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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 (SIGRAYV), 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
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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.
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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
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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, 4043, 45, 46] encompassing lattice anharmonicity
(hence invoking nonlinear elasticity beyond Hooke’s law) and (Holstein-Frohlich)
electron-lattice interactions thus generalizing the polaron concept and quasiparticle

M. G. Velarde (X)) - 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
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Compound electron (wave)-soliton (wave)
=solectron

hv  solitoMexcited lattice wave)

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
(24) 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
20A) 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 34nm 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

M 2
Hiattice = Z i Zvn +D (1 — exp [_B (Xn — Xp—1 — U)])z]s (1.1)

where x,, v,, M, D, B and o 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, g, = B (x, — no). Around the minimum of the potential well we can define

wy = (2DB2 /M ) 12 s the linear (harmonic) vibration frequency. For biomolecules
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like azurin wy = 103 57!, M ~ 100 amu. Then for D = 0.1 eV (D = 1.0 eV) we
canset B=23A"1 (B =0.72A"1) [46].

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

Heectron = Z EnC;,kCn - Z Vn,nfl (Qk) (C:Cnfl + Cnc,ff]) , (1.2)
n n

with n denoting the lattice site where the electron is placed (in probability density,
w, = |Cy |2 , >, Wy = 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
E, = Ey for all n save those referring to D and A. The quantities V,, ,—1 belong to
the transfer matrix or overlapping integrals. They depend on actual relative lattice
displacements, and we can set [37]

Van—1 = Voexp [—Oé (gn — ‘anl)] ) (1.3)

where Vy and o account for the electron-lattice coupling strength. Accordingly,
T = Vy/hwy 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:

dzqn — [1 _ e(qn*qn+l)] e((In*(]n-H) _ [1 — e((In—If(M)] e(qn—liqn)_l’_

) (1.4)
+2aV [Re (Cn-',-lC;’;) e?@n—an+1) _ Re (CnC:_l) eot(qn_]—q,,)]
dcC
dtn =1iT |:Cn+leﬂl(4n_51n+l) + Cnilea(q;z—l_%l)] . (15)

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 (o = 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
Egs. (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|Cy,|%. Left panel: shallow well| E| = 10,
extraction 100 %. Right panel: deep well|E| = 18, no extraction. Parameter values: o« = 1.75,
Vo=0.35and r = 10
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Fig. 1.3 Logarithm of reciprocal time lapse (in seconds) which an electron bound to a soliton
needs to travel a distance/ (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 hwg) 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 “£” (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].
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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

d>z dZ .
7 = 2 P (ZuDzme + [—y o V2D (Gux +l$ny)]a (16)
k
withFur (1 Zuk]) = — (dv/dr)r:\znk\, Znk = (Zy — Zk)/|Zn — Zi|. In Eq(]6)

we have incorporated thermal effects. The quantities y (friction coefficient), D,
(diffusion coefficient) and the & (noise generators) characterize the Gaussian noise.
D, = kpTy/M is Einstein’s relation with kp, 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: p (Z,1) =

Z|Z*Zi(f)|<]~5 exp (— !Z —Z;j (t)‘z/Zkz) with A 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
p(Z,1) to track a soliton
running along the x-axis
of a triangular lattice using
Eqgs.(1.4), (1.6). Parameter
values: Bo =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
Schrodinger Eq. (1.5). We shall consider how transport is achieved following Pauli’s
master equation approach [17]. Equation (1.2) is now considered withV,, (Z,,,,,/).
The energy levels are taken in the polarization approximation E, = Eo — >

{ Ueh4/[| Zn,n’

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

n

2
: + h2] , where U, is the electric potential strength and & defines

Wy = (tg/ﬁ) exp[~2a | Zy || E (n.7'; B) (1.7)

dw
d_tn - Z [(Wynwn — Wyrpwyl, (1.8)

where E (n,n’; /3) =1ifE, < Ey and E (n,n’; ,3) = exp[—B(E, — Ep)] if
E, > E,, B = 1/kpT. Equations. (1.7)—(1.8) are solved with Eq.(1.6) to obtain
the electron probability density w, () 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]).

12 1216 x/o

Fig. 1.5 An electron alone placed at a given lattice site (left panel). The quantity w here accounts
for the probability density (otherwise |C), I in Fig.(1.3). As time progresses the electron spreads
over the slightly heated lattice (7" = 0.002 D) 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 (¢ # 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 n, (x, y; t) due to higher than equilibrium electric/polarization field
maxima. Here in the simplest Boltzmann approximation

net (Z/x, yi1) = {exp = (U (Z.0)/kpT1/ny} (1.9)
n*10" n

7 5

3 4

2 3

- 2

8 x/o

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: Bo =3, U, =04D,h=0.7 0
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With n¥) the normalizing factor, n% = [exp[—U (Z,1)/kgT1dZ.

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 Frohlich 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 G L(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) x SU (2) x U (1), where the SU (3) color sym-
metry for quantum chromodynamics is treated as exact, whereas the SU(2) x 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 g,,,, 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 G L(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 SD-space and the Reduction to 4D-dynamics

Let us start with a 5D-variational principle with

5/ dOx,/—g® [(S)R + A(gas — sc1>2)] =0, (2.1)

where )\ is a Lagrange multiplier, @ a scalar field and ¢ = 41. 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 S5D-metric. We can write the metric as

ds? = gAdeAde = gagdx“dxﬂ + g4 (dx4)2 = gaﬁdx”dxﬂ +e®? (dx4)2,

2.2)
from which we obtain directly particle-like solutions (¢ = —1) or wave-like solutions
(¢ = +1) in the 4D-reduction procedure. The standard signature of 4D-component
of the metric is (+ — ——) and «, 8 = 0, 1, 2, 3. Furthermore, the 5D-metric can be
written in a Kaluza-Klein fashion as the matrix

_ [ 8ap 0
8B —( 0 Eqﬂ), (2.3)

and the 5D-curvature Ricci tensor is

(S)Ra@ — Raﬂ_

q),(y;(ﬁ € (<D,4g(yﬂ,4

8" u48asd
o +ﬁ o — 8aB.44 + g)\#ga/\,4gﬂu.4 L s (24)

2

where R, is the 4D-Ricci tensor. The expressions for ®)Rys and © Ry, can be
analogously derived. After the projection from 5D to 4D, g3, derived from g4p,
no longer explicitly depends on x*. From Eq.2.4, a useful expression for the Ricci
scalar can be derived:

1
OR=R- 5ch (2.5)

where the dependence on ¢ 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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1

—_— 4 J—
A= 167TGN/d xv/—g[®R + Lo, (2.6)

where the Newton constant is given by

(O

Gy

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

(D J—
167Gy

F (), (2.8)

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

A =/ d*xy—g [F (@) R+ lg””¢;p¢;u -V (sb)} +/ d*xv/—bK, (2.9)
M 2 oM

where the form and the role of V(¢) are still general. The second integral is a
boundary term where K = h'/ K; ; is the trace of the extrinsic curvature tensor
K;; 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 g,

Guw =R — 38R =Tu, (2.10)

where

- 1 1

1 . 1
T;w = ﬁ(ﬁ) _2¢;u¢;z/ + Zg/u/d);aﬁb'a - Eg;wv (9) — gp,l/DF (P +F (QS);M,,]

(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 ¢. In the case in which
F(¢) is a constant Fy (in our units, Fy = —1/(167Gy)), we get the stress—energy
tensor of a scalar field minimally coupled to gravity, that is

1 .
T;u/ = ¢;u¢;u - Eg,uuqs;a(b’w + g,uuV (). (2.12)
By varying with respect to ¢, we get the 4D-Klein—-Gordon equation

¢ — RF' (¢) + V' (¢) =0 (2.13)
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where F/(¢) = dF(¢)/d¢ and V'(¢p) = dV(¢)/d¢. 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 SD-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

(D + msz) b =0, (2.14)

where
meer =[V'(¢) — RF' (9)] ¢, (2.15)

is the effective mass, i.e. a function of ¢, where self-gravity contributions, R F’'(¢),
and scalar field self-interactions, V’(¢), 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 Egs. (2.7)
and (2.8). In terms of mass, being Mg = % the constraint coming from the ultra-

violet limit of the theory (10" GeV), we can set Mf7 = MﬁD -2 Vp_4, where Vp_4
is the “volume” coming from the extra dimension. It is easy to see that Vp_4, in the
5D case, is related to the fifth component of ®. M; 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, M; is the result of a dimensional
reduction. To be more explicit, the 4D dynamics is led by the effective potential V (¢)
and the non-minimal coupling F (¢). Such functions could be experimentally tested



20 S. Capozziello and M. De Laurentis

since related to massive states. In particular, the effective model, produced by the
reduction mechanism from 5D to 4D, can be chosen as

2
A= / d*xv=g [—%R + %gﬂl’ama,,qs - v} 2.16)

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

M? A
V(¢) = Tn¢z + 5% 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 ¢ 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 ¢, being

M3 =2\M;, (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 My 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
bb to 7 (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.
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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 ¢ is in TeV region, there is
no hierarchy problem being ¢ 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 ¢. 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 ) is of the order 10731, Action (2.16) is an effective model
valid up to a cutoff scale of a few My ~ TeV (see also [8]). The tiny value of A,
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 ¢. 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 ¢ 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 N
Mév’4)\2¢)N (2.19)

and they are always suppressed by the small parameter A 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 Mﬁ_ 1, 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 ¢ 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

0.5

V2 (2.20)

OyN—BH+X <

Assuming, in our case, the cross-section o = Mu_ 2, 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

O(pp—>grav.ghosts+X) ™ 1 x 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,
(i) 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

C:
A= -ASMw/uHiggs + / d*x Z v_]\l/0;1+N’ (2.22)
i

where 0;1 N are operators compatible with the symmetries of the model. The elec-
troweak bosons are gauge invariant fields defined by
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; i § <> ;
Wu = —TrQ" D ,Qr", (2.23)
w 2¢

withand D, = 0, — igB,,(x)

__1 (& ¢1)
Q= /67 (—¢T # )’ (224
where
¢ = (¢1) . (2.25)
0))

is a SU(2), 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

/ 1 1
fR) = A+ foR + 5 fIR* + a3 IR + ... (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 ¢ 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 A\ 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); 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 G L(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 g, = eze,ljnab 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) D 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

2
2 _ 2 w
Vopp =V (1 + Qﬁ) , (2.27)

where p is an arbitrary mass scale, w a non-perturbative parameter which determines
the running of the effective weak scale and v is the weak scale measured at low
energies. If w 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/ M %V

K 1 1
A(WZF+WL_—>WZF+WL_)=UQ—(§+§COSG), (2.28)
eff

where s is the center of mass energy squared and @ is the scattering angle. Clearly if
verr grows fastenough 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(p) = vo (ﬁ) o (2.29)
1o
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where 5 /1
r=17 (ggf + g%) —12(S) (2.30)
and
Y>(S) = Tr (3Y';Yu +3Y0Y, + Yte) , 2.31)

where Y; are the respective Yukawa matrices. If the theory is in the perturbative
regime e.g. at my, the Yukawa coupling of the top dominates since at this scale
g1 = 0.31 and g» = 0.65 and ~ is negative. In this case, the scale of the weak
interactions become smaller. If the weak interactions become strongly coupled at
TeV region, g, becomes large and + 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 anon-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 G L(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 SD-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 G L(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
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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 G L (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#) > SUB)QSUQ2)QU (1)®GL (2) (2.32)
—— —— —— —— ——

4 x4 32_1 221 1 2x2
N — S——" S———

diffeom. gluons vee. bosons photon gravitons

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 G L (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 Ff"v, can give rise to chiral
interactions of geometric origin [26]. This means that the SU (2); 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 “Accademiadei 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
isin 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 Segre).
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 Schrodinger
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 Segre, 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 fiir 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 « 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 fiir 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 Segre 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
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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:

e 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.

e 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, ...

e 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 studies', 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-

! 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/
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http://www.uv.uio.no/ils/english/research/projects/rose/
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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 (2-5years, 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 O 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’ naive epistemologies,
deeply rooted and ineffective practices, common and robust learning difficulties
linked to students’ (and sometime teachers’) naive 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 (*) and on quantum mechanics basic concepts
for in-service teacher in upper secondary school (*). 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
(1h), (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
(4h), (3) Collection of the questions posed by PPT on energy and relative discussion
(1h), (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 (4h), (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
etal. [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
6h 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 (*) 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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Aspects: Q1 vs Q2 vs Maps aspects
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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://cdsagendaS5.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
1.45h on each day plus seven 2h 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.
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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; naive 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
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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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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 1.38 M, - 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
aneutron 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 ¢ 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 ~1MeV.

