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Chapter 1
Introduction

Ay! There are times when the great universe
Like cloth in some unskilful dyers’ vat
Shrivels into a hand’s-breadth, and perchance
That time is now! Well! Let that time be now.
Let this mean room be as that mighty stage
Whereon kings die, and our ignoble lives
Become the stakes God plays for.

Oscar Wilde: A Florentine Tragedy

The universe, ultimately, is to be described by quantum theory. Quantum aspects
of all there is, including space and time, may not be significant for many purposes,
but are crucial for some. And so a quantum description of cosmology is required
for a complete and consistent worldview. At any rate, even if we were not directly
interested in regimes where quantum cosmology plays a role, a complete physical
description could not stop at a stage before the whole universe is reached. Quantum
theory is essential in the microphysics of particles, atoms, molecules, solids, white
dwarfs and neutron stars. Why should one expect this ladder of scales to end at a
certain size? If regimes are sufficiently violent and energetic, quantum effects are
non-negligible even on scales of the whole cosmos; this is realized at least once in the
history of the universe: at the big bang where the classical theory of general relativity
would make energy densities diverge.

One might ask a quantum theory of what should be considered. The classical
universe is described by general relativity, which may be quantized on its own if
its degree of freedom, space—time geometry, is seen as fundamental. Alternatively,
general relativity might be seen as ultimately being a phenomenological continuum
theory, much as in hydrodynamics. By itself, it would not reveal what the funda-
mental, microscopic degrees of freedom should be. Nonetheless, general relativity
serves as a crucial guideline in constructing a quantum theory of gravity, for it is
to be reproduced as the semiclassical limit on a certain range of scales, including
those on which we currently probe the universe. This by itself is challenging enough
a task owing to the existence of many mathematical consistency conditions. Most
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2 1 Introduction

current theories indeed point to the presence of new microscopic entities, and they
provide insights into some of their properties—be they described as strings, loops
or something else. Irrespective of what exactly is realized, general relativity must be
extended for it is singular; and quantum theory must play a role.

Quantum gravity applies to many situations, most importantly early-universe cos-
mology and black holes. Cosmology complicates and simplifies considerations at the
same time. It comes with severe conceptual problems of how to interpret the wave
function of the whole universe, with all observers having to be situated within the
system. Despite many activities for several decades, a proper understanding of this
situation remains a challenge. But there is also an advantage in this context: the
cosmological principle, which states the assumption of homogeneity on large scales
and is by now well justified by extensive galaxy maps, reduces the number of degrees
of freedom. One obtains a technically simpler framework, which is helpful for testing
existing general theories but also provides possible physical insights.

Much of quantum gravity is part of mathematical physics due to the heavy tools
required. But one should keep in mind that the objective is quite different from usual
mathematical edifices: quantum gravity at present is not constructed on firm ground;
it rather grows toward a certain, vaguely formulated aim. Some principles must
certainly exist and be used, but there are no generally accepted axioms from which
one could start, stepping ahead theorem by theorem. This situation often makes
developments, even crucial ones, appear fuzzy. Nevertheless, progress is clearly
visible by models becoming more and more controlled and realistic and, put the
other way, by several developments having been ruled out with later progress.

Accordingly, the focus in this book will not be so much on specific cases, unless
they illustrate key features, but rather on a general framework which, at the current
stage in time and in the author’s personal opinion, summarizes distinctive properties
of quantum cosmology. This guide through the scaffolding should provide readers
interested in working on those problems with a quick route to the construction site,
discussing tools and stating open issues to provide an entrance into this rather messy
field. Keep in mind that, while the final building is likely to follow the shape and
height already indicated, the scaffolding itself eventually will have to be torn down.
But before the building stands, the reader is advised not to pay too much attention to
all kinds of details: one should not measure carpets before the walls are set down.

There are two main instances in which quantum physics arises: quantum dynamics
and quantum geometry. Quantum dynamics includes the usual conceptual problems
of measurements, observables and the role of quantum variables such as fluctuations
and correlations. Especially in quantum cosmology it also, ultimately, requires one
to understand the meaning and the arrow of time. As general issues, all this is rather
insensitive to the specific realization of quantum space—time, and can thus be found
and analyzed already in the Wheeler—DeWitt formulation of quantum cosmology
started in the 1960s. Quantum geometry, on the other hand, depends more sensitively
on the quantization framework used. Here, the structure of space and time on their
smallest, possibly atomic scales and their refinement in the course of time is crucial.
The most specific such realization so far has been made within the framework of
loop quantum gravity, which will be introduced and used throughout this book. But
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all general aspects, whenever applicable, will be discussed with as small a number
of ingredients from a loop quantization as possible.

We will begin the exposition with a rather detailed discussion of quantum theory
in the context of cosmology. This introduction will show why an atomic understading
of space—time structure is relevant, a specific form of which is then provided using
the methods of loop quantum gravity. In this canonical quantization one starts with
a “kinematical” quantization of spatial geometry, already illustrating the discrete
nature. Dynamics then shows how such atomic structures change in time according
to a quantum Hamiltonian. At this stage, control over atomic quantum space—times
will be gained.

An analysis of dynamical equations in general is complicated, especially if gravity
is involved which requires self-interaction and non-linearity. Part II of this book will
introduce the key tool to a manageable analysis: effective descriptions. They will
first be applied to quantum cosmology in the Wheeler—-DeWitt form, and then to loop
quantum cosmology which introduces additional non-linearities. At this stage, we
will see the first intuitive mechanism of resolving singularities by repulsive quantum
forces. Atthe same time it will become clear that quantum dynamics, not just quantum
geometry, is highly relevant for understanding the big bang. With these results, a
discussion of what the actual meaning of resolving singularities might be will be
given.

The third part extends constructions and results from isotropic models to
several less symmetric cases, first to anisotropic ones which also include models
of the Schwarzschild black-hole interior. Here we will see the first applications to
black hole dynamics. (There are other important applications of quantum gravity
to black holes, mainly in the context of black-hole thermodynamics. They are not
part of this book since those methods differ considerably from what one uses in
quantum cosmology. This line of research has so far provided scant insight about
the dynamics.) General black-hole models, including a phase of gravitational col-
lapse and possibly one of Hawking evaporation, require inhomogeneous geometries.
Spherically symmetric ones are the simplest among those and will be discussed in
detail. Also here, results about singularity resolution are available, but still incon-
clusive. By similar constructions one can describe models such as Einstein—Rosen
waves or those of Gowdy type, which do have local gravitational degrees of freedom.
They provide further interesting examples of singularities and possible resolutions,
but investigations have only just begun. Inhomogeneities can also be introduced as
perturbations on a homogeneous background space—time, which brings us back to
applications in cosmology.

Part IV is a discussion of the typical mathematical issues involved in quantum
cosmology: properties of difference equations, the derivation and use of physical
Hilbert spaces, and general aspects of effective descriptions. !

1" Some of the material in this book is based upon work supported by the National Science Foun-

dation under Grant No. 0748336. Any opinions, findings, and conclusions or recommendations
expressed in this material are those of the author and do not necessarily reflect the views of the
National Science Foundation.



Part I
Quantizing the Whole Universe

Curved space-times in general and cosmology in particular require special tools to
address their quantum physics. Canonical quantization methods are most highly
controlled, which will first be seen as the basis of Wheeler—-DeWitt quantization in
the simplest, isotropic models. Wheeler—-DeWitt methods do not apply to full
general relativity beyond formal definitions, but those of loop quantum gravity do.
They do not only allow rigorous mathematical constructions but also have their
own physical implications. The brief introduction in this part leads up to the
cosmological realization of loop quantum gravity.



Chapter 2
Cosmology and Quantum Theory

Next to flat Minkowski space, the simplest solutions of general relativity are given
by isotropic Friedmann-Lemaitre—Robertson—Walker (FLRW) universe models.
Thanks to spatial isotropy, there is just a single parameter, the scale factor a(t)
determining the spatial scale via the line element

ds? = —N(@)*dr* + a(t)zdcrk2 (2.1
with
2

+ r2(d®? + sin? 9dg?). (2.2)
1 — kr?

2 _
do; =

Asusual, k = 0, £1 distinguishes a three-space of constant curvature k. Although
there is a second coefficient in (2.1) in addition to a(t), the lapse function N (7), it
can be removed by rescaling the time parameter such that dv = N (¢)d¢, where 7 is
proper time as measured by co-moving observers. The scale factor, on the other hand,
cannot be eliminated completely unless it is time-independent, and so it describes the
changing spatial scales of an evolving isotropic universe. Its dynamics is given by
specializing Einstein’s equation to isotropic metrics (2.1): the Friedmann equation

2\ 2
a k 8 G
- - 2.3
(Na) +a2 3 P @3)

where the dot is a derivative by the original 7 and p is the energy density of matter,
and the second-order Raychaudhuri equation
(a/N)*  4nG

N —3 (p+3P) (2.4)

in which also the pressure P of matter appears. The latter equation is not independent
but can be derived from the Friedmann equation using the continuity equation

/')+3g(p+P)=0 (2.5)

of matter.
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2.1 Scaling

In all these equations, the rescaling freedom of the time variable does not matter
since it is always N (¢)d¢ that enters; the equations are thus time-reparameterization
invariant. While the scale factor cannot be removed completely by a change
of coordinates, it can, in the spatially flat case, be rescaled by a constant: a changes to
a /X, when coordinates are rescaled by » — Ar. (For non-vanishing spatial curvature,
fixing k = %1 removes any rescaling freedom.! For k = 0 no natural normalization
is available.) Thus, a does not have absolute meaning; only ratios such as the Hubble
parameter &/Na or the deceleration parameter g = —aN (a/N)*®/a? are unambigu-
ous. For k = +1, one can give meaning to the volume a3"//unit = fz /det hd3x with
Yonit = 272 the volume of the three-dimensional unit sphere, as the measure given
by the spatial metric h,p integrated over the whole compact space. However, even
in this case a itself can hardly be considered a relevant physical parameter because
determining its value would require one to measure the size of the universe. In prin-
ciple, this might be possible, for instance if one can detect repeated patterns in the
sky from light traversing the compact space more than once [1]. But no such patterns
have been found so far with certainty, and so the full information in a>¥{p; cannot
play a role in current cosmology.

Since general relativity is generally covariant and fully independent of the choice
of space-time coordinates, any equations of motion it provides automatically have the
invariance property under changes of coordinates, or under those changes that respect
the symmetry of a given model. Nevertheless, such scalings can sometimes have a
subtle flavor especially in canonical formulations or their quantizations: the Hubble
parameter is a scaling-independent measure for the rate of change of a, which can
provide a canonical momentum, but there is no scaling-independent measure for the
size itself unless one chooses and fixes extra structures such as a distinguished spatial
region. While equations are then coordinate-scaling independent, they might depend
on the region chosen. Such issues will play a central (though somewhat formal) part
in the fundamental set-up of quantum cosmology, and their treatment will, rather
surprisingly, turn out to be deeply related to the atomic nature of space and time.

In full general relativity, coordinate changes are implemented as gauge transformations
generated by constraints. The Friedmann equation (2.3) constitutes the isotropic form of
the Hamiltonian constraint, generating time reparameterizations. From this perspective, one
would expect rescalings of a, multiplying only spatial coordinates in the line element, to
be generated by the diffeomorphism constraint. However, the diffeomorphism constraint,
depending on gradients of the fields, vanishes identically when evaluated in isotropic con-
figurations, and thus cannot contribute to isotropic models. Moreover, a non-trivial diffeo-
morphism (or other) constraint would remove one pair of canonical degrees of freedom—and
there is only one in isotropic models. Even before considering the dynamics, all gravitational
degrees of freedom would be removed. Rescaling a thus cannot be a gauge transformation;
it rather corresponds to transformations between different reductions to isotropy, between
different models rather than within one model. This observation already indicates that the
rather innocent-looking rescaling freedom is closely related to symmetry reduction.

' Rescaling freedom in the closed model is discussed in more detail in Sect.3.2.1.
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2.2 Wheeler-DeWitt Quantization

Wheeler—DeWitt models [2, 3] provided the first quantizations of cosmological mod-
els. Here, indeed, the scale factor itself was taken as one of the canonical variables,
conjugate to

3 aa

R 26
Pa="47GN (2.6)

according to the Einstein—Hilbert action reduced to isotropic metrics. Following the
principles of basic quantum mechanics, wave functions are thus of the form ¥ (a),
supported on the positive real line a > 0.

The quantization of a phase space with a configuration variable a restricted to positive values
requires some care. If one introduces the usual operator —ihd/da to represent p, such that
it obeys the required commutation relation with the multiplication operator a, it is not self-
adjoint with respect to an inner product based on the integration jooo da. One can see this
in several ways: The derivative operator has an imaginary eigenvalue with eigenfunction
exp(—a), which is normalizable on the positive half-line. Moreover, the operator, when
exponentiated, generates translations of wave functions along a, which is not unitary because
it moves the wave function out of the integration range of the inner product. With a non-self-
adjoint p,, the construction of a self-adjoint Hamiltonian will be complicated.

One solution to the problem is to begin with a different, non-canonical algebra of phase-
space variables a together with D := ap,, such that {a, D} = a is still closed. Moreover,
a and D generate canonical transformations that are complete in the sense that they define
a transitive and free group action leaving the phase space fixed. In particular, the factor of
a in D ensures that the Hamiltonian vector field Xp = {-, D} is tangent to the boundary
at a = 0, unlike X,. These are the requirements of group-theoretical quantization [4],
which proceeds by constructing a quantum theory from unitary representations of the group
generated. The representation space then provides a Hilbert space on which a and D act as
self-adjoint operators. For quantum gravity in general terms, this program has been adopted
in the context of affine quantum gravity [5, 6]. In our treatment we will be led to replace a
with a variable taking both signs (thanks to orientation) so that we will not have to deal with
this problem.

Quantization in cosmology introduces all the usual quantum properties such as
fluctuations and quantum uncertainty for the size of the universe itself. However,
expectation values are not easy to compute since it is not a priori clear what inner
product should be taken: There is, first, the possibility of non-normalizable “scatter-
ing” states if a universe is to expand forever and to reach arbitrarily large values of
a; secondly, the Friedmann equation only depends on the canonical variables a and
Pq (and those for matter), but not on their time derivatives. Canonically, it is not an
evolution equation, which could become some kind of Schrodinger equation upon
quantization, but a constraint

47G \? 87G
C:—(nTpa) a '+ ka + 713 a*p=0. 2.7

We may directly quantize it by inserting operators,
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4nGh o (4nGhD N . 81Gh 08
— — ay = ——— 5 .
3Ja da \ 3Ja da 3 maner

with some matter Hamiltonian I:Imaner. In the coefficients, the Planck length £p =
~/ G h appears. Unlike in quantum mechanics, the ordering of factors is not unique.

2.3 Evolution

Only states annihilated by the quantized constraint C can be considered physical,
forming the so-called physical Hilbert space.” As the next problem we thus see
the need of having to understand the solution space of the Friedmann constraint
operator, and being able to endow it with an inner product. Only expectation values
and fluctuations or other moments of a physical state can correspond to observable
quantities.

Traditionally, the focus in quantum cosmology has been on finding solutions
for states in a diverse set of models, mainly with a semiclassical interpretation in
mind. The form of the Wheeler—DeWitt equation, quadratic in the momentum p,,,
then suggests that states may be normalized by a Klein—Gordon type inner product
(and in some models one is exactly dealing with the Klein—Gordon equation; see
Example 5.1). For instance, if one treats a as a measure of time and includes a scalar
matter degree of freedom as well, one obtains a hyperbolic differential equation [7]
with an initial-value problem that suggests to pose an initial wave function at a fixed
value of a. In some cases, however, such an interpretation is problematic, such as in
a closed model where the same value of a may be reached twice, at times that would
be considered far apart in the classical picture. It is sometimes suggested that the
notion of time changes considerably in quantum cosmology, requiring a reversal of
the arrow of time in a collapsing phase [8].

Complete constructions of the physical Hilbert space are possible [9], but cannot
often be performed explicitly; usually a successful implementation hinges on special
forms of matter ingredients that can serve the purpose of an internal time, such as a
free, massless scalar or dust.

Example 2.1 (Dust) The Hamiltonian formulation of dust-like matter with
vanishing pressure, as developed in [10], reduces in isotropic models to a simple
Hamiltonian Hpaer = pr linear in the momentum conjugate to proper time 7 of
dust particles. Upon quantization of pr = —ihd/dT, the constraint equation (2.8),
ignoring questions of self-adjointness, then takes the form of a Schrodinger equa-
tion with time 7. If we transform the variables (a,T) to V := (27 G)'a?/? and
A := 34w G)~!'T, the equation takes the simple form

2 Alternatively to this Dirac quantization of constraints, one may quantize the reduced phase space
of observables ¢ invariant under gauge transformations 6 0 = {0, e C'} generated by (2.7). Again,
it is difficult to see an evolution picture because in general there is no obvious time parameter among
the observables; see Chaps. 12 and 13.
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of a non-relativistic particle at “position” V in a potential W (V) = —K V?/3 with a

constant K = %k(Zn G)?/3. (Time T must be reversed in order to have agreement
for all the signs in this interpretation.)

The flat model corresponds to a free particle with stationary states ¥ ,(V) =
exp(ipV/h). We can write a general solution for a wave packet as

(V. T) =/C(p)'/fp(V)eXp(—iE(p)T/ﬁ)dP (2.10)

with E(p) = —p?/2m. The coefficients C(p) are determined by an initial wave
function at 7=0, ¥(V,0) = f C(p)¥ ,(V)dp, via Fourier transformation. For the
free particle, the Fourier transformation and its inversion can be done explicitly, pro-
viding the general time-dependent solution of travelling and spreading wave packets.
If the initial momentum expectation value is negative, corresponding to a collapsing
universe, the wave packet will reach the boundary V = 0 and disappear from the
configuration space, implying a loss of unitarity of the evolution. This problem is
a consequence of the self-adjointness issue mentioned in Sect.2.2, which can be
dealt with by specifying appropriate boundary conditions for wave functions. For
these wave functions, the dynamics will then differ from the free particle [11, 12].
Alternatively, one can use the operator D quantizing ap,, requiring extra factors of
a~! in the Wheeler-DeWitt equation which again lead to deviations from the free
particle; see also Sect.5.3.1.

2.4 Bohmian Viewpoint

The Bohmian interpretation [13—16] is a reformulation of quantum mechanics which
has the consequence of amending the classical equations of motion by correction
terms, summarized as a quantum potential. The quantum potential depends on the
wave function and thus introduces non-classical degrees of freedom. Solving the
equation would require one to solve for the expectation values and the wave function
at the same time, which usually can be done only in approximations and truncations.
(Starting from a different viewpoint, canonical effective equations, introduced later in
this book and used throughout, can be understood as a systematic way of organizing
the quantum corrections in terms of parameters characterizing the state, the moments
subject to their own evolution.) The Bohmian interpretation has been used in (loop)
quantum cosmology for instance in [17-20].

In addition to the Schrédinger equation for the wave function, the Bohmian view-
point postulates the guiding equation

o eV — @y /av)y
i vy

@2.11)
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for a variable V of classical type. One can interpret this equation as relating
the classical velocity of V to the quantum-mechanical probability current, or the
V-derivative of the phase of the wave function.

Splitting the wave function ¥ (V,T) = R(V, T)exp(iS(V, T)/h) into norm R
and phase S implies a pair of equations equivalent to the Schrodinger equation: the
continuity equation

AR%2  3(R%*3S/3V)
— =0 (2.12)
T v

for the density |¥|*> = R?, which follows from the imaginary part of the Schrodinger

equation, and the Hamilton—Jacobi equation

28°R
av?

aS 1 [aS
( =0 (2.13)
oT 2

W) W)+ = h

with the quantum potential — %h282R JOV?2.

The Bohmian viewpoint is sometimes used in quantum cosmology because it
provides equations for the scale-factor or volume variable, rather than just wave
functions which would be difficult to interpret. Another interpretational scheme often
claimed to avoid conceptual difficulties in quantum cosmology is the consistent-
histories approach [21-24].

2.5 WKB Approximation

Similarly to the derivation of the quantum potential of the Bohmian interpretation, the
WKB approximation to quantum mechanics begins by making an exponential ansatz
for the wave function, now as an fi-expansion ¥ (V) = exp(ih~! Zfzo RS, (V)
with i-independent functions S, (V). Leading orders in /2 for small n should then give
semiclassical physics and the first quantum corrections. As usual for h-expansions,
the WKB series is an asymptotic expansion, not a converging series.

In the reformulated Wheeler—DeWitt equation of the form of a non-relativistic
particle, (2.9), we use the WKB ansatz for stationary states with time dependence
exp(iET/h). The second-order derivative of the wave function by V is

2y dsSo d%s, 5480 dS
R h(ic— — o (r?)
dv2 ( (dv) + (ldV2 avav) ™" v
If we include the potential W (V') and the constant E, the first two orders in 7 of
the stationary Wheeler—DeWitt equation result in the Hamilton—Jacobi equation

1 (dSo)’ B
5 (W) +W(V) =
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solved by
So(V) = /\/Z(E — W(V))dv (2.14)

and the potential-independent equation

A28y dSpdS;
i— —2——=0
dv? dv av
which, using the equation for dSy/dV, we solve by

i dS, .
Si1(V) = %log d—‘f — ilog ((2(E - W(V)))”“) .

To first order in A, the wave function thus takes the form

ve(V) = exp(iSo(V)/h) (2.15)

C
JE —W(V)
with a solution So(V) of the Hamilton—Jacobi equation and a constant C.
The next order provides an equation

&5 (dSedSy | (ds, : 0

Yavz T\ Fav dv+(dv) -
which can be expressed as a condition relating dS> /dV to the first and second deriva-
tive of the potential devided by dSy/dV squared. Since the leading order of the WKB
approximation assumes that S, is negligible or vanishes, the momentum dSy/dV
squared must be much larger than the first two derivatives of the potential. Thus,
the leading terms of the WKB approximation are valid as long as the potential is
sufficiently slowly varying compared to the wave length of the wave function. In
particular, the approximation breaks down at turning points of the classical motion,
where the momentum vanishes. (Notice that this breakdown is unrelated to the prob-
lem of time since turning points of V, not T are relevant).

In quantum cosmology, the WKB approximation is useful in order to see the
behavior of wave functions as mathematical solutions. However, it also presents
several problems: First, it requires a choice of time variable and does not easily
show how much of the results depends on the choice. Moreover, it usually produces
solutions of plane-wave form rather than travelling semiclassical wave packets. Even
after finding approximate wave functions, one must still compute expectation values,
fluctuations, correlations or other quantum variables in order to derive predictions
for observations, a task which is often complicated, or even impossible if one does
not have control over the physical inner product. A less well-known disadvantage
is that its results do not agree with those obtained by low-energy effective actions
[25], adding to the problem that its semiclassical interpretation is not all that clear. In
later chapters of this book we will mainly use the framework of effective canonical
dynamics [26, 27] which can overcome all these problems.
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2.6 General Problems

Non-semiclassical properties of states at small volume, near the classical singularity,
are of interest as well. In the Wheeler—DeWitt setting, this regime has mainly been ad-
dressed in the form of posing boundary conditions on boundaries of minisuperspace,
primarily at a = 0. However, the form of possible conditions turned out not to be
very much restricted, and so rather different candidates are equally viable depending
on which arguments one makes to evaluate them. Also the singularity issue remains
largely unaddressed in the Wheeler—-DeWitt quantization; only further ingredients
such as those from loop quantum cosmology provide sufficient information about
quantum geometry at small volume to address this important problem. In addition to
loop quantum cosmology, whose properties are laid out in detail in this book, further
extensions of the typical models of quantum cosmology are being considered. First,
it is important in any setting to include inhomogeneities, for instance by a mode ex-
pansion [28]. Back-reaction terms from inhomogeneity then contribute to the usual
Wheeler-DeWitt equation. But inhomogeneity does not just imply additional terms
in the homogeneous equation; it also brings in more constraints. A difficult anomaly
problem arises to make sure that this set of constraints is consistent. In the Wheeler—
DeWitt approach, this problem has not been tackled; we will later approach it with
ingredients from loop quantum gravity.

In addition to bringing in new degrees of freedom, several features suggested by
full quantum theories of gravity can be combined with Wheeler—-DeWitt techniques.
These ingredients include supersymmetry in quantum cosmology [29, 30] (or just
fermionic matter, which can change some of the usual properties [31]), higher dimen-
sions or higher-curvature terms, and finally the effects from loop quantum gravity.
Loop quantum cosmology is the approach to quantum cosmology that has brought in
the most characteristic features. Finally, quantum cosmology has consistently proven
a fertile ground for (even) more exotic explorations. Among those are speculations
about a possible turn-around of the arrow of time in a collapsing universe [8, 32-34]
and multiverse considerations [35].

