-
ing activities where the learning itself is not a primary goal. The activities combine
online with face to face and are designed for 13–19 years old pupils. More than 1,000
pupils has participated in 28 different yearlong courses, more then 500 pupils in
tens of different “T-excursions” and collaborative research activities. Gifted pupils
involved such systemic and authentic activities can play an important role on the
pupils’ side of communication with “physics”.

65.1 Introduction

It is a matter of fact that gifted pupils and students are of a great potential for physics
as future researcher, explorer, experts etc. This contribution is about a secondary, but
effective, potential of gifted pupils for popularization in physics (communication of
physics). It is based on our eight year long experience of the national project “Talnet
— online to science” that is focused on 13–19 years old gifted pupils interested in
science, mathematics and technology. Despite the discussions about giftedness the
practical approach for identification and development of gifted pupils we use is a very
practical approach. The approach to giftedness is close to Renzulli’s definition of gift-
edness “…an interaction among three basic clusters of human traits: above-average
general and/or specific abilities, high levels of task commitment (motivation), and
high levels of creativity…” [1]. We consider giftedness as a complex notion includ-
ing not only passive—segregation bur preferably active—development stimulating
moments.
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We looked at real situations in physics teaching in schools, opportunities for pupils
who are interested in science (physics) in or out of schools in the Czech Republic
from the point of present knowledge about gifted pupils. In the classroom there
are very limited opportunities for individual and differential care about gifted. The
national system of extracurricular activities consists of:

– On national level

Olympiads and other national contests [2]
Secondary School Expert Activity [3]

– On regional or local level

“Correspondence seminars”, “Child’s universities”
“School club” type activities
“Camps”
“Stints” (e.g. at research institutions)
Individual or series of lectures
Visits to (interactive) exhibitions in museums, “Science fairs” etc.

Most of these activities (namely that of higher population capacity) are more
competitive than collaborative; more individualized than team oriented, more isolated
than inter-related, systemic, and continuously developing pupil’s ability with respect
to individual potentially gifted pupil’s abilities and needs. It is hard to find activities
supporting systemic development of creativity, critical thinking, enquiry skills and
emotional, (meta) cognitional, communicational and other social needs of gifted
pupils.

There is only a very limited experience in identifying and teaching gifted pupils
among schoolteachers and among university teachers.

Talnet [4] aims to cover some of the gaps and invite subject experts to meet, com-
municate and make an authentic more continuous contact (most of time moderated
via computer and web) with potentially gifted pupils.

With the help of online (web) technology and face to face activities Talnet offers a
variety of different systemic, continuous activities to our pupils and teachers accessi-
ble in some sense sufficiently in time and geographically. The activities are specially
designed with respect to present knowledge about gifted pupils. Discipline experts
and facilitators are guiding or supporting pupils in their activity. Two important prin-
ciples make the system usable as a practical tool for identification of gifted pupils
interested in a discipline. 1. Suggested relatively autonomous blocks of activities
(topics, enquiry etc.) should be designed and offered in several different levels (dif-
ferent assignments) to be meaningful and at least partially completed by pupils of
different (pre) knowledge, interests and ability levels. 2. The second principle: The
available support and usage of the Talnet environment (including communications
with experts) is limited only by pupil’s purposive activity.

Pupils, nominated mostly by their teachers or experienced friends, reveal impor-
tant characteristics of gifted and talented pupil’s profiles (cf.: [5]) in such an online
environment and in a variety of structured activities. Keeping them in their school
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among classmates and simultaneously in their “gifted pupil’s” (virtual) commu-
nity we support them in accomplishment (filling up with people) their two different
“Zones of Proximal Development” [6] in each of them they can play different roles.
That is the important factor of their potential for communication of physics to their
class or school mates.

65.2 Types of Activities in Talnet

Activities differ by subject (by subject are organized in series) and by individual
design that should fit with the guide’s (instructor–the subject expert) intentions and
styles. The types of activities (Table 65.1) differ namely by organizational forms,
durations, outputs an expected assets to kids.