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 y,, 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 o ~ —4/3 at E < Epeqx [16], but
observations show softer distribution with « = —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 £ ~ 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'(') = B'(t)ct’ ~ ct’.! 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’ — cB’t’ rather than r" and ¢’ separately.
When 8’ = 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),(ye) = Ne(ye/ ym)*(erl)
for y, > ). The parameters used for the phenomenological modeling of the shock
and SSC emission such as fractions of total kinetic energy transferred to accelerated
electrons €, and to a transversal magnetic field €p 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 €., €p, and densities
evolve with time. We also consider shorter distances for the collision between shells
in the range of ~ 10'° — 10'% cm rather than >10'* 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

! 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,(ye) = Ne(ye/ym)’(P“)exp(—ye/yc,,,) or a broken power-law [18]. We also use
the penetration distance of accelerated electrons in the slow shell < O(1) x 103Aep,
where A, 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 B’ 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/zrgﬁr’y’) = )/’(r’2 —d(nd’ﬁr’) + 2r/(n’Ar/)) + r’z(n/Ar/)fl—);:
= ny(r)r'’? — % (5.1)
d@n’ Ar'y' ) — By dn' Ar’) 2 AY) + r,z(n/Ar,)d(ﬂ—/y/)
dr’ / dar’ dar’
_ _% (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, nj, 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((r") = Nj(r'/ry)~*. For the ISM or thin shells where
density difference across them is negligible x = 0, i.e. no radial dependence. For a
wind surrounding the central engine x = 2. If we neglect the transverse expansion
of the jet, for a thin shell/jet expanding adiabatically « = 2 too. If the lifetime of
the collision is short we can neglect the density change due to expansion during
the collision and assume « = 0. Ar’ is the thickness of the active region, y’ is the
Lorentz factor of the fast shell with respect to the slow shell, 8/ = /y2 —1/y’,
m=mpy+me,xmp,E ;y is the total emitted energy, and c is the speed of light. The
evolution of the average radius of the shell is:

t/
r@ —r'@) = c/ B (t"dt" (5.3)
)

where the initial time #) 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")A(r"), but B/(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:

4am%07n6 Ar’(ré)eg (ro)es(ry)

2
3mg

A

(5.4)

In presence of an external magnetic field a second interaction term is also present
which its coupling can be defined as:
2

4 = ampor Ar' (rh)e2(rf)B';, | ()

55
67 c2m? (53

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 ~ 1/2I"'(r) where I"(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:

dP _ 4V3& , Ar [ o
= d /) —ZK w F 7 s6
wdw Fy ro ), Yello(Ve)Ye 2/3(%) + F(w,r) (5.6)

where F(w, 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.



5 Simulation of High Energy Emission 65

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
Ar'(r") from first principles and must consider a phenomenological model for it. In
our simulations we have used following phenomenological expressions:

’\ —6
Ar' = A”</x>|:1 — (:—/) :|®(r’ —ry)  Steady state model (5.7)
0
/
AF = Aroo [1 - exp(—S/r—/)j|®(r —r}) Exponential model (5.8)
T
0
y/‘B/ T
Ar' = Ar(’)( 0 /) O(@r" —ry) dynamical model (5.9)
/303/
7 -8
Ar' = Ar (—/) O@r' —ry) Power-law model (5.10)
o
/
Ar' = Arjexp (—8’r—,) O (" —r}) Exponential decay model (5.11)
T,
0

The initial width A7’ (r()) 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 r (cm) ;0 P o) Yeut K ¥ T § epap
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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 lef? is too large to be consistent with observations.
Bottom row Simulations with a precessing external magnetic field. From left to right (1) |B| =
100kG, f = 0.2Hz(2) |B| = 12kG, 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 fop 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.
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Fig.5.3 From left to right (1) Electron distribution: power-law with exponential cutoff, p = 2.5 and
Weut /wm = 0.5 (full line), 1 (dash-three dots), 10 (dot), 100 (dash-dot); p = 1.9 and wcys /w0 =
1000 (dash). The external magnetic field in these simulations is 10 kG. The low amplitude full
line has p = 1.9 and w¢y; /@, = 1000 but no external magnetic field. (2) Electron distribution:
power-law with exponential cutoff for electrons, |B.x;| = 70 kGauss: wcy /@, = 1000, p = 1.5
(full line); weys /wm = 100, p = 1.5 (dash); weyr/om = 3, p = 2 (dot-dash); weys [om = 3,
p = 2.5 (dot). (3) Electron distribution: power-law with exponential cutoff, | B.,,| = 100 kGauss:
Weut Jom = 1000, p = 2.5, €, = 0.002, I' = 500 (full line); wey: /wy, and p as previous case and
e, = 0.02, T" = 50 (dash); n6 =5 x 10" c¢m3 and other parameters as the previous case (dot-
dash); varying p with index —0.2, 0, 0.5, initial p = 2.5 and €, = 0.002 (dot); initial p = 1.8, the
same indices as previous, and @, /w, = 0.5, 1000, 100 (dash-3 dots). 4) Electron distribution:
broken power-law a broken slope at wcy:/w, = 3 and p; = 2.5, p» = 4, |Bexs| = 17 kGauss
(full line); p1 = 2.1, pp = 4 and same |B,y;| as previous (dash); p1 = 2.1, po = 3, |Bext| = 26
kGauss (dot-dash); same slope and | B,y | = 35 kGauss (dot); same slope and | B.x;| = 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 1029
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

R. Garattini (<)

Facolta di Ingegneria, Universita degli Studi di Bergamo, Viale Marconi 5, 24044 Dalmine
(Bergamo), Italy

e-mail: remo.garattini @unibg.it

R. Garattini
LN.F.N.—sezione di Milano, Milan, Italy

B. G. Sidharth et al. (eds.), Frontiers of Fundamental Physics and Physics Education 71
Research, Springer Proceedings in Physics 145, DOI: 10.1007/978-3-319-00297-2_6,
© Springer International Publishing Switzerland 2014



72 R. Garattini

1 (A Pk
Ezpg = —/ VK2 + ~ 10"1GeV*. 6.1)
0

while the observation leads to a ZPE of the order 10~4’GeV*. 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

AV = [(21() Gijumih — g (3R - 2A)} W =0 (6.2)

K

and it represents the quantum version of the classical constraint which guarantees the
invariance under time reparametrization. G;jy; is the super-metric, 77 is the super-
momentum, >R is the scalar curvature in three dimensions and A is the cosmological
constant, while k = 87 G 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

ds* = —N?dt* + a* (1) d3, (6.3)
where d Q% is the usual line element on the three sphere, namely
dQ3 = yidx'dx'dx’. (6.4)

In this background, we have simply

2
- _c .. d R=
a2’ a2 (1)

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

2
SR G ST

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

o2 a’
U(a) = Ecﬂ (1 - a—z) (6.7)
0

(6.5)
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with total zero energy. The parameter q represents the factor-ordering ambiguity

and ap = \/g 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 A in Eq. (6.2) as a parameter, one can formally rewrite the
WDW equation as an expectation value computation' [3, 4]. Indeed, if we multiply
Eq.(6.2) by W* [gi j] and functionally integrate over the three spatial metric g;; we
find

1S 28]V [si] Jy d*xAV [gij] _ i<‘p [y dxhs|v)
Vi [ 2] v s v el 0V (¥v)

A

=——. (6.8)
K

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

V= / Pz 6.9)
X

as the volume of the hypersurface ¥ with
As = 2x) Gijun'inh - @3R/(2K). (6.10)

In this form, Eq.(6.8) can be used to compute ZPE provided that A/« be consid-
ered as an eigenvalue of AZ.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 h = ¢ = k = 1 are used
throughout the paper.

I'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

f PDav* (a) [_32% + %02]‘11 (@)  3A72
[ Zav* (a)[a*] ¥ (a) R

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

W = exp (—,Baz) (6.12)

shows that there is no real solution of the parameter 8 compatible with the procedure.
Nevertheless, a couple of imaginary solutions of the variational parameter

147 6.13

p =iy G (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

ds®> = —N? (r)dt* +

— 42 (d92+sin2 9d¢2). (6.14)
— b0

where b(r) is subject to the only condition b(r;) = r;. We consider g;; = g;j + hj;
where g;; is the background metric and 7;; is a quantum fluctuation around the
background. Then we expand Eq.(6.8) in terms of h;;. Since the kinetic part of
Ay is quadratic in the momenta, we only need to expand the three-scalar curvature
[ d*x./g°R up to second order in h;; > As shown in Ref. [7], the final contribution
does not include ghosts and simply becomes

L@
| <w¢ Js & [AL] ‘w> AL
2 T == (6.15)

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

o 1 1 ~ \a
A d3 GUKL | () k1L (A ) K+ (x, x): ,
4V x[ (2x) (x, x)11k1+ (26) L ; (X, X)amt
(6.16)
where
(Arh), = (ALhL) — 4R+ R (6.17)

is the modified Lichnerowicz operator and Ay, is the Lichnerowicz operator defined
by
(ALh)“ = Ah;jj — 2Rikjlh]; + Rjkh;( A =-ViYV,. (6.18)
ij

G'7* represents the inverse DeWitt metric and all indices run from one to three.
Note that the term —4R£‘ h,ﬂ} + 3R hfj- disappears in four dimensions. The ropagator

K (x, x);4% can be represented as

h(t)i h(‘[)l —
KJ_ (7’ 7))iakl = Z ( 22 (7) ( : ) ’ (619)

where hﬁ;”‘ (X) are the eigenfunctions of Ar.t denotes a complete set of indices
A(t) and are a set of variational parameters to be determined by the minimization of
Eq. (6.16). The expectation value of KJZ- is easily obtained by inserting the form of
the propagator into Eq. (6.16) and minimizing with respect to the variational function
A(t). Thus the total one loop energy density for TT tensors becomes

% - _% > [\/wf (t) + \/wg (z)]. (6.20)

The above expression makes sense only for w?(t) > 0, where w; are the eigenvalues

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

2 ~
A ! /+°° dg @) , /
— == w; j = w? w—m (r)dw,
8t G b4 ; 0 " dw, [m2(r) '

(6.21)
where we have included an additional 47 coming from the angular integration and
where we have defined two r-dependent effective m%(r) masses m%(r) and

m% (r)=

8 : ﬁg + 250 () = 35b (1) r=rw). (622

‘I\)l =)} \Nl =)

m3 (r) = + 52 () = 55b (r)
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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

{m%(r) — '%(1 _ ZMG) _ 3MG

<

r’ r=r®x)). (6.23)

w30y = § (1 - G 4 34

r

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

mt(r) |1 4 .
Pi (8)— 647‘[2 [g"‘ln(m l —1,2..., (624)

where an additional mass parameter p 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