In what follows, we focus on issues closely related to the singularity problem on
the one hand, and microscopic, potentially observable effects on the other. For this,
the specifics of quantum geometry are required, provided in the most detailed form
suitable for quantum cosmology by a loop quantization. But before getting to these
issues, which constitute some of the traditional problems of quantum cosmology
and will play a role later, there is the basic problem of wave functions depending on
the ambiguous scale factor a. One must ensure that the classical scaling invariance
finds an analog as a transformation on wave functions. In this context, it is useful
to have a closer look at quantum geometry and draw the analogy between material
atomic systems and, figuratively speaking, space-time atoms. A material body is
composed of many atoms, and its total energy can be changed in two ways: we can
add further atoms to enlarge the body, or we can excite the atoms already there. The
analog of energy in a general relativistic or cosmological situation is volume, and so, if
geometry is quantized, we expect that quantum cosmology allows an atomic universe
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to grow in two different ways: by generating new spatial atoms or by exciting those
already present. How exactly these processes are realized will have to be determined
from a fundamental theory of quantum geometry and its dynamics, but applied in
the cosmological situation it already shows a key property: there is not just a single
function like the classical a(#) to determine the growth of a universe; there must be
at least two functions to keep track of the number of spatial atoms as well as their
excitation levels or individual sizes.

If we choose some finite region in space, measured in coordinates by a size ¥’
independent of time, its geometrical size determined via the line element (2.1) is
a(t)37 . The atomic picture of a homogeneous universe, on the other hand, gives
an expression N (¢)v(t) simply as the product of the individual atomic volume v(t)
(which is the quantity changing by excitations) with their number N (¢). Thus, the
key identity

V() = N@)w() = Va()? (2.16)

directly shows how the role of a single classical time-dependent function is now
replaced by the interplay of two. Moreover, since coordinates are not quantized but
only geometry is, the coordinate volume ¥ does not enter in the atomic expression.
That already shows that a proper implementation of this picture in quantum cosmol-
ogy will lead to a description invariant under the classical rescaling-freedom of the
scale factor—only the invariant v(#) enters or, if a given spatial region is specifically
referred to, also A/ (¢), but never only a(t). To make this precise at least in a suf-
ficiently general class of models, we need to understand the dynamics of quantum
geometry and its atomic structure, which will then tell us what the possible behaviors
of v(¢) and N(¢) are, how they determine the behavior of wave functions, and how
this affects observable or conceptual issues.
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Chapter 3
Kinematics: Spatial Atoms

Quantum geometry determines properties of quantized space—time structures, which
can be interpreted as providing an atomic understanding of space—time. A view
results which is fascinating not only in its physical implications but also in its rich
combination of aspects of geometry and quantum theory. Many relevant features
can already be seen by analogy with quantized particles, then borne out by rigorous
constructions of quantum space—time.

3.1 Quantized Particles

Different aspects seen already in single-particle quantum mechanics are important
in the context of quantum space—time as well. First, we consider an ordinary free
and non-relativistic particle. Its well-known solutions show that the wave function
in general spreads out in time even if the particle is not moving. Clearly, there is
more freedom in quantum compared to classical dynamics: quantum variables such
as fluctuations usually change independently of what one classically considers as
the degrees of freedom; even a particle which classically would stay at rest can have
non-trivial quantum dynamics. The degree of spreading can easily be determined
by solving an equation of motion for the position fluctuation: With the Hamiltonian
H = p?/2m and the general identity

d ~  ([0.H])
30 ="—"— (3.1)

for an arbitrary operator O, we have the equation

d (o oy (8% HD=2G)(g. H) 1 .. .. 2. . 2
= (@-@) = (P + D4 = (@YD) = —Cqp
(3.2)
The fluctuation (Ag)> = (§%) — (¢)? is not guaranteed to remain constant

in time; more precisely, its spreading is controlled by the covariance
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Cop = %(c} p + pg) — (q){p) of the state. A usual unsqueezed Gaussian state,
for instance, which is often used for an initial profile and has the form ¥ (g)
exp(—g? /40%) with a real variance o, has vanishing covariance. Such an initial state
would ensure that the initial spreading does not change momentarily. However, as a

function of time the covariance must satisfy another equation of motion:
Lo = > 2p) (3.3)
dr T oP '

again derived using (3.1). The covariance could be constant only if the momentum
fluctuation Ap vanishes, which cannot be the case for a normalizable state. On the
other hand, the equation of motion for Ap itself, derived by the same methods, tells us
that it is a constant in time. We can thus solve (3.3) for C,, (1) = 2(Ap)*t/m+ C((,(,),)

in terms of its initial value Cc(](l),). This solution, in (3.2), gives

2 2
Aq(t) = \/ W(Ap)ztz + %C;‘})t + Ag© (3.4)

as the well-known result showing the spreading of a free-particle state in time.

We have discussed this familiar example, already encountered in Sect. 2.3, at some
length because it illustrates useful methods which we will come back to later, and
because it provides important lessons. As seen clearly in this simple example, while
one is always free to choose an initial state and make it as simple as possible, quantum
dynamics in general changes its properties as time goes on. Here, we have seen that
a vanishing covariance cannot be maintained in time; states tend to get “squeezed”
and develop non-vanishing correlations. This is true even in situations which one
would consider as semiclassical, and here correlations are even an integral part of
decoherence scenarios [1].

To visualize the meaning of correlations, we use the second-order moments (Ag)?,
C,p and (Ap)? of a state to define the family of ellipses

a*(Ap)?* +2qpCyp + p*(Aq)* = const (3.5)

around the origin in the ¢ — p-plane. These ellipses demonstrate the amount of
quantum fluctuations: for Cy, = 0, for instance, we have an ellipse of semimajor
axes Ag along the g-axis and Ap along the p-axis. For Cy, # 0, these ellipses
are rotated such that certain linear combinations of ¢ and p show the maximal and
minimal fluctuations. A distribution function with these properties can be computed
from the wave function: the Wigner function

1 i * 1 1 —ipa/h
W(q,p)zﬁ/lﬂ q+§a v q—zoc e da. (3.6)

The factor of 1/27h ensures that W (g, p) and the marginal distributions it pro-
vides by integrating over g or p, respectively, are normalized: ffooo ffooo
Wi(q, p)dgdp = 1.
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(A probability distribution in a strict sense, that is a non-negative function, is
obtained if and only if ¥ (g) is Gaussian.)

For a Gaussian state

¥(@) =exp (—or? +io D) (3.7)
of arbitrary squeezing, we obtain the Wigner function

1 _ -
Wig.p) = —exp (=5 (ox” +0R/oi') ¢ + 2080 *ap/hi— 20307 /12) . (3.8)

In terms of fluctuations and the covariance, related to og/; via (Ag)? = o,%. (Ap)? =
F’L2/4¢7,2e + h20£/40;‘ and Cyp = —FL(TI%/ZO'IZ (see for instance (13.6)), we can write the
exponent as

E:-Qﬁa@%Am2+mmC@+p%Amﬁ- (3.9)

Constant-level lines of the Gaussian Wigner function in phase space are thus ellipses. In order
to determine their proportions, we choose reference values go and po with the dimensions
of ¢ and p. respectively, and work with dimensionless ratios g /go and p/po. In the absence
of a ground state or other specific features of states, no distinguished values for g or pg can
be provided (unlike, for instance, if one could refer to the harmonic-oscillator ground state
with fixed fluctuations of the correct dimensions). After dividing E by qg pg, we express
all terms by dimensionless variables, in which we find the major axis of the ellipse rotated
against the g-axis by an amount

quOqu
anQa) = —40PCp 3.10
= B - pi(Bg) (3.10)

An interpretation of the covariance is thus as the rotation of the likelihood ellipse in phase
space. The axes lengths of the ellipse are

PR(AG) + 3 (Ap) £ [ (PF(Ag)? — G (ApY)? + 443 p3C2,
243 p§

which thanks to (Aq)z(Ap)2 — Csp = W /4 (a Gaussian state saturates the uncertainty
relation) can be written as

PO + a3 (A £/ (P (A9)* + G2 (Ap)»)? — ¢ P
245 p '

Since there are no distinguished values for go and pg in general, the only available meaning
of the squeezing of states is by non-vanishing correlations, rotating the likelihood ellipse.
Changing position and momentum fluctuations while keeping the uncertainty relation satu-
rated at vanishing correlations provides a meaningful sense of squeezing only if one can refer
to a distinguished state, such as the harmonic-oscillator ground state. In quantum cosmology,
no ground state is available to define squeezing in the absence of correlations. From now on,
we will use only the general sense of squeezing as determined by Cy,, # 0.

If (Ap)? is constant in time (as for the free particle), (Ag)? must be large for large Cyp-
The major axis of the ellipse then has a length approximately given by Ag, while the minor
axis is very small. The ellipse is stretched out in one direction, along a linear combination
of ¢ and p determined by the covariance or the angle « in (3.10). While this linear combina-
tion has large fluctuations, the orthogonal one has very small ones and thus behaves rather
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classical. In this way the emergence of a classical degree of freedom via decoherence can be
seen, whose precise form is determined by the underlying dynamics. Squeezed states with
large covariance automatically arise in the process, and play an important role for the nearly
classical behavior. In general quantum systems deviations from Gaussian form more general
than squeezing arise.

As far as semiclassical regimes are concerned, we arrive at our

First Principle State dynamics is important and to be derived. In particular, the
form of appropriate semiclassical states cannot always be guessed, or assumed to be
unsqueezed Gaussians.

From elementary particle physics, for which perturbations around the free vacuum
state are often sufficient, one is used to Gaussian states to play a central role. But
the form of the vacuum is a dynamical question, and general situations in quantum
cosmology may not even allow a distinguished vacuum or ground state. More general
classes of states and methods to deal with them must be used. In Sect.5.4.1.3 we
will see an example of states rapidly moving away from Gaussian form, then settling
into a new, better preserved shape as determined by its moments [2]. Other example
systems have dynamical coherent states of exactly preserved shape, but these systems,
such as the harmonic oscillator, are very special and rarely realistic. More generally,
states of “stable” shape exist [3], but this is a mathematical rather than physical
generalization of the desired properties of dynamical coherent states. In fact, in these
more general states the shape does change: As time goes on, the entire state evolution
is determined by the change of as many parameters as there are classical degrees of
freedom; however, unlike in the harmonic-oscillator case, these parameters are not in
one-to-one correspondence with expectation values. They partially affect fluctuations
and other moments of the state as well, and thus the state’s shape evolves. In particular,
semiclassicality may be lost as the states evolve.

Considerations of the free particle in quantum mechanics offer another observa-
tion. If the particle is very massive or macroscopic with large m in (3.4), it takes a
long time for the wave function to spread out from some tightly peaked initial state. In
anaive interpretation, this would suggest that macroscopic bodies do not show quan-
tum effects at all. This conclusion can, of course, not be true since there are important
properties even in macroscopic situations, such as conductivity, which rely on quan-
tum aspects of their constituents. At this stage, the composite, atomic nature of matter
becomes important: microscopic building blocks are much smaller, and they almost
always behave very quantum. This is an obvious statement for condensed-matter
physics, but it shows that quantum cosmology, where the dominant view is usu-
ally one of a large macroscopic and homogeneous universe, must properly take into
account the underlying atomic nature of space—time if it is to describe all quantum
phases of the universe reliably.

Second Principle Microscopic physics is important. In cosmology, even homoge-
neous models must include the proper small-scale quantum behavior. They constitute
many-body systems when seen in quantum gravity; the large “number of particles”,
corresponding to .4/ (¢) of the preceding chapter, may lead to characteristic effects.
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For instance regarding the singularity problem, a massive homogeneous “blob”
universe, which contains all its matter smeared-out, may be non-singular in some
models. For instance, examples exist in which effective violations of energy condi-
tions can trigger a “bounce” where the isotropic universe volume is minimal [4]. But
if the microscopic dynamics of its quantum building blocks remains singular, which
is a question more complicated to address, the theory is still in danger of breaking
down.

For the dynamics of many-particle systems at high energies, quantum field theory
rather than particle quantum mechanics is required. Here, one starts with fields on a
given space—time and applies quantization techniques. For gravity and cosmology,
however, it is the space—time itself that is to be quantized. Familiar techniques,
which always implicitly assume the availability of a background space—time, then
fail. Canonical quantization of a scalar field on Minkowski space—time, for instance,
might make use of a mode expansion

&k ~ kx| AT —ikex

d(x) = (ake +ale ) G.11)
V2w

to define annihilation operators @ and distinguish the vacuum state |0) as the state

annihilated by all a. Many-particle states are obtained by acting with creation oper-

ators, the adjoints of annihilation operators, on the vacuum:

kin: ki) = (@ )" - (@g )"10). (3.12)

In such states, the total normal-ordered energy as the eigenvalue in

Elki,ni; .. kion) = D hnjotplki,ng . skiong)  (3.13)
j=1

is non-zero.

The mode decomposition, however, requires space—time equipped with a back-
ground metric to be defined: at least the integration measure d>x+/det 7 must be
known in order to integrate the original field and obtain its modes (or use preferred
Cartesian coordinates in which the spatial metric is i, = 84p). In (3.11), the scalar
product k - x refers to a flat background. Without the modes, we cannot even define
the vacuum state. This consideration finally provides the third principle:

Third Principle Tools of quantum field theory must be appropriately adapted to
deal with quantum geometry in a background-independent way. While the simplest
cosmological models are homogeneous and of finitely many degrees of freedom,
allowing straightforward quantizations of geometrical variables, significant changes
in the quantization methods due to the generally covariant nature of the underlying
field theory must also be reflected in quantum cosmology.

Quantum cosmology must take into account the lessons learned in attempted
constructions of quantum gravity. Constructing quantum gravity or even deriving
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quantum cosmology from it remains a formidable challenge, but important features
can nevertheless be implemented and explored in sufficiently general formulations
of quantum cosmological models. Sufficient generality is important for reliable con-
clusions and for stringent tests of the full framework, even if it comes at the expense
of additional ambiguities.

All three principles will be revisited throughout this book; they are important for
conceptual properties, for instance regarding singularities, and observational ones.
We will begin by reviewing the reformulation proposed by loop quantum gravity to
incorporate the Third Principle. The first two principles will have to be faced once
we deal with the dynamics.

3.2 Quantized Space-Time

In general relativity, the dynamical object is the space—time metric, now to be quan-
tized. As mentioned in the introduction, we do not require a viewpoint of general
relativity being fundamental, but rather take a more general one: even if there is
a more fundamental underlying theory, which may eventually be arrived at by the
quantization procedure, there must be a consistent way of endowing the metric with
fluctuations and uncertainty. There is a tried-and-true traditional method to unravel
quantum properties of hitherto classical theories: canonical quantization, a procedure
that takes a classical phase space and returns a non-commuting algebra of observ-
ables, such as pairs of basic operators on whose representation quantization can be
built.

Coordinates are often used to describe space—times, but this is only superficially
related to expressing point-particle dynamics by coordinates that become operators
q . Unlike the positions of point particles, space—time coordinates are not measurable;
they can play no role in the final algebra of quantum observables. What can be mea-
sured is only the geometry and dynamics of space—time, which requires extended
objects. Fully coordinate-independent observables, on the other hand, are infamously
difficult to construct: only very few general expressions are known, and even approx-
imate constructions become very tedious in anything but the simplest models. Instead
of trying to quantize classical observables, a two-step procedure looks more promis-
ing: one first considers just spatial quantum geometry at a fixed time (referring
to objects such as lengths, areas, volumes which for given regions are coordinate
independent), and then imposes additional constraints to make sure that kinematical
objects are combined suitably to space—time observables. Once complete, the results
will show the quantum dynamics of space—time; but even before all constraints are
implemented, spatial quantum geometry already provides interesting results.
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3.2.1 Scaling

Kinematically, we consider objects such as the volume Vi = f R d3x+/deth of some
spatial region R, where h,p, is the metric induced by a space—time metric on a spatial
slice t+ = const with respect to some time coordinate. Volumes are surely sufficient
to probe isotropic quantum geometries, in which case the classical phase space is
small: as seen before, there is a single canonical pair (a, p,). But if we allow all
possible regions, spatial observables even in this simple geometry provide infinitely
many numbers Vg = ¥ (R)a’ for any given a, where #'(R) is the coordinate-
dependent, co-moving volume of the region measured just with the non-dynamical
unit line element doy of constant curvature, (2.2). With a single dynamical degree
of freedom, however, quantization can give wave functions only in one variable,
such as ¥ (a) as used in a Wheeler—DeWitt quantization. It must then be ensured
that wave functions have the correct scaling behavior under changing coordinates or
¥ so that observables are invariant; otherwise one’s quantization would not capture
pure quantum geometry.

For a compact space (for instance the closed model), the total space would be a convenient
choice to define ¥ . But one may still capture all isotropic degrees of freedom completely by
any subspace, with a smaller value of ¥". Moreover, in the closed model in its most general
formulation one is not required to use the unit sphere as the total space multiplied by the
scale factor, although it is certaily convenient. If a sphere of non-unit radius is used for the
spatial coordinates, the coordinate volume changes to ¥ = A3 Hanit- One can obtain the
new coordinate system by the transformation r — Ar while the angular coordinates do not
change. The parameter k — A2k, obeying the scaling law of curvature, remains positive but
now differs from one. The line element is invariant with the usual transformation a — A~ la
of the scale factor under rescaling the coordinates, and so the curvature term k/a2 in the
Friedmann equation is invariant. Notice that this rescaling of coordinates and the sphere is
not the same as changing a smaller integration region within the unit sphere even if A < 1,
if one chooses a smaller integration region within the sphere, k and a do not change. Just as
in the flat model, also in the closed model rescaling the coordinates and choosing different
integration regions is allowed by independent choices. The parameter ¥ retains a free value
and is not fixed. Sometimes, 7" is called a “regulator” and then argued to require the limit
¥ — oo (or the maximum value in a compact space) rather than full #'-independence of
wave functions. However, 7 is not a regulator because the classical predictions do not depend
on the chosen value. It is simply a parameter that labels different but equivalent formulations
of the symmetry reduction within one and the same model. While one may have reasons to
restrict all attention to a specific simple value, in doing so one loses access to an important
consistency check. Especially in isotropic and homogeneous models, in which the anomaly
problem, to be discussed later, trivializes, making sure that the proper ¥ -behavior is realized
is the only remaining test of consistency.

The scaling issue turns out to be a manifestation of a more general problem: How
do we form a complete set of coordinate-independent measures of spatial geometry
(intrinsic as well as extrinsic for the whole phase space) while retaining an algebra
simple enough for further constructions? This problem, as of now, has not been solved
in Wheeler-DeWitt-type quantizations, which when applied beyond homogeneous
models remain formal. But at the level of spatial quantum geometry it can be solved
after a change of phase-space variables.
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3.2.2 Canonical Gravity

For a Hamiltonian formulation of general relativity (see [5]), one first brings the
space—time metric in a form

ds? = —N2dr? + hap(dx® + N%dr)(dx” + NPdr) (3.14)

where hgp, the only part contributing on a spatial slice t = const, is the spatial
metric. The lapse function N and shift vector N provide the remaining components
of a space-time metric, and can be seen to contain information about the spatial
foliation in space—time: The unit normal vector n¢ to a spatial slice = const satisfies
Nn® = (3/dt)® — N, and the inverse space—time metric is g?? = h®® 4+ n“n?.

The spatial metric i, can serve as a set of configuration variables, and a suitable
geometric notion of its “velocities” is the extrinsic curvature

1 .
Kap = m(hab — DgNp — DbNa)~ (315)

It does indeed have a time derivative of the spatial metric, denoted by the dot, and
extra contributions if the shift vector is not constant and thus the spatial slice is
deformed as seen from the time coordinate #: the normal vector is not proportional to
(8/01)*. The symbol D, denotes the spatial covariant derivative operator compatible
with the metric A,p.

3.2.2.1 Action and Constraints

In these variables, the Einstein—Hilbert action of general relativity (ignoring boundary
terms) can be expressed as

1
Loty =——— [ d3xy/—detgR
grav 16716/ *v—oels
1
- d3xNvdeth(<3>R+KabK“b—(K,ﬂ)z) (3.16)
167G

with the three dimensional Ricci scalar @ R computed from /. In this way, the
action looks like a complicated version of the general form known from classical field
theories, with a kinetic term quadratic in the velocities K, and a potential depending
only on configuration variables as well as their spatial derivatives, here given by the
spatial Ricci scalar. From the kinetic term, we first compute the momentum

SLgay 1 SLgay  +/deth

: = = K% — Kq® 3.17
Shop) 2N 5Key 167G . eq) ©-17)

P (x) =
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conjugate to s,y : In this field-theoretical context, we have Poisson brackets
{hap (), p“ ()} = 8,808 (x, y). (3.18)
From the action we obtain the Hamiltonian
Hgray = /d3x (ilab[)ab - Lgrav)

167 GN 1 N {/detq
d3 ab _ = c\2 2 abD Ny, — (3)R
/ X ( deth (PabP B (PC) + p alVb 167G

: / Sr(NCEY 4 NICEY). (3.19)

All terms in the Hamiltonian are linear in the lapse function N and the shift vector
N, but time derivatives of these fields do not appear. As components of the space—
time metric, the action is to be extremized with respect to them, too, not just with
respect to the spatial metric h,;,. While variation with respect to /., and p“b provides
equations of motion due to the canonical piece hab p®, variation by lapse and shift
leads to constraints on the phase-space variables: the diffeomorphism constraint

Cc§™ = 2Dy p? (3.20)

and the Hamiltonian constraint

167G 1 Vdeth
co = —— (pahp“b —~ 5(173)2) - mG)R- (3-2)

Matter terms will contribute extra pieces, which is why we denote the pure grav-
itational terms with the superscript “grav”. In vacuum, C5 " = 0 and C& = 0.

If these constraints are solved and objects invariant under the Hamiltonian flow
they generate are considered, we are dealing with space—time observables indepen-
dent of any coordinate choices. As already mentioned, completing such a program
is extremely difficult; we thus postpone a discussion of the constraints at the clas-
sical level, trying to represent the tensorial objects A4y, and p?? as operators. For
this, we first need extra structures to get rid of the indices and integrate to scalars,
for only those can directly be operators. (Otherwise, an appropriate behavior under
complicated tensor transformations in a quantum algebra of non-scalar objects must
be ensured, which, as experience shows, is prone to becoming anomalous.) One
possibility to remove indices is by contraction with other geometrical objects, not
containing the dynamical fields so as to retain linear structures. For instance, one
may associate the length €.[hap] = [, dry/é9éPhyy, with any differentiable curve e
in space. For any given curve, this is a scalar object not changing under coordinate
transformations. But it is not linear in phase-space variables due to the square root.

3.2.2.2 Ashtekar-Barbero Variables

No linear scalar representation of the full phase space of general relativity is known
in terms of metric variables. But such a formulation does exist in terms of a new
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set, formed by the densitized triad E;' together with the Ashtekar-Barbero con-
nection A’ [6, 7]. The densitized triad replaces the spatial metric and is defined
in several steps: Instead of using the metric we first introduce the co-triad e/, via
hap = ezef,. (The index i does not refer to the tangent space but simply labels the three
co-triad co-vectors. Its position, unlike the one of a, b, . .., is thus not relevant and
we will freely move it up or down as convenient. No spatial metric is required to do
so. For repeated indices, as in the defining relation, we will understand the summa-
tion convention unless stated otherwise.) A given metric does not uniquely define
a co-triad, which can be redefined by any orthogonal transformation ‘354 > Rj.e,ﬁ,

Rj Rl’? = Slj‘., without changing /. There is thus more freedom than in metric formu-
lations, which later on will be removed via additional constraints. From the co-triad,
one then obtains the triad e as its matrix inverse: e el = SI.J . Equivalently, the triad,
as suggested by the notation, is obtained by raising the index of eé using the inverse
metric 19?. (The co-triad and the triad form dual orthonormal bases of the co-tangent
and tangent space, respectively.) Finally, we densitize the triad by multiplying it with
the scalar density +/deth = |det(eé)| :

E{ = |det(e])et. (3.22)

Notice the absolute value at this stage. Even after factoring out the rotational freedom of a
triad, it does have more information than a metric. Unless it is degenerate, the triplet of triad
vectors can be left- or right-handed, meaning that the determinant of ¢/, seen as a 3 x 3-
matrix can take both signs. Changing the sign corresponds to a large gauge transformation
in O(3)/SO(3) not connected to the unit. It is thus not removed by factoring out the flow
generated by a constraint, and remains relevant for geometry. Its meaning is that of the
orientation of space, which will become important later in quantum cosmology.