T-courses mostly offer online individual studies of several topics, based on com-
munication between a student and an expert when working on assignments. The
year-long study of such a course is divided into two online study period and a period
to complete individual or team research like ‘seminary work’. When completed it is
online discussed and defended among all pupils of all courses of Talnet. The authors
are invited to present it at one (of three) face-to-face meetings of the courses faced
to a jury. Talnet T-courses in physics (and mathematics support) realized annually
follows:

For ages 13–15:
Mathematics 0-Functions and Transformation
For ages 14–15:
Astro and Modeling I-Astronomy in Black and White for Now, and Learning
Modeling on Computers
Mathematics I-Mathematic Algorithms and Their Geometric Representations
Materials and Crystals I-Experimenting and Measuring
For ages 15–16:
Astro and Modeling II–Astronomy in Color and Our Models are Usable
Mathematics II–Geometry in Standstill and Motion
Materials and Crystals II–Exploring Structures
For ages 15–18:
Doing Physics in a Team
For ages 16–17:
Mathematics III–Combinatorics Games
Meteo and Modern Physics–World in Terms of Meteorology, Solar Energy Uses
For ages 17–18:
Astro and Modeling IV–The Space in Ultra and Getting Better with Our Models
Programmable Machines–Simulation and Control
SW Mathematica for the Inquisitive-Application I
Selected Chapters of the Theory of Relativity–Special and General
The T-pro-seminars train more general types of skills, e.g. how to make presenta-

tions, to process measurement data, to use certain SW, etc. The online support of long
term face-to-face activities, such as a series of lectures concerning the Mathematics
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Table 65.1 Types of activities in Talnet

Activity Nature Main objective

Structured, individual and team
T-excursions (combined) Education Opportunity to demonstrate

interest
T-courses

(online)
Education Knowledge deepening and … to

learn to study
Research Application of ability/interest … to

learn to research
T-pro-seminars (online) Education and

training
Acquire general skills

T-projects (combined) Study Deeper study of selected problem
Research Authentic research

Online support
(e.g. courses for Math.
Olympiad
participants…)

Education To offer more active forms of
preparation for existing
activities

Research To offer more active forms of
preparation for existing
activities

International activities
(combined)

Communication and
Research

To experience international
interaction … the need of
language skills

Loosely structured
TalnetSpace,

Café Talnet,
T-journal (pending)

Communication Own suggestions, information
exchange within the
community…

Assistance To apply the acquired knowledge
in helping others

Production Presentation of the results and the
community

Games To apply and develop the intellect
Expedition Project To apply the range of knowledge,

skills, and volatile qualities
Workshop Experience To complement the online

activities

Olympiad, allows the participants to practice, deepen and consult their knowledge
gained during the traditional lectures. The most demanding activities are the multina-
tional international activities (T-international). Another extreme, in terms of demands
on knowledge, creativity, and observation, experimenting and research skills, are the
team’s enquiry activities (e.g. Doing Physics in a Team).

65.2.1 Team’s Enquiry Activities-Doing Physics in a Team

This activity uses annually published problems of International Young Physicists’
Tournament to be explored, investigated and explained in a virtual team consisting
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Fig. 65.1 Frequency of pupil’s activities in the Team’s Enquiry Course (by day and pupil)

of pupils from different schools and regions. It is a very difficult task for facilitators
to manage up to 30 pupils in such ambitious activities. The Tournament competition
is developed for a five member team in a school. But lack of capacity of physics
teachers and lack of pupils’ motivation (typically only one or two pupils of the
school are interested and ready to spend so much time by in physics enquiry, limits
the possibility of Young Physicists’ Tournament in the school practice. The Talnet
course Doing Physics in a Team get together individual pupils who have no partners in
the school and on the other side small teams (typically a couple or triple) of interested
pupils from the same school get needed support and training useful for participation
in the Young Physicists’ Tournament regardless if they are gifted or not. The course
environment includes T-pro-seminars, sources, (modeling and other) tools carefully
prepared to be used by students when needed in studying the problems.

The above Figs. 65.1 and 65.2 illustrate “character of collaborative enquiry and
mutual learning” in the virtual environment. A closer analysis of communications
shows that communications are horizontal (among pupils), more regular, more fre-
quent and topic related. The difficulty and complexity of enquiry problems make
pupils to meet more frequently than in other courses.