Ao _ mi() ln( ), m ) (4 (6.25)
87G ~ 64m2  \m2(r)v2)  64m2  \m3(r) Je

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 [x*, x”] = 0"V, where 6"V is an antisymmetric matrix
which determines the fundamental discretization of spacetime. In even dimensional
space-time, 6"V can be brought to a block-diagonal form by a suitable Lorentz rota-
tion leading to

0" = diag [ele“beze“b N .ed/ze“”] (6.26)

with e%a2 x 2 antisymmetric Ricci Levi-Civita tensor. If 6; = Vi = 1...d/2, then

the space-time is homogeneous and preserves isotropy. The effect of the 0 length on

ZPE calculation is basically the following: the classical Liouville counting number

of nodes .
_ dPxdk 6.27)
S oen’’ '

is modified by distorting the counting of nodes in the following way [§]
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dPxd’k BPxdk 0/, |
n= ) = dn; = —(271)3 exp 7 (a),-’n, —m; (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/+/6 which
propagate over the background geometry. As an effect the final induced cosmological
constant becomes

A
G {WV 2= m} () e H@mi)gg

w? —m3 (r)) e‘i(“)Q—m%(r))dw:| ,

Q
I |

(6.29)

where an integration by parts in Eq.(6.21) has been done. We recover the usual
divergent integral when & — 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

m(z) (r) = m% (r)= —m% (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

2
6
x = M, (6.31)
4
we find that when x — +00,
A L\/?[?s n (Sx +6x + 3) exp (= x)] 0. (6.32)
871G~ 67202

Conversely, when x — 0, we obtain

A (243 (x)+3 2|, 8 (6.33)
——~———(2—{=-+-In(=)+>y)x —. .
87G 37202 g "4 "\a) T 372602

The other interesting cases, namely de Sitter and Anti-de Sitter and Minkowski are
described by
mi (r) = m3 (r) = m§ (r), (6.34)

A
o “ o (_) \/7_>0 (6.35)

leading to
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when x — oo and

A 1 4\? { X n 7 31 (x) 3 2| 8
— = - = —— ——-In(=)—=y)=x —,
87G  6x2 \ 0 2 16 8 \1) 7 g” 37202

(6.36)
when x — 0. Asregards Gravity’s Rainbow [9], we can begin by defining a “rainbow

metric”

N2 (r)di? dr? 2
ds? = - N0, ! + g (0 + sin® 6d¢?) .
gt (E/E)p) (1 - @) s3(EJE,) & (E/E)p)
(6.37)
g1 (E/Ep) and g, (E/E p) are two arbitrary functions which have the following property
li E/Ep)=1 d li E/Ep)=1. 6.38
pm s1(E/Ep)=1 and  lim g2 (E/Ep) (6.38)

We expect the functions g; (E/Ep) and g2(E/E p) 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

& (£/p) (¥ |fx xAs | v) A
v (W|w) Tk (6:39)

where -
~ ] ~kl \/§R

o (EJEp) T (k) g2 (E/Ep)’

Of course, Eq. (6.39) and Eq. (6.40) reduce to the ordinary Egs. (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

C]z

(6.40)

2

d E 3
] Z/ Eiq (E/Ep) g2 (E/Ep) — 7E, (gz(E‘/Ep) —m? (r)) dE;.

(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 g;(E/Ep) and g, (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

E E?
g1 (E/Ep) = (1 +ﬂE—p> exp(—aﬁ) and g (E/Ep) =1. (6.42)

p
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with ¢ > 0 and B8 € R, because the pure “Gaussian” choice with 8 = 0 can not give
a positive induced cosmological constant.> 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 = m%) r) / E127' 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 = —fy at x5 = 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 X ;.
We expect to detect the two photons with a time delay Dt given by the solution of
the equation

BP0y = 257 (A, (6.43)

that implies

At ~ g1 (E)

A, /3r0
e f oy [310 — bt Bo
‘ s1(5) ~ 10 (1+,/Aeff/3z0), (6.44)
P

Acrr/3

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 s 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/M?| 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 ~ 109-10° 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 42) 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

n=1-Esco, (7.1

where Ejsco 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 7
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 7 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 M = E;scodm and
its spin angular momentum by dJ = L;scodm, where Lgsc o is the specific angular
momentum of the gas at the ISCO, while ém 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)L1500/E[SCO —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 a,, 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, # << 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].



84 C. Bambi

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 7). 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 7 for a subclass of Manko-Novikov
space-times [21-23] characterized by one deformation parameter, the anomalous
quadrupole moment g (for more details, see [8]). ¢ is related to the mass-quadrupole
moment of the compact object by the relation:

0 =0+9)OKERR, (7.3)
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Fig. 7.1 Manko-Novikov space-time with deformation parameter q. Contour plots of the radiative
efficiency n = 1 — Ejsco : 1 = 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 a,, as inferred from Eq.7.2. If a < a.,, the accretion
process spins the compact objects up; if @ > ae,, 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 Qxgprr = —a’M? 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 ¢ > 0, and it is more prolate when g < 0. Because of
the introduction of a new parameter, there is now a degeneracy in 1) 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 1) with M, raising from 7 ~ 0.03, when M ~ 107 Solar masses
and the bolometric to Eddington luminosity ratio is Lpe;/LEgq ~ 1, to n ~ 0.4,
when M ~ 10° Solar masses and L, /LEaq ~ 0.3. For our discussion, the crucial
point is that the most massive BH candidates in AGN seem to have a high radiative
efficiency, n ~ 0.4, and a moderate mass accretion rate, Lpy/LEgq ~ 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 < a.4, where a,
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.q).

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 < a.,, we
can obtain interesting constraints on possible deviations from the Kerr background.



86 C. Bambi

For instance, for n > 0.30, we can deduce the bound —0.20 < g < 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 g > 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, ¢ > 1. The constraint in the region g < 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 7 > 0.32 accreting from a thin disk, the Kerr BH hypothesis may
be rejected and the existence of objects with ¢ < 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
1 > 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 Fiizfa

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 ACDM 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 ACDM
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~! 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 vy = Hor and a field of velocity fluctuations
v(r) = u(r) — vy. 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]:

Vouik (R) = /217 /0 k2P, (k)W (kR)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:

H2 2
P,(k,z) = %Pg(h 2), (8.2)

where H is the Hubble factor and f = Z}Eg 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:

. H(z) f(2)D4(2) _
Voulk (R, 2) = HG=0)f(=0)D,(=0) Vputk (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™!
Mpc and a bump at radius R = 53 h~! 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:

2 ViR

Loy 1o P = =
P(vR1, VR2) X = [det M2 X exp (—5 VM V) with V- = ([[vrill, IVr21)
(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:

e R
wz\/ﬁ/o K2P,(k)W (kR)) W (kR ) 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 ACDM.

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~! Mpc with 1,024 particles. Thanks to an adaptive mesh refinement method,
the maximum resolution in the ACDM cosmology reaches 10 h~! kpc.

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

Nh,r<R

Z Vi (8.6)

1
Nh,r<R

Vouik (R) =

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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Bulk flow computed on observational and linear sets
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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

e 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.

e 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 ACDM 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 p of the hemispheres at radius R:

1
R= max [ // p<r(@+ 00, o + ¢o)
¢0€10,27],00€[0,27] | Pmean §2/2

— p<r (T — (9+9o),7f+(¢+¢0))d§2] (8.7

A

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~! Mpc, the realistic sample is more symmetric than the linear one; from
76 to 128 h~! 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—! Mpc is the cause of the bump of the bulk flow at 53 h™!
Mpc.
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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™! 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~! 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™! 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:

D, (2)

Ar(2) = m

r(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.
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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 ACDM, we show that such a profile can be seen as the imprint of
arare 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
ACDM 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~! Mpc is
explained by the asymmetric distribution of matter at 85 h—! Mpc. Finally, we show
that the time-evolution of the bulk flow for such samples is really predicted by the
linear theory.

Atlarger scales (Fig. 8.1), the amplitude converges towards the expected amplitude
of the mean linear prediction in ACDM. 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
Ip. This result gives new strength to fundamental theories that make use of Ip 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 ¢, 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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Ip = /(hG/c*) ~ 107 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:

A x Ap =h/2 9.2)
mA x Av="h/2 (9.3)
m= (h/2)/A x Av 9.4)

The maximization of this expression requires the selection of minimum values
for Ax and Av. According to [1] it is possible to select the Planck’s length for
the minimum value of Ax, and then proceed from there for the selection of the
minimum value of Av. 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 Ip. 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 (Ip) 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 = (h/2)/(p*(Ip*H)) 9.5)
m = (¢*)/(2GH) ~ 10> 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
(p) is equal to its critical density calculated by the Friedmann equations [4], i.e.
3(H?)/87G. 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)7(r). In other
words:

m=pV 9.7
m = ((H)(1%))/(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 = (¢*)/(2GH) ~ 10>> 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 ¢ and lp, and in
which HUP is valid has a a total mass equal to:

m = (¢’)/(2GH) ~ 10°% Kg (9.10)

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

m = (¢’)/(2GH) ~ 10°% 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 Ip.
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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~!
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~! 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 pr range 20 GeV—
1.5 TeV,! 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].
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Fig. 10.1 Left Inclusive Jet Py differential cross section do/dP7 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]

! In the following we will use the natural units where ¢ = k= 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 pr, are used to measure the dijet invariant mass M;;, and
the angular variable |y|max = max(]y|1; |yl2). The leading jet pr 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
mr is then defined as mp2 = 2ETMET(2 — cos ) where ¢ 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 MEr.

The Z boson final state is characterized by two high pr, 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
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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.?
The different decay modes of the W boson determine the final state of the top—antitop
pair. We can identify three main final states:

e 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)

e thelepton+ 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

e 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
Mop = 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:

Myop = 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 |V |=1.
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Fig. 10.3 Left Measured top—antitop cross section for the lepton-+jet channel @ Mo, = 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 My, hypothesis [7]
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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, O-jet bin: the azimuthal opening angle A @11 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
o x BF? as a function of the Higgs boson mass we can identify two regions: a “high
mass region” (My > 140 GeV) where the most sensitive channels are the diboson
decays H—> WW®™ or H— ZZ® and a “low mass region” (Mg < 140 GeV) where
the most sensitive channels are H— Y VY, H— t 1t 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 x 1073 for My =
120 GeV), a clear signature and thus a good sensitivity for My < 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 (My =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 My = 260 GeV [13]

search is performed in the 110 < My < 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~! data sample is reported (Fig. 10.5: Left) together
with five times the expected contribution from a Higgs boson with My = 120 GeV.
In the “high mass region” one of the most promising channels is the H— WW®
decay channel. In particular for the 120 < My < 200 GeV mass interval the full
leptonic channel H— WW®) —1vlv is the most sensitive. Given the fact that the
Higgs boson is scalar, the angle between the two leptons ¢(1I) 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® —Illvv and ZZ* —1llqq final
states and the “four lepton golden mode” channel ZZ™ —111l. 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® —Illvv 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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on the o / og) 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]
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Fig. 10.7 Left Combined exclusion limits from the O-lepton analysis in the (mg, mj/2) plane for
mSUGRA/CMSSM models with tanp = 10, Ag =0 and p > 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 o variation in the expected limits. The observed ATLAS limit from 2010
analysis (tanf = 3) is shown by the solid black line. The star indicates the position of the nSUGRA
reference point with mg = 660 GeV, m;/; = 240 GeV, Ag = 0, tanf = 10 and p > 0 [16]. Right
observed and expected 95 % CL exclusion limits from the 1-lepton analysis, as well as the £1 0
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)>T3B+L 4 1 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 pr jets. Also
additional high P7 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
O-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 (mg, mj,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~! 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.
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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:

Spp = /d4x,/_g [%R - %%q&&)q& +U@) + ﬁ(f(w,.)} (11.1)

with k> = 87 G the gravitational coupling and w(¢) 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:

Tyw = (B + P)iyiiy + péuv (11.2)

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

Introducing the Lagrangian L = P(X) with X = —gmw 0, 0y ¥, associated to
the pressure of a scalar field, and varying it with respect to the metric, we find the
stress-energy tensor:

Tyw =2P(X), x3, 93, + P(X)&u0 (11.3)

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

Nid

Specializing to a barotropic fluidi.e. p = wp, we can explicitly write the pressure and

the energy density in terms of X alone (At homogeneous order: p; = Al.z(z_“) 1&1.2“):

p=2XPx—P, p=~Pandi, = (11.4)
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P =X witha = 7% (11.5)
2w
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 ¢ 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 g, = Azw (©)8up
with A; (¢) the conformal coupling:

1 1
Sen = /d4xQ/_—g [2—1(212 +5(09)° = V(p) + > P, Ai)] (11.6)

with k2 = 87 G the gravitational coupling and w(¢) 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 g, they remained unchanged
under our ersatz.
We assume a flat Friedmann-Lemaitre-Robertson-Walker (FLRW) spacetime with
metric:
ds® = —dt* 4 a(1)*8;;dx"dx’ (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.
d1n 4207

dy

din A7 0
—a i

G+3HG+Vy+ D (i —pi) =0 (11.8)

1

Qo — 1)y + 3Hy; +

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

! 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 A; 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: ' ' ' .
ds®> = —N(@t)%dt* + hij(dx" 4+ N'dt)(dx’ + N’dt) (11.9)

Thanks to diffeomorphism invariance, we can choose a gauge such that: N =
1+ 68N,N = a’za,-,B, hij = a2e2§8,-j and §¢ = 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
(8¢ = 0) and the spatially flat gauge (¢ = 0). However, since the scalar field ¢ 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:

4 3) ij _ g2 —1@_
/d xJdet(hi)) [ [N R+ N~V E,E E)]+N LNV

+NZP(Xi,Ai)] (11.10)

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

SN :—+—Z P
8y

H¥*B+0°t —3H{ = Za(l - 20[)K2P,'?
+ Z (1 —a)(1 = 2a)k’> PN —k2SNV  (11.11)

i

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:

Go=Hz (£ — 8—¢) and G; = Hz; (i — %) with z,, = Ka—"o“—i_p”
H [0) H z H
(11.12)
Therefore, the gauge invariant quadratic action at first order is given in Fig. 11.1.
The quantities I:I,-, A;, C; and D; 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-parity! conservation, charginos and neutralinos® 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 (E ;i”)
due to the LSPs, multiple high energetic jets from quark hadronization and eventually
additional leptons coming from X li 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 7TeV, which have been
delivered by the LHC in 2011.

'R = (—=1)3B-D+2 where B, L and S are respectively the barionic number, the leptonic
number and the spin.

2 Charginos (X l.i) and neutralinos (X ?) 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
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Fig. 12.2 Example of proton-proton interactions where supersymmetric partners are produced in

pairs: the final state includes E ;i 45+ SOme jets and eventually one or more leptons

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

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 1fb~! of ATLAS data,
the number of expected SM events has been compared with the number of observed
events in the O-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 1fb~! of proton—proton collisions.
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Fig. 12.3 Observed and expected C L, 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 1fb~!

extracting the amount in the Signal Regions (SR) by means of transfer factors.*
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-pr lepton in the final state. Scenarios with large Egﬁss, 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
200GeV are excluded at 95% C. L.

12.5 Conclusions

A wide range of SUSY signatures has been investigated by ATLAS with 1fb~!
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, d 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
LA 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.

e 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 / are assumed given. Each particle
and each light ray are identified with their ‘world line’ of events.

e 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 g 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
g 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).

e Light propagation ensures local validity of pointwise causality
Ateach 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.

e 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.

e Free fall implicitly define a projective structure P.

They in turns determine, by a canonical gauge fixing, a preferred connection space-
time.

e 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

VI gas = 2Vgas (13.1)

for some covector V. Then there is a canonical connection F?j,y which, of course,
depends on extra degrees of freedom depending on A. The triple (M; C;T") is called
a Weyl-geometry. It is called metric if there exists a representative I' € C such that
I' = {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:

e 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
fitobservational 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.

1
Gop = Rap — ERgaﬂ =rTap, (13.2)

where G4 is the Einstein tensor, a combination of curvature invariants derived from
Bianchi’s identities, T a3 is the stress-energy momentum tensor and Kk = 167G 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, I') 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, I'). 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 I' (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 FPS Theories include:

_ General Refativity

f(R) Theories

—— Fxtended Theories
" Further Extended Theories
——"No Man’ s Land...?

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 I" 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; T') 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 I' 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 A, 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 I and a generic
tensor density A of rank 1 and weight -1. The covariant derivative of then defined as

r
V Ay =d,A, —T) Ay +T) A, (13.3)

Accordingly, we have

r
Vuay = diuay) = Ty = G0 ) Ae

=d(ua,) — Uy, Ac, (13.4)

€ ._T€ _ SETA
where we set uj,, ;= I'},, — 67, '/} .
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Let us consider the following Lagrangian (density)

1 r
L=—Jgf(R)+9g" V A, (13.5)

where, g = |det(guw). R = g" Ry, (') is the scalar curvature of (g; I'), and f(R)
is a generic (analytic) function. By variation of this Lagrangian and usual covariant
integration by parts one obtains

1
oL = V9 (f/(R)Raﬁ = 5/ (R)9ap = HTaﬁ) 5g°P

K

g r
— 99°" Axdu) + “/T_g”ﬁf/(R) V A0
r
+99"' v /L§Av
_ V9

1 .
(f/(R)R(u{)’) - Ef(R)gaﬂ - KTO‘ﬁ) égaﬁ

Tk
_l %( of "(R aﬁA 5)\
—(VAWIg S (R) + kgg™ AN ) dug

I
— V ulgg")oA,

r
+V) (%g(“ﬂf/(mug@ + gg”aAv) : (13.6)

r
where we used the well-known identity R@p) = v A(Suz\y 3 and we set for the

r r
energy-momentum tensor o5 = /g (gozﬁg“" VA, —V (aAg)). Field equations

are ]
f/(R)Raﬂ - jf(R)gaﬂ = kTup,

I

VA(/g9°? £/ (R) = aX /g™’ f'(R), (13.7)
I

V u(gg") =0,

where we set o), := —/if,ii A). 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 I'). Nevertheless one can analyze these field equations along the
same lines used in f (R) theories. Let us thence define a metric huv = f’(R)g,,, and
rewrite the second equation as

Vs (Jﬁh“ﬁ) = a\vhh’, (13.8)
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According to the analysis of EPS-compatibility done in [17, 18] this fixes the con-
nection as

Fgﬂ = {h}%u - (ho‘éhgu — 25%5;) e, (13.9)

K
2f"(R)
where for notational convenience we introduced the 1-form a, := ,/gA.. For later
convenience let us notice that we have
K

Kf =T~ 0% = ~ 57 (h“fhﬂu 5 ) (d. 0) (13.10)

Now we can define the tensor H, 5" = l"a — {g}§,, and obtain
1
H, = K§ — [g““\gﬁ,u _ z(sggéﬁ)] 5 Inf'(R)

1
) (9% 1B = 28(35) [1kac + 8. £ (RO, (13.11)

By substituting into the third field equation we obtain

V (g™ + g(HL gV + HY, — 2H},g") = 0,
LA
= Hy, " — H, " =0,

) f/l(R) [(hv% = 2003y )
(=287, ) 1| (a4 601 (RY) = 0.

3 Ve
= — f/(R)h (kae + 6. f(R)) =0,

=a.= ——5Ef/(R), (13.12)
K

g . . S . .
where V , is now the covariant derivative with respect to the metric g. Hence the

matter field A, = \/gac = fé = 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 / alone)

o= ), + (hhw 2005)) 0 € SR = (9ITG,  (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 g*?)

1
F(RR—2f(R) = kT = f(R) = z(f’(R)R — kT), (13.14)

where we set T := T, g7 the trace of the stress-energy tensor. By substituting back
into the first field equation, 7' = —%D f'(R) being , we obtain

1 3
f/(R) |:Raﬁ - ZRga/{| - ZDf/(R)gnH
= Vuv@f/(R) - Df/(R)gaﬂy

1
= Raﬂ - ERgaﬂ =

B [vavjf/(R) -~ OS® f’R)ga,e] , (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 7, i.e. ¢(T) =
'(R(T)). Field equations then imply that Einstein equations hold for the new metric
g (corresponding to the above &), with a suitably modified stress-energy tensor that
takes into account extra effects due to the conformal factor. The previous Einstein
equations are recovered

R 1. )
Rop — ERgaﬂ = kTup (13.16)

with |
fus =4 [T+ 145 (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 g conformally related photon propagation does not change;

2. Einstein equations hold for the new metric g with extra stress-energy tensor
directly generated by “ordinary” matter 7;

3. rods and clocks change pointwise, by a factor depending on 7.
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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 I" 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 g 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 I' 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 g, 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 g; 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 §. Furthermore, it contains an additional term,
that can be interpreted under the form of a “space-time varying cosmological con-
stant” A(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-Nordstrom 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 a 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 a 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 [p =
VARG /c3 ~ 1073 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 /p 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 ¢? 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 [ %
as an invariant with dimensions of length squared in a 4D space-time. Dimensional
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compatibility with a curvature suggests that [ 12[, = 1/Rp could be introduced in the
theory via the gravitational sector. For this reason, we consider the following action

h
16715

/ d*x\/=g [R +1%(aR? + RWR“”)] + Smlguvs V1,

(14.1)
where R = ¢""R,,,, R, = R’} is assumed symmetric R;,, = R, (for the
implications of a non-symmetric piece in the Ricci tensor see, for instance, [21-23]),
and R“gw = @J‘Sﬂ — 0y F/‘fﬂ + F/‘f/\[‘ﬁg — 1";‘/\[‘;‘. represents the compor}ents of
the Riemann tensor, the field strength of the connection I'}} ;. The field equations for
metric and connection that follow from the above action are [15]

S[g,ul/’ F;%’ Y] =

1
fRR;W - Efg;w + zfQRuuRaV = "QZTNV (14.2)

Y [J?g ( frg™ +2f0 R““/)] —0. (14.3)

where k? = 871%/h, f = R +15(aR* + RuwR"™), fr = Orf = 1 +2/%aR, and
fo=0of = l%,. Defining the tensor P,” = R,,,.g“", (14.2) can be seen as a matrix
equation,

1
2fo PP’ + frP)” — Eféﬂ'f = K*T,", (14.4)

which establishes an algebraic relation between the components of P,” and those
of T, = T,ag™, ie., P,V = P,/’(Taﬁ). 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 4, (see [24] for details) which is related to
g through the following non-conformal relation

» g/wz EOLV
h = , (14.5)
Jdet X

where X£,” = frd,, +2foP," is a function of 7,,” and, therefore, depends on the
local densities of energy and momentum. For instance, if we take the 7;,” of a scalar
field with kinetic energy x = ¢0,¢0, ¢ and Lagrangian £ = x + 2V (¢), h,,, and
gy turn out to be related by

Ar
=—h —— 0,90 14.6
Guv ot +A1+XA2 ny e ( )
where @ = [A1(A1 + xADIY2, A1 = /2o A, s = /2T (=A £ VA2 + 20/,
and \2 = f/2 + f2/8fo — K*L/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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f