Similarly, we manipulate extrinsic curvature K ,;, by first contracting with the triad
on one index, defining K/ := ef’ K,p. This expression turns out to be canonically
conjugate to the densitized triad,

{KL(x), E2(y)} = 87 G888 (x, y). (3.23)

To define scalar objects to be quantized, it is useful to do one final step and combine
extrinsic curvature with the spin connection I'}, that is compatible with the triad:

Dyel = de? + T e — eiijée,l(’ =0, solved by

ac®i

) . 1
k b k / /
Fla = —SU Ej (a[aeb] + Eeieaa[ceb]) . (324)
We then have the Asthekar—Barbero connection

Al =T! +yK! (3.25)

with the Barbero—Immirzi parameter ¥ > 0 [8]. This provides the final canonical
pair with
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(AL (), ES (1)) = 8wy G8L88(x, y), (3.26)

a relation which directly follows from (3.23) since I" fl is a functional of the triad and
thus Poisson-commutes with it. These canonical variables have a structure analogous
to what is known in gauge theories: a connection and a densitized vector field. They
are subject to a Gauss constraint

DWES .= 0,E¢ + 6/ ALE{ = D,E¢ 4+ ye*KJE{ =0 (3.27)

of the usual form. (In the last reformulation we used the fact that the covariant
divergence of a densitized vector field equals the coordinate divergence. Since the
spin connection is compatible with the triad, the Gauss constraint is equivalent to
glik K/ EZ = 0. This relation implies that K,;, = K ,ie;; is a symmetric tensor.)
Compared to those gauge theories that occur in particle physics, the gravitational
diffeomorphism constraint, which now reads

cs™ = Fl, EP (3.28)
with the Yang—Mills curvature
Fi, = 8,AL — 0, AL — el/k Al A% (3.29)
is new, and the Hamiltonian is quite different from the Yang—Mills form and now a
constraint contribution
EYE)

cEy (gffk Fiy =21+ y (AL - Th)(A] — F;f)) o

T (3.30)

3.2.2.3 Holonomy-Flux Algebra

Since we are ignoring the constraints for now, their specific form does not play a
role; we can thus define and use objects which are well-known from general gauge
theories: holonomies

he[Al] = Pexp / ¢ Al Tyda (3.31)

e

for curves e in space, and fluxes

FYOLES = / na B9 fid2y (3.32)
S

through surfaces S in space with smearing functions f' taking values in the internal

uv 3xb 9x¢

space. (The co-normal n, = %eabce By y7

metric.)

of S: y — x(y) is independent of any
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For our purpose of finding a set of linear scalar quantities, these variables turn
out to be immensely useful. Fluxes are already spatial scalars linear in one of the
canonical variables, El“ And while holonomies are not linear in Ail, they do form a
linear algebra together with the fluxes:

{helAL FLET} = 8wy G(e. $)0.% (tih[A)) (3.33)

with a topological number 7 (e, ) which determines how and how often the curve
e and the surface S intersect, and ¢ denoting a suitable ordering of 7; € su(2)
and h.[A] € SU(2) depending on where on the curve e its intersections with S lie.
For instance, if the intersection is at the endpoint of e, we have ﬁe(};) (tih[A]) =

he[AlT; fi(e(1)), and ﬁe(f;)(tihe[A]) = f(e(0))7;h.[A] if the intersection is at the
starting point. (Unless stated otherwise, we will always assume curves to be defined
on the interval [0, 1] of their parameter.) In general, we have

O = > Fl(Phem plAltihp—c[A] (3.34)
peensS

with h,_. , the holonomy along the starting piece of e up to p, and i, . along the
ending piece from p onwards. See also [9] for detailed calculations of the holonomy-
flux algebra.

The algebra (3.33) can explicitly be represented as operators on a Hilbert space
[10]. All quantities are coordinate independent, and they do not make use of any
extra structures except their labels e, S and f. (They certainly make use of standard
structures such as topological or differentiable ones of the underlying manifold.
But no extra metric, for instance, is introduced which would make the construction
background dependent.) The algebra of F. S(f )[E] and h.[A] replaces the algebra
of annihilation and creation operators a; and fzz for quantum field theories on a
background.

The specific form of the algebra suggests to view holonomies as creation operators,
raising the excitation level of fluxes: a state annihilated by some Fs[E] would, after
being acted on by a holonomy along a curve intersecting S, have a non-vanishing
flux through § due to Fg(he|¥)) = heFs|y) + [Fs, hell¥) = [Fs, helly) # 0
with a non-vanishing commutator. What is needed for a construction of all possible
excited states in this way is also a state to start with, from which holonomies can
then generate new excitations. In common quantum field theories, this state would
be the vacuum devoid of particles; here it would be a state where not even fluxes,
and thus the densitized triad or spatial metric, would be present. It is a state in
which geometry itself is highly quantum and only lowly excited, unlike any classical
geometry. Such a state is extremely difficult to imagine physically, but it has a very
simple mathematical expression: if we choose the connection representation of states
W [A;], itis a mere constant. Then indeed, fluxes which would be derivative operators
in such a representation, all vanish.

Let us thus define this state as the quantum geometrical “vacuum”, lﬁo(AZ) =1.
Since holonomies only depend on the connection, they will become multiplication
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operators, directly showing their action on the state. More precisely, as basic operators
we should allow all matrix elements of holonomies, which are in SU(2). Multiplying
several ones of them can be tedious due to the group structure, but what is relevant
now is already illustrated by the simpler case of holonomies taking values in the
Abelian group U(1). (This group would be obtained in a loop quantization of elec-
tromagnetism [11].) Then, each holomony is a simple connection-dependent phase
factor ho[A,] = exp(i |, . dre?Ay), and excited states can be written as

/\ne[_

Verme,soierng = hey' -+ he o, (3.35)

As functionals, these states look like

Ven(Aa) = [ [ he(Aa)" = [ ] expline [ dré Aq) (3.36)

ecg ecg

In this notation, each occurrence of a curve ¢; in space signals that geometry is
excited along that curve: fluxes through surfaces intersected by the curve will be
non-zero. Moreover, each curve e; can be excited several times, as indicated by the
integer n,,. Thus, curves and the integers technically play roles analogous to particle
wave numbers and occupation numbers in quantum field theories on a background
space—time.

These constructions are used in a more general setting in the diverse models of loop quantum
gravity. We now assume that we have a d-dimensional spatial manifold ¥ (which in the
concrete applications of symmetry-reduced models willbe d < 3, but formally the dimension
could be larger than three). Furthermore, we assume a compact structure group G, and as
fields (i) a G-connection A/, and a densitized .2 G-valued vector field E{ forming the gauge
part of the theory (with E{ dual to an .ZG-valued (d — 1)-form i = €qy..ay Ef" ),

aj...aqg—1
and (ii) scalars ¢;: ¥ — R with densitized momenta p’: & — R forming the “matter”
part of the theory. In the actual models, the scalars may arise as some of the components of
the full gravitational connection, rather than playing the role of physical matter. The fields
form canonical variables

1 .. . .
Ogange = ¢ | AL —> (41000, EJ(3) =x8]885(x. )
JX
® = [ &xdip’ — {$1(0), p’ ()} =678(x, y)
scalar s 1P 1(x), p~{y I , Y

with a coupling constant «, and are subject to certain constraints Cy [AZ, E]b. , b1, pl 1=0.

1

Examples for this general setting of fields are Yang-Mills theory, where (A’, E j’ ) are subject

to the Gauss law &; := 9, E} + sl-jkAf, E} = 0 (for G = SU(2)), or general relativity in
Ashtekar-Barbero variables. Later chapters will provide a large set of further examples in
which scalars arise from symmetry reduction. In this context, we start with a gauge theory
(AL, E{)in 341 dimensions and impose invariance under some symmetry group S acting on
the principal fiber bundle P — X that underlies the gauge theory. An example which will be
discussed in more detail later is spherically symmetric gravity; see also Sect.9.1. It turns out
that spherically symmetric SU(2)-connections and densitized triads can always be written as

FPALTdx =A, (x)T3dx + Ag AL D + Ay (x)AJ sin9dg + 73 cos ¥y

) ad - ad a
3Dra i X . (7 @
Eft' — =E*(x)t3sin® — + EYA%. sint— + E¥(x)AY, —

booxa )73 ax E v x) Ede
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with a U(1)-connection Ay, a densitized triad E¥, real-valued scalars A,, E, and the angles
o and B in A£ = cos B(x) 11 +sin B(x)12, AY, = cos(a(x)+B(x)) 71 +sin(a(x)+ B(x)) 1.
The remaining fields are fixed by the conditions tr(l_\g AQ) =0= tr(z_\(gA(g). All free fields
depend only on the radial coordinate x, and are thus defined on a 1-dimensional manifold.

Loop quantization then presents a specific way of canonical quantization, turning the
Poisson algebra of basic fields into an operator algebra. Any such quantization requires
smearing for field theories to remove delta-functions in the elementary Poisson brackets,
usually done using a background metric, as in | . d9x+/deth¢ (x) for a scalar field. But such
aprocedure is not suitable if the metric itself (or a densitized triad) is to be quantized: no linear
algebra of basic smeared objects would result. The advantage of connection variables is that
they provide a natural smearing without having to make use of a fixed metric: holonomies
(3.31) along curves e in space, fluxes (3.32), in general through surfaces of codim(S, ¥) = 1,
scalar values ¢, (x), and integrated momenta | R p’ (y)d?y can all be defined without an
extra metric, and the integrations they contain remove all delta-functions from their Poisson
brackets.

Constructing a Hilbert-space representation leads to states in a space of square-integrable
functions L2(«/ x @, djuar) with a compact space 7 x ® of generalized connections and
scalars [12]. For (finite analytical) graphs g C X with edge set E(g) and vertex set V (g),
we define spaces of g-connections

oy ={Ag: E(g) — G} (holonomies along the graph g)
and g-scalars
@, = {¢g: V(g) — Rponr) (vertex values on g)

taking values in the Bohr compactification of the real line (see below). For g C g’, projections

n;‘/ : Wy — g and ﬂg) : & — @, are defined by restriction, and they allow the definition

of the full space of generalized connections and scalars by projective limits to arrive at 7 and
® as the spaces of fields “on an arbitrarily fine graph”. To define generalized scalars we use a
certain compactification of the real line, the so-called Bohr compactification R C Rpohr. In
this way, generalized scalars, just like generalized connections, take values in a compact set.
This feature will allow us to provide a consistent definition of the inner product on .« x ®.
The Bohr compactification is a topological space such that all continuous functions are the
almost-periodic ones:

f@= > fuexp(ing)

pe.# CR countable

The set of almost-periodic functions forms an Abelian C*-algebra, and as a consequence
the space Rponr on which these functions are defined (the Gel’fand spectrum) is compact.
The Bohr compactification also inherits an Abelian group structure from R, allowing us to
introduce the Haar measure

T
1
[ dnnw@rr@) = im - [ aor.
Rpohr =T

An orthonormal basis with respect to this measure is given by {¢ > exp(iu¢) : u € R};
the Hilbert space LZ(RBOhr, d/tHaar) 1s non-separable. For more information on RBohr, S€e
Sect. 3.2.3.4. With these constructions we proceed to defining the inner product on our states.
We focus on the dense set of cylindrical states: the projection 7 : o x O — g X P,
obtained by combining nf and ng’, lifts any fg: o/, x ®; — C to the cylindrical state

¥ = fg o mg such that
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V(A @) = fe(Aler), ..., Alen), 9(v1), ..., ¢ (Vm))-

On these states, the inner product is obtained from the Haar measures on G and Rpohr [131]:
If (1 and ¥ are cylindrical with respect to the same graph g,

[E(9)] Vgl

W@ = [T i [] dbnas)

A i=1 j=1
GnXRgohr

X f O s b1 G L (L 1 ).

If states are not based on the same graph, one can embed both graphs in a larger one by
subdivision, or by an extension of the graphs by “dummy” edges without connection depen-
dence. From properties of the Haar measure one quickly sees that states are orthogonal if
they are cylindrical with respect to graphs such that there is an edge e for which ") depends
non-trivially on A(e) while @ does not. On the resulting Hilbert space holonomies act by
multiplication, fluxes as derivative operators measuring the excitation level of geometry.

How exactly flux values are increased by excitations of geometry is derived from
the action of the flux operator. We already know the states, and a flux, which is
linear in the densitized triad, becomes a simple functional derivative operator by the
connection. Again in the U(1)-example (with {A,(x), Eb(y)} = 871)/G85’8(x, y)),

87y Gh B 8y l3 : She 0
Ty /dzyn Yegn  Smylp Z/dzyn e OVgn
S

Fsygn = —= = —
e i) “84a(y) i & “844(y) e

ecg dhe ecg

, Vg,
= SﬂyK%Zne/dzy/dtnaeaS(y,e(t))he AL Sﬂyle)Znen(e, S)Vg.n
S e

(3.37)

with the intersection number 7 (e, S). Since such a state is reproduced after acting
with a flux operator, we can directly read off the flux eigenvalues, which are propor-
tional to sums over integers. Thus, the flux spectrum is discrete, providing a detailed
realization of discrete spatial geometry [10].

Returning to SU(2)-valued variables, as required for general relativity, we have
slightly more complicated expressions for states and operators. Instead of multi-
plying phase factors, as elements of irreducible U(1)-representations which all are
1-dimensional, we now multiply all possible matrix elements of SU(2)-holonomies
along a set of edges. Such states can conveniently be expressed in terms of spin
network states [14]

Ve jc(A) =[] C [ pshelAD (3.38)

veg ecg

where g is a graph in space, labelled with spins j, on its edges for irreducible SU(2)-
representations p; and with projection matrices Cy, in the vertices of the graph which
tell us how to pick and combine matrix elements of the holonomies used.

If we consider the example of an n-valent vertex v in which n edges eq, . .., e, meet and, to
be specific, all have the vertex as their endpoint, a suitable projection matrix C,, has n indices
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Fig. 3.1 Splitting an b Jn
n-valent vertex into unique
- d ko ky ks L
trivalent vertex contractions
A Js ‘ I Iz e
such that the incoming holonomies (., )Ai g; are multiplied to Cy,a;.....A, 0j; (he, )41 B e

Pj, (he")A“ B, (The remaining indices B; will be contracted with projection matrices in the
vertices corresponding to starting points of the edges incoming at v.) For a gauge-invariant
state, the projection matrices have to satisfy certain conditions. A gauge transformation
maps internal vectors v/ at a point to g” gv® with g € SU(2). Holonomies along a curve
e: [0,1] — X transform as h, — g(e(1))h.g(e(0))! such that (h.v)? = (he)*pv?
transforms as an internal vector at e(1) if v4 is an internal vector at e(0). The spin-
network vertex v considered here, with v = ¢;(1) for all edges, thus receives a gauge
transformation Cy 4, .....A, 0}, (g(v))A‘ Ci P, (g(v))A" ¢, by moving gauge factors from
the incoming holonomies to the projection matrix. For the spin network to be gauge invariant,
Co, Ay, An Py (g(w)A Cy P, (g()A» ¢, = Cy,c,....c, must hold, which can be realized
only if the trivial representation is contained in the tensor product of the p;, . For a trivalent
vertex, for instance, a gauge-invariant contraction exists if there is an integer 0 < k < 2
such that j3 = j» — ji + k, where we assume j; < jp. If this condition is satisfied, there
is a unique gauge-invariant contraction. Higher-valent vertices do not have unique contrac-
tions. One can parameterize spaces of contraction matrices by integer spins, splitting the
n-valent vertex into subsequent trivalent contractions as illustrated in Fig. 3.1. All interme-
diate spins k; can take values only in finite ranges, and spaces of contraction matrices are
finite dimensional.

Holonomies then act by contributions of new factors, changing some of the labels
Je in an original state by tensor-product decomposition. Fluxes become intersection
sums of derivative operators on SU(2), of the well-known angular-momentum form:
By analogy with (3.37), functional derivatives by the connection can be written in
terms of

Ji=u ((heri)Ta/ahe) (3.39)

or using invariant derivative operators on SU(2). Since angular-momentum operators
have discrete spectra and we now sum finitely many such contributions over intersec-
tions of the graph and a surface, SU(2)-fluxes have discrete spectra, too. (If an edge
lies entirely on the surface, thus having infinitely many intersections, the flux van-
ishes thanks to a product n,e* = 0 in (3.37).) Also the action of holonomies shows
a key feature: While holonomy operators are well-defined, one cannot extract a con-
nection operator from them. Trying to do so, for instance by applying the classical
identity

dhelo,n

¢ (p)A(p)ti = lim —

in the limit where e approaches e(0) = p, fails because &, |[0,;,1¥ and h.|[0,r,)¥ are
orthogonal for #; # 1;: they are cylindrical with respect to different graphs.



3.2 Quantized Space-Time 33

From the elementary fluxes one can construct more familiar geometrical objects

[15-17], such as the area Ag[E] = fS d2y1 /naElFlnbEf’ of a surface S or the volume

VRIE] = [, d*x/[detE] of a region R. Area eigenvalues, just like fluxes, depend
on spin labels on curves in the graph intersecting the surface; volume eigenvalues
depend on the contraction in vertices within the region. Also these operators have
discrete spectra, which in the case of area follow easily from the square of derivative
operators. For volume, the spectrum is more difficult to compute since the determinant
of E{ involves products of three factors of triad components, resulting in couplings
of different SU(2)-representations. Nevertheless, recoupling theory allows one to
derive matrix elements [18, 19], and powerful computer codes now exist to analyze
the eigenvalues [20, 21]. This is expected to be of particular importance for quantum
cosmology since the volume spectrum can show how a discrete growing universe
must refine its structure as it expands. We will come back to refinement in more
detail once we have introduced the dynamics.

3.2.3 Isotropic Models

Many constructions characteristic of canonical quantum gravity can conveniently be
illustrated and explicitly be evaluated in symmetric models. The simplest case is that
of isotropy, where the spatial geometry is determined by a single number: the scale
factor a. Quantum cosmology has traditionally been formulated in this context, and
also much work in loop quantum cosmology has been done in an isotropic setting.

3.2.3.1 Symmetry Reduction

Classical symmetry reduction is performed by restricting fields to those left invariant
by a set of symmetries (possibly up to gauge transformations only). For invariant
connections, for instance, one is looking for the general form of 1-forms w on a
principal fiber bundle P = (X, G, ) with structure group G and base manifold X
such that s*@ = w for any element s € S of a symmetry group S acting on P.

This general definition has two important consequences:

1. An action on the principal fiber bundle P is required, while one usually starts
with a desired symmetry on the base manifold, such as isotropy on the space
3. Lifts of the symmetry action to the whole bundle must thus be found, which
are often non-unique. (They are classified by conjugacy classes of homomor-
phisms A: F — G, where F is the isotropy subgroup of S and G the structure
group.) This lifting procedure gives rise to different inequivalent classes of
invariant connections, which in physical terms can be classified by topological
charges. (An example is magnetic charge as the quantity characterizing topolog-
ically inequivalent spherically symmetric U(1)-connections; see the following
example.)



34 3 Kinematics: Spatial Atoms

2. Interms of local connection 1-forms, invariance implies that a connection may
change under a symmetry transformation, but only by a gauge transformation:
s*A = g(s)_lAg(s)+g(s)_ldg(s) where g: § — G isamapping between the
symmetry and structure groups. This mapping is not a group homomorphism,
but must satisfy certain other conditions. Solving these conditions is equivalent
to determining the possible lifts of symmetry actions to the bundle. In the
bundle language, invariant connections are given by (i) a connection Ag,
on a reduced bundle Q over ¥ /S whose structure group Zg(A(F)) is the
centralizer of A(F) in G, and (ii) scalar fields ¢: Q x LF, — ZG subject
to p(AdX) = Adyp)(¢(X)) for f € F, X € ZS. For more details of the
bundle formulation, see [5].

Example 3.1 (Magnetic charge) Magnetic monopoles are spherically symmetric
configurations of the magnetic field, which can be described by a U(1)-connection
A,, the vector potential. We are thus interested in the general form of spherically
symmetric connections on U(1)-principal fiber bundles, on which the symmetry
group SU(2) is acting. In general, inequivalent lifts of a symmetry group S from
the base manifold, where its action is given and may have an isotropy subgroup F,
to a principal fiber bundle with structure group G over the same base manifold, are
classified by conjugacy classes of group homomorphisms A: F — G. They describe
the twisting along fibers when the symmetry action is lifted from the base manifold
to the bundle. In this example, we have F = U(1) = G, all conjugacy classes are
labelled by an integer k € Z and can be represented as Ai(exp(t13)) = exp(ikt).
For every k, invariant U(1)-connections must have the form of an arbitrary radial
U(1)-connection A,dr plus a contribution of A: ZF — £G with A| ¢p, = 0 for
U(l), Al ¢ = drr: 13 = ik applied to the pull-back of the Maurer—Cartan form
on S under an embedding of S/ F in S. For spherical symmetry with § = SU(2) and
F = U(1), this pulled-back form can be expressed as

Ags/r = (128in 9 + 13 cos #)de + 71dv). (3.40)

With these ingredients, we obtain generic spherically symmetric U(1)-connections
of the form

A = A,dr + k cos ¥dg.

We have a radial (densitized) magnetic field with B” = —k sin ¥, which implies
a magnetic charge

1
0= —/B“nadl?d(p = —k.
4
S2
For a reduction of the full phase space, one must determine invariant forms of

densitized vector fields as well. Once the form of invariant connections is known, for
which aricher basis of mathematical results exists, the general form of invariant fields
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can uniquely be read off from the symplectic structure they must imply. For every free
field A; in the symmetric form of connections Afl, there is a conjugate field E/ in the
invariant form of densitized triads E¢ such that [y d*xALE! = [ ¢ A/E" when
evaluated on invariant fields. For gravitational variables one must take into account an
extra condition to ensure that momenta of A’, can be non-degenerate. This condition
in most of the standard cases leads to a unique sector with no topological charge.
Examples will be provided in Sect.9.1 and the next section.

3.2.3.2 Isotropic Configurations

For isotropic connections invariant under arbitrary translations R3 and rotations,
combining to the Euclidean group, one can always choose a gauge where they take
the form

Al =¢5t. (3.41)

The single component ¢ is spatially constant but for general solutions to the equations
of motion depends on time. A densitized triad of the same symmetry type is of the
form

Ef = péf. (3.42)
The reduced symplectic potential
1 : 3V
/ BrEISAL = ——— B¢, (3.43)
8y G 8y G

R

where § denotes a derivative on phase space as opposed to space X, then shows that
¢ and p form a canonical pair,
8ty G

3Y

{c.p}= (3.44)

In this derivation, as before, we have selected a bounded region R C ¥ to make
the spatial integration of homogeneous fields well-defined. If we are considering a
cosmological model with compact spatial manifolds, we could choose R = X, but
this is not possible for unbounded spatial manifolds. And even for compact spaces, we
may as well choose a smaller region as long as it is non-empty; no information about
homogeneous configurations is lost provided we just know them in an arbitrarily
small neighborhood. The definition of our variables then depends on the choice of
the region, and its coordinate size ¥ = f R dBx. Physical results, of course, must be
independent of the choice.

In metric variables, isotropic models are formulated on the phase space with coor-
dinates (a, p,); triad variables differ from this description by a canonical transforma-
tion as well as an extension of the configuration space. From the general relationships
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between (Afl, E ﬁ? ) and metric variables, one can directly derive the relation between

(¢, p) and the scale factor. For the triad component, we obtain |p| = 3—1&2, where
the factor of 1/4 can be seen to arise from matching variables of a closed model,
not subject to arbitrary rescaling freedom of coordinates, at a fixed curvature scale
[5,22]. Computing the spin connection and extrinsic curvature for an isotropic metric,
we combine them to obtain ¢ = %(k +ya). For flat models, one may rescale the scale
factor a so as to eliminate the factor of 1/4 in p, as often done. We will denote the
rescaled parameter as a = %El, such that [p| = a’, ¢ = %k +ya. When a is rescaled,
also coordinates and thus 7 are rescaled such that a3 remains unchanged. Taking
this into account, the Poisson-bracket relation (3.44) remains unchanged under any
rescaling.

Before we describe possible quantizations of these variables, turning the Poisson
bracket (3.44) into a commutator relationship, we should properly deal with the
factor of #. It merely multiplies the constant result for the Poisson bracket, but it is
coordinate dependent. No such factors can be represented on a Hilbert space, which
is defined independently of any coordinates chosen on space. We thus redefine our
basic variables to absorb ¥ :

c:=v'3¢, p=v1p. (3.45)

The particular powers of #” will turn out to be suitable later on in the context of a loop
quantization. Moreover, they make the basic variables coordinate independent since
p and 7?3 change exactly in opposite ways when coordinates are rescaled, leaving
the product invariant. Our new basic variables (c, p), being coordinate independent,
should thus be representable on a Hilbert space. They do, however, depend on the
size of the region R chosen which affects 7 but not p or ¢. Care is then still needed in
interpretations of our quantizations once they are formulated. In particular, although
there is no explicit #'-dependence in the symplectic form

3
Q= dc Adp, (3.46)
8ty G

it must be rescaled proportionally by A if the region R is enlarged to change 7
to A¥". This rescaling will require a corresponding transformation on the resulting
Hilbert-space representation.