This type of courses aims to create some opportunities to solve well known episte-
mological problems of school science (teaching) in almost all countries: the absence
of development of science creativity by reducing science to the only moment of logi-
cal and experimental defense. This way the alumni (also future researchers, scientists)
are not ready for discovering.
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Fig. 65.2 Special tools and meta layers were developed for massive communications

In our seminars for school teachers they are (in their words) “fascinated” when see
pupils–participants of the course-working and can interact with them. The teachers
mention strong positive feelings and a will to look at their teaching and pupils in a
new perspective.

65.3 Conclusions

The recent experience and results, despite the limits given by computer mediated
communication, shows that there are students who are willing and able to go deep
in physics, does not matter whether we call them gifted or not (interestingly some
seems to be independent learners). They have a great potential to communicate their
live and authentic experience, gained in “doing physics with a real physicist” or in
“physics enquiry with mates sensitively guided by a physicist”, with their classmates
in an acceptable way and the language of the group knowledge and age level.

In Talnet we offer study or developmental trajectories that include team’s enquiry
activities and simultaneously we open gates to “real physics” (as complement to
school physics) not only to interested potentially gifted pupils (nominated by teach-
ers) pupils but also their mates.

For higher effect of gifted pupils’ influence in the classroom we offer teachers
special opportunities (seminars with online support) to get experience in nomination
of gifted pupils and get inspirations for involving pupils participating in Talnet to
“popularize physics” in their classrooms or schools.
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There is still another critical point: limited possibilities and motivations of physi-
cists to participate in such a complicated and time consuming “intergeneration com-
munications”.
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Chapter 66
On INFN 2010 Physics Popularization School:
Video Report

Santo Reito

Abstract In this short video we report on the four days INFN school “Comunicazione
e Divulgazione della Fisica 2010” held in Perugia (Italy) on November 9/12. This
meeting was conceived in the frame of a bigger training programme for INFN people
interested in the popularization of physics. It was a full immersion school with tradi-
tional lectures, laboratories, working group and some sessions called “A tavola con
lo scienziato” (i.e. dinners in the course of students could discuss with active scientist
expressly invited). In the video are included summaries of the lessons and interviews
of the teachers. In particular we paid some special attention on the “A tavola con lo
scienziato” event. During the lunches the INFN school students met some teachers
and student of the secondary school and ordinary people. This video is not just a
chronicle of an event, it collects ideas, experiences and expectations of the people
who shared this happening throughout four days. We were particularly interested in
the opinions of the students and the teachers interviewed during “A tavola con lo
scienziato” event because one of our goals was the understanding of the “learning
science problem” directed to decrease the distance gap between science and youth
in the era of learning in the wild and citizen-science projects.

The science plays a crucial role in the modern society. How do people learn science ?
Nature in an editorial, titled “Learning in the wild” told us that much of what people
know adout science is learned informally.

The seemingly endless debate about how to improve US science education seems
to make the tacit assumption that learning happens only in the classroom. As a
result, the arguments tend to focus on issues such as curricula specifying, say, what
information pre-college students should be expected to learn at each grade level
and, as in US President Barack Obama’s recent proposals to reform the No Child
Left Behind policy, on the best way to hold schools to rigorous standards of student
achievement.
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However, researchers who study learning are increasingly questioning this assump-
tion. Their evidence strongly suggests that most of what the general public knows
about science is picked up outside school, through things such as television pro-
grammes, websites, magazine articles, visits to zoos and museums and even through
hobbies such as gardening and bird watching.

This process of ’informal science education’ is patchy, ad hoc and at the mercy of
individual whim, all of which makes it much more difficult to measure than formal
instruction. But it is also pervasive, cumulative and often much more effective at
getting people excited about science and an individual’s realization that he or she can
work things out unaided promotes a profoundly motivating sense of empowerment.

Nowadays science popularization plays a crucial role. The science popularization
is an attempt to reduce the distance standing between science specialists and the
public.

Science popularization is interpretation of scientific information (science)
intended for a general audience, rather than for other experts or students. The pri-
mary objective of the popularization of science is to increase public understanding
of science. Since a few years ago, INFN has undertaken a strong program for training
its Scientists in Science Outreach and supports many Outreach initiatives. In 2009
started a four days INFN school “Comunicazione e Divulgazione della Fisica 2009”.
Goal of the Course was to provide participants with tools and insights instrumental
to fulfil basic needs of Communication and Outreach about Science in general and
Physics in particular.