Ry (h) = ——==(50," + R, (14.7)

Vdet

where R,”(h) = R,o(h)h*” and T, = T,,,9"". In vacuum (7,,” = 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 )
2fo (P—i—‘thRIA) (SfTI;-Fg)IA, (14.8)

where P and I denote the matrices P, and §,,”, respectively. The physical solution
to this equation, which recovers the f(R) theory in the limit fo — 0, is of the form

v _ R [ 4fof \s v _ y
P = 4fp (1 I+ 12 )% = A(R, 0)0,". (14.9)

This equation can be used to compute Ry = P,/ |yac = 4A(Ro, Qo) and Q¢ =
P,“ Py |yac = 4A(Ry, Qo)2 which lead to the characteristic relation Qg = Ré /4 of
de Sitter spacetime. For the quadratic models f (R, Q) = R+aR?*/Rp+ Q/Rp, for
instance, one can also use the trace of (14.2) with g* to find that Ry = 0, from which
Qo = R(% /4 = 0 follows. For a generic f(R, Q) model, in vacuum one finds that

" = a(Ro)3,” and hy,, = a(Ro)gyy, with a(Ro) = fr (1 + J1+ 8 ) /2

evaluated at Rg. Therefore, in vacuum (14.7) can be written as R,,” (h) = R (g) =
Aerrd,”, with Agrr = f(Ro, Q0)/2a(Ro)?, 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 |£/pp| < 1 (where pp = ¢°/87hG? ~ 10°* g/em? is the
Planck matter density) leads to

1% 1 262V2 4 K2
Ry (h) ~ K2 (auaﬁam + Eh,w) + [(V — 000 b + (””X Iy

4

(14.10)
which is in agreement with GR up to corrections of order O(1/pp). This indicates
that A, is mainly determined by integrating over the sources (cumulative effects
of gravity), whereas 2 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 4, ~ 7,,,, we obtain a kind of special relativistic limit of
the theory (or a DSR-like theory [25-28]). In this limit, the metric becomes

2 1
Guv = M + p_P (V’W/LV + 8,@81,(1)) + O (—2) (14.11)

Pp
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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 (¢ — V4 = 0 due to the local energy-density dependence of the metric.
After some lengthy algebra, one finds

D*p—Vy~0+ pi [Vs (2V = 30%00a0) + 2(0" 0" $)0,0,0],  (14.12)
P

where 9% = Nt 9,,0,. For a massive scalar with V(¢) = m?¢? /2, the term VsV on
the right hand side produces the same effect as a A¢* interaction in the Lagrangian
with A = m*/4pp. The terms involving derivatives of the field are expected to
modify the dispersion relation E2 = m?+k> 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 k>
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+ R*/Rp (where Rp = l/l%) 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/p > 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 p

5 1 [f + (14 3w)K%p + 262 praqd — 612{[«]
TP [+ ia] (14.13)

where A = —(14+w)pd, fr/fr = (14+w)(1-3w)r?p frr/(fR(Rfrr — [7)). Due
to the structure of A1, one can check that H? vanishes when fr — 0. A more careful
analysis shows that fg — 0is the only possible way to obtain a bounce with a Palatini
f(R) theory thatrecovers 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 andw =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(¢) = 0) and quickly tend to the nonsingular
solutions

R + R2/Rp, it is easy to see that fgp = 0 has a solution if 1 + 2Rpynce/Rp =0
is satisfied for ppounce > 0, where Rpounce = (1 — 3w)/<;2p3{mnce, 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 — R?/2R p 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

3
ds* = —dr* + > a}(t)(dx')*. (14.14)
i=1
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

2
finds that the expansion § = > . H; and the shear o = > (Hi — g) (a measure
of the degree of anisotropy) are given by
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02 3.\ 2(p+3P) | o2
—(1+2A, :M+U_ (14.15)
3 2 2fr 2
2 2 2 2
o = P';w (C12+C23+C31)7 (14.16)
Ir 3
where the constants C;; = —C; set the amount and distribution of anisotropy and

satisfy the constraint C12 + C23 + C31 = 0. In the isotropic case, C;; = 0, one has
o2 = 0and #? = 9H?, with H? given by Eq. (14.13). Now, since homogeneous and
isotropic bouncing universes require the condition fg = 0 at the bounce, a glance
at (14.16) indicates that the shear diverges as ~ 1/f 1%. 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 = nz(p — 3P), like in
GR, and Q = Q(p, P) is given by

Q0 _ (op L Rrn
2RP = (KJ P+ ) + 3 fR)
2
Rp R - R -\> 4r2(p+P)
(R ) () DT

where f = R 4+ aR?/Rp, and the minus sign in front of the square root has been
chosen torecover the correct limit at low curvatures. In a universe filled with radiation,
for which R = 0, the function Q boils down to

=3R% . 8K%p . 16K2p

0 8 " 3Rp \ 3Rp

(14.18)

This expression recovers the GR value at low curvatures, Q =~ 4(k?p)2/3 +
32(1?p)®/9R p+. . . butreaches amaximum Qyuqx = 3R%/16at 52 ppax = 3Rp/16,
where the squared root of (14.18) vanishes. At p,,4 the shear also takes its maximum
allowed value, namely, o2, = +/3/16R 13[,/ *c 2 +C3,+C3)), whichis 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 R2
expansion as a function of f(R.Q)= R+aR_p+R_p
x%p/Rp in radiation universes e
with low anisotropy, which is 05t |— =0
controlled by the combination
2 _ 2 2 2 e

C” = Cy, + Cy3 + C3,. The 04l =4
case with C2 = 0 corresponds =8
to the isotropic flat case, 03l
62 =9H? -
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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 = R, R" [see (14.18 )] shows that the energy density p
is bounded from above by K2 Pmax = 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-Nordstrom 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

2 2 4
48M0 B 48Morq N 14rq (14.19)

Raﬁ’yé — ,
76 77 78

Rapys

which implies a strong divergence, ~ 1/r%, as r — 0.In GR coupled to Born-Infeld
theory, one finds that the divergence is dominated by Rg+s ROV~ 1/r% If the
gravity Lagrangian is taken as f(R) = R — l% R?, then the divergence is further
reduced to Ra‘gﬁ/(;Ro‘ﬁ”/‘s ~ 1/(r — ry)?, where ry > 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 Agpre =
Ng/20emAp, where Ap = 47rl%, is Planck’s area, N is the number of charges,
and ., is the electromagnetic fine structure constant, which contains all the mass
of the collapsed object at a density p¥ ., = Mo/ Veore = pp /4675, independent of ¢
and My. The electric charge is distributed on the surface of this core and its density

is also a universal constant independent of g and Mo, namely, p, = g/ (4nr,,) =

(477\/5)_1 /c7/(hG?). 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 a 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 6.
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 A\c = h/mc. Probing
spacetime at infinitesimal distances implies an extremely heavy particle that in turn
curves spacetime itself. When A¢ 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;}. 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

[x“, x”] = 0" canonical (15.1)
[x x"] =ifF"x7 Lie algebra (15.2)
Xy — g =0 quantum (hyper)plane (15.3)

where 0"V (a real antisymmetric matrix), f,"* " (real structure constants) , ¢ (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 x" and their relations; when the noncommutativity
parameters (I"V, f,"”, 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
toaC *-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 Y -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 s-product sends two functions ( f , g)
in a third one ( fYg). It is a differential operator on both its arguments (hence
it is frequently called a bi-differential operator). It has the associative property
f*(gkh) = (f%g)*h. The most known example is the Gronewold- Moyal-Weyl
star product on R,

w_0 o 0
ar®ar fon(y)| (15.4)

xX=y

(fkh) (x) = e
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Notice that if we set ,
1 Ly _ 9 ® Bv
F — e2 OxIT'= 9y

then
(f*h)(x) = po F N (f @h)(x)

where | is the usual product of functions w(f ® g) = fh. The element F =

_igmw 0 o 0 , , , ,
¢ 2" 27 ®07 s an example of a Drinfeld twist. It is defined by the exponential

series in powers of the noncommutativityparameters 6",

_ipu_d
ip

Foe "o — 1 g1 - ’59%“’3,,, ®dy — éamvleﬂzvzamaw ® By, Doy + ...

It is easy to see that x# x x¥ — x?V % x# = i0™"? 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 x g = fg— %0/"” Ou(f)
Oy(g) +. . . defining the function f Y 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 6, we will present the first
order in 6 (a second order study appears in [2]), therefore the convergence aspect
won’t be relevant.

The method of constructing Y -products using twists is not the most general
method, however it is quite powerful, and the class of Y -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 w-Noncommutative Manifolds

Let M be a smooth manifold, a twist is an invertible element F € UE® UE where UE
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

i

F = 20 X19X,

i 1
=1®1-— E19”)(, ®Xj§011J101212X1|X12 Xy Xp+...



15 Extended Gravity from Noncommutativity 155

were the vector fields X;(/ = 1, ...s with s not necessarily equal to m = dim M) are
mutually commuting [X;, X ;] = 0 (hence the name abelian twist).
It is convenient to introduce the following notation

i 1
Fl=l®l+ 50”){, ® ngallflalﬂthx,z X Xp+...
=f*"of, (15.5)

where a sum over the multi-index « 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 Ay by defining the new product of
functions

[Hh =F(fHfah)

we see that this formula is a generalization of the Gronewold-Moyal-Weyl star prod-
uct on R?" defined in (15.4). Since the vector fields X; are mutually commuting then
this <>-product is associative. Note that only the algebra structure of A is changed
to Ay while, as vector spaces, A and Ay are the same. We similarly consider the
algebra of exterior forms €25, with the wedge product A, and deform it in the noncom-
mutative exterior algebra Q3 that is characterized by the graded noncommutative
exterior product Ay given by

T Ak T =TU7) AT,

where 7 and 7’ are arbitrary exterior forms. Notice that the action of the twist on 7
and 7/ is via the Lie derivative: each vector field X;,, X1,, X,, X ,. . . 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 Ay -product,

d(T A7) = d(1) AT+ (D97 A, dr’ (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):

/’r AT = (_Ddegr(T)deg(T’)/T/ Ay T (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} = P01 X, ( )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 & (and morally with the diffeomorphisms group of M). Given a twist
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we can deform the Lie algebra & (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 % fields reads:

S = aabcd/ RPAVEAVE—ipy* VEAVEAVEADY—i (DY AVEAVEAVLY

_ (158)
with R = dw® —w* A w, and the Dirac conjugate defined as usual: = " 7.
This action can be recast in an index-free form ([12], Aschieri 2009), convenient for
generalization to the non-commutative case:

S=/Tr(iRAV/\v75)+q;vAvAv%DerD&AVAVAV%w (15.9)

where
R=dQ—-QAQ, DY=diy—Qip, Dp=Dyp=dp+¢4Q  (15.10)

with : |
Q = Zu)llb,yub’ V = Va,ya’ R = ZRabfYab

taking value in Dirac gamma matrices. Use of the gamma matrix identities y,p. =
i eabcdfyd%, Tr(YapYeYdYs) = —4icapeq 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

5.V =—[V,e],6.Q =de — [Q, €], 6.p = €9, 0.p = —t)e (15.11)
withe = 4—115“” ~ab- The local Lorentz invariance of the index free action follows from

0:R = —[R, €] and §. D) = £ D), the cyclicity of the trace T r and the fact that the
gauge parameter € commutes with ~s.
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15.6 Noncommutative Gauge Theory and Lorentz Group

Consider an infinitesimal gauge transformation A = M T4, where the generators
T4 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 [\, '], 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

1 1
A*N]=Ax N — N x )= E{AA *0'BNTA, T8 + i[AA * NBTA, TB).