3.2.3.3 Quantum Representation

Given just a pair of canonical variables allowed to take all real values, one possible
quantum representation is a standard Schrodinger one as in quantum mechanics.
Following this procedure will essentially be a Wheeler—DeWitt quantization, where
we may choose either the triad representation with wave functions ¥ (p) or the
connection representation with wave functions v (c), required to be square integrable
to make up a kinematical Hilbert space. Compared to the earlier choice of wave
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functions v (a) in Chap.2, this formulation has two minor advantages: (i) we use
one of the coordinate-independent (but integration-region dependent) variables, and
(ii) any of the two basic variables takes the full real line as its range, such that no
boundary conditions are required, in contrast to ¢ > 0 which can make adjointness
conditions of operators difficult.

But this representation cannot be the final one since we know that a full quanti-
zation in inhomogeneous situations does not allow quantum representations of con-
nection components directly, but only of their holonomies. If an isotropic model is to
grasp any of these characteristic features, it should be based on variables analogous to
holonomies. For an isotropic connection, it suffices to consider segments of straight
lines (along generators of the homogeneity group). Only the length of the segment
matters, but not its position or direction. A single parameter £y can then be used
to label all such straight-edged holonomies. For curves along integral vector fields
with tangent ¢ = X“, normalized with respect to a metric §,; on the homogeneous
space, we have holonomies

@exp/ E(SQX“I,- = exp(ﬁoriXiE) = cos (%605) +27; X' sin (%EOE) . 347

e

Since ¢ (in contrast to X) is the only dynamical variable, we can express all relevant
functions by the U(1)-holonomies /¢, (c) = exp(%iﬁoé) = exp(%iﬂoc/ ¥1/3), where
the length parameter first multiplies the original connection component ¢, which
is then expressed in terms of the new c. Similarly, fluxes are integrated densitized
triads, which for an isotropic configuration and a square surface of edge length given
by the same parameter £ is of the form Fy,(p) = E%ﬁ = K%p/”f/2/3. As is clear
from the definitions, all these quantities are independent of coordinates, and they are
independent of the region of size ¥ chosen. In addition to the classical geometry
given by a phase-space point (¢, p), they only depend on the label £y which alone
now plays the role of all the curves and surfaces used in the full representation.

We could have chosen different parameters as labels for holonomies and fluxes at
different places, instead of a single €. The reason for not doing so is the understanding
that an isotropic quantum configuration should require a rather regular graph, made
of straight edges roughly of the same length £y. Such a graph also provides natural
choices for similar-sized square surfaces filling a whole plane, such that each of them
is transversal to one edge and intersects other surfaces at most at their boundaries.
Regularity then requires all these surfaces to have the size 6(2), which we have used
above.

In this picture, we have the added benefit of bringing in the number of discrete
sites ./ in a natural way, allowing us to incorporate the Second Principle of Sect. 3.1:
If there are .4 sites of linear dimension £ in a region of size ¥/, then A = ¥/ ES
(Fig.3.2). The geometrical size of each discrete site as measured by the metric to be
quantized, moreover, is 68 ﬁ3/ 2 - K8a3, which we can identify with the elementary
size v in the refinement picture used before. Indeed, with the relations written here
we identically satisfy (2.16). As we will see in the next chapter about dynamics, the
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Fig. 3.2 A region of size ¥/, } }
built from patches of linear S S T
size £ } 1

parameter £, once it is allowed to become phase-space dependent, is in fact directly
related to refinement.

We thus choose the 1-parameter family {exp(%iuc), P} uer as our basic set of
objects to construct the quantum representation. Here, we have defined u = £o/ 7173,
and have dropped the p2-factor of p since it would just be a multiplicative con-
stant. The specific form of u and its relationship with £y and ¥ are not relevant for
basic operators, for which we can treat ; simply as a real-valued parameter. But the
relationship to underlying discrete structures will become important for composite
operators such as inverse triads or the Hamiltonian constraint.

As in the full theory, we construct the state space by starting from a basic state
Yo, given in the connection representation by a mere constant, and generate all other
states by multiplying with “holonomies” as creation operators. The result is a space
of states all having the general form

v(c) = Z yuexp (3ipe) (3.48)
=4

where .# C R is a countable index set. As already encountered in Sect.3.2.2.3, all
these functions are called almost periodic, forming a subset of all continuous func-
tions on the real line. Since the space of these functions forms a C*-algebra, there
is a compact space such that almost-periodic functions give the set of a/l contin-
uous functions on that space. This space is compact because its set of continuous
functions is a unital C*-algebra. It contains the real line because almost-periodic
functions are functions of a real variable. The real line allows many more continuous
functions, and so the space on which almost-periodic functions are all the continu-
ous ones must be larger, with additional points making continuity conditions more
restrictive. This larger space contains the real line as a dense subset; it is called the
Bohr compactification Rponr of R.

Having based isotropic loop quantization on the space of almost-periodic func-
tions, the quantum configuration space will be the Bohr compactification Ry, rather
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than the real line itself. The usual integration on R also extends to EBO}", which is
an Abelian group and thus has a unique Haar measure up to a constant factor. It can
be written explicitly as

T
- 1
/ duf(c) = Tli_)moo 5T / def(c) (3.49)
RBohr -T

where for any continuous function f on Rpohrs f is its restriction to the dense subset
R on which the ordinary integration measure is used.

As usual, holonomies then act on states simply by multiplication. We pick a basis
given by the uncountable set {|u)},cr Where

(clp) = exp(5ipc) (3.50)

in the connection representation. It is clear that these states span all states (3.48), and
with the inner product based on (3.49) they are orthonormal. On the basis, holonomies
act by shifting the labels:

—

exp(ide)|n) = |u + 8). (3.51)

To compare with basic holonomy operators in the full theory, one can think of this
action as being analogous to changing the spin of an SU(2)-representation by coupling
the edge spin of a spin network state with the spin of the holonomy used for the
operator; or one can think of it as a holonomy operator extending an already existing
edge, thus making the length parameter larger. In an isotropic context, these two
interpretations (or any mixtures thereof) cannot be separated—a degeneracy which
has to be taken into account for proper interpretations of operator actions.
The flux operator p can be expressed directly as a derivative operator

871)/612; d
3i dc

b= (3.52)

taking into account the factor in the symplectic structure (3.46) and introducing the
Planck length £p = +/Gh. Its action on the basis states follows directly as

. 471)/22
Pl = — F

i) (3.53)

which shows that we picked the flux eigenbasis with (3.50). Just as in the full case,
(3.37), the flux operator has a discrete spectrum: all its eigenstates are normalizable.
Unlike with the full spectrum, however, every real number is an eigenvalue. These
two properties are consistent with each other in the present case of a non-separable
Hilbert space. As we will see later, the mathematical definition of a discrete spectrum
via the normalizability of eigenstates turns out to be the appropriate one here, too,
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because it shows that crucial features of the full theory are realized in isotropic
models as well. Also our isotropic quantum geometry is thus atomic in the sense of
discrete flux spectra.

Now having the basic representation of the isotropic holonomy-flux algebra at
our disposal, we can analyze its rescaling behavior. We had absorbed factors of #
in the original canonical variables ¢ and p in order to deal with coordinate-invariant
quantities. But then the variables ¢ and p, as well as their resulting quantum the-
ory, become dependent on the volume 7 of a region chosen arbitrarily. Changing
the region must result in a well-defined transformation between the quantum repre-
sentations obtained for different values of ¥'; otherwise there would be no way of
eventually testing whether observables are indendent of the rescaling.

To analyze this, let us rescale ¥ to A’¥” with a positive real number A. Then, ¢ and
p change to A!/3¢ and A%/3 p, respectively. Also the symplectic structure changes to
A2 which indeed follows from the classical rescaling. Thus, the rescaling transfor-
mation is not canonical. Since the symplectic structure of basic variables is rescaled,
also the quantum representation must change: commutators of basic operators, fol-
lowing from the basic Poisson brackets, are to be divided by A. Instead of modifying
commutators, which are universally defined, we can formally implement this rescal-
ing of the representation by changing Planck’s constant to A% in all equations where
it enters. (Of course, the physical value of 7 is fixed. The scaling can be normalized
to the correct value only if the underlying discreteness scale of quantum gravity is
taken into account. Such a scale is not explicitly available in minisuperspace models,
but will be included at a later stage once we discuss inhomogeneity; Sect. 10.1.) This
indeed provides the correct rescaling relationship between ¢ and p. For instance,
in (3.52) we have d/dc — A‘1/3d/dc, while K% — )»612), combining to the correct
p +— A23p. From (3.53) we then read off that the state parameter p must rescale
to A’I/S,u. (In particular, u rescales like the classical ¢! not like the flux p whose
eigenvalues it provides after multiplying it with 47 yﬁl% /3.) Also this is consistent,
for (3.51) tells us that i and the holonomy coefficient § o £/ 173 must rescale in
the same way for |« + ) to have a meaningful rescaling.

In quantum cosmology we are thus dealing with a family of models (¢, p, [, -]) .
Classically, changing ¥ is not a canonical transformation; in quantum theory there is
no unitary relationship between models of different 7~ with the same Hilbert-space
representation. Still, there are simple means to check the #’-independence of results,
as we will use them in what follows.

As a final remark, we notice that we could have decided to fix £y once and for all, as it
was indeed done in the first formulations of loop quantum cosmology [23, 24]. There is a
disadvantage of implying, essentially, that one makes the configuration space of connections
strictly periodic. From holonomies of this type, we could not reconstruct ¢ € R completely,
but only up to integer multiples of 4w /€y. Almost-periodic functions, on the other hand,
do not require a periodification of the configuration space but rather compactify it by an
enlargement. At the kinematical level, no freedom is lost by using the Bohr compactification.
Still, it remains to be seen at this stage what the dynamics actually requires: it will also rely
on holonomies as basic building blocks of the Hamiltonian; and if there is a choice of £y to
be made there, as it will turn out to be indeed the case, one could have made that restriction
already at the kinematical level. Dynamics, in this case, would see only one sector of periodic
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connections, and nothing would be lost by fixing attention to one periodic sector from the
outset. To allow the full freedom of how this might turn out, we do not fix £o for now,
permitting all exp(%iZQE) as operators. (In fact, lattice refinement especially for anisotropic
models will require this general attitude, as we will see later.) Quantum dynamics will then
be based on the Bohr compactification of the real line as the configuration space. Since we
already indicated the relationship between ¢ and lattice refinement, this issue will naturally
be revisited in the chapter on dynamics.

3.2.3.4 More on Bohr

The Bohr compactification of the real line plays an important role in loop quantum
cosmology to include all kinematical sectors of the models in one non-separable
Hilbert space. The dynamics sometimes picks a separable sector, but since the one that
is realized depends on the specific form of the dynamics and is subject to quantization
ambiguities, as we will see, it is useful to consider all quantum configurations in one
setting even though this information is only kinematical. In this context, several
properties and characterizations of the Bohr compactification are of interest. For
additional mathematical discussions, see [25, 26].

The Bohr compactification of the real line contains R densely. It is thus not a
periodification which would identify different points in R and not contain all the
original ones. It is also different from the one-point compactification, which, too,
contains the real line densely but adds just one point at infinity. The difference can
be seen by the set of continuous functions on these two compact spaces. For the
Bohr compactification, as used in the definition, this is the set of almost-periodic
functions; for the one-point compactifications, this is the set of functions f(c)
for which lim,_, _ f(c) and lim._, o f(c) exist and agree. The only functions
continuous on the Bohr compactification as well as the one-point compactification
are the constant ones.

One can visualize the Bohr compactification by subsets in a torus [0, 1]2. The
whole real line can be embedded in the torus as a straight line x = wy if w is
irrational. In the trace topology, the resulting subset of the compact torus can be
completed to a compact space containing the real line (the original embedding)
densely.

The Fourier space of the Bohr compactification is the discrete real line whose open
neighborhoods are arbitrary unions of single points. This is indeed the space of
momenta as it arises from (3.48) with (3.53).

If we contrast a periodification with the Bohr compactification, the configuration
space in one case is a circle with Fourier space given by the integers Z. The
enlargement of the Bohr compactification as compared to the periodification allows
more momenta filling all of R. As a trace of the compactness of the configuration
space, the momentum space is the real line with discrete topology.

A Wigner function for states supported on RBohr can be defined as [25]
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!
2 / U (p—3e) v (p+ 3o) 2P (0)da  (3.54)
mlp

RB ohr

Wi(e, p) =

with holonomies 2 (c) = exp(i8¢/2). The Wigner function of a triad eigenstate,
forinstance, is then a delta-function peaked at the triad eigenvalue, and independent
of c. Further properties of the Bohr-Wigner function are discussed in [25].

3.2.3.5 Inverse-Triad Operators

For afirst glimpse on the singularity issue we now have alook at suitable quantizations
of a~! or any other inverse power, which would diverge at the classical singularity of
isotropic cosmology. In a Wheeler—DeWitt quantization, a ~! can easily be quantized
as a multiplication operator acting on wave functions ¥ (a). It is densely defined
and thus suitable. It certainly fails to be a bounded operator, but so does a itself.
Kinematically, the classical singularity does not appear to be different in Wheeler—
DeWitt quantum cosmology.

Atfirst, the problem seems worse in loop quantum cosmology: we would now have
to find an inverse of the triad operator p which has a discrete spectrum containing
zero. No such operator has a densely defined inverse. One could define an inverse
using multiplication with w~ ! on all states except |0), but since |0) is orthogonal
to all states ;) with & # 0,! this procedure would not make the inverse densely
defined. It thus does not correspond to an operator on the Hilbert space. This issue
would not just be a problem indicating a singularity, it would even prevent us from
quantizing Hamiltonians, including the gravitational one (3.30), which all contain
some form of inverse-triad components.

Nevertheless, operators whose classical limitis a~! do exist. To see this, we follow
a construction which is also available in the full theory [27, 28] and which in the next
chapter will allow us to quantize Hamiltonian constraints and matter Hamiltonians.
Applied in an isotropic setting [29], we have the identity

geiac/z{e—iac/z /2y dryGr g

APy = e, 1pI"?)y = = —Ip* " senp (355
If we choose the real parameter r to be in the range 0 < r < 2, we have an inverse
power of the triad component p on the right-hand side, while no inverse is required
on the left. The left-hand side of this equation can easily be quantized by using
the volume operator V= p>/%, holonomy operators for exp(i8c/2) and turning the
Poisson bracket into a commutator divided by i%. A densely defined operator with
an inverse of p as the classical limit results.

To be closer to operators of the full form we first replace the exponentials by

SU(2)-holonomies evaluated in isotropic connections:

1 Assuming a sequence of states in |1,,) € . /(C|0)) such that lim,_, o [¥,) = |0), we obtain

the contradiction 0 = lim,,_, oo (O]¥,) = (O] lim,, 0 V) = 1.
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Fig. 3.3 Correction function
(3.59) from inverse-triad
corrections
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tr(m3exp(8cts)[exp(—8ct3), V') = sin(8¢/2) V" cos(8c/2)—cos(8c/2) V" sin(5c/2).
(3.56)

(The trace can be evaluated explicitly after inserting exp(At3) = cos (%A) +

213 sin (%A) .) Using the basic operators, it is easy to see that the resulting
PP sen(p) = ——>— (ei‘s"/ 2femites2, |pIrI2] — e=ie/2peier?, |ﬁ|r/21)
4y t3sr
(3.57)

has the same eigenbasis |x) as the triad operator, with eigenvalues

. 2\ /21

(1P Tsen(p) =+ (4””") (I + 8721 = | = 5/21"%) (3.58)
" or 3

clearly well-defined even at © = 0. At u = 0, in fact, the eigenvalue vanishes instead

of being divergent like the classical value. For large || 3> §, on the other hand, the

classical expression sgn(uw)|4mw yﬁ%,u/?»l’ /21 §g approached. The difference gives

rise to correction functions

(p’/2/—1\sgnp) a2 17712
() = = = (Ipl > sen(p)) E 1 sgn(i)
p sgnp w3
u w

1
= S lul' 7 (1 + 872177 — i = 8/21"/2) sgn(o) # 1
(3.59)

in quantizations of expressions that classically contain inverses of densitized-triad
components; see Fig.3.3. (The §-dependence is not explicitly noted as an ambiguity
in ") because it simply rescales .)

This calculation demonstrates that densely defined operators with the classical
limit of an inverse power of p do exist; we will later use these constructions for
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Hamiltonians. The classical divergence at the singularity implies that these operators
cannot be inverse operators of p:

they only approach the inverse in the classical limit. In this way, the initial problem
of p having zero in its discrete spectrum is overcome.

Instead of being singular, the small-u behavior is bounded and approaches zero
at © = 0 as already seen. Around © ~ §/2, a peak is reached demarkating the
strong quantum-geometrical behavior for small © and the nearly classical behavior
for large values. The position of the peak is not unique, but depends on quantization
ambiguities. For instance, one can use different values of § and also different » in
the specified range without changing the crucial properties. As we will see later,
the precise form of the function enters cosmological and other equations, such that
ambiguities can in principle be fixed by phenomenology. The freedom is also reduced
by considering the anomaly problem of quantum constraints, where inverse-triad
operators enter, too; see Sect. 10.3.

For phenomenology, it will be important to consider the typical size of deviations
of inverse-triad operators from the classical expectation. In an effective formulation,
we would refer not to eigenvalues p as in (3.59) but to an effective geometry recon-
structed from u via p, = 4m y@lz, (/3. This relationship leads to correction functions

—1
1 [4nyl3 _
a“)(p,n:g( 3 P) 1Pl Psgn(p)

x (|pM 2y 8633172 — |, — 2ny5z§,/3|’/2) (3.60)

with strong corrections setting in at p,, ~ 27 y(SKl% /3. At this stage lattice refinement
again becomes relevant. If corrections are to arise from a general quantum state, we
should use in expressions such as (3.56) not the total volume V of our region of
coordinate size 7, but the elementary volume of coordinate size 6(3). (Otherwise, the
expressions we obtain cannot be considered local. Further justification comes from
the analogous operators in the full theory, where only local vertex terms touched
by the holonomies contribute. See [30] for a calculation using kinematical coherent
states in the full theory.) The conversion from p, to the scale factor then does not
come from [p,| = 72342, but from Ipul = |Fey(p)| = E%az; see also Sect. 10.1.
Once the replacement of the cell volume by the patch volume is made, we refer to
almost-local phase-space variables; Planck’s constant or the Planck length in com-
mutators or other quantum formulas no longer rescale when 7" changes. In terms of
a, we have a correction function
02 [ Amy 03 -
a(a) = ﬁ (31’) a*™" (la* + 2wy 863 /36317 — |a* — 2wy €3 /363]7?)
(3.61)
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with strong corrections setting in at a ~ a := /27y 8/3Lp /L.

This refined procedure has two consequences: (i) While using the region of size ¥’
would make expressions dependent on ¥, which is not allowed for observables, the
elementary sizes Fy, are independent of " and instead refer to an underlying discrete
state via the quantity £¢; and (ii) with the region 6(3) being smaller than 7" we get deeper
into the small-scale regime and inverse-triad corrections will become comparatively
larger (a4 being proportional to £, 1). When elementary sizes are used in expressions
for correction functions, the latter peak for values of the discrete increment § of
about the elementary plaquette size azﬁ(z) / E% relative to the Planck scale, not for § ~
a*v?3) 1&12, which could be huge, and is even subject to coordinate and other choices.
These features must be taken into account for consistent formulations of models as
well as reliable phenomenology, but also for a meaningful realization of inverse-
triad corrections. We will provide an inhomogeneous calculation in Sect. 10.1.4.2,
exhibiting these properties explicitly. As another consequence of the fuller treatment,
the range of values for the ambiguity parameter § will be restricted.

The explicit formulas provided here rely on the Abelianization of the full theory when
it is reduced to isotropy. Several new features arise if one tries to construct inverse-triad
operators in an SU(2)-setting and to evaluate the characteristic commutators [31]. First, the
commutators quantizing tr(2{h~!, V}) no longer commute with the volume operator and it
becomes less clear how to compare spectra when they refer to different eigenbases. Secondly,
inverse-triad operators, though still densely defined, are no longer bounded [32]. The latter
is a feature which is shared by some related operators in anisotropic models discussed later,
and is thus not only a consequence of non-Abelian behavior. The non-commutativity of
inverse-triad operators with the volume operator, on the other hand, is directly related to
the full non-Abelian nature. It is probably the most serious issue that suggests some caution
toward results obtained only in isotropic models.
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Chapter 4
Dynamics: Changing Atoms of Space-Time

In the previous chapter, we have seen some aspects of spatial quantum geometry, with
its characteristic discrete spectra, emerge even in isotropic models. Now, these spatial
structures have to fit into a consistent quantum space—time which in a certain sense
reduces to a solution of Einstein’s equation in a semiclassical or low-curvature limit.
Only completing this most challenging step will make the theory one of quantum
gravity, rather than of spatial quantum geometry.

4.1 Refinement and Internal Time

On general grounds, we expect discrete growth of the expanding universe in any
theory with a microstructure of space—time. This has been anticipated several times
[1,2, 3] but never fully formulated. Loop quantum gravity makes progress at least in
describing discrete spatial structures, and in providing means to analyze their evolu-
tion. A handle on these inhomogeneous features is necessary even for the consistency
of the quantum cosmological theory: any kind of discreteness is in danger of being
enlarged by the expansion of the universe and of becoming macroscopic unless its
structure is being dynamically refined. It is not guaranteed that refinement happens
in a suitable way so as to be consistent with the possibility of a macroscopic, very
nearly continuous universe. Whether suitable refinement is realized can be checked
in model systems, thereby providing feedback on the correct low-curvature limit of
the full theory.

The picture we will take to develop dynamics is that of an evolving quantum
geometry. Mathematically, it is implemented by constructing states in the Hilbert
spaces seen before, but subject to the condition that they be annihilated by a quan-
tization of the classical constraints: C |[¥r) = 0. As the classical constraints make
sure that initial data indeed are as they can be derived by restricting the geometry
of a space—time solution to one of its spatial slices, quantum constraints ensure that
there is no spurious gauge-dependent information in the quantum states we use. Dis-
cussing quantum constraints can be quite involved not just because the expressions

M. Bojowald, Quantum Cosmology, Lecture Notes in Physics 835, 47
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of constraints are complicated, but also because they are not always guaranteed to
have zero as an eigenvalue in their discrete spectrum. In fact, especially for the
Hamiltonian constraint of quantum gravity one expects interesting physical states to
correspond to zeros in the continuous part of the spectrum. (There may be states in
the discrete part as well.) Solutions then will not be normalizable in the spaces we
constructed so far, and new inner products would have to be introduced to extract
observable information from the states. Technical issues of constructing physical
Hilbert spaces are discussed in Chap. 12.

Also the issue of observables strikes again: A general operator on the kinematical
Hilbert space will not map a solution of é|l/f) = 0 to another such solution; it is
guaranteed to do so only if it commutes with C: [0,C] = 0. Such operators are
called Dirac observables, and thanks to the commutation property they correspond
to classical observables as phase-space functions invariant under the flow generated
by the constraints: their classical correspondents satisfy {O, C} = 0. Unfortunately,
complications in constructing general observables at the classical level become even
more severe at the quantum level. For instance, one would have to be very careful
with factor orderings to make a classical observable commute exactly with the con-
straints after quantization. (And exact commutation is required when it comes to
removing gauge.)

We will discuss issues of physical Hilbert spaces and quantum observables in
more detail in a later chapter; here we are primarily interested in the fact that the
non-commutativity of the Hamiltonian constraint and operators for spatial geometry
in general implies that physical states must be superpositions of different eigenstates
of any operator of spatial geometry. Explicitly, this follows from the fact that the
Hamiltonian constraint contains connection components, quantized to holonomies,
which as creation operators excite the spatial geometry. No state with a sharp non-
degenerate spatial geometry can be an eigenstate of such creation operators, and
general superpositions are required.