• 4 days—full immersion
• 20 h of plenary session lectures:

Communication Psychology
Targets of Outreach
Writing Lab
Communication Protocols
Communication and the WEB2.0

• 4 h of debate workshops
• 12 h of hands-on work organized in Working Groups
• 12 h of “socialising” communication: dining with a scientist.

In this school had taken part 40 participants (INFN researchers), 7 coordinators,
20 teachers and 50 guests. During the lunches the INFN school students met guests
for “socialising” communication. The hands-on work was organized in 7 Working
Groups. The school students simulated real events.

Working group 1:
Advertising and publishing products;
Working group 2:
Radio and TV communication;
Working group 3:
Physics on the street;
Working group 4:
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Open Lab;
Working group 5, 6, 7:
LHC Physics, neutrins, dark matter.

In 2010 the second edition of school INFN “Comunicazione e Divulgazione della
Fisica 2010” was held in Perugia (Italy) on November 9/12. Aim of the School
“Comunicazione e Divulgazione della Fisica” was to provide participants with basic
tools and knowledge about verbal and non-verbal communication to be used in
Outreach of Science in general and Physics in particular:

• 4 days—full immersion
• 16 h of plenary session lectures
• Written communication; advertisement communication; non-verbal communica-

tion; Physics on the street; Physics outreach in the WEB 2.0 era; Science com-
munication: features and processes; Physics outreach in the schools and learning
processes; Physics outreach and adult involvement: goals and results; the Perugia
Science Festival; visual Communication: from gestalt to coordinated image design;
the role of social media in the daily work of scientists; virtual environments for
teaching and outreach.

• 4 h of debate workshops
• 12 h of hands-on work organized in Working Groups
• 12 h of “socialising” communication: dining with a scientist.

In this school had taken part 29 participants (INFN researchers), 4 coordinators,
17 teachers and 40 guests. During the hands-on work the school students realized
a web site for child students. These schools have been a very good experience for
partecipants, for teachers and in particular for guests.
Particularly appreciated is the “dining with a scientists” session, which sees a quite
lively participation of students and guests. The next edition will be in Torino in 2012.
Follow this link you can watch video about “Comunicazione e Divulgazione della
Fisica 2010”: http://www.youtube.com/watch?v=TviDcNgLLKg
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Chapter 67
Popularisation of Physics in the Wild

Beatrice Boccardi, Michela Fragona and Giovanna Parolini

Abstract Science popularisation is important to inform tax payers on how their
money is used and to inform the general public of the progresses of research. The
web 2.0, comprising the 3D virtual worlds, offers science and physics popularisation
new communication channels and tools constituting, as a whole, a large part of
“learning in the wild”, with the consequent citizen science projects. Tags: physics
popularisation, informal learning, web 2.0, virtual worlds, Second Life.

67.1 Introduction

Science and physics popularisation is important as a means to promote further invest-
ments through the information of the tax payers on how their money has been used
and on the improvements that scientific research can bring in their lives, so the com-
munication of scientific knowledge to the general public is both a consequence and
a precondition for the ongoing scientific-technological progress. Science populari-
sation gives the non-scientists an up-to-date knowledge, resulting in the constitution
of a cultural environment where science is valued and supported.

The web 2.0 has not just quickened or simplified the existing procedures, it has
opened new domains to science popularisation and to the active involvement of the
non-scientists. Seminars, lectures, science museums, etc., are the traditional formats
for science popularisation, while the web 2.0 provides tools that make it accessible
to everybody. The cultural revolution of the Internet and the web 2.0 is expressed
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in the triad of information-communication-sociality. The multimedia on the web,
with music, videos and games has made it predominant for sociality, knowledge and
learning.

In this paper, we will describe in particular the experiences of physics populari-
sation in the virtual worlds. These are a specific instance of the cyberspace, true 3D
social networks where the users interact directly through their graphical representa-
tion, the avatar, and “build” the world. Though they may appear like videogames,
they constitute places where new forms of science popularisation are experimented.

The definitions learning in the wild and citizen scientist — not created, but made
popular by Nature — summarize the change in progress in learning and the popular-
isation of science: “Much of what people know about science is learned informally”
(Learning in the wild, 2010.) [1]. In this context, wild stands for informal learning,
without fixed schedules and programs. The result of this diffused learning mode is
the citizen scientist, contributing to the citizen science projects with observations and
data gathering, mostly thanks to the digital technologies.