We see that also the anticommutator { 74, T8 } 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 { T4, T8} 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
TATB ... TC of generators.

Our specific case is the Lorentz group in the spinor representation given by the
Dirac gamma matrices 7,5. The algebra generated by these gamma matrices is that of
alleven 4 x 4 gamma matrices. The noncommutative gauge parameter will therefore
have components

_1 ab . ~
5—46 Yab + il + E7ys.

The extra gauge parameters ¢, € can be chosen to be real (like ,5). Indeed the reality
of e4p, €, € is equivalent to the hermiticity condition

— ey =€ (15.12)
and if the gauge parameters ¢, ¢/ satisfy this condition then also [¢ <> /] is easily

seen to satisfy this hermiticity condition.
‘We have centrally extended the Lorentz group to

SO0@3,1) — S0@3,1) x U(1) x RT,

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

SL2,C) — GL2,C).

The Lie algebra generator i I is the anti-hermitian generator corresponding to the
U(1) extension, while ~ys is the hermitian generator corresponding to the noncompact
R™ extension.

Since under noncommutative gauge transformations we have
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5.Q=de—Qxe+texQ (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,

1 1
Q= Zw“”m +iwll + &y, R= ZR””W, +irTl + 77s. (15.14)

Similarly the gauge transformation of the vierbein,
0.V==Vx e+e *xV, (15.15)

closes in the vector space of odd gamma matrices (i.e. the vector space linearly
generated by ¥4, 7*7s) and not in the subspace of just the v matrices. Hence the
noncommutative vierbein are valued in the odd gamma matrices

V = Vi, 4+ Vins. (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 = / TrRAYV AVAs+ 0 VAV ALV A DY +DY ALY AV ALY %7510

(15.17)
with

R=dQ—QA,Q, DYp=dip—Qx1), Dip=dip+10*Q (15.18)

15.8 Gauge Invariance

The invariance of the noncommutative action (15.17) under the x-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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0 = ex 1, 65@=551ﬁ*5, 6D = & x D, ,(55D1/_)=—D’l/_)*€,
0.R=—Rxec+exR, (15.19)

and using that € commutes with s, and the cyclicity of the trace together with the
graded cyclicity of the integral with respect to the <>-product.

15.9 Diffeomorphisms Invariance

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

15.10 Reality of the Action

Hermiticity conditions can be imposed on the fields V and 2 as done with the gauge
parameter € in (15.12) :

Vo = VT, =y = (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 ¢4, ¢, £, the
hermiticity conditions (15.20) imply that the component fields V¢, V¥, w? w, and
w are real fields.

15.11 Charge Conjugation Invariance

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

v =ch)l = —pCy*,v->Vve=cvic, Q- q=calc,

*) —> *§ =x_g, (15.21)

and consequently A9 — /\*C(9 = As—g. Then the action (15.17) is invariant under
charge conjugation. For example
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St somic :i/Tr(RC Al VE Ag VE)T = —i/Tr(RT Ao VICysc™HT
= —i/ Tr ((VT Ao VI A, R) :i/ Tr (—(VTWST)T AV AL R)

:i/Tr('y5V/\*V/\*R):i/Tr(RA,‘%VAV):i/Tr(R/\*V/\* Vs)
= Shosonic (1522)

Similarly the fermionic part of the action satisfies SC ermionic = S fermionic-
The vanishing of the V¢ components in the classical limit is achieved by imposing
charge conjugation conditions on the fields [1]:

CVy(x)C = V_p(x)T, CQ(x)C =Q_px)T, Cep(x)C =c_g(x)T (15.23)

These conditions involve the #-dependence of the fields. This latter is due to the
*-product f-dependence (recall that the <>-product is defined as an expansion in
power series of the noncommutativity parameter ¢). Since noncommutative gauge
transformations involve the <>-product, the gauge transformed fields will be 6-
dependent and hence field configurations are in general §-dependent.

Conditions (15.23) are consistent with the x-gauge transformations. For example
the field C Vj(x)” C can be shown to transform in the same way as V=t (x) [1].

For the component fields and gauge parameters the charge conjugation conditions

imply that the components V¢, w® are even in 6, while the components V¢, w, &
are odd

Ve =V, Wit =uw? (15.24)

Similarly for the gauge parameters: egb = 6“_%,59 = —c_9,€9g = —€_¢. In

particular, since the components V¢ are odd in § we achieve their vanishing in the
classical limit.
We can also conclude that the bosonic action is even in 6. Indeed (15.23) implies

Ve =V_4, Q¢ =Q_p, RS = R_y. (15.26)

Hence the bosonic action Spysonic(0) is mapped into Sppgonic (—0) under charge
conjugation. Also for the fermionic action, S reymionic (6), we have § fer,nionic(ﬁ)c =
S fermionic(—0) if the fermions are Majorana, i.e. if they satisfy € = 1. From §
posonic(DC='S posonic(-0) we conclude that all noncommutative corrections to the
classical action of pure gravity are even in 6; 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 # — 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 e ¢ &are expressed in term of the commutative ones gab,

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 6, in terms of the usual commutative gravity
and spinor field as well as of the noncommutativity vector fields X;. As we will
see, we thus obtain a commutative gravity action that at zeroth order in 6 is usual
gravity (coupled to spinors) and at higher orders in 8 contains higher derivative terms
describing gravity and spinor fields coupled to the noncommutativity vector fields
Xr.

The Seiberg-Witten map (SW map) relates the noncommutative gauge fields 2
to the ordinary ©°, and the noncommutative gauge parameters ¢ to the ordinary °
and Q%50 as to satisfy:

Q% +45.2(Q% = Q(Q° + 6,020 (15.27)
With the noncommutative and ordinary gauge variation given by

6.Q=de —Que+exQ, 00920 =de® — Q00 +0Q°. (15.28)
Equation (15.27) can be solved order by order in 6 [13], yielding €2 and € as power
series in 6:

Q%=+ Q"+ Q* Q") +... + Q" Q") +... (15.29)
e, 2% 0) =2 +'E% A% + 20, Q0 + ...+, QY + ... (15.30)

where 7 (Q°) and E" (9, Q) are of order n in §. Note that depends on the ordinary
€% and also on Q°.

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 ©°inside$2(22°) produce the noncommutative gauge variation of .
This implies that once we expand, order by order in , 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 6 the solution reads:


http://dx.doi.org/10.1007/978-3-319-00297-2_37

162 P. Aschieri

Q:QO+%01J{QO,£J§20+R9} (15.31)
e=c0y %9”{90, ;6% (15.32)
R=R"+ %9” ({QO, (¢; + LR — [RY, R9]) (15.33)
P =0 + %9”99(5, +L° (15.34)

where Q°, Rg are defined as the contraction along the tangent vector X; of the
exterior forms A AQC, RO, ie. Q0 = i;Q°0, RY = i; RO, (i; being the contraction
along X 7). We have also introduced the Lie derivative f; along the vector field X7,
and the covariant Lie derivative L; along the vector field X;. L acts on RY and 1[;0
as L;RY =f;RO— QY+« RO+ RO% QCand L; V° = £; ¥° —QO°. In BI I fact
the covariant Lie derivative L; has the Cartan form:

L;=1i;D + Diy

where D is the covariant derivative. We refer to [2] for higher order in 6 expres-
sions. All these formulae are not SO(1, 3)-gauge covariant, due to the presence of the
“naked” connection 2° and the non-covariant Lie derivative f; = i;d+di;. However,
when inserted in the NC action the resulting action is gauge invariant order by order
in 0. 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 6, the expanded action is invariant under ordinary gauge variations
order by order in . 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; and the Lie
derivatives f; and L; appear in the SW map.

From (15.31) and (15.34) we also deduce

Dy = Dy’ + %9” (sz(}(e, + L) Dy — 2R,LJ¢) ) (15.35)

15.13 Action at First Order in 0

The expression of the gravity action, up to second order in 6, 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 6. 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(iRV V) + BV395 Dt + DIV st
+ 20" (B2, 1iyhys DY + DBV, Righsv)

i - - -
+ 560" (2L1OR VA5 = 20V Ris Lyt — LidV 5Ly Dy

— LiDYV3ysLyyp
—i—z/_J({L[VLJV, VY+ LV VL;V)ysDy + Dv,Z_J({LIVL]V, V}
+L;V VL;V)ysy) + 0(6%) (15.36)

where with obvious abuse of notation we have omitted the apex  denoting commu-
tative fields, we also have omitted writing the wedge product, and V3 = VAV A 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 Ly, iy, D and fields R, V, ¢; (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;} 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 Matricesin D = 4

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

77ab=(]7_1,_17_])7{'%17’}%}227711[77 ['Yas'Yb]:Z'Yab, (15'37)
¥ =iommrs, s =1 e =—-"P =1, (15.38)
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W= 0%, 7= (15.39)
W=-CuCl, Al =cCsc!, P=-1, ¢T=c"=-C (1540
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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 A, 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-
Sfundamental 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 adeeper 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 ¥ [a three-dimensional hypersur-
face bounding a finite four-dimensional spacetime region] and field configurations ¢ on X.
Quantum dynamics can be expressed in terms of an [probability] amplitude W[X, ¢] [for
some process].

Background dependence versus background independence:

Notice that the dependence of W[%, ¢] on the geometry of X 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 X. Consider now a background independent
theory. Diffeomorphism invariance implies immediately that W[X, ¢] is independent of X
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 I"), 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 I". 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 I, 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, G*" and F),, (or A,)
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. ... [Flor 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 V,,, 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 xo € V,,, depends on some
set of initial data given on the boundary and in the interior of the intersection of the
retrograde characteristic conoid u(x() with the initial surface S. If, for every Cauchy
problem on any S and every xp, 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 Kac¢a Bradonji¢, “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 O 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 04 = (7; o) 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

AsshowninRef. [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 X;) by standard
Wigner boosts for time-like vectors of parameters @) (7,0"),a = 1,2, 3: Ef:) =

0 (B
L 5,(¢@)) E, - The adapted cotetrads have the following expression in terms of

cotriads ®e(4)- on X, and of the lapse N = 1+n and shiftn,) = N” 3e(4), functions:
0 (0) 0 (0) o (@) o (@)

E. =14+nE =0,E =ngw,E = 3e(a)r. The 4-metric becomes
497'7' = e[l + l’l)2 - Za I’l%a)], 4g'rr = —¢€ Za N(a) 3e(a)ra 4grs = _€3grs =

—€>, 3e(a)r Se(a)s. The 16 configurational variables in the ADM action are ¢4),
141, 1(a), >€(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 37rf «) 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 ¢, (7, 0") and the 3 angles o (,) (7, ") 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(7, 0") and 71(4) (7, 0”) with vanishing
momenta. Three gauge configuration angles #' (7, ¢”) (i.e. the director cosines of the
tangents to the three coordinate lines in each point of ;) describe the freedom in
the choice of the 3-coordinates o” on each 3-space: their fixation implies the deter-
mination of the shift gauge variables 72(4) (7, o), namely the appearances of gravito-

magnetism in the chosen 3-coordinate system. Their conjugate momenta 75'(9) (r,0")
are the unknowns in the super-momentum constraints. The configuration variable
&(T, o") = /det3g,s(T, o) 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 3K (7, ") of the extrinsic curvature (also named the York time)
of the non-Euclidean 3-space X;. The Lorentz signature of space-time implies that
3K is a momentum variable: it is a time coordinate, while # are spatial coordi-
nates. Differently from SR 3K 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 Eapu, vanishing
only in the gauges >K (7, &) = 0. The tidal effects, i.e. the physical degrees of free-
dom of the gravitational field, are described by the two canonjcal pairs Rz (7, 0"),
Mz(7,0"), a = 1,2. The 4-metric is a function of n, i), ', ¢, Ra.