Choosing a particular non-observable operator (]3 for instance the volume or a
matter field, and its eigenbasis, we expand a physical state as |¢) = Z¢ [V)e
where ¢ is a label for the eigenstates of qﬁ (Terms |¢)y in such a superposition
are not physical states unless  is an observable.) We may then view the family
|¥)e as an evolving quantum geometry, or a “state-time” [4]. It represents physical
information, for it is just another way of writing the original physical state |¢),
supposed to solve the quantum constraint equation. Evolution is described not in
coordinate time, as one usually does it in classical solutions, but with respect to an
internal time ¢. One could use a similar picture in classical gravity: The classical
variable ¢ corresponding to the operator 43 we picked for the decomposition fulfills
an equation of motion d¢/dt = {¢, C} = f with some phase-space function f. At
any phase-space point where f # 0, the usual ¢-derivatives in classical equations of
motion can be traded for ¢-derivatives by dividing all equations of motion by f. While
such a procedure would usually make classical calculations more complicated than
necessary, not even being too useful since one is mostly interested in the dependence
of quantities on variables such as proper time, it is a more natural viewpoint to take in
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quantum gravity. The quantum representation of geometry, after all, does not contain
any space—time coordinates; it can refer only to degrees of freedom as found in the
classical phase space, and so the internal-time picture is the only one available for
evolution. Once physical states are parameterized with respect to an internal time,
one can compute time-dependent expectation values of operators other than time )
and their fluctuations or other moments. Even if such an operator O would not be an
observable, the expectation value ¢(¢|0|1ﬁ)¢ is meaningful. In general, however,
care must be taken as to the inner product used here. For instance, one would like a
sense of unitarity of ¢-evolution to be realized, which then implies that (¥ |¥)¢ is
constant in ¢. (This is, of course, not guaranteed if the family ), comes from an
arbitrary decomposition of some state in any eigenbasis.)

Effective techniques allow one to formulate the concept of local internal time
systematically, and to address the possible failure of unitarity of the evolution mean-
ingfully. These methods and consequences such as the complexity of time will be
discussed in Chap. 13; for now it suffices to know that consistent formulations can
be provided, and we turn to the construction of the constraint operators themselves.

4.2 Constructions in the Full Theory

We will make use of the concept of internal time mainly in cosmological models
where it is rather tractable. But we will first have to see what the Hamiltonian con-
straint and the dynamics it provides look like in the full theory, since this will be
our guideline in reduced constructions just as it was for states and basic operators.
Also for the dynamics, the key will be the use and form of holonomies, their appear-
ance in the Hamiltonian constraint, and the way they influence superpositions in
the averaging of kinematical to physical states. Remaining non-holonomy terms in
the constraint are also important and provide clues to the small-scale behavior of
quantum gravity, but they merely influence the concrete coefficients rather than the
general form of such superpositions.

4.2.1 Gravitational Constraint
The classical expression of the Hamiltonian constraint in Ashtekar—Barbero variables
is

Corav[N] ! /d3 N F! EEL
5 = — X i . —
grav 1677G Js UkSab” et E|

[a rb]
— 2(1 4+ y (AL = T (A] — rg)ﬁ) 4.1)
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Fig.4.1 A loop used to
quantize curvature
components )

Y

S

smeared with the lapse function N. As the main term responsible for the creation
of geometrical excitations, we first turn to the curvature components F ; - They are
functionals of the connection components Afl, which in a loop representation can-
not be quantized directly. Instead we have to use holonomies, providing curvature
components via the well-known expression

sOSEFL 1= A7V (hy — 1) + 0(A) (4.2)

for the leading-order term of a holonomy along a closed loop « of square shape, of
coordinate area A and along the tangent vectors s{ and s5; see Fig.4.1.

The loop will give rise to holonomies and thus, when acting with the constraint,
excitations of geometry [5]. There are different specific constructions, with different
general behaviors. For instance, when acting on a given state the loop o may lie
entirely on the graph of edges already excited for the state. In this case, the graph
itself would not be changed, and no new vertices are being created (see e.g. [6]); only
the excitation levels of existing edges are raised or lowered. Otherwise, if & does not
lie entirely on the state’s graph, new vertices and new edges will emerge [7]. In the
picture of an evolving geometry, the number .4 of discrete sites may or may not
change in the internal evolution parameter ¢. But in all possible constructions put
forward so far, individual sizes of elementary sites, earlier called v, must change:
since the volume operator does not commute with all holonomies, [\7, h] # 0,
vertex volumes of states must change in ¢. While we do not yet have a systematic
way of averaging these inhomogeneous results to isotropic geometries, the behavior
seen here provides strong motivation for a lattice-refinement picture, and it does put
limits on some parameters.

As the next important term in the classical constraint we have the triad-dependent
function &'/ kE? Ef/y/Idet E|. Fluxes cannot directly be used to quantize this
expression since they have discrete spectra containing zero, making the determi-
nant potentially degenerate. Instead, as already seen in the isotropic setting, one
applies the classical identity [7]

bEc
vld E|

(or another form since it is not unique) and quantizes the left-hand side regularly
by using holonomies for A, the volume operator, and turning the Poisson bracket

————sgn det(El ) 4.3)

[ /,/|detE d3x ] =2nyGeike . —L =
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into a commutator divided by iA. A densely defined operator results. This key result
of loop quantum gravity shows that Hamiltonians in quantum gravity, with similar
constructions for matter Hamiltonians [8], can be made well-defined by particular
properties of quantum geometry [7]. We do not have to normal-order Hamiltonian
operators, which would be difficult in a background-independent way that lacks the
ordinary creation and annihilation operators.! Coefficients in any superposition of
physical states are automatically well-defined. In particular, the specific form of triad
operators appearing in the constraint, containing commutators such as h[h ™", V1,
changes vertices and their intertwiners for states they act on; thus another reason to
expect a changing v(¢) in a physical state.

The remaining terms in the constraint are more difficult since they contain the spin
connection (3.24), a complicated functional of E;'. Fortunately, they can be reduced
to what has already been quantized by employing another Poisson identity [7]:

/,/ldetE At @9

gl jk a Eb
4 i . : 5
K, =y (A, —T,) x A, /dxF’ |th
Putting all these ingredients together, one constructs a well-defined Hamiltonian
operator, schematically of the form

ConNIWg o > Nw) > aletr(hljheK [he;,v]) Ve (45)

veV(g) er.ej.excE(g)

summing over vertices v and triples of edges e; > v of a graph g, with Ay the
holonomy around a closed loop tangent to ey and e in a vertex v. The specific form
is subject to ambiguity, but the general form is characteristic and, as used later, easily
extended to model systems.

There are several characteristic features implied by the construction steps, which
give rise to corrections to the classical dynamics explored in quite some detail in this
book. Also several fundamental properties arise in a specific form. For instance, for
the resulting operator to be well-defined it is crucial that one orders the commutators
quantizing inverse-triad components to the right of holonomies representing the cur-
vature. When the commutator acts first on a cylindrical state, only vertex contributions
appear. If holonomies act first, on the other hand, they create new vertices on arbi-
trary points of edges existing in the initial state, and on those new vertices (which are
trivalent but not immediately gauge-invariant) the commutator has non-trivial action.
Such an ordering would not give rise to a cylindrically consistent operator [7]. Once
a consistent operator is defined, one may order it symmetrically by averaging with its
adjoint. But this procedure is different from ordering the holonomies for curvature to
the right [9]: for an operator creating new edges, as the Hamiltonian constraint does

! Notice that this sense of regularity does not by itself imply UV-finiteness in the usual meaning

of quantum field theory. To test finiteness, one would have to compute scattering amplitudes of
particle excitations on a quantum geometry state, which is difficult. It thus remains open how
exactly a fundamentally finite version of loop quantum gravity could resolve non-renormalizability
issues of perturbative quantum gravity.
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by multiplying with holonomies, the adjoint removes edges. A symmetric ordering
of such operators is different from simply reordering factors in its regularization.

The behavior of vertices under the action of the Hamiltonian constraint also plays
a role for an argument of anomaly-freedom which one may make [10]. Commu-
tators of Hamiltonian constraint operators should mimic the classical constraint
algebra for the dynamics and gauge aspects to be consistent. (This theme will be
discussed in more detail in the part on inhomogeneities, Chap. 10.) From the form
of full Hamiltonian constraint operators one can argue that this is realized at least on
diffeomorphism-invariant states, which are annihilated by the commutator. However,
several difficulties with this very general statement arise: first, it has been pointed
out that an extension to states that are not fully diffeomorphism invariant, and on
which the off-shell constraint algebra should nevertheless be represented faithfully
for anomaly-freedom, is difficult [11, 12]. Secondly, anomaly-freedom in the sense
proposed in [10], even if it would work at a fundamental level, does not at all guaran-
tee that effective geometries can be formulated with a consistent dynamics, a question
which we will address later by other means. Thirdly, the same argument of anomaly-
freedom does not apply in midisuperspace models such as spherically symmetric
ones, see Chap.9, whose vertex structure is different from the full one. While this
failure of the argument may be due to a possible inadequacy of midisuperspace mod-
els regarding questions of fundamental anomaly-freedom, it should also be taken as
a warning sign.

4.2.2 Matter Hamiltonian

Matter fields are quantized by similar means in a loop quantization, using graph
states, and then coupled dynamically to the geometry by adding the matter Hamil-
tonian to the constraint. For a scalar field ¢, the density-weighted momentum
7 = 4/[det E[@/N is a density of weight one. In the @-representation, states, as
described in Sect.3.2.2.3 will simply be of the form already used for the gravita-
tional field, except that each vertex now also carries a label v, € R describing the
dependence on the scalar field ¢ (v) through exp (iv,¢@(v)) [13]. (The scalars take
values in the Bohr compactification of the real line.) Well-defined lattice operators
are given by exp@(v)), for any vp € R, which shifts the label v, by vg. The
momentum, with its density weight, has to be integrated before it can meaningfully
be quantized. We introduce
Pr = / dxm
R

where R is a spatial region. Since we have {¢(v), Pr} = xr(v) in terms of the
characteristic function xg(v) = 1 if v € R and zero otherwise, a momentum

operator Pg has eigenvalue >_ _p hv, in a state introduced above.
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For the matter Hamiltonian of a scalar field ¢ with momentum 7 and potential
W (@) we have the classical expression

_ [ b EE
Hw[N]—/d xN<x>(2mn<x) +zmaw(x)aw(x)+\/|detE|W<w>)

containing inverse powers of the metric. It can be quantized by loop techniques
[8, 14] making use of identities similar to (4.3). One first generalizes the identity to
arbitrary positive powers of the volume in a Poisson bracket,

(AL VY =dayGrvi—lel (4.6)

with V), the volume of a small region including only the vertex v, and then combines
such factors with suitable exponents r to produce a given product of triad and co-triad
components. Since such identities would be used only when inverse components of
densitized triads are involved and a positive power of volume must result in the
Poisson bracket, the allowed range for r is 0 < r < 1. Any such Poisson bracket
will be quantized to

SHAL VT %u (r"hw [h;;, \7;]) 4.7)
using holonomies #, . in direction é“, starting at v and of parameter length é. These
general parameterized expressions are also useful for alternative quantizations of
terms in the gravitational part of the constraint, where different choices of » would
represent quantization ambiguities.

The exponent used for the gravitational part is » = 1, while the scalar Hamilto-
nians introduced in [8, 14] use » = 1/2 for the kinetic term and r = 3/4 for the
gradient term. With

. . ei e] k
e ekl Ae. Vi PHAL V) PHAL V) = Qry G e e 5
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/2
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b i 34 ak /374 2 abe eief
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v

one can replace all inverse powers in the scalar Hamiltonian:
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where B,S’Q, denotes the vertex contribution at vertex v of a quantization of (4.7); A.¢

denotes the difference operator along the edge ¢, and P, is the vertex contribution

to the momentum operator of the scalar.

In this way, inverse-triad corrections arise in matter Hamiltonians as well as in
the gravitational part of the constraint, affecting the dynamics. What kind of effec-
tive action this might correspond to and whether these corrections can be consistent
(not spoiling general covariance) will be discussed later in Chap. 10 about inhomo-
geneous perturbations. For now, we point out the relationship of full inverse-triad
expressions based on (4.7) with the corresponding behavior in isotropic models. In
isotropic models, we have seen that it is important to use the local patch volume
Vy (as a power of the elementary fluxes Fy,) in order to ensure the correct scaling
dependence. In (4.7), or the Hamiltonians (4.5) and (4.8), we could use V,, as well as
the total volume V or that of any other region: volume contributions from vertices
not lying on the edge used for holonomies in the commutator drop out, anyway.
In homogeneous models, on the other hand, all vertices are equivalent and no such
difference arises. It is then important to ensure that only local vertex contributions
feature in the homogeneous expressions, which as seen in [15] has several other
important implications regarding consistency.

4.2.3 Problem of Dynamics

Handling the dynamics is the key problem of any approach to quantum gravity. It
splits into quite different but closely related subissues, the consistent construction
of the dynamics on one hand, and the evaluation on the other. In isotropic quantum
cosmology, the construction simplifies considerably and some of the key problems,
such as that of anomalies, trivialize. One can thus focus on developing methods for
the evaluation of quantum gravitational dynamics, which in the full setting has gained
only preliminary insights. Important issues of the evaluation, which we will see in
detail, are the role of lattice refinement, quantum back-reaction, and the implications
of changing states. Later constructions in models including inhomogeneity will allow
us to discuss also quantum space—time structure.

4.3 Isotropic Universes

A reduction of the Hamiltonian constraint from the full theory to symmetric models at
the quantum level is difficult, but there is information about the reduction of states and
spatial quantum geometry, as discussed in detail in Sects. 8.2.5,9.1.3, and 10.1.2. This
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formalism allows us to derive the basic quantum geometrical principles for isotropic
loop quantum cosmology and then construct a Hamiltonian constraint operator along
the lines used in the full theory. Since general spectral properties of basic operators,
holonomies and fluxes, are preserved in this reduction, one can expect to capture
important features of full loop quantum gravity at least at a qualitative level. Specific
results seen in models can then be used to focus further derivations in the full theory.

4.3.1 Symmetry

Different procedures exist and are still being elaborated to reduce states from the full
stage to a reduced setting [16—22]. A natural definition of a symmetric state is one
that, as a functional on the space of connections, is supported only on the subset of
invariant connections [16]. By this procedure, one can directly reduce any given state
by evaluating it in the general expression of invariant connections for a symmetry
type of interest, such as isotropy. The result will not be a spin network state, but
rather a distribution on the full state space; it can be interpreted as being obtained
by averaging an inhomogeneous state over the symmetry group. Such states are not
embedded in the full Hilbert space but rather constitute truly reduced states. They
comprise a minisuperspace quantization, but one obtained with input from the full
theory. In contrast to Wheeler—DeWitt quantizations, crucial quantum space—time
structures are still realized in the models derived in this way.

Suitable combinations of basic operators can then be found which map those states
to others of this form, defining the basic representation of the model by reduction
from the full holonomy-flux algebra. Difficulties arise when one tries to implement
the full Hamiltonian constraint in such a way since it will not preserve the space of
symmetric states, and projections to ensure this cannot easily be introduced at the
distributional level. Constructions which may seem unnatural or contrived within
a minisuperspace model but are required to incorporate full features thus remain
required to implement the dynamics in a way mimicking the full one. No unique
dynamics can result in this way, which even with a complete reduction would not be
possible since the full dynamics is not unique in the first place. But with sufficiently
general parameterizations one can explore the range of possibilities and extract gen-
eral phenomena. As always with coarse-grained descriptions of microscopic physics,
one has to suitably parameterize one’s ignorance. If this is not done at a sufficiently
general level, results will be spurious. No guidelines are provided in Wheeler—DeWitt
quantizations, but much information is available from loop quantum gravity.

In particular, we will have to account for the crucial properties seen in the full
theory. Every proposal for the full Hamiltonian constraint so far changes the indivi-
dual sizes of discrete building blocks of geometry. In an isotropic setting this means
that the function v(¢) in (2.16), now written in an internal time ¢, must indeed be a
function and cannot be constant in general. Although the precise form of v(¢) and
the associated N '(¢) cannot easily be derived as mean fields of the refinement, a
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quantization of isotropic dynamics must take the non-constant behavior of v(¢) into
account in a sufficiently general way.

4.3.2 Models

Since holonomies are the basic operators exciting and refining the geometry, they
will be crucial also in isotropic models. As already seen in Sect. 3.2.3.3, holonomies
refer to the number A4 = “1//6(3) of lattice states; now in a dynamical situation,
A (¢) will be a function of internal time. As in the full case, holonomies initially
enter the Hamiltonian constraint via curvature components of the Ashtekar—Barbero
connection, which in an isotropic setting reduces essentially to the Hubble parameter.
Classically, we have a Hamiltonian constraint

3
Coray = — gz @ VIPI+ Huer(p. 0. py) = 0 (4.9)

written for simplicity only in the spatially flat case (and without curvature coupling
in the matter Hamiltonian). Once the variables ¢ and p are inserted in terms of the

scale factor a, this constraint indeed gives rise to the Friedmann equation with energy
density

Hmatter
= 4.10
pP="3y (4.10)

in terms of a matter Hamiltonian for the region of size 7.

The constraint also generates Hamiltonian equations of motion f(c, p) =
{ fc,p), Cgav[N ]} for a general phase-space function f. To specify the choice
of time coordinate, referred to by the dot, we have introduced the lapse function
N, Cgray[N] = NCgray. Its main choices usually are N = 1 for proper time
and N =a = \/|7| for conformal time. Using the appearance of the lapse func-
tion in the canonical form of the metric, this indeed provides the correct isotropic
line elements ds> = —dr? + a? (d)c2 +dy* + dz2) in terms of proper time ¢, and
ds? = a® (—dn? + dx* + dy* 4+ dz?) in terms of conformal time 7. Equations of
motion for the basic variables read

p=2N/Iplc/y, 4.11)

implying the relationship ¢ = #'/3ya/N already seen, and

2
c 87y G 0 Hmatter
—— (N +2pdN/dp) + —_
2y V1pl ap

This equation is the Raychaudhuri equation of the isotropic model, which can be
brought to the standard form after using the thermodynamical relation

¢ ={c, Cgrav[N]} = - 4.12)
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_ﬁ _ 1 0Hmatter
1% 3a2Y'N  da

4.13)

for pressure. At this time, one should note that both equations, (4.11) and (4.12),
are derived from the Hamiltonian constraint. When quantized, the Hamiltonian most
likely receives quantum corrections, such that also these two equations, even the
innocent-looking (4.11), will be corrected.

The classical Hamiltonian constraint is not directly representable in terms of
holonomies due to the appearance of the non-almost periodic ¢?. However, almost
periodicity can be checked only when the full real range of the curvature variable c is
taken, which includes arbitrarily large values of curvature where one would no longer
trust the classical dynamics. At this time, the fundamental requirement that operators
in an isotropic loop quantization must be representable through holonomies which
are almost periodic in ¢ becomes a guiding principle for deciding how the classical
dynamics must change in quantum gravity. Restricting the function ¢?/p o (a/a)>
to just a finite range, for instance up to Planckian curvatures, still allows one to extend
it to an almost-periodic function in ¢ over the full range. Such an extension is not
unique, sin ¢ and % sin(2c¢) being just two examples to extend ¢ almost-periodically,
but the resulting quantization ambiguity, as always, can be parameterized and then
tested.

If we choose a class of almost-periodic extensions of ¢2 by 872 sin?(8¢) with a
parameter §, we can directly use the basic actions of exp(i§c) and p to write the action
of a Hamiltonian constraint operator. As expected from the presence of holonomies,
it is a shift operator with terms raising and lowering the isotropic triad levels .
Expanding a general state in the triad eigenbasis, |¢) = > u ¥ .lp), we obtain the
state’s triad representation as the set of coefficients ¥, which may also depend on
other fields if different kinds of matter are present.

The construction proceeds along the following steps, which are analogous to
those from the full theory but can now be performed very explicitly. We represent
16¢

J/|p| via a commutator e [e‘wc, \7] to mimic the full treatment in the presence of

inverse powers of the densitized triad. (In isotropic models the inverse powers cancel
completely in the gravitational part of (4.9), and the treatment of inverse triads is not
required at this stage. Crucial properties remain unchanged if one uses a more straight-
forward quantization of /[p[.) The action of the commutator on triad eigenstates
follows as before for inverse-triad operators. Also the action of the holonomy term
can be computed easily: sin2(8c) maps |u) to —}T (| +48) —2|u) + | — 46)).
In the full theory, a consistent Hamiltonian constraint operator requires an ordering
in which holonomies quantizing the curvature components F, {;b appear to the left.
Taking the same ordering in reduced models, we arrive at an operator with action

Coravltt) o< 873sgn(1t) (Vs — Vauos) (1t +48) = 20p) + | — 48)).  (4.14)

The constraint equation CA‘grav“/’) = CA‘grav Z,L '/’M“/-) = ZM (égrav'/’)/t|ﬂ> =0
then implies a difference equation (é‘ erav¥)y = 0, of the form
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sgn (1 + 48) (Virss — Vigss) Y uras (@) — 2sgn(i) (Vigs — Vi—s) ¥u(e)

4 N
+ sgn(u = 48) (Viwss = Vi) Y45 (9) = =37 Gy 6203 Hmater (0¥ 1. (9)
(4.15)
for the wave function ¥ , (¢) in the triad representation. Its coefficients, written here in

terms of volume eigenvalues V,, = (471 yﬁ% [/ 3) 32 , follow from the representation
of /| p| as commutators.
The difference equation (4.15) follows from a constraint operator in which the

commutator i [h_l, \7] quantizing triad components is ordered entirely to the right

of holonomies quantizing curvature components. This ordering is in fact suggested
by the full theory as explained in Sect.4.2.1. But once the operator has been defined,

one can always order it symmetrically by replacing égrav with % (égrav +C grav).
In this case coefficients of the difference equation change but the structure remains
intact:

(sgn(i +48) (Vigss — Vigss) + sgn(i) (Vs — Vi—s)) ¥ pr4s (@)

N =

1
—2sgn(i) (Viigs — Vuos) ¥ (@) + E(Sgn(ﬂ) (Vigs — Viuss)
+ sgn(u — 48) (Vi35 — Viu—ss )V —as (@)

4 N
= =37 GY 8 Hmauer (0¥ (9). (4.16)

There are other ways to order an operator symmetrically, such as 4/ égmvégmv, but this
would be more complicated to compute. One might also be tempted to define an operator
symmetrically from the outset by splitting the sin”(8¢) in two factors to be positioned to the

two sides of the commutator: sin(8c)h [A~!, \7] sin(§c). (The commutator £ [h_l, \7] =
V—hVh! automatically gives rise to symmetric operators when an su(2)-trace is taken.)

However, this procedure does not properly mimic constructions in the full theory where
for a whole loop as in (4.2) could not be split into two equal factors.

Depending on the treatment of extrinsic-curvature contributions to the Lorentzian
constraint (4.1), using (4.4), a difference equation of higher order than shown here
may result. Such equations have been derived in [23, 24, 25].

4.3.3 Quantum-Geometry Corrections

In addition to obvious quantum features, two classes of quantum-geometry correc-
tions are present: holonomy and inverse-triad corrections. Both of them are based
directly on properties of the holonomy-flux algebra and the accompanying discrete-
ness of space, but there is a difference in their realization. Inverse-triad corrections
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result from a quantization of the classical reformulation (4.3) or (4.7) without regular-
ization. Holonomy corrections, on the other hand, are obtained after replacing ¢? in
the isotropic Hamiltonian constraint by some almost-periodic function approximated
by ¢? when 8c is small. After this modification of connection terms, the dynamics is
no longer identical to the classical one. One may understand the higher-order terms
as some of the contributions expected from higher-curvature effective actions,? but
the modification is done at whim. It disappears in the classical limit only if § — 0
in the classical limit, which requires one to relate the curve parameter to the Planck
length. This relation, as seen in the context of lattice refinement, can be done only by
reference to an underlying inhomogeneous state, not within the symmetric model;
see Sect.4.4.1.

The parameter § is a regulator because it modifies the classical theory before it
can be quantized by loop methods. Since the limit § — O cannot be taken at the
operator level—otherwise an operator for ¢, not just for holonomies would exist—
one must give the extra terms arising from the regularization some physical meaning.
In loop quantum cosmology, this is done by interpreting them as higher powers
of curvature which are not relevant for the small-curvature regime of the classical
theory but are required for a well-defined quantum representation. At this stage,
as always in loop quantizations, one takes a considerable risk: one assumes that
the classical constraints can be modified in this way and still produce a reasonable
theory. In particular covariance is at stake here, for one is adding only higher powers
of the Ashtekar—Barbero connection at the Hamiltonian level, not higher powers
of covariant curvature contractions at the level of an action. We will come back to
the important related problem of anomalies later in this book (Chap. 10). For now,
we notice that the key and still outstanding test of holonomy corrections is not to
evaluate their dynamical implications in homogeneous models where they can be
implemented freely, thanks to a trivialization of the anomaly problem, but rather a
consistent extension to inhomogeneities.