67.2 Learning in the Wild and Citizen Science

Learning in the wild, made up of freely chosen experiences without an express
formative aim, is “often much more effective [than formal learning] at getting people
excited about science” (Learning in the wild 2010) and involves people of every age,
so it can be the foundations of school learning and of lifelong learning.

Forms of science popularisation and citizen science have existed since the XVIII
century, but the web 2.0 has given the science enthusiasts the tools to communicate
among themselves wherever they are based in the world, in a continuous junction
between the physical world, where the facts are observed, and the cyberspace, where
the data are stored and discussed, strengthening free learning through sharing and
giving a sense of accomplishment and participation.

The wilderness is rich of engaging events, science festivals, plays like Copen-
hagen (Frayn 1998) [2] and The Children of Uranium (Greenaway 2006) [3], popu-
lar essays and fiction of science. The web hosts an amount of scientific sites, blogs
and magazines. Symphony of Science (Boswell 2011) [4] presents famous scien-
tists “singing” lyrics inspired to various aspects of scientific knowledge, Wikiversity
collects resources for formal and informal learning.

Yet the direct participation of the general public to experiences of science popular-
isation is fostered by the citizen science projects. The oldest of these is SETI@home
(SETI 2011, a) [5] - since 1999, 2,000,000 members in the world, almost 500 in
Italy (SETI 2011, b) [6]. SETI analyzes the narrow-bandwidth radio signals from
space, which do not known occur naturally, “so a detection would provide evidence
of extraterrestrial technology”. It covers “greater frequency ranges with more sensi-
tivity” exploiting the virtual super computer composed of the members’ computers
connected to it. Galaxy Zoo uses the collaboration of the citizen scientists to classify
the galaxies. The participants watch images of galaxies and choose among some fea-
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tures that mark out different types of galaxies (Galaxy Zoo 2011) [7]. GridRepublic
Volunteer Computing is a container of citizen science projects (GridRepublic 2011)
[8]. The members install a software on their computer, through which it works on
research when the machine is not in use. The NASA recognises that they the citizen
scientists “have helped to answer serious scientific questions” (NASA a) [9] and
confirms the importante of constituting a supporting environment for the promotion
of further investments.

The radon gas measurement is a precursor example of citizen science in Italy.
As the decay product of radium, radon is present in the whole earth’s crust and in
the building materials taken from it. This natural source of radiation needs constant
testing, in public and residential buildings, where the measuring kits are installed
(ISPRA 2004) [10]. The School Radon Survey of Trieste university with INFN
(Università di Trieste 2004) [11] in the years 2003–2004 engaged 4 schools in the
region Friuli Venezia Giulia and about 200 students to test radon outdoor and in their
homes. The ENVIRAD-SPLASH experiment of the INFN involved 110 schools all
over Italy from 2002 to 2009. The students tested the schools for radon, calculated the
concentrations on the basis of the readings of the detector, prepared the introductory
sessions for new participants and ran the internet connection (Roca 2010) [12].

The EEE-Extreme Energy Events Project, began in 2005 by the Centro Fermi with
the CERN, INFN, MIUR and EMFCSC, studies the cosmic rays with the involve-
ment of students from all over Italy (Zichichi 2005) [13]. So far, 32 schools have
participated. After the preliminary visit at the CERN, to assemble the telescope
MRPC detector for the observation and the measurement of the cosmic muons, the
engagement of the whole school is necessary, with turns to monitor the apparatus.
The Liceo Cagnazzi at Altamura, Bari (Liceo Cagnazzi 2011) [14] is a positive exam-
ple: information on the school website, an article in the local magazine, discussion
of the results in a public Conference. In these projects the students learn through a
hands-on approach, carry out true scientific project, build the measuring tools, study
radioactivity in the field, apply the experimental method, evaluate the limits and
validity of the measurements. The radon projects also improve the knowledge of the
territory. These projects constitute physics laboratories and excellence courses and
are the junction between the popularisation of physics and formal learning. While
the schools need to change programs and methods, the general public is caught in a
direct participation, through the installation of the radon measuring kit at home, or
being invited to a conference.