In the York canonical basis the Hamilton equations generated by the Dirac Hamil-
tonian Hp = E ApM + (constraints) are divided in four groups: (A) the contracted
Bianchi identities, namely the evolution equations for $ and 7rl.(9) (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 6’ and 3K : these
equations determine the lapse and the shift functions once the basic gauge variables
are fixed; (C) the evolution equations for the tidal variables Rz, [1; (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 @) (7,0") = @)(1T,0") =
0'(r,0") ~ 0 and *K (7, ¢") ~ (arbitrary numerical function). 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 3K (T, 0")
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 3K (1)(7, 0”) = % 3K (1y(7, 0") 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: m; — m; (1 + % C% 3]6(1) (1, ;7[- (1)) ) =m;+om; (312(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 d m; CK (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 ¢~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 ACDM 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
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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
alogical 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]) 8%/2 < 1.7 x 10726
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, 50 wm 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:

e use of CCD detectors instead of gaseous detectors, having much better energy
resolution (4-5 times better) and higher stability;

e experimental setup located in the clean, low-background, environment of the
underground LNGS Laboratory;

e 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:

e 14,510 min (about 10 days) of measurements with a 40 A current circulating in the
copper target;
e 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.
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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, ,32 /2, from our data, we used the same arguments of Ramberg and Snow. See
details in [22]. The obtained value is:

B2/2 < 45%x 1072 (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:

B2/2 < 47 x107% (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 (1 ps), a large collection area (1 cm?) 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~* 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 A2/2 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

Marius Josep Fullana i Alfonso, Josep Vicent Arnau i Cérdoba,
Robert J. Thacker, Hugh M. P. Couchman and Diego P. Saez Milan

Abstract From FFP6to 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:
8§ =-2/WA)V.opda, (19.1)

where V| ¢ is the transverse gradient of the peculiar gravitational potential, W () =
(Aem — M) /A, and
ra)=Hy' [(Qub+Q2ab*) " ab, (19.2)

Hy, Q,,,, and 25 being the Hubble constant, and the density parameters of matter
and vacuum, respectively. By using these formulas, the temperature contrasts A 7/7,
and the C; 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

AT/T=2 [0¢/0tdt, (19.3)
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AT/T = (—207k/mec®) [ ne(To — Temp)dl, (19.4)

and
AT/T= —(or/c) [ vin.dl, (19.5)

respectively, where n,, T,, Tcm B, Vr, 0T, k, m, 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, Ay, 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,
Eqgs. 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~! Mpc, it may be done by removing the signal, in Fourier space,
for wavenumbers k < 0.15 h Mpc~!. 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, 2 = 0.7; baryon, dark matter, and dark energy
density parameters €25, = 0.046, 2; = 0.233 and 2 = 0.721, respectively; optical
depth for reionization, T = 0.084, and matter power spectrum normalisation parame-
ter, og = 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 < 0.15AMpc~") between
the above distant regions. For the preferred directions (see [3], [7], and [8]), and box
sizes of Ly, = 256h~'Mpc, it can be easily verified that the CMB photons can
travel from z = 6 to z = 0 (~5,900 h~'Mpc) 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, N;., per edge. The angular resolution is then
Aang = Puap/Npix (Ppmap 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, Ny;,, per edge of the squared CMB map (one per pixel, Ng;» = Npiyx ); an
initial redshift, z;,, a photon step, A 5, to perform the integrals in Egs. 19.1,19.3,19.4
and 19.5; and the angles 6 and ¢ 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: Ly, = 512h™'Mpc, number of particles N p = 5123,
number of cells N, = 1, 0243, softening S, = 12h~'kpc, Ny = 512, zi, = 6 and
Aps =25 h_lkpc. The angular resolution of these simulations is A, > 0.59” (I >
18,600). The map size is ~5°J 5°. The effective resolution is E,.; ~ 60 h_lkpc.
N-body simulations of this type were presented in [4]. In our new simulations with
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baryons, the same parameters, except N, = 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
< [ < 7,000 was 2.0+0.4 WK, which is ~1.4 wK 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 / > 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 I-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 <[ <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 05'5. Then, the SZ effect
associated to the og 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 /-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 [-interval (5,000, 6,000), the ACT power is between ~40
and ~50 wK? (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 ~6 ;L K? 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: Ly, = 200h~!Mpc, N p =20
6403, N, = 1,280°, Nyir =512, zj = 6, and S, and A to be adjusted to our new
computational procedure. The angular resolution of these simulations is Agye >
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

Kaéa Bradonji¢

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-
Jjective 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 g,
of signature (+, —, —, —), and a symmetric affine connection F;Iiv' Curvature ten-
sors are formed from their respective connections by the following convention [6]:
Ripsx = 0Ty — 0T, + 1%, Tl — Tk o

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 g,,,, 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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Fig.20.1 UCPR deals with four independent fields: a conformal structure, b four volume—element
(fourth dimension suppressed), ¢ 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 { 'fw }and
the corresponding metric covariant derivative, g,., can be used to construct conformal

Christoffel symbols {iv} and a conformal covariant derivative. Furthermore, we

can use {;v} to construct the conformal-connection curvature tensor CN‘M(,K. This
curvature tensor is distinct from the Weyl curvature tensor Cj;s¢, which is the
conformally invariant part of the metric curvature Kj;;s+.

Four volume-element measure field e¥ 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 e? 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 e?
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 e¢¥ 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 e 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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Conformal Transformations

( a) . (b) Projective Transformations
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Fig. 20.3 a I}, determines curves of freely falling massive particles, /1};, their unparameterized

paths, and I, the parameterization along the paths. b Projective transformations leave /T, invariant,
but change I7,.

Guv = €“Guv. (20.1)

Under conformal transformations, g, remains invariant, while e 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 I} ,. Under GL(4,R),
these parameters have complicated transformations laws. T. Y. Thomas first noted that
under SL(4,R) IT},,, transform as components of a symmetric, traceless connection
[9]. This allows us to define a projective covariant derivative and the projective-
connection curvature tensor [1;ps+ . I1;p5+ is distinct from the usual projective
curvature tensor P4« , which is the projectively invariant part of the affine curvature
tensor Rjpex .

The affine one-form I';, 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 IT /’iv and I, determines a unique affine connection F;Kw [61,

Ly =T, 4+ 1/5(8) Iy + 85 Th). (20.2)
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Fig. 20.4 Equi-affine condition (a) demands that the parallel transport ¢¥ of is path-independent,
and (b) allows us to identify the parameterization determined by I, to metrical proper time T

As shown in Fig. 20.3b, ITj,, is invariant under projective transformations, while
I, is not. The projective connection can be thought of as an equivalence class of
" proj g q
projectively related affine connections.

20.3 Compatibility Conditions

In the usual formulation of GR, compatibility between g, and I'j, is imposed

by a single condition: V,g,, = 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
e and I'j,,, and consequently I}, and I',. In UCPR we can impose the equi-affine

In%
condition without imposing any restrictions I1j,, on by simply demanding that

Iy =20,0. (20.3)

This condition also allows us to identify the parameterization of timelike paths
determined by I'), with the metrical proper time 7 (Fig.20.4b).

Weyl condition as it is formulated in GR demands that the affine covariant deriva-
tive of g, be proportional to g,.,. 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 t. 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 Weyl geometry
GR leads to the possibility P T

of the second clock effect in ‘®
which the ticking rate of the (', ds") . ®
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unnecessary result is avoided by expressing the Weyl condition in terms of [T}, and

{';:U }, without imposing any relation between I, and e?,

s, - [’;w ] = 41-‘[%(5; Ly 485 1) = G 37 T ) (20.4)
Full conformal-projective compatibility demands that the conformal geodesics are
also projective auto-parallel paths, and is satisfied if {W} = I1,,,. This condition
also puts no restriction on e and I,.

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 C’,-u;d:« and Cs« can be probed with zero rest-mass fields, an analogous
analysis of the projectively invariant curvature tensors I1;s« and P s+ 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 SiO,, 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 AlOy 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 p(D) in
the samples studied. First analysis of the p (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-AlO,.-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 Ry (it is measured at voltages |V| < 2A /e, A is
the superconducting energy gap of the order of 1 meV) much greater than the normal-
state resistance Rn. Moreover, Ry, was of the order of Ry [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 yj at position vectors P; 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 Schrédinger equation with a localized
potential V(r) = V(x, Pr) = D ; ¥x8(x)8(P — Pr) 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
d

Dy = (14 2z)~" with Zy = Z(Px) = kr [ V(x, Pr)dx/EF, kr is the Fermi wave
0

vector. If the parameter Z; is a uniform random variable ranging from zero to infinity,
o

then its distribution function p(Z) = 2hG /e* = const. Here G = f p(Z2)G(Z)dZ
0

is the disorder-averaged macroscopic conductance, G(Z) = zhizD = zhizHlT is

the conductance of a normal-state one-dimensional tunnel junction with a scattering

parameter Z = Hdkr/EF, where H is the barrier height of an ultra-thin potential

barrier [6]. With the parametrization D = (1 + Zz)_1 we can transfer to the dis-

tribution function of local transparencies p (D) which is bimodal with two peaks at

D=0and D=1 p(D)=hG [62D3/2(1 — D)l/z]_l. 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-

- -1
parency of the double-barrier system is also a Lorentzian D(0) = [1 +Z (0)2]

with a single parameter Z(#), a rapidly oscillating function, which changes peri-
odically from zero (for resonance conditions) to very high values during incident
angle 6 variations from —m/2 to —m/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 p (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(¢) is retroreflected into
a hole (electron) of the same energy ¢ (¢will be calculated from the Fermi energy
Er) 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-/-S> junction where S; 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 any(w) =

i (a) —Jo? + A%\Ib) /Anp (with o, the Matsubara frequency) to a more general

case with a function ®(w), which is the ratio of a modified and normal Green’s

functions in a superconductor aaj(w) = i (a) —Jo? + CID%l(a))) /Pal(w). In the

calculations we have used a simplest approximation for ®4j(w) in the S/N bilayer

derived by Golubov et al. [9] ®51(w) = Anp/ (1 +C/0? + A%b / ANb) and they
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Table 21.1 Comparison of theoretical and experimental data for superconducting heterostructures

Nb/Al-AlO, -Nb(exper) NIN (calc) NIS (calc) S/NIS (calc) SIS (calc)
Rsg/Ry 1.26 1.0 1.40 1.17 0.68

were based on a numerical method which uses the bimodal distribution p(D) and
was developed earlier in a few publications; see, for example, the paper [10].

Our experimental results were obtained on asymmetric Nb/Al-AlO,-Nb junctions
developed at INRiM [11] with the Al-interlayer thicknesses d4; 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 d4; 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 Ry
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 R, were extracted from experimental data
as a slope of a best-fit linear regression line for quasiparticle curves in the interval
from O to 0.2 mV where the subgap current increases linearly with V. The Ry/Ry
ratio obtained after averaging over five Nb/Al-AlO,-Nb samples with different d 4;
and Ry (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 Rye/Ry 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 Matveeyv [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 I: D] o exp(—2«l), where « ~lig the localization length, and the differential
conductance G(V) = dI(V)/dV is proportional to V2 [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 . Due to the strong electron-phonon interaction for localized states,
the latter processes which reduce the electron energy from Ej to E; = E; — € are
very important just in amorphous semiconductors. For fixed E| and E; the number
of the inelastic tunneling events is proportional to the electron-phonon interaction
function o® F (¢) whose amplitude is determined by 2, a characteristic of the interac-
tion strength, whereas the shape of the function resembles that of the phonon density
of states F(e) (Wolf 2011). Then the total probability of electron inelastic tunnel-
ing through the distance / with the energy decrease from zero to ¢ is proportional to

&
exp(—2«l) f o F(w)dw. Taking into account that optimal conductance chains corre-
0

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-
1/3

eV f e
ferential conductance Gigel (V) ~ exp (—%Kd) [ [e?F(w)dw | de. The factor
0 \0

exp (—2«d/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'(g) &~ constf(¢ — ¢) with &, the cut-
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off phonon energy (see, for example, neutron scattering data for Lag g5 Cag 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 Gipel(V) ~ V4/3 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) = G + const - VK, we can find the index k and, hence,
to distinguish between different transport mechanisms by calculating the function
k(V)y=dIn(G(V) — Go)/dIn 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 Ndg ¢7 Srg.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.