In some models, notably isotropic ones with a free, massless scalar, it is possible
to quantize the Hamiltonian constraint in exponentiated form, rather than exponenti-
ating just the connection components [26]. One obtains an unregularized loop quan-
tization without higher-order corrections. Such a quantization would be preferred
compared to regulated ones because it would allow the anomaly-free inclusion of
inhomogeneities in much simpler terms. It would also eliminate all holonomy effects.
At the present stage of developments, however, the models in which such an unreg-
ulated loop quantization can be applied appear too special to rule out holonomy
corrections altogether.

One can remove the regulator § at the level of the difference equation provided one
requires solutions to be smooth enough [27]. The difference equation then becomes
a differential equation, essentially reproducing the Wheeler—DeWitt equation as
the continuum limit. However, with the limit § — 0 taken only at the level of

2 These cannot be all contributions because higher-derivative terms of the metric do not arise by
the holonomy replacement. See Chap. 13 for a general treatment of effective canonical dynamics
which introduces new quantum degrees of freedom analogously to higher-derivative actions.
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equations of motion for states, not in a full quantization, the resulting theory cannot
be considered as fundamental.

It is sometimes suggested that the coordinate volume %', which appears in § but
also in inverse-triad corrections, is a regulator and should be taken to infinity or the
total size of a compact space. This is not correct because the classical theory simply
does not depend on the value of ¥". Sometimes in this context it is claimed that
inverse-triad corrections disappear, just as holonomy corrections would disappear if
the limit § — O could be taken. Also here, the limit could only be taken at the level
of equations, not at the level of operators where no inverse of the flux operator exists.

4.4 The Role of an Underlying State

So far, we have treated the parameter § for different almost-periodic extensions as
a constant. In a derivation of holonomies directly from isotropic connections in the
general expression, we have § = £/ 7 '/3 as seen earlier. In terms of the mean fields
of lattice refinement, this can be written as § = .4~ —1/3_ which shows that a lattice-
refinement model must be based on a parameter §(¢) depending on the internal time
¢ used to realize the refinement. In other words, while the size ¥ is that of a constant
region chosen once and for all to set up the quantization, the coordinate length € of
curves used for holonomies can in general not be considered as a constant. Physically,
the elementary discrete geometry must be refined during expansion to avoid that the
discreteness scale is blown up to macroscopic sizes by the expanding universe. Such
refinement indeed happens by a fundamental Hamiltonian constraint operator, which
may generate new vertices and always changes the elementary sizes v(¢) of discrete
building blocks.

In isotropic models, it is often convenient to use the scale factor a as internal time,
such that we will have a function 6 (a). In the mean-field picture, this will make the
step-size § of the difference equation dependent on the label w: the equation is no
longer one of constant step-size. We will later discuss how such equations can be
dealt with; for now we are only interested in their general form.

4.4.1 Refinement Models

For specific difference equations based on refinement models, we would need .4 (a)
or v(a), related by .#v = ¥a>, as it arises from the genuine full dynamics in a
suitable state. Lacking a derivation, we parameterize .4 (a) = J%a‘m such that
8(a) o a® and v(a) = ¥a31*+2) /_4q. This is only an ansatz to probe different
behaviors; in general .4 (a) need not be of power-law form for all a. But power-laws
provide insights into the possible behaviors and can, at least for small ranges for a
to vary, be used as approximations of general functions. Looking at different values
of x, this procedure will show the behavior in different phases of refinement. For
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x > 0, ./ is decreasing with expansion; for x = 0 it is constant and the discrete
volume v o< @ is proportional to the total volume. For 0 > x > —1/2, both v and
A are increasing, which makes it the regular range expected from the full behavior
of the discrete dynamics.

Another, independent argument for x < 0 is that §(a) then depends on a via a negative
power, whose dimension can be compensated for only by a positive power of a parameter
with dimension length. If the Planck length is used as this parameter, § — 0 in the classical
limit, removing holonomy corrections.

If x = —1/2, the local sizes v remain constant while the number .4~ of sites
increases proportionally to volume. As already seen, this behavior is unlikely from
the point of view of the full theory because local vertex contributions to volume are
always changed by the Hamiltonian constraint. It could at best be a coarse-grained,
averaged description in a special case of the full dynamics. If x < —1/2, finally, the
discrete sizes v must decrease when the universe expands. Since both .4#” and v are
bounded from below, the generic range where power-law behavior can be realized
forlong timesis —1/2 < x < 0. Near the upper bound, however, the discrete volume
contributions v are in danger of increasing too fast, or .4” is not increasing fast enough
and refinement is too weak. In this regime, phenomenological restrictions on x can
easily be found [28-32].

More generally, .#” may be a generic function, which one can think of as being
composed of different power-law phases each parameterized by its own x. At this
place we can see the real strength of using the Bohr compactification of the real
line as kinematical quantum configuration space: for a single power-law form, the
dynamical equation would always be periodizable by using | p|! = instead of p as the
state label, and | p|* c as the canonically conjugate curvature parameter in holonomies.
Since the dynamics splits the range of all values into distinct sectors connecting only
countably many values by the difference equation, we could from the outset have
worked with states periodic in £o¢ = ¢/.4#1/3 o« a**c. Irrespective of whether we
assume periodicity when choosing the dynamics or when formulating the kinematical
states, such an assumption will always seem ad-hoc. If different power-laws or a non-
power law function are involved, however, no periodicity occurs at all. This shows the
real strength of the Bohr compactification by providing a repository for all possible
refinement cases. (In a later chapter we will see that anisotropic models also make
use of the full Bohr compactification without implicitly using periodic sectors, even
if they are based on power-law behaviors of .4”, crucially leading to non-equidistant
difference equations.)

Atthis stage, it is worth commenting on differences between the mean-field picture and a pure
minisuperspace quantization. We have first derived the constraint operator for a constant §,
and are then putting in the ;-dependence to ensure that full properties are reliably captured.
One can also take the point of view that § (p) is used from the outset, having to quantize a more
complicated phase-space function exp (i8(p)c) instead of ordinary holonomies. For simple
choices of §(p) of power-law form, such quantizations can be performed: one employs a
canonical transformation such that the product §(p)c which appears in the exponential is
now one of the basic variables, and considers “holonomies” to be written in this variable. If
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8(p) o |p|* is of power-law form, such a transformation can easily be done with | p|'~* being
the new momentum conjugate to | p|*c. Forx = —1/2, forinstance, this momentum would be
the volume V = | p|3/2. Pretending that ¢/+/]p] is to be used in almost-periodic holonomies
would thus lead to a difference equation which is equidistant in volume values rather than
densitized-triad values. For large 1, this procedure is equivalent to inserting § (1) o< | wl =12
directly in the basic difference equation (4.16), as one can see by substitution; for smaller
1, one can think of the equation obtained after a canonical transformation as providing one
specific factor ordering of exp (i (p)c) which unlike the basic exp (i5¢) with constant § is not
defined uniquely. As one can see, however, there are difficulties in particular around p = 0
due to the absolute value used in fractional powers and the appearance of inverses of u.
Physically, this is not surprising since the pu-dependence of § arises from lattice refinement,
and around p = 0 not many lattice sites are excited. The lattice is thus very irregular, and
one cannot expect to describe the behavior well by using simple power-laws for .4 (p).
Keeping a general function §(u) for basic properties of the dynamics, and specializing to
simple forms only to analyze concrete cases at larger u, is then the best way to shed light
on the discrete dynamics.

Refinement is also relevant for inverse-triad operators and the corrections they
imply, which contain the basic holonomies and fluxes (or the volume operator). In
the commutator (4.7) used crucially in their definition, the local vertex volume V,
features, corresponding to the plaquette sizes in a refinement model.? As already dis-
cussed in Sect.3.2.3.5, it is then not p = #2342 (the total box size) which features
in commutators or correction functions but the plaquette size .4 ~2/3p = E%az.
This change makes the flux contribution, appearing as the argument of correc-
tion functions, smaller, and the correction correspondingly larger. For instance for
x = —1/2 in a power-law form A4 (p)~'/3 = §(p) « |p|*, the plaquette size
Z(z)az = ¥ ~2/3|p| is constant. Large p do not make inverse-triad corrections shrink
in this case, as it would happen without lattice refinement. Note that for a correct
treatment of inverse-triad corrections with refinement, implemented by a phase-space
dependent .4 (a), the refinement function is not to be inserted in the commutator
before its computation, which would give the wrong result since the a-dependence
of the factor would change the classical Poisson bracket. Refinement and the a-
dependence is a mean-field effect, and thus to be inserted in the final expressions
of an effective or coarse-grained theory. Since minisuperspace models by defini-
tion constitute coarse-grained descriptions of the full theory, mean-field treatments
cannot be avoided altogether.

4.4.2 Interpretations

Different viewpoints have emerged in the development of loop quantum cosmology,
all rooted in the original constructions of [23, 33-36]:

3 In such commutators in the full theory, a single V, gives the same contribution as the volume

operator of all of space: contributions from vertices not lying on the edges used for the holonomy
in the commutator cancel. But this observation does not change the fact that inverse-triad operators
receive contributions only from local vertex contributions of the volume operator. In reduced models,
homogeneity implies that all vertex contributions must contribute equally; one can properly capture
the full behavior only by using single vertex or plaquette contributions from the outset.
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Pure minisuperspace quantization*: One may argue that the curvature relation
4.2), 82si‘s§ Fébri ~ hq — 1 with hy ~ sin? (8¢) in isotropic models, used crucially
in quantizing the Hamiltonian constraint, should be evaluated by fixing the geometric
area A = a>8% as an ambiguity parameter rather than the coordinate area 8. If A
indeed takes a fixed value, one obtains § oc 1/4/]p], corresponding to the refinement
scheme x = —1/2. In particular, by fixing A one trivially ensures that local patches
of the underlying lattice state are constant, and thus .4~ o« 7. (Most such realizations
make use of the further ad-hoc assumption that this fixed value of A should be the
minimal or some close-to-minimal non-zero eigenvalue of the full area spectrum. This
condition is ad-hoc because it brings in the full area spectrum—the area operator in a
reduced model does not have a non-zero minimal eigenvalue—and in that it crucially
refers to the area operator at a place where it is not made use of in full constructions.
Moreover, the resulting size of holonomy corrections is incompatible with inverse-
triad corrections [15], implying an £ that gives rise to large inverse-triad corrections
even at large volume.)

The main (and perhaps only) justification of such a viewpoint toward the dynamics
of loop quantum cosmology, compared to a constant §, is a posteriori: A behavior
of 8§ o« 1/4/]p| in holonomies appearing in the dynamics provides an additional
suppression of higher powers of curvature at large volume, thus making it easier
to comply with semiclassical and near-continuum behavior (provided inverse-triad
corrections are ignored, which is often done in this context). Holonomy corrections
depending on ¢?/ p rather than just ¢? are better behaved at large volume especially if
there is a positive cosmological constant (in which case ¢ o /| p] at large volume is
growing) or in the presence of intrinsic curvature. Moreover, holonomy corrections
automatically depend on the scale-independent Hubble parameter a/a. The pure
minisuperspace viewpoint, without additional mean-field effects, thus presents a
valid refinement scheme regarding curvature, but there are no strict arguments why
it should be the preferred one. In fact, this viewpoint fails in Kantowski—Sachs models
for the Schwarzschild interior, where a refinement with .4~ o ¥ is not viable near
the horizon; see Sect. 8.3. The scheme is also inconsistent with slow-roll inflation in
the presence of inhomogeneities [39].

The starting point itself of the pure minisuperspace view is not fully convincing:
curvature components F a‘ » are coordinate dependent, so why should one not refer to
coordinate areas in their regularization? A reference to coordinates is indeed what
happens in the full regularization, where using geometrical areas such as A would not
be possible. Finally, the improved view in holonomies goes only half-way toward
a consistent regularization. It uses refinement ideas in holonomies, where large-
volume effects are potentially most problematic, but not for fluxes. Accordingly,
minisuperspace quantizations typically produce wrong inverse-triad corrections by

4 These models were initially introduced under the name “improved” quantization [37, 38], indi-
cating advantages in certain regimes of low curvature and large volume. However, the modifications
introduced in these models turned out to be rather ad-hoc. (To appreciate this realization, the mod-
els are sometimes called “improvised.”) By now, what goes by the name “improved dynamics” is
under strong pressure from different types of inconsistencies. The improved dynamics is itself to
be improved, giving the name a rather misleading connotation.
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overlooking the refinement for the volume operator appearing in commutators (see
the Second Principle). In the pure minisuperspace context, it is then often stated
erroneously that inverse-triad corrections play no role. By insisting that all quantum
effects be realized in reduced operators, rather than partially in an underlying state,
this view remains stuck in a mere minisuperspace picture, ignoring lessons from the
full theory.

One undeniable advantage of the improved dynamics is that it removes ambi-
guities, if only by ad-hoc choices, and thus tends to provide very specific schemes
and equations. For this reason, this special kind of the dynamics in loop quantum
cosmology is often explored.

Refined loop quantum cosmology: A general and consistent viewpoint realizes
that refinement is mainly implemented by properties of an underlying state: it is
a mean-field effect that appears in minisuperspace models but crucially rests on
behavior in the full theory. The incompleteness of the full theory and the compli-
cated nature of symmetry reduction at the quantum level make it difficult to derive
refinement models, but characteristic properties can be implemented by means of
sufficiently general parameterizations; see Sect.9.1.6.3 for a model that illustrates
how refinement schemes could be derived. The state dependence will further be illus-
trated below. As the main justification for this refined view we state that it is required
in general models such as black-hole interiors, and that only such a treatment can
produce a consistent form of inverse-triad corrections.

4.4.3 Refinement from Reduction

Refinement arises in reduced models as a consequence of properties of underlying
states used in the reduction. One may wonder why state-dependence should arise
at all, and why effects cannot be captured completely in a reduction of operators.
Properties of solutions to constraint equations certainly depend on the operators used,
but the definition of reduced operators is normally not expected to depend on proper-
ties of solutions to the full operator. And refinement, ultimately a consequence of the
generation of new vertices or lattice sites by full Hamiltonian constraint operators,
is a property of solutions to the full constraint equation.

If quantum cosmological models were fundamental, they should in fact be defined
fully in terms of their operator algebra, and no free function such as .4"(p) or extra
parameters such as .4g or x could appear. But quantum cosmological models are
not fundamental; they provide an average description of full quantum gravity. In
the averaging, additional features not captured fully by the operator algebra arise as
mean fields.

A further crucial property especially in loop quantum gravity is the fact that
regularizations of the full Hamiltonian constraint depend on the state the operator is
going to act on. We refer to the graph when defining the loops used to rewrite the
curvature components of the constraint. In the end, cylindrical consistency allows
us to extend the graph-dependent definition to that of a consistent operator on the
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full Hilbert space, but the state dependence of it remains. This state dependence
can then reappear in reduced models in a way whose explicit details may be rather
hidden by the reduction procedure but can still be parameterized. Such a reduction
is complicated to do for the actual problem of interest, the Hamiltonian constraint
operator of loop quantum gravity. But the resulting state dependence can easily be
seen in an example:

Example 4.1 Consider a classical phase space with three canonical degrees of free-
dom (q1, p1: g2, P2; g3, p3), subject to the first-class constraints D = p>, C = p3.
Instead of performing a symmetry reduction, we are going to look at consequences of
different implementations of gauge fixing the “diffeomorphism” constraint D, thus
reducing the “Hamiltonian” constraint C. As the classical gauge-fixing condition we
choose F =¢g» — 1 = 0.

Let us propose the state-dependent quantization (with regularization)
)
q; +p;

Con=p3+1—2-—12
) = P3+ 2n +1

on the subspace of the Hilbert space formed by states ¥ ® |n) ® ¥3 with
(3 + p3) In) = (2n + 1)|n). By using any integer n > 0, a constraint opera-
tor with the correct classical limit is defined on the full Hilbert space. Note that
the state-dependent regularization of c (n) produces an anomalous quantization with
[ﬁ, C (,,)] = g2/ (n + 1/2) # 0, resembling what may happen with the diffeomor-
phism and Hamiltonian constraint in loop quantum gravity.

If we simply implement the gauge-fixing conditions for D in a reduced setting, n
becomes inaccessible. Just as we insert symmetric forms for the phase-space variables
in a minisuperspace quantization, we would require p» = 0 and g» = 1 to implement
D = 0and F = 0 in a constraint operator éred for a reduced model, leaving us with
the n-dependent

c =p3+1— .
red, (n) P3 mrl

We can recover n and thus uniquely fix the reduced Hamiltonian only if we know
the state |n) that gives rise to the gauge fixing at the full quantum level, corresponding
to the state of non-symmetric degrees of freedom in a minisuperspace quantization
(the underlying state). At the state level, po = 0 and go = 1 is possible only for
n = 0, which fixes n and brings the reduced Hamiltonian to the simple form ¢ = D3-

In this example, no trace of the state-dependent regularization is left if the reduc-
tion is done completely because no regularization of the operator was required in
the first place; we just picked an unnecessarily contrived operator. For loop quan-
tum gravity, the initial regularization and state dependence of the full Hamiltonian
constraint is crucial, and so it should be expected to leave a trace in reduced models
as well. It is also easy to see that the reduction parameters, as long as they are not
eliminated by a complete reduction, may depend on the reduced or physical degrees
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of freedom, just as a general refinement function .#” does. In the example here, we

may regularize C to
22 a2
A ~ 95 + D3\ 4
Cony = 1—2'7
(n) p3+( 2n+1)p1

and obtain a reduced Hamiltonian

~ 1
C =p3+(1— p
red,(n) = P3 ( o+ 1) P1

with a state-dependent correction depending on the physical observable p.

In the preceding example, a full reduction, computing the exact state that imple-
ments the reduction condition, allowed us to arrive at a unique reduced Hamiltonian
without any remnant of the state-dependent regularization. A further property that is
realized in loop quantum gravity (the full diffeomorphism constraint relating sym-
metric and non-symmetric degrees of freedom) prevents this from happening, as a
slight variation of the example shows:

Example 4.2 Now, take the constraints D = p, + p3 with C = p3 and the previous
gauge-fixing condition F = ¢g» — 1 = 0. Implementing D = O and F = O ina
reduction with the same C,) as before then leads to the reduced Hamiltonian

1+ p3
2n + 1

éred,(n) =p3+1-—

and we are guaranteed a remnant of the state dependence in any reduced model:
any value for n that may be obtained from a complete reduction can only depend
on the (g2, p2)-state, and it cannot cancel the extra p3 appearing in the reduced
Hamiltonian.

As this set of examples shows, gauge-fixing the diffeomorphism constraint (for
which symmetry reduction is one example), the regularization of the Hamiltonian
constraint with its state dependence, and the anomaly issue all matter for a complete
understanding of refinement. Currently, these issues are only poorly understood, and
the best one can do is a sufficiently general parameterization of refinement options.

4.5 Basic Singularity Removal: Quantum Hyperbolicity

Given the difference equation in any form of lattice refinement, we use it to understand
quantum evolution in the small-volume regime, near the singularity u = 0. First, in
contrast to a Wheeler—-DeWitt quantization based on metric variables and the scale
factor a, the singular state is now in the interior of the configuration space rather
than at a boundary: the freedom of having two possible orientations of the triad
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makes u take values of both signs. This fact opens up a direct way of testing whether
there is a singularity in the sense of breakdown of evolution, since the difference
equation for a state in the triad representation provides a natural evolution scheme
via its recurrence. Irrespective of what internal time one would choose to describe
evolution, that is whether it is indeed the triad value p or something else entirely, we
can test whether physical wave functions satisfying the constraint equation remain
well-defined in a neighborhood of the singularity [40, 41].

Going through the recurrence, starting with suitable initial values on one side
of positive w, say, it is indeed easy to see, using (4.15) that © = 0 does not pose
any obstruction. The matter Hamiltonian remains regular at © = 0, just as it does
in the full theory at degenerate triads. Nevertheless, it could happen that the recur-
rence stops at i = 0 if coefficients of the difference equation vanish, preventing one
from determining the next values of the wave function. For the form written here,
coefficients can indeed vanish just at the classical singularity: for backward evolu-
tion toward smaller p, the relevant term is V,,_35¢,) — Vy—5s(u)» Which vanishes if
w = 46(w). It multiplies ¥, the value of the wave function at the classical singular-
ity, which thus remains undetermined by initial data. This would be a disaster if that
value would be required to continue the recurrence: the wave function at negative
w, “at the other side of the singularity,” would not be determined by initial data at
positive u. At vanishing volume, evolution would still break down, and we would
have a singularity as classically.

It turns out, however, that ¥ is not needed for the further recurrence: it completely
decouples from the rest of the wave function. Whenever it would show up in the
difference equation, it is multiplied with a coefficient that vanishes at this rung of
the ladder. (For the symmetric ordering of the constraint giving rise to the difference
equation (4.16), we move through i = 0 without decoupling. Other orderings lead
to singularities since ¥ or other values of the wave function near 4 = 0 could not be
determined but would be needed for further recurrence.) In this way, the recurrence
can be undertaken through the place of the classical singularity; there is no singularity
anymore and our evolving quantum space—time instead extends to a new region not
seen classically. “Before” the big bang, in this internal-time picture and now back
in forward evolution, we have a contracting universe since V() decreases with
increasing u for u < 0. The change in sign of u means that the orientation of the
triad reverses in the big bang transition where the universe, as it were, turns its inside
out.

Instead of determining the value of ¥, the difference equation taken at
uw = 486(un) provides a linear equation for two values of the wave function that
would be used in the recurrence for ¥ if the ¥o-coefficient in the difference equa-
tion would not vanish. By the preceding recurrence steps, the linear equation can
be traced back to one for the initial values chosen at some large u, providing a
dynamical initial condition [42, 43].

All this happens deeply in the quantum regime and different effects are at play.
The difference-equation nature, crucial for the recurrence, relies on the use of
holonomies. Comparing this to the classical expression of the constraint, we are
considering higher-order corrections to the classically quadratic term in c, as it is
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required for almost-periodic expressions. We also have crucially made use of the reg-
ular behavior of inverse-triad operators, especially in the matter Hamiltonian (which
then annihilates |0)). We have not specified a refinement scheme but just used the
property that around u = 0, § () is regular. Since singularity-traversal requires only
afew p-steps, possible changes in § (¢) can be ignored. The argument is independent
of the refinement scheme. Finally, since we are considering the evolution of an entire
wave function, there are implicit quantum back-reaction effects of the whole state
on its expectation values, implying further deviations from classical evolution. All
these effects are at play in the highly quantum phase around p = 0, which makes
the development of an intuitive picture difficult. There are, however, simple special
cases where one of the effects is dominant, or where the different effects can be
separated from one another. Such models provide more intuitive pictures of at least
some aspects of singularity resolution in loop quantum cosmology, and they allow
one to develop effective descriptions, the topic of the next part.
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Part 11
Effective Descriptions

Effective descriptions provide powerful tools for analyzing quantum systems as
well as for understanding them in intuitive terms. Well-known examples are
effective potentials in condensed-matter physics, or the low-energy effective
action in particle physics. The general setting and applicability of effective
descriptions is, however, much wider. They can be used for conceptual questions,
as a shortcut to derive the behavior of certain quantum states, and for numerical
purposes. Effective descriptions are, moreover, much more amenable to certain
approximation schemes, such as semiclassical ones, than direct quantum states.
Even issues of constrained systems, including properties of physical states,
anomalies or the problem of time, can be addressed at this level.

It is not always easy to derive effective formulations for a regime of interest in a
given quantum system. But once models have been identified in which they can be
computed, more general properties can be added on by perturbation theory. This
formulation has been achieved for quantum cosmology, as described in this part.
Chapter 13 will deal with general issues of effective descriptions such as the
relation to the low-energy effective action, more general types of effective actions,
and physical Hilbert-space issues for constrained systems.
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Chapter 5
Effective Equations

With (4.15), and perhaps a lattice-refining §(1t), we have derived a fundamental
difference equation that governs the dynamical behavior of a wave function for an
isotropic evolving quantum geometry. The equation’s structure shows that, at a basic
level, there is no big bang singularity in this model since dynamics does not stop
where the classical singularity would be. At this level, however, it is difficult to iso-
late specific mechanisms of singularity prevention active in general, or to describe
the kind of (quantum) geometry that replaces the classical singular space-time: Con-
ceptually, one would have to face the thorny issues of interpreting the wave function
appropriately or, more precisely, of determining observables of interest and com-
puting their expectation values by a suitable inner product to normalize the wave
function. (See Sect. 7.3 and Chap. 12 for more on these topics.) Technically, explicit
solutions in all but the simplest models are hard to come by; and even if some could
be found (for instance by numerical methods), all the quantum geometry and quan-
tum dynamics effects we have seen—holonomies, inverse-triad corrections as well
as ubiquitous quantum back-reaction—usually occur at once, blurring the overall
picture. While one can say that the big bang, according to the difference equation,
is a transition from collapse to expansion, with a role played by reversal of orienta-
tion, specific statements about the universe before the big bang, such as the sizes it
reached, its semiclassical properties or even the notion of time, require more details
of the solutions to be known.