67.3 Virtual Worlds

The virtual worlds, or metaverses, invented for playing, have turned out to be the
most complete environments on the web to create and share culture. The features
common to all of them are tridimensionality, the user present as an avatar, synchro-
nous communication through text-chat and voice-based chat, but a few others are
necessary to use them for the popularisation of physics: no pre-arranged storyline, no
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characters to interpret or levels to attain, user-created content. To the persistent base
of the world designed by the developers, the users add regions (lands) designed by
themselves - ancient Rome, Dracula’s castle, islands devoted to culture, art, science
- and create groups according to their specific interests, many of which active also
on other social networks, websites and blogs.

The virtual worlds are fundamental channels for the popularisation of science and
physics, for the users attending them. The majority belong to an age level higher than
in the real games, are educated, have various cultural interests. The virtual worlds are
consistent with the emerging trends, the gender asymmetry in disfavour of women
reported by other projects of dissemination is absent and they are fit for the differently
abled, which they foster socially and physically, solving some motor or expression
difficulties, in a place where it is easier to contact people and make friends.

The social interaction with the avatars present in the same place, produces the sen-
sation of “feeling present”, just like in the physical world (Baumgartner 2008) [15].
The creativity prompted by building and scripting makes these worlds generative of
new cultural contents. The user as the content creator and the social interaction in
presence bear the immersivity of the environment, a positive emotion that prepares
the avatar to a more active participation than in Real Life (Suler 1996) [16]. Univer-
sities, non-profit organization, scientific groups give courses, make conferences and
research. All this does not replace the activities in the physical world. Rather, they
are expanded and given a new presentation. The playful dimension, even when it is
not the immediate aim of communication, helps the transmission of knowledge and
learning (Flanagan 2010) [17].

67.4 Science Popularisation in the Virtual Worlds

In the metaverses science popularisation may happen in forms different or impossible
in the physical world, with objects where the game is implicit. Building and scripting
enable you to represent physics concepts or events through interactive objects that
are themselves a form of play - the avatar can get into a black hole or “become” a
subatomic particle, a playful dimension that is part of the appeal of science popu-
larisationin the metaverses. The science event “within reach of teleport” encourages
the participation of those who up to that moment had left it out, for want of interest
or prevented by everyday circumstances. The metaverses facilitate the discovery of
cultural fields so far ignored or considered intellectually distant. At the moment, the
3D world Second Life appears as the most complete and flexible for the popularisa-
tion of science. The group Real Life Education in Second Life has 4,800 members,
educators in Real Life. Universities and institutes inworld are Stanford University,
Media PlayLab (Singapore), Infolit iSchool (UK), NOOA - to mention but a few.

Among the scientific groups, physical and astrophysical topics are prevailing. The
NASA land in Second Life exhibits space and terrestrial environments that illustrate
its fields of research - glaciers, underwater laboratories, volcanoes. Through its web-
site, the NASA provides a guide for the games inworld, for students of different



67 Popularisation of Physics in the Wild 613

age groups: they deal with the building of space rockets and their importance in the
development of space research, or with the students working at the organization of
a mission on the Moon and the study of its habitat (NASA b) [18]. Some of these
games are suitable to promote a popular talk, as the playful dimension attracts also the
adult receivers of science popularisation, who can play with the interactive objects or
build some themselves. MICA-Meta Institute for Computational Astrophysics gath-
ers international Real Life astronomers and astrophysicists to study the application
of the virtual worlds and technologies to astronomical research. They give public
lectures on Saturdays, which can be listened again from their website (MICA) [19].
Science Friday presents a course on the basic concepts of astronomy and optics,
with interactive models of astronomical objects. It broadcasts inworld the scientific
programs of NPR-National Public Radio. The avatar audience can ask questions to
the guests in the Real Life studio. The anglophone Kira Cafè is a bar to socialize
and discuss interdisciplinary scientific subjects. Exploratorium is a science museum
inspired to the Real Life homonymous museum in San Francisco, CA. It hosts a
presentation of nuclear physics, experiments of physics, astronomy, on perception,
and an interactive Sun: the avatar travels to the Earth riding a sun ray. An installation
of the Earth-Moon system shows how a solar eclipse appears from the Moon. Sec-
ond Life Physics Lab-SLPL, founded by a physics professor in Real Life, exhibits a
cannon shooting cannon balls following two different trajectories, either according
to Buridanian or Newtonian physics: this shows how the tools of the virtual world
can be used for science popularisation.