Acknowledgments The author would like to thank A. Kamimura, S. Matsumoto, and R. Nishi for
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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 7TeV. 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 ¢ and y of the Dirac wave function can be written as
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ih(0¢/0t) = (1/2m) (h/i\V — eA/c)* (¢ + X)
(eqS + mcz) X
ih(9x/0t) = — (1/2m) (h/iV — eA/c)* (¢ + )
(e¢ - mcz) & (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
¢ represents the “low energy” solutions, that is the normal solution and  represents
the “high energy” solutions. It must be remembered that at our usual energies it is the
wave function ¢, the so called positive energy solution that dominates, x being of the
order of v2 /c? of ¢. On the other hand at very “high energies” x the so called negative
energy solution dominates. Feshbach and Villars identified these two solutions with
particles and antiparticles respectively. We have

0= (ig) el‘/h(pXEl)’ ¢ — ¢0(p)e(i/h(pX7El‘) (232)

We consider separately the positive and negative values of E (coming from (23.2)),
viz.,

1
E=+E, E,= [(cp)2 + (mcz)z] i (23.3)

The solutions associated with these two values of E are

) _ _Eptm oy mc—E,

2 Xo = 2m2E,)\ 2

%0 = 2(mc2E )Y/

() _ _me—Ep NG Ep+mc
0 2(mc2E )2 0 2(mc2E )2

For £ = +E,.
As is well known the positive solution (E = E,) and the negative solution
(E = —E)) 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,

5()? — )}0)
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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

[x, xj1=0(% -0,

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]

E*= p2 +m?+ a12p4 (23.4)

the so called Snyder-Sidharth Hamiltonian [5, 11, 27]. It has been argued that for
fermions o« > 0 while a can be <0 for bosons. Using (23.4) it is possible to deduce
the ultrarelativistic Dirac equation [17, 21]

(D + BIp*y ) =0 (23.5)

B = /a.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 « is positive. It is known that [29], in this case Eq. (23.5) can
be written in Hamiltonian form

— 00" = (D + 1alp®ys)e (23.6)

where D = > +' p,. Further it is well known that the Hamiltonian is given by
1

—

H =135 p=uyslplls(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 5. Indeed as we know from the theory of Dirac matrices

Pys = —Pys (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, W, and Wg.
Remembering that a dominant ¢ and a dominant y respectively represent particle and
antiparticle in this Feshbach-Villars formulation and also remembering that under
reflection, as is well known,

o=@, X—> —X (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 Am? 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 limitis 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 60 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 ¢ by ¢ + ¢/,
then, comparing with the above we would get:
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¢ =al’p* - [4m?S + 2p*e]™!

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 x, is observed to occur later than one at xj, that is,
xg > x? with usual notation. A second observer S’ moving with relative velocity v

will see the events separated by a time difference
0 0 0
xy —x; = Ay (M3 —x7)

where Ag(v) is the "boost" defined by or,

xéo — xio = V(xg — x?) +9v - (x2 — x1)

and this will be negative if
0 0
ve(xa—x1) < —(x; —x7) (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 x; at time 7, we cannot also define
its velocity precisely. In consequence there is a certain chance of a particle getting
from x1 to xp even if x; — x» is spacelike, that is, |[x] — x3| > |x(1) — x(z)l. To be more
precise, the probability of a particle reaching x» if it starts at x; is non negligible as

long as
2

(1 —x2)? = () =9)* < % (23.11)
where 7 is Planck’s constant (divided by 27) 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 x 10~'% cm or in time units 6 x 1072 s
Recall that in our units 1s = 3 x 10'%) cm. We are thus faced again with our
paradox; if one observer sees a particle emitted at x;, and absorbed at x;, and if
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(x1 — x2)? — (x? — xg)2 is positive (but less than h? / m?), then a second observer
may see the particle absorbed at x; at a time 7, before the time # 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.,

2
0 < (x1 —x2)% — (f —xD*(= %) (23.12)

The inequality (23.12) points to a reversal of time instants (¢, #) 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

w=(i),

where, as noted, ¢ and x are, for the Dirac equation, each two spinors. ¢ (or more
correctly ¢p) represents a particle while x represents an antiparticle. So, for one
observer we have

x~0 (23.13)

and for another observer we can have
¢ ~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]
I =VnAx? (23.15)
2 2 1
ka® = kAx” = EkBT (23.16)

where kp is the Boltzmann constant, T the temperature, r the extent and & is the
analogues of the spring constant given by

2 k
wy = — (23.17)
m
1
k 2 2 1 a
w=|\—a - =wo— (23.18)
m r r

We now identify the particles with Planck masses and set Ax = a = Ip, the
Planck length. It may be immediately observed that use of (23.17) and (23.16) gives
kgT ~ mpc?, 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=mp//n (23.19)
while we have,
I =/nlp, 7= +/n7p, (23.20)
h
l%) = ETP

Inthe above mp ~ 1075 g, [p ~ 10733 cmand 7p ~ 107#? 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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2/Gmp
lp="—

(23.21)
C

which expresses the well known fact that the Planck length is the Schwarzchild radius
of a Planck mass black hole, following Rosen. This gives

Ic? 40
n=——~10 (23.22)
Gm
where / and m in the above relations are the Compton wavelength and mass of a typical
elementary particle and are respectively ~ 10712 cm and 102> 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

hed
kT =
8mGm
we can show that
Gm* ~ he (23.23)

We can easily verify that (23.23) leads to the value m = mp ~ 107> 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 [ 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

Gh2u3
o>

~ hw (23.24)

then this defines a threshold frequency wy,,, above which the oscillations become
chaotic. In other words, for meaningful physics we require that

W =< Wnax-

where w4 1s 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

Wiaxr = 75 (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 wy,,, in (23.25) are again meaningless. We can easily verify that using
(23.24) in (23.25) gives back (23.23). As hc = 137¢2%, in a Large Number sense,
(23.23) can also be written as,

Gm% ~ ¢

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

G
% ~ VN (23.26)

where N ~ 108 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:

HI?\ 3
Cc
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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, ¢ 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 Eqgs. (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:

Gm?/e* ~ L (23.28)
VN

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 /, m, ¢ 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.,

GM
R~—2andM=Nm
c

where R is the radius of the universe ~1028 cm, M its mass ~10%° 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, 180m 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



24 Toward “Ghost Imaging” with Cosmic Ray Muons 239

Imaging
Lens Image
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Circuit

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 Dy, placed behind the object, and the scanning point-like detector Dy, 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+1_1 (24.1)
So Si_f’ '

where f is the focal length of the lens, s, the object-lens distance, and s; 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 o 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
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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 10° kmz, 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 m? 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 60ns (Nﬁac ps). 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 2cm [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 I’ 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
amultiple event, with anumber 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 (4 —¢p) between muons detected
by the two telescopes is characterized by a constant background and a peak centered
around r4 — tp = 0. Both the width of the peak and the constant background can
be optimized by correcting the time differences for the average inclination (6’ =
(64 + 0B)/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 714 — tp with [15, 16]: At = t4 — tg & L cos(#’)/c. The temporal
distribution of the corrected coincidence counts is reported in Fig. 24.5; the Gaussian
fit a exp[—(x — w)?/202] + b gives for the peak visibility V = 28 %, for the peak
width o = 220ns, 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, o < 5° where « 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 (0 = 180ns). 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 o < 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 A¢ = 0 and having total width approxi-
mately equal to the peak base (i.e., 40 =~ 900ns), and compare the angular distrib-
ution of coincident muon pairs with the angular distribution of muon pairs detected
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Fig. 24.6 Distribution of parallel muons detected at the two Schools, A e B, as a function of the
“corrected” detection time difference Az. Channels are 100 ns wide. The condition of parallel tracks
is imposed by selecting the angle between the tracks («) to be smaller than 5°

outside the coincidence window (i.e., pairs of independent muons). The results are
shown in Fig.24.7, where 04 p 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 (64;, Op;) 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 (#p) and y (down), in acommon
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 x 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 x4 p = ftan(64 p), where f is the focal length of the two
simulated lenses, and 64 p 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 = 10cm 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 |p 4, — pp| 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 0 = 0.6cm (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 |p4 — ppg| 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-

B. G. Sidharth (B<)
International Institute for Applicable Mathematics and Information Sciences,
Hyderabad, India

B. G. Sidharth
International Institute for Applicable Mathematics and Information Sciences, Udine, Italy

B. G. Sidharth
B.M. Birla Science Centre, Adarsh Nagar, Hyderabad 500 063, India

B. G. Sidharth et al. (eds.), Frontiers of Fundamental Physics and Physics Education 249
Research, Springer Proceedings in Physics 145, DOI: 10.1007/978-3-319-00297-2_25,
© Springer International Publishing Switzerland 2014



250 B. G. Sidharth

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 WMARP 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]

_GM

R~ 3 (25.2)
C

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

R? =87 GpR?/3
In the above if we substitute R = ¢ 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 ~ %/mc?, 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,

dN VN
A S (25.3)
dt T

whence on integration we get, (remembering that we are almost in the continuum
region that is, T ~ 10~ 25ec ~ 0),

h
T = _2W (25.4)
mc
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 r we get

— ~ HR 25.5
yr (25.5)

where Hin (25.5) can be identified with the Hubble Constant, and using (25.2) is
given by,

Gm3c
H=—
hz

(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

1
H 2\ 3
C

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 A is
allowed such that
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2
A <0(H")

This is consistent with observation and shows that A 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 A that is some
10'20 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],

«/ﬁez/R ~ mc?.

On using (25.2) in the above, we recover the well known Gravitation- Electro-
magnetism ratio viz.,

e*/Gm* ~ /N ~ 10" (25.8)

or without using (25.2), we get, instead, the well known so called Weyl-Eddington
formula,

R =+/NI (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,

G 1
&7 (25.10)

12~ YN

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, [, ¢ and i 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=°- — 25.11
I JN ( )

Thus apart from the fact that H has the same inverse time dependence on 7T 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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(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

3

" GH

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 7 — t7p, 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 t — 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 Egs. 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

|Ax|2 =< Ax’ >=v - At
v="h/m,v~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 =+ NAx? (25.15)
1
ka® = kAx? = SksT (25.16)

where kp is the Boltzmann constant, T the temperature, » the extent and & is the
spring constant given by

2 k
wy = — (25.17)
m
1
k 5,\21 a
owo=\—a - =wo— (25.18)
m r r

We now identify the particles or cells with Planck masses and set Ax = a = [p, the
Planck length. It may be immediately observed that use of (25.17) and (25.16) gives
kpT ~ m pc?, 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 ~ 10*0 Planck masses.

Using this in (25.15), we get r ~ [, the pion Compton wavelength as required.
Whence the pion mass is given by
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m=mp/Jn

which of course is correct, with the choice of n. This can be described by

lzx/