5.1 Quantum Effects in Separation

As we have seen in the constructions of loop quantum gravity, the main classes
of quantum corrections in this setting are those due to holonomies, due to inverse-
triad operators, and due to quantum back-reaction. None of them is, a priori, to be
underestimated in its direct influence on the wave function and in changes to the
classical physics it implies. But quantum physics, anyway, is different from classical
physics already in its basic mathematical formulation. Thus, it is not immediately
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clear what implications exactly a certain change in a Hamiltonian operator may
entail. Quantum features are brought out and analyzed much more clearly in effective
equations: equations of motion of the classical type, which nevertheless incorporate
quantum corrections such as effective potentials or new interactions and degrees
of freedom. Such equations directly arise if one can manage to formulate quantum
dynamics for expectation values of operators of interest in certain states, rather than
for the states or wave functions. As such, they deal with the full quantum dynamics,
but organized in a way different from the standard one. A derivation, however, is
complicated since expectation values are not the only degrees of freedom in quantum
physics; they usually couple to and interact with all kinds of moments of a state such
as its fluctuations or correlations.

An expectation value (é”) of some integer power (n > 1) of an operator O can-
not, in general, be reduced to expectation values of lower powers. There are infinitely
many independent moments measuring the differences (( 0-— (0)) ), whose dynam-
ics in general can be formulated only by a partial differential equation such as the
Schrodinger or Wheeler—DeWitt equation rather than a finite set of ordinary differ-
ential equations as in classical mechanics or homogeneous cosmology. Expectation-
value dynamics, subject to equations of motion on an infinite-dimensional space,
then cannot always be useful, but there are solvable models in which expectation
values decouple from the moments, and there are semiclassical or other regimes in
which the magnitude of higher-order moments is systematically suppressed by fac-
tors of & (or rather, as we will see, «/ﬁ). In those cases, much information can be
gained by analyzing equations for expectation values, or possibly those equations in
combination with additional ones for a finite number of the moments. This method
provides means to study at least the approximate behavior in certain classes of states,
incorporating all quantum corrections.

The strategy for effective descriptions based on expectation-value dynamics will
thus begin with an attempt to find the simplest model system of decoupled dynamics,
which might not be realistic but opens up a route to more general situations. If there
is such a highly controlled system, one can proceed by perturbation theory to extend
it to cases closer to what one is interested in. Such a strategy is analogous to what
is done in much of particle physics: start with free quantum field theories which
can be quantized completely and non-perturbatively, and add to them the effects of
interactions by perturbation theory. An analogous procedure for systems with finitely
many classical degrees of freedom is applied in this chapter to quantum cosmology,
followed later in Chap. 13 by a more general discussion of its parallel nature to what
is done in quantum field theories.

For a tractable model, we should first reduce the number of relevant corrections to
be taken into account. While we cannot arbitrarily change the quantum dynamics by
removing some quantum corrections, there are often parameter choices (such as mat-
ter contents, quantization ambiguities or the class of states considered) which render
some effects subdominant. In particular, we have different ranges of the geomet-
rical variables—in isotropic settings chiefly the curvature or the Hubble parameter
a/a together with the scale factor itself—for holonomy corrections on one hand and
inverse-triad corrections on the other to enter the game:
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* Holonomy corrections are weak if the argument of the holonomy’s exponential
function is small compared to one, £pa < 1. Formulated for the Hubble parameter
and using A" = ”///68 with (2.16), we obtain

a 1
—<<%;:=—=(
a Loa

‘/V(a))m - (5.1)

Va3 T v(@)/3

If this inequality holds for 5 = a/a, holonomy corrections are very small. In
other words, and rather intuitively, the Hubble distance should be much larger than
the discreteness scale v(u)l/ 3,

e Inverse-triad corrections are weak if elementary fluxes are large compared to
Planckian sizes, €%|ﬁ| > 02 see (3.59) and Fig.3.3. Thus,

N @ a
72 VER Y

a> a, = tp (5.2)

or simply v(a) > Zf, ensures small inverse-triad corrections.

Quantum-geometry corrections of either type are small if £p < v(a)'/? <« 1/.
In both cases, it is thus the elementary size v of discrete building blocks that, in
comparison with classical phase-space values or fundamental constants, determines
the relevance of quantum-geometry corrections. As one can directly see, the equations
are invariant under the rescaling options which we always have: changing coordinates
or changing the region of size 7" used to formulate the homogeneous phase space
and its quantization. As written, no side of either equation depends on 7’; and while
(5.2) has factors depending on the coordinates, both sides of that equation behave in
the same way when coordinates are changed. These equations, just like the quantum
corrections they describe, are scaling invariant. In fact, they can be fully formulated
in terms of the scaling-invariant v(a) and ¢ (and the constant ¢p).

If we assume an underlying discrete state in which v(a) is sufficiently large,
v(a) > 23, for all values of a considered, inverse-triad corrections can be ignored.
In the simplest case of a constant v, which with x = —1/2 is possible as a limiting
case of the generic region of lattice refinement, the size of inverse-triad corrections is
preserved during evolution. If they are suppressed once, for instance at large volume,
they will not become significant even if one evolves toward the big bang. For other
cases of x, or even non-power law forms of .4 (a), the significance of inverse-triad
corrections will, however, change during evolution, and must be analyzed carefully.

Holonomy corrections become important only if the energy density Gp, which by
the Friedmann equation is proportional to @”/a?, comes close to the characteristic
(a-dependent) density %’;2 = v(a) "%/ of discrete patches. Physically one clearly
expects quantum effects due to the discreteness to set in at this stage, which is
also borne out directly by (5.1). Again, we may initially choose x = —1/2 for the
simplest case of a constant v(a), but now the matter density itself, and thus a/a via
the Friedmann equation, is changing dynamically. For a general scalar field source ¢
we would have to know the behavior of ¢ (a) and its momentum p,, (@) to see when its
energy density becomes large. We may pick the simplest case of a free, massless scalar
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whose potential vanishes, thus implying a constant momentum p, = 7 a’¢ and a
purely kinetic energy density behaving as pfree = % pé /a®¥*. The a-dependence of
Prree 18 evident, which can easily be compared with one’s choice of v(a)’z/ 3 to see
when (5.1) gets violated. (The choices of this example, x = —1/2 with a scalar free

and massless, were also made in [1], but for other reasons).

5.2 Wave-Function Dynamics

The Wheeler—-DeWitt equation for a wave function of the universe can be solved
explicitly in several cases. In most of them, quantum back-reaction results: expec-
tation values of operators of interest in evolving states do not follow the classical
trajectories but show deviations depending on the amount of quantum fluctuations
and other quantum parameters. Especially near the singularity at vanishing scale
factor, a boundary in the phase space underlying Wheeler—DeWitt quantizations, the
form of the wave function can matter significantly; explicit examples, in which the
guiding equation of a Bohmian viewpoint was taken to express scale-factor dynam-
ics, have for instance been analyzed in [2, 3]. Even more situations can be studied
numerically, also including several of the corrections of loop quantum gravity.

Example 5.1 For a free, massless scalar as the matter source, we have the purely
kinetic energy density pPfrec = pé /2a%¥?. In terms of triad variables (but not using
holonomies, thus assuming a Wheeler—DeWitt representation) and a specific ordering
to make it soluble, the Wheeler—DeWitt equation

P 47 G 1/7E
(—y 22 /Ipl + ———~ )w:O

3 Ipl?

becomes

87G 9 al//+1a2w_0
3 pap pap 209027 7

With ¢ := /3/167 G log |p|, the equation reduces to the Klein—-Gordon equation
with general solution ¥ (€, ¢) = V(¢ + €) + ¥_(¢ — £) for arbitrary functions
¥+. Normalizability restrictions on the admissible functions that arise from a phys-
ical inner product on the solution space will be discussed in Sect. 12.3.2. Left- and
right-moving, or collapsing and expanding, solutions ¥+ are independent in this
Wheeler-DeWitt model. An interesting interpretation of holonomy corrections from
loop quantum cosmology is that they introduce scattering between these solutions at
high density, allowing the transition from collapse to expansion [4].

Once the form of the wave function becomes relevant, systematic investigations—
analytical or numerical—are rather involved. The problem is not so much handling
the equations, but rather gaining sufficient control over the large parameter space that
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is available for an initial state. Moreover, in a quantum cosmological situation it is not
always straightforward to guess what form a good semiclassical state may have, or in
which way it would evolve into a stronger quantum state. If a whole wave function, or
even a sufficiently general class, must be provided, there are hardly any guidelines.
At this stage, a systematic organization of all the parameters of a generic wave
function becomes important. A general formulation of these properties, together
with implications for quantum corrections at the level of equations of motion, is
provided by effective descriptions.

5.3 Solvable Models for Cosmology

It turns out that a free, massless scalar in a spatially flat isotropic universe provides
a model much simpler than one could have hoped for, in a sense very different
from what is illustrated by the availability of explicit wave-function solutions in
Example 5.1: it is a free quantum model in which even the unavoidable interactions
that happen between matter and gravity do not cause quantum back-reaction: in
suitable factor orderings, expectation values of basic operators satisfy equations of
motion completely independent of the behavior of moments of a state: they can be
solved for exactly without knowing much else about the state, which could even be
highly quantum.

5.3.1 Wheeler—DeWitt Quantization

Formulating the flat Friedmann equation in canonical variables shows that the
momentum of the scalar ¢ is a quadratic expression of the gravitational canonical
variables. We will use the latter in a general form

3 2(1—x)

| — . P =—fua*a hthat {V,P}=1 53
872G o0 — 1) foa“*a suchthat {V, P} (5.3)

which later on will allow us to encompass all x-power-law refinement schemes
§(a) = foa® /y¥'/3 at once (if holonomies e are used). We can then write the
Friedmann equation as

3 5. 167G
= Y = —— (1 —x)|VP 5.4
Dy :F‘/4nGa |al V3 (I=x)|VP| (54

which is indeed quadratic in the canonical variables (except for the absolute value,
see below). The right-hand side corresponds to an upside-down harmonic-oscillator
Hamiltonian after a linear canonical transformation of variables.

Here, the parameter fp which determines the discreteness scale of lattice refinement drops
out, as appropriate for the classical theory. The parameter x enters only as a constant rescaling
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of p,, which is itself a constant. Both parameters, fi and x, will play a more quantitative
role once we loop-quantize this model, even though the qualitative behavior of solutions in
the exactly solvable model will be insensitive to their values.

As for dimensions, fo’f/*l/ 302 = yd(a) is dimensionless and so is P, while V has

the dimension of an action. When ¥ is changed, V changes in the same way while P
remains unchanged. Note that fj is independent of ¥ because foa®* = yLy must be
independent of ¥.

We interpret p,(V, P) as the Hamiltonian of the system, generating the dynamical
flow of V and P with respect to the internal time ¢. In fact, writing (5.4) as a
constraint

. 167G
C:=p,£H(V,P)=0 with H(V,P):= T(l—x)|VP| (5.5)

as a positive Hamiltonian, equations of motion are

de dpy

—_— = ,C = 1’ _— = ,C :O 56

dy {p, C} dy {py, C} (5.6)
dV—{V C}—:i:a dp ={P,C}= 0 (5.7)
dp 7 TP’ dy TV '

The first equation means that the gauge parameter used here as time is identical with
the scalar ¢; the following equations then provide evolution of V and P with respect
to ¢ in the ordinary Hamiltonian way. To translate back to proper time, one would
use the original Hamiltonian constraint (4.9) with lapse function N = 1. Multiplying
the p-equations of motion by dg/dt = {¢, Cgray[1]} then provides the equations of
motion in proper time .

The Hamiltonian can easily be quantized, choosing the symmetric ordering

A 471G A A
H=,— (1—=x)|VP + PV]|. (5.8)

Comparing with the quantization in Example 5.1, which corresponds to 133) o'¢
VPVP (for x = 0), we have

—(VP PV)Q:VPVP—ihVP—th,

constituting a different ordering. Here, the operator is symmetric with respect to
an inner product with integration measure dV'; in Example5.1 the choice resulted
in an operator symmetric with the measure dlog | p|. Logarithmic scale factors are
often used in Wheeler—DeWitt quantizations to map the singular boundary a = 0 to
infinity (which, however, does not remove the singularity).
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We are using a variable V which takes values only on the positive real line. At the effective
level, we can take the required boundary conditions into account, as alluded to in Sect.2.2
and Example 2.1, by using the “affine” phase-space variables V and D := V P with the
non-canonical algebra {V, D} = V. These variables generate a free, transitive and symplec-
tomorphic group action on R* x R and can be used for a group-theoretical quantization of
the phase space [5]. A unitary representation on a Hilbert space then provides self-adjoint
operators V and D, while a self-adjoint operator for P does not result. The model is thus an
example for the more general affine quantization program [6, 7].

The Hamiltonian H o |D| is now linear, but formulated in non-canonical variables. The
solvability of the system is still realized because it is based on a linear algebra (V, D, H)
of basic variables together with the Hamiltonian. Any quantization respecting the linearity
will lead to the same solvability properties by which expectation values and moments of
a state can be explicitly solved for. The affine variables are preferable from a kinematical
perspective. However, dynamical equations of the model show that the boundary V = 0
is not crossed for any finite ¢; thus we may keep using the simpler canonical variables. In
particular, this will allow us access to quantum fluctuations of the curvature parameter P,
not just of D.

In H, after taking the square root of pé, the absolute value required for a positive
Hamiltonian can make it difficult to progress further if our aim was to find complete
wave functions as solutions or analyze the Hamiltonian operator directly. This diffi-
culty is a very characteristic one in quantum gravity, where square-root Hamiltonians
arise in many deparameterizations. (The theory is even more complicated if one does
not or cannot deparameterize. In this context we will see a further, crucial advantage
of effective descriptions in Sect. 13.2.3)

Thanks to the solvability, which will now be demonstrated, most of the cosmo-
logically interesting information can be gained side-stepping wave functions. First
turning to expectation values, we must derive and solve equations such as

4y = 5.9
@()—.—- (5.9)

Also here, the absolute value in A seems to make a derivation of the commu-
tator with V difficult. But if we have a state that is supported only on the pos-
itive part of the spectrum of VP + PV, the expectation value (V.H D+
(V(VP+P V) (V P+ P V) V)+ in such a state, denoted by the subscript “+”, can be
computed without implementing the absolute value: H inboth terms of the commuta-
tor acts directly on the state that obeys the positivity condition, where it agrees with the
expression without the absolute value. After the absolute value can safely be dropped,
the remaining expression for the Hamiltonian is quadratic and the commutator fol-
lows straightforwardly. Similarly, on a state supported only on the negative part of the
spectrum of VP+ PV we have ([V H]) (V(VP + PV) — (VP + PV)V)

Superpositions of these different kinds of states, supported on opposite signs of the spectrum
of V P+ PV, cannot be treated in the same way, but usually such information for expectation
values would not be of much use, anyway: to see this, we can use the analogy of a free,
relativistic particle with a wave function satisfying the Klein—-Gordon equation

2 2
Py Py

oS =0. (5.10)
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Its classical formulation is presented by the constraint E2 — p?> = 0 relating energy and
momentum. Writing energy as the momentum of time, we have — p,2 + p? = 0 which with
pr analogous to p, has a form similar to the Friedmann equation used here. We can solve
for p;, = £|p| where an absolute value appears, too.

After quantization, equations of motion for (g) are computed as in quantum cosmology,
making use of states supported entirely on the positive or negative, respectively, parts of the
spectrum of p. Since the sign of the momentum is definite in both cases, they correspond
to purely right-moving or purely left-moving states, respectively. It now becomes clear why
the evolution of an expectation value of ¢ in a superposition of such states would be of low
interest: as an expectation value in two wave packets moving in opposite directions, it would
indicate a point somewhere between the wave packets, which in general can be very far away
from the actual positions of the wave packets; it can even be at a place where the probability
to observe the particle in a single measurement would be zero. Similarly, if we compute
fluctuations as we will do it for cosmology, they can grow arbitrarily large just because the
wave packets in the superposition are moving away from each other. Such cases of large
fluctuations do not at all correspond to strong quantum behavior, and so their knowledge for
a superposition would even be potentially misleading. If we restrict attention to purely right-
moving or purely left-moving superpositions, on the other hand, no such issues arise. Thus,
it is in fact much more suitable to consider only states of definite sign of the momentum, or
of H in quantum cosmology, and compute expectation values or moments. Then, absolute
values can be dropped, immensely simplifying calculations. If superpositions of solutions
of opposite signs are desired, knowing the shape of individual wave packets still allows one
to infer the behavior of superpositions.

For the absolute value to be dropped in the Hamiltonian, states used must always
be supported on a definite sign of the spectrum of V P+ PV.Since the @-independent
Hamiltonian is preserved during evolution, it is enough to ensure positivity (or neg-
ativity) for the initial state, thus posing conditions for initial values to be chosen.
While expectation values and moments do evolve, the sign of VP + PV will be
preserved such that equations of motion valid at all times are obtained. There is a
second sign choice involved in specifying the dynamics: the one in the relationship
(5.5) between p, and H. This sign distinguishes negative-frequency and positive-
frequency modes and plays a role quite different from the sign for left-moving and
right-moving modes. It will be important in the discussion of physical inner products
in Chap. 12; for now, we may simply fix it by choice, which we do as the positive
sign. In particular, for expectation values of basic operators we have

d o (V.H) [42Gl-x o oo . [lexG .
s =\ 5 5 (V. VP+ PV = /== =0)(V)
(5.11)

(P) = — (1 —x)(P) (5.12)

which can easily be solved:
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(V@) = Viexp (V167G/3(1 — 1)0),
(P)(¢) = P;exp (—,/16nG/3(1 — x)(p)

with initial values satisfying the constraint

167G
3 (I =x)ViP; = —p,. (5.14)

To obtain solutions in proper time t rather than internal time ¢, we solve the equation

(5.13)

3Gl — vV \ 30— 4
p(p:a3¢)7/: ﬂf()(—x) _(,07/
3y dr
__(87Gh( =0V g, d
__(3rGhd -0V e =¥ (515
37 dr

for ¢(7), using again that p, must be constant. With exp («/ 127 Ggo(t)) X —T as

the solution to (5.15) with constant py, the proper-time solutions for (V)(r) and
(ﬁ)(r) directly follow. In particular, (\7)(1) o« (—1)20=0/3 corresponds exactly to
the classical behavior for a stiff fluid, for which V o a20 %) o (—1)20-0/3,

Not only the solutions but also the equations themselves reveal the correct Fried-
mann dynamics of a free, massless scalar. This behavior follows from the construction
together with the absence of quantum back-reaction in the present model, but for the
later discussion of modified Friedmann equations in loop quantum cosmology it is
instructive to derive the proper-time equations from those in internal time ¢. Using
the relationships between the proper-time derivative ¢ and the scalar momentum,
and the one between a and V, we compute the Friedmann equation

.2 . A\ 2
(g) _ @ d(V)
a (2(1—x)<\7> dg )

¥=1a=3p, )2 167G ., 4nG P}
= ) (1—-0)XV)? = — 2 (5.16)
(2(1—x)<v> 3 W) 3 a%7

and from

(V) 167G 5o
i =3 (1 —x)X(V) (5.17)

(taking one more derivative of (5.11)) the equation

i a\2 a\’> 4G p>
2+2(2) +2(1—x)((5) SEER Y=o G
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The second part, multiplying (1 — x), vanishes by virtue of the Friedmann equation;
the first one being zero is equivalent to the Raychaudhuri equation of a stiff fluid.

At this stage, we have provided a quantization of the model and determined the
exact behavior of expectation values. The dynamics of states is based on the operator
algebra that defines the quantum system and its dynamics via commutators with the
Hamiltonian. By solving the equations of motion, we have computed expectation
values ready to deliver physical properties of the model. Similarly, as seen later,
we can compute fluctuations, correlations, and higher moments of an evolving state,
providing information about the statistics of repeated measurements. What we do not
provide in this way of describing the quantum system, not making use of a Hilbert-
space representation, is a handle on eigenvalues of operators, or on the outcomes of
single measurements. But for quantum cosmology, in which we never do a direct
measurement on the whole system presented by the universe but rather averaged
collections of small individual ones, the information we do obtain is clearly sufficient.
We can then fully exploit the advantage of a representation-independent treatment,
keeping the algebra of basic operators with the Hamiltonian fundamental.

The quantization analyzed so far corresponds to a Wheeler-DeWitt equation for
the states used since a direct representation of the curvature variable P, rather than
just holonomies, was assumed. This model thus cannot resolve the classical singu-
larity, and indeed wave packets simply follow the classical trajectories as shown by
the solutions for expectation values. (In interacting models quantum back-reaction
might produce new quantum forces preventing the singularity; see Example 7.1. This
possibility remains incompletely studied in Wheeler—DeWitt quantizations, but even
if it could be realized, singularity avoidance would not be general: the free, massless
scalar model used here remains singular in any case.)

5.3.2 Loop Quantization

Loop quantum cosmology shows more promise for resolving singularities, which we
have in fact already seen at the level of the fundamental difference equation. Since
we cannot directly quantize non-almost periodic expressions such as ¢ (or P?), the
previously realized solvable nature is no longer satisfied as in the Wheeler—DeWitt
model. One could worry that the infinite number of higher-order terms when P2
is extended to an almost-periodic function such as sin’P would make the model
deviate strongly from the solvable one. Additional terms would become relevant just
in the high-curvature regime of most interest, where P < 1 no longer holds. Quite
surprisingly, it turns out that even the loop-quantized free, massless scalar model is
of an exactly solvable nature. Its Hamiltonian is no longer quadratic, but in suitable
variables it is realized as a linear model where basic operators together with the
Hamiltonian still form a linear algebra. This realization of loop quantum cosmology
[8] is called harmonic cosmology, whose cosmological implications we will explore
further in the next chapter. Here, we derive its basic formulation and the relevant
equations.
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The solvable dynamics analyzed in the Wheeler—DeWitt setting is representation-
independent and sensitive just to the fundamental algebra. With a loop quantization,
we now have an inequivalent representation. Properties of the representation itself
clearly cannot feature at a representation-independent level, but it comes along with
a new algebra of basic operators, now including holonomies, and thus new physics.
In particular, the Hamiltonian must be adapted to the basic algebra by including the
quantum-geometry corrections of loop quantum gravity, thus changing the dynamics.

Solvable loop models can only be derived with suitable choices of variables that
are not canonical; otherwise the non-quadratic Hamiltonian in V and P will hide any
solvability features. In addition to V as defined before, let us introduce the variable
J := V exp(iP) and promote these basic variables to a quantum s-algebra generated
by operators V and J, such that V is self-adjoint, VT =V, while J is not due to the
presence of the imaginary unit in its classical analog. We thus have two independent
(anti-)self-adjoint combinations Ji = J & J7, whose freedom will later have to be
restricted by reality conditions. While these variables are not canonical, they satisfy
a linear algebra

[V, Jil = hJg, [Jy, J_]1=4RV (5.19)

which correctly quantizes the classical Poisson brackets between them. Most
importantly, the loop-quantized Hamiltonian, again using evolution in internal time
@, is linear in these variables, H = /16w G/3(1 — x)| %if, |, except for the absolute
value which can be dealt with as in the preceding Wheeler—DeWitt case. There is
then a linear algebra between the basic operators and the Hamiltonian, implying
solvability and the absence of quantum back-reaction as it did for systems with
a Hamiltonian quadratic in canonical variables. Holonomy corrections are fully
included: with —P = foa>a = 8c = £o¢ we have £y = y~! foa®* suitable
for a power-law form of lattice refinement.

In accordance with the classical identity JJ* = V2 we have to impose a reality
condition at the quantum level: JJT = V2 in this ordering. Once implemented, this
condition brings us to the correct number of real degrees of freedom. As a condition
quadratic in operators, it will imply relations between fluctuations and expectation
values. But as a relationship that does not arise dynamically, it does not correspond
to quantum back-reaction: imposed once for an initial state, it will remain true at all
times.