In the Italian community we can see the emergence of several groups that carry out
extemporary activities or well established projects lasting for several years now. Italy
has taken part in Avatar Project 2009–2011, to study the use of the virtual worlds as a
classroom laboratory, co-financed by the European Commission. High school teach-
ers and students experimented with the features of the virtual world: immersivity,
creativity, learning made interactive and easier by the 3d ambient (Avatar) [20].
Italian groups dealing with teacher formation are INDIRE (INDIRE) [21], with
courses of building, maths and Italian l2. SecondAnitel, association of e-tutors, with
courses on teaching with the digital technologies (ANITEL) [22]. Imparafacile offers
courses on e-learning and makes research on teaching methods in the virtual world
(Imparafacile) [23]. Immersiva.2life is engaged in the popularisation of culture and
music through live concerts and forums on topical issues. EsplicaSL is the virtual
representative of Esplica no-profit (Esplica) [24], to link “the immersive creativity
of the metaverse and the physical reality” and to promote Second Life as an aggre-
gation place for the diversely abled. In 2010 it realized “Let’s read in Second Life”,
a twinning with the eBookFest in Real Life (Cross-Universe) [25] and this year has
presented its accomplishments at the exhibition for the 4th anniversary of Nonprofit
Commons, a similar group in Second Life.

Second Physics, group for the popularisation of physics and science, from 2008,
is an example of the many activities possible in the metaverse in this field. Scienza
on the Road, in collaboration with Immersiva2Life, is an itinerant series of one-hour
conversations started in 2009. It has won fame by now, with more than 4,000 avatars
attending the lectures in more than a hundred different Italian lands. At the moment
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Second Physics has more than 1,500 members – one of the highest number among all
the scientific groups – comprising many non-Italian-speaking avatars, who receive
the English translation on a special board. So far, the conversations have dealt with
Physics, Astronomy, Particle Physics, Mathematics, Acoustics, Optics, Medicine,
Cybernetics, Literature for Science Popularisation. The audience can ask questions
and discuss with the lecturers. The conversations are broadcast in streaming web and
announced in blogs, online magazines and on FaceBook. Second Physics has taken
part to the conference Virtual Worlds Best Practices in Education 2010, with school
and university groups active in Real and Second Life, with a poster session and an
article on the Journal of Virtual Studies (Boccardi 2011) [26]. With SL Art,in 2010
Second Physics organized Scien&Art, a contest for the artists aiming at expressing
“their creativity through scientific concepts” and the scientists trying to communicate
scientific ideas in a creative way, which put into evidence the link between art and
science. A 10-hour course Beyond the Third Dimensionwas held in 2009 and a course
on the cosmic rays will be given in Second Campus, the project started this year with
two 10-hour courses, on the literary fiction for science popularisation and on the
graphics softwareBlender. The Science Café opened in 2010 at Second Physics,
without a fixed schedule. On the occasion of scientific events in Real Life, an expert
in the subject is invited to analyse the sense and the value of the piece of news.
Besides the scheduled events, the land of Second Physics presents installations on
the physicists’ researches and anecdotes, as prompts for quizzes that, while attracting
the visitors’ attention, drive them to some googling to solve the enigmas. Other
fixed installations are the optical illusions, and the presentations of past courses and
exhibits. Finally, there are scientific sculptures, from Leonardo to the DNA helix to
the cosmic rays.

We end this description of the activities of Second Physics mentioning the support
group to the free online course on AI by S. Thrun and P. Norvig with Stanford
University, set up in Second Campus Hall to discuss the lessons weekly. Learning
in the wild arises new cultural interests and the virtual world gives a space to share
them.

67.5 Conclusions

Learning in the wild is made up of freely chosen activities, without a direct formative
aim. The web 2.0 has given the science enthusiasts the tools to contribute to scientific
research through the citizen science projects making observations, collecting data,
discussing with other citizen scientists online.

The metaverses are showing great possibilities for science popularisation, thanks
to the direct relationship between the divulger and the receiver through the avatar,
both a playful and “serious” mode, that makes learning easier.

This has changed the way we learn and formal learning, in its turn, will have
to change programs, methods, evaluation systems, to keep up with tools that are
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not simply “technologies”, but represent a true cultural revolution where sharing,
playing, free choice, are the keywords.
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