We notice that solvability is realized for a specific factor ordering between V and
exp(iP) in the original quantum constraint, which does not agree with the ordering
usedin (4.15). Also here, we have chosen a very special ordering to realize solvability.
In a Wheeler-DeWitt-type equation, the ordering corresponds to

. e NS TS s TS s
pr o« —J2=—(VelP —e 1PV)2=—VelPVelP 4 V2 e 1PVelP Y —e1P Ve 1Py
Py

or to a difference operator

Plo) o —(@ + D(@ +2)|o +2) + 02w + Do) — 0@ - Dlo —2) (5.20)
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in terms of V—eigenstates |w). The resulting difference equation does not correspond
to the non-singular one (4.15) arising from loop quantum cosmology, but away
from w = 0 expectation-value solutions analyzed here capture its properties up
to factor-ordering corrections. Moreover, we are ignoring inverse-triad corrections
to realize exact solvability. (They will be dealt with in more detail in Chap. 10). All
those additional effects can be included approximately by perturbations around the
solvable model. Then, quantum back-reaction results once quantum effects become
important. For a framework of such perturbations, we will first return to the Wheeler—
DeWitt model and analyze effects it implies in weak-curvature regimes where no loop
representation should be necessary.

5.4 Isotropic Perturbation Theory: Spatial Curvature, a
Cosmological Constant, and Interacting Matter

For small-curvature regimes, holonomy corrections of loop quantum gravity are not
important; and since we keep for now our assumption that inverse-triad corrections
are weak as well, systems can be analyzed by a Wheeler-DeWitt model. In order to
avoid interpretational issues of a wave function, we will work with the solvable quan-
tum model obtained for a free, massless scalar in a spatially flat isotropic geometry.
This will allow us to directly compute dynamical expectation values as well as prop-
erties of evolving states such as their fluctuations and correlations. However, only the
spatially flat case with the specific matter content is exactly solvable; in other cases,
which are certainly of high interest, too, quantum back-reaction results, implying
that expectation values alone no longer obey a closed set of differential equations.
In internal-time evolution, the Hamiltonian will no longer be quadratic in canonical
variables, nor will it have the form of a linear system in new variables. Equations of
motion of the form (5.9) will require expectation values of commutators non-linear
in basic variables on the right-hand side. Such terms constitute independent quantum
variables not reducible to expectation values of basic operators; they are subject to
their own dynamics which must be known in order to be able to solve for the time
dependence of expectation values.

5.4.1 Free Matter

If we have spatial curvature or a cosmological constant of either sign, the free,
massless scalar still provides a global internal time. But its flow is now generated by
a Hamiltonian H (V, P) not quadratic in canonical variables: Solving the Friedmann
equation for p, and introducing our earlier parameterization of variables, we have
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As a function of V and P, this expression is not even polynomial, let alone quadratic,
and its derivatives as they would enter Poisson brackets are certainly non-linear. The
square root may in fact be difficult to quantize at an operator level since doing
so via the spectrum would require one to determine the equivalent of the energy
spectrum of a particle in a general power-law potential (depending on x). And even
if one can find the spectrum in special cases and define the square root via the
spectral decomposition, the computation of commutators with V and P as required
for equations of motion would be even more involved. This is another place where
an effective treatment via expectation values and moments will be of much use to
shed light on evolving state properties.

Instead of quantizing the Hamiltonian and solving evolution equations for full
wave functions, we will exploit the relation to the solvable model realized before,
and approximately determine the evolution of state parameters. To do so concretely,
we will make use of a “background-state method”, analogous to a procedure well-
known from quantum field theory. In our case, this method entails that the quantum
Hamiltonian operator is expanded around expectation values (\7), ( ﬁ) in a back-
ground state that corresponds to a solution of the solvable model. Perturbation the-
ory then allows one to add quantum corrections due to the interacting nature of the
non-solvable model. The background-state expansion can formally be written for the
operator H(V, P) = H((V) + (V — (V)), (P) + (P — (P)) itself:

5 By (), (P
H.p) Zzn'(n—k)' e IS

n=0 k=0 v symm
L VY AP ~ A QHW{V),(P) & A

— H(), (By+ 2P gy IHAVDAPD) 5y

(V) a(P)
192H V), (P)) A .
*M(V—(Vﬂz
2 )2
VO2H(V), AP)) (1o oo a a o
- ((V—(V)(P—(P P—(P)(V—=(V
F iy (=@ P+ (P=(PNT (7))

L2H(V), (P) s
1 g P PNia... 5.22
2y (P)? + (5.22)

with quotation marks indicating that this is not a strict equation for operators on the
full Hilbert space of states. It is rather an identity valid in suitable regimes such as
semiclassical ones, as we will justify in more detail in Chap. 13 on general effective
descriptions.
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For a totally symmetric Hamiltonian, we have inserted a summation over the
permutation group, summing up all possible reorderings of the following operators.
If the right-hand side of (5.22) is truncated to a certain polynomial
order in basic operators, with coefficients B"H((V), (ﬁ))/aka?)a"—k(ﬁ) depend-
ing only on expectation values, commutators with V and P can easily be computed.
Once expectation values are taken, quantum corrections depend on the fluctuations
(AV)2 = ((V — (V)?) and (AP)? = ((P — (P))?) as well as the covariance
Cyp =2V —(V))(P —(P))+ (P — (P))(V — (V))). Higher-order corrections
appear with coefficients of the general moments

A(0103...0,) = (01 = (01))(02 = (Oa)) -+ (0 = (Oa)))

symm

1 A A A A A A
= — D" {(Ox) = (02 1)) (O = (On)) -+ Oy = (D))
" mes,
(5.23)

ordered totally symmetrically. In Chap. 13 we will see that formal expansions of
operators as in (5.22) can be avoided (and simplified) using Poisson geometry on
the quantum phase space of expectation values together with the moments (5.23) of
basic operators.

If we keep only the linear operator order in this expansion, we can directly verify
that the Ehrenfest-type equations

(V) _ ([v, H'(V, P)]) _ 9H ({ ) (P)) 4. (5.24)
de ih 3(P)

d(P) _ (e, H.(V, P)]) _ _9H(( ) (P)) 4. (5.25)
do ih (V)

will simply reproduce the classical equations of motion for the expectation values.
The second-order terms written above do not contribute to equations of motion of
expectation values such as (\7) since, e.g., ([\7, (13— (13))2]) = ih((2f’—2(ﬁ))) =0.
These terms do, however, contribute to the evolution of quantum fluctuations and
correlations. Quantum corrections to the evolution of expectation values then arise
from cubic operator terms in the background-state expansion. This will most clearly
be seen by the following examples, or by the general presentation of Chap. 13.

Example 5.2 (Harmonic cosmology) For the solvable model of Sect.5.3.1, we have

~ 1 ~ A A~ A A A A A A A A
H o (VP + PV) = (V)(P) + (P)(V — (V) + (V)(P — (P))
| S N A A N
+5 (7 = (M@ = (B + (P = (P — (V)

as an exact expansion around the background state with expectation values (\7) and
(P). Ehrenfest equations produce
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. d(P .
— (), %=—<P> (5.26)
@

d(v)
de
free of quantum back-reaction thanks to the absence of cubic terms in the Hamil-
tonian. For moments of second order, using for instance

d V2, H L d(V
@(AV)Z = % - 2(V)% (5.27)
we obtain in a similar way the equations
dav)® _ 2(AV)?, di;f’ =0, d(ﬁj)z — —2(AP)~ (5.28)
These linear equations can easily be solved:
(Vyoe?, (Pyxe™®, (AV)> xe?, (AP)* xe 2. (5.29)

As a consequence, relative fluctuations AV/ (17) and AP/ (f’) are constant, and the
semiclassicality that may be posed on an initial state is exactly preserved even if we
get arbitrarily close to large curvature (}3).

If we use the self-adjoint dilation operator D instead of P, we obtain equivalent

results. The linear Hamiltonian
H x D= (D)+ (D — (D))

provides equations of motion

dv) _ iy, 4D (5.30)
de @
2 2
A" _savy, 42 ¢y, YO (s
de de de

The solutions obtained before are consistent with these equations, confirming that
the boundary problem associated with V' = 0 does not play a role for the dynamics
of this model. However, in the formulation using D we do not gain access to the
curvature fluctuation A P but only to A D, which is a higher moment from the point
of view of P.

5.4.1.1 Positive Spatial Curvature
For concreteness, we first consider the case of k = 1 (for a unit sphere, or k =

(Fanit/?)*? in general) and A = 0, choosing the refinement scheme x = 0 to make
the Hamiltonian linear at least in V':
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H(V,P) =V, P2+kfs. (5.32)

We have absorbed an irrelevant constant factor of /167G /3 in p,, rescaling our
internal time. For quantum equations of motion, we will have to compute expectation
values of commutators with V and P. Since the commutators will no longer be linear
in basic operators, equations of motion will mix expectation values with higher
moments such as fluctuations.

For a Wheeler—DeWitt model, the refinement parameters in the basic variables and the
Hamiltonian just amount to the selection of a convenient choice of canonical variables. There
are no quantum-geometry effects; all values for the refinement parameters are allowed, and
they have no influence on the dynamics. We keep fp in the equations even though it has no
clear meaning in a Wheeler—DeWitt formulation since it will be useful for a comparison with
the loop equations at low curvature. Its value is not important in a pure Wheeler—DeWitt
context since it always cancels out for expressions in terms of a.

Following the background-state procedure, truncating the Hamiltonian at cubic
order in basic operators, we obtain equations of motion for expectation values up to
second order in quantum variables, including expectation values of second-degree
polynomials of basic operators as source terms [9]:

dV) OB 3, (NP .. Cun
- —Sfo 5 (AP + ff————5— (533
do <I3>2+f02 2f0 (<P>2+f02)5/2( ) fO ((P)2+f02)3/2 ( )

d(P AP)?
L —J (P2 + [} — —f0 % (5.34)

do e

Here, the second-order quantum Varlables are the ﬂuctuatlon (AP)? = (([A’ (P b P)?)
and the covariance Cyp = (VP + PV) (V)( ) the remaining second-order

moment (AV)?2 = ((V (V )) ) does not enter these equations, but its evolution is
of high interest since it determines the behavior of volume fluctuations.

In order to analyze the dynamics of expectation values, we must know how A P
and Cy p evolve, which cannot simply be treated as constants. They are subject to
their own equations of motion, again following from the background-state expanded
Hamiltonian operator and Hamiltonian-type equations of motion such as (5.27).
Expanded to quantum variables of second order, we obtain

2
diapy” _ -2 P (AP)? (5.35)
d(p /P2 + f02
dCVP o 2 2
dy =/ (P2+f02)3/2(AP) (5.36)
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d(Av)2—2f2 C +2L(AV)2 (5.37)
do TP T

From the equations of motion (5.33) and (5.34) we immediately read off that there
is now quantum back-reaction: the evolution of expectation values is influenced by
other properties of a quantum state. To determine how significant these effects are,
we estimate the quantum-correction terms for a suitable class of states. Since we are
looking at the small-curvature regime with this Wheeler—DeWitt type quantization,
we can expect a state to be semiclassical such that its fluctuations are small. We may
for instance choose a state saturating the uncertainty relation

2
(AV)X(AP)? = Cip > hz (5.38)
at least at some initial time, and then see how the state evolves and how its changing
shape back-reacts on expectation values. For the orders considered, one can directly
see that the uncertainty relation is preserved by evolution: a state saturating the
relation once will always do so; it is a dynamical coherent state as long as higher-

order moments can be ignored.

Fluctuations can be large even in a dynamical coherent state if the covariance Cy p
is large. One might assume C'y p to vanish initially, but it evolves according to (5.36).
The main question is thus how quickly it can grow, similarly to the free particle as in
Sect.3.1. Its rate of change is proportional to curvature fluctuations (A P)%, which
change proportionally to themselves and moreover proportionally to (13). Both (}3)
and AP are small in the semiclassical small-curvature regime. For initially small
curvature fluctuations, curvature fluctuations thus remain small for long times and
do not raise Cy p too much. We expect that expectation values in a small-curvature
regime, especially around the recollapse phase of the closed model considered here,
follow trajectories very close to the classical ones.! Ignoring quantum back-reaction

terms, this approximation provides the general solution

Petassical (9) = Py cosh(p — ¢o) + 1/ P¢ + f3 sinh(p — ¢p) (5.39)

Vclassical (90) = VO .
— Py sinh(¢ — @o) + / P§ + f3 cosh(p — ¢p)

To see more of the behavior of the full state, we solve the equations of motion
for quantum variables. The coupled system together with expectation values is quite

(5.40)

1 This expectation is visible numericall as well [10], a reference which for Gaussian states also

agrees with several other statements made here.
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complicated, but since we know that the classical solutions provide a good approxi-
mation for the expectation values, we can use them on the right-hand sides of (5.35),
(5.36) and (5.37). Choosing without loss of generality ¢g = 0 and P (¢o) = 0 in the
general solution, picking the recollapse point as initial time, we can directly integrate
the equations one by one:

(AP)*(¢) = (AP)} cosh?(p) o0 (5.41)
Vo(AP)? sinh
Cvp(p) =(Cyplo+ 0(AP)G sinh(p) (5.42)
Jfo  cosh(g)

(AV)Z +2f5 " Vo(Cy p)o tanh(p) + f3 2V (AP)] tanh?(p)

2 _
(AV)(p) = )

(5.43)

As the first line shows, curvature fluctuations are indeed small at large volume, such
that our approximation is self-consistent. It also shows that these fluctuations are
symmetric around the recollapse point since they depend only on V, not on whether
that volume is reached before or after collapse. This is not the case for volume
fluctuations, however, which in general do not have a reflection-symmetric form in
@. From (5.43) they are reflection symmetric only if (Cyp)g = 0, realized if the
state is uncorrelated at the recollapse; see Fig.5.1.

Given the fact that correlations evolve in time and are in general non-zero, a
symmetric state is thus a very special case. With long cosmic evolution times, strong
correlations may indeed build up out of some uncorrelated state which may have been
realized earlier. In fact, the build-up of correlations is usually what decoherence
is based on; see Sect.3.1: a state’s distribution evolves to a flat elliptical shape,
where some variables take on nearly classical dependence. Taken over to quantum
cosmology, one should thus expect that an evolving universe, reaching the recollapse
point, should be in a highly squeezed state. In the present model, this means that
volume fluctuations around the recollapse are highly asymmetric: after the recollapse
they might be much smaller than before—or much larger. A complete analysis of
state evolution and decoherence, even in this simple model, remains to be done to see
how the recollapse should be seen from a semiclassical perspective. But it highlights
the importance of keeping track of all state parameters, not just unsqueezed Gaussian
states as they often present the first (and only) choice for numerical evolutions of
wave packets.

So far we have solved the case of x = 0, which makes the Hamiltonian simpler since it is
linear at least in V. However, this case of lattice refinement, if it were used in a loop quantum
cosmology version of the model, is not particularly realistic: if we take our solutions seriously
only up to where the curvature variable | P| reaches a value of the order one, which would
signal the onset of strong holonomy corrections in loop quantum cosmology, we obtain a

volume ratio Vo/Vipj=1 = /1 +1/ f02. For this ratio to be sufficiently large, allowing the
recollapse volume Vj to be significantly larger than the volume where the quantum-geometry
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phase begins, we would have to choose fj extremely small. From the perspective of lattice
refinement, this would be possible but not entirely natural.

We can nevertheless use our solutions to shed light on the behavior for general cases of x,
without changing the qualitative properties. For that, we just need to transform non-linearly
from the variables (V, P) for a desired x to new variables

v (U —x>GfoV)‘/<‘*x>
T Gfy v ’

y x/(1—x) X
ﬁ:_p(iy ) :P( f) . (5.44)
(1 =x)GfHV GfoV

Solutions for V and P will then take the form of x = 0-solutions found before, but
with V and P inserted instead of V and P. Expectation values will thus refer to certain
powers of the basic variables, rather than to those of V and P directly; and also quantum
variables will be derived for the tilde-variables rather than the basic ones. A transformation of
quantum variables based on a non-linear map of basic operators would be very complicated;
in particular the orders will mix, such that fluctuations of V and P will depend on all kinds
of higher moments of V and P. But knowing the moments corresponding to some complete
set of classical variables will tell us how the state behaves qualitatively, such as regarding
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its symmetry around the recollapse: In particular, it is clear that large asymmetries around
the recollapse in general arise, irrespective of the value of x.

5.4.1.2 Negative Cosmological Constant

For a negative cosmological constant in a spatially flat universe, the Hamiltonian
takes the same form as for positive spatial curvature provided we choose x = —1/2
instead of x = 0. Just some factors change and we have to putin A < 0, which by
the previous procedure leads to solutions

. 3
Pelassical (9) = —+/|A| fo sinh (5@) (5.45)
Votasieat (9) = —2 5.46
classical (¢) = cosh (%q)) ’ (5.46)

again choosing the recollapse to happen at ¢ = 0, and

(AP)*(9)=(AP)3 cosh? (%(p)
Vo (AP)Z sinh (3¢)
JVIAlfo cosh (%(p)

(AV)+2Vo (Cvp)g A1V f5 " tanh (3¢) +VE (AP |AI™! £y * tanh? (3¢)
cosh? (3¢)

Cyp(@)=(Cyp)y+

(AV)? (p) =

(5.47)
Qualitative properties are clearly the same, and compared to the value of x = 0 in a
spatially closed universe we have the advantage that large recollapse volumes will be

possible, Vo/Vipj=1 = /1 + l/|A|f02 > 1, if only | A| is small. This condition can
be satisfied independently of fy and does not require fine tuning of the refinement
scheme. (Notice that fj has different dimensions depending on the value of x). We
may have to fine tune A, but this we are quite accustomed to, anyway.

5.4.1.3 Positive Cosmological Constant

For a positive cosmological constant, it is again the x = —1/2-case that makes the
Hamiltonian linear in V. Equations for expectation values and quantum variables
can approximately be solved as before, but here the large-volume regime is entirely
different from the earlier two models. The flipped sign of the cosmological constant
means that some signs in the solutions change, too, such as

3 . 3
Pelassical (9) = Po cosh (E(w - ¢o)) +\/P§ — Afy sinh (5«0 - wo)) (5.48)
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JPE—AfE
Pysinh (3(¢ — ¢0)) +/P¢ — A fZ cosh (3 (¢ — fﬂo)).

This implies that the classical volume is unbounded from above, and in fact diverges
for some finite value of ¢. The unboundedness is certainly as it should be, for a
free, massless scalar in a spatially flat space-time does not trigger a recollapse if
there is a positive cosmological constant. Moreover, from dg/dt o py/V (¢) (using
x = —1/2) one can solve for proper time 7 (¢) and verify that in this variable, unlike
in internal time ¢, it takes an infinite duration for the volume to diverge.

Problematic in the present scheme is, however, the fact that not only the volume
diverges, as an approximation to the evolution of expectation values, but also some
of the quantum variables such as AV or Cy p, while

Velassical (9) = Vo (5.49)

o= e eon (G ) ¢ (o)
(AP)*(p) = (AP) | cosh | 5 (¢ — ¢o) | + ————=—sinh | (¢ — ¢0)
2 P2 _ A fz 2
0 0

(5.50)
remains finite. Using this solution, one can solve for the other variables, but, com-
paring (5.49) with (5.50), it is already clear that AV must diverge when V does: for
infinite V the solution for AP oc 1/ V? gives zero, which by the uncertainty relation
requires an infinite volume fluctuation.

At this stage, the approximation breaks down: if quantum variables of second
order diverge, we cannot ensure that those of higher order can be ignored in the
process of solving up to second order. In fact, pushing the approximation to the
next, third order and using numerical solutions indicates that several other higher
moments tend to infinity, too [11]. The region of diverging volume is rather difficult
to understand with the effective methods used so far, but one can nevertheless apply
this scheme self-consistently to analyze the approach to large volume and see when
higher moments become significant. One result, obtained up to around tenth order
of the moments, is that a dynamical state quickly deviates from an initial Gaussian,
but then, as in the example of Fig. 5.2, a new hierarchy of moments seems to arise.

Near the time of diverging volume one would have to use the entire collection
of infinitely many moments, subject to a highly coupled dynamics. At this stage, a
direct analysis of the wave function and the difference equation it satisfies becomes
more useful. While analytic discussions are difficult also here, results from reduced
phase-space quantization [12] (and numerical solutions) show how a state travels to
diverging volume—and beyond. In fact, since these evolutions are done in terms of ¢,
and a self-adjoint extension of the Hamiltonian can be used for the evolution, nothing
stops at the finite value of ¢ where the volume diverges. This is hard to interpret from
the viewpoint of a classical space-time: no observer can reach this point because
it would require an infinite amount of proper time. Formally, one can interpret the
behavior in such a way that the self-adjoint extension of the Hamiltonian (which turns



94 5 Effective Equations

log|A(VIP))| /R

0L —— —
30
20

10 7

Fig.5.2 Example for the evolution of odd-order moments, which vanish for an initial Gaussian.
They rapidly deviate from the initial values, but then settle into a new hierarchy of a non-Gaussian
state better adapted to the evolution [11]. (Spikes appear at zeros of the moments due to the loga-
rithmic scale. The values of the scalar field are taken relative to the point of divergence ¢gjy where
Velassical (‘pdiv) - OO)

out not to be unique in this case [13]) imposes a certain form of reflecting boundary
condition at infinity, making the wave packet bounce back to finite volume. Formally,
one may extend space—time; but if no observer can cross the divide, the extension
lacks physical meaning. Only strong quantum back-reaction effects inducing a true
recollapse at finite volume could make the extension meaningful, but such a behavior
is not indicated by the higher-order analysis of [11].

Numerically, it is difficult to unravel if and in what sense the spread-out state indeed reaches
infinite volume. It certainly follows the classical trajectory toward infinity very closely—
as closely as one can say within the diverging quantum uncertainties. But since volume
fluctuations diverge, too, the wave packet gets spread out more and more. Quantum back-
reaction does ensue due to the large fluctuations and higher moments, and they yank the wave
away from its classical track. One could expect a detailed analysis to show that the wave
does not reach infinite volume, after all, but is held back by large moments. Then, proper
time would not diverge, either, and the following collapse phase would be a true part of
space—time. The low-curvature classical limit would be badly violated during the transition.
However, numerically one sees, on the contrary, that the volume divergence is strengthened
by the first several orders [11]. In any case, it is already clear that, rather counter-intuitively,
this large-volume, small-curvature regime is one where quantum effects of a wave function
are crucial to understanding the behavior of the wave function.

Diverging fluctuations in this model do not arise from strong quantum effects, but rather
as an artefact of the internal time used in this specific case. The volume diverges at a finite
@, such that in a contour plot of the wave function, the region swept out by a wave packet
resembles a strip parallel to the V -axis. Volume fluctuations are obtained from cross-sections
of the wave function along the V-axis, and they (as well as some other moments) become
large just by having a wave function moving along V. The wave function would still be
considered semiclassical based on fluctuations of other quantities. All this happens at an
infinite point in proper time, never reached by observers.
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5.4.2 Scalar Potential

If the free, massless scalar is generalized by including a non-trivial potential, several
difficulties arise. First, ¢ will now show some kind of non-trivial evolution, which
only rarely allows it to be a good global internal time: ¢ may not have a monotonic
relation with coordinate time (and p, will have zeroes during its evolution). More-
over, in the internal view the Hamiltonian / = —p, now becomes time dependent
via the potential W (¢). In particular, it is no longer preserved and a dynamical state
supported only on the positive part of the spectrum is not guaranteed to remain so
supported at all times. Thus, dropping the absolute value in any Hamiltonian arising
from p,, is more difficult to justify. Nevertheless, for brief evolution times, where ¢
still serves as internal time, and for states supported at sufficiently large values of
the Hamiltonian, far from the demarkation between positive and negative frequency,
the approximation used so far will remain a good one.

One can demonstrate this in more detail: the second-order equation corresponding
to the Hamiltonian constraint is

R 167G A7 (37G\FTIY
Py = —— - V2P — (=5

1—x (142x)/(1—x) . ]
x ( ) (foV)>/( ”W(go)) . (5.51)

v

To separate the signs of frequencies, one makes use of the equation for p,, directly,
rather than its square. However, if we solve classically for —p, = H(V, P, ¢) and

then quantize H(V, P, ¢), due to [ ﬁw, H ] # 0 on kinematical states the equation

—po¥ = Hyr (5.52)

is not equivalent to the second-order equation (5.51) but rather to
oy = —ppHY = —Hpyyr — [Py, HIW = H*Y — [Py, HlY.  (5.53)

A strict solution for p, at the operator level is much more difficult to construct in
the case of a time-dependent Hamiltonian.

But for solutions one is usually interested in, the additional commutator term in
(5.53) turns out to be small. The form of the Hamiltonian indicates that we have a
commutator

_ 3/(=x) Y7 13/(1—x) yw!
[ﬁ(p,l:l]wim/z(gﬂGfo(l x)) VIOW ()
3y H
whose expectation value is small compared to that of H? in (5.53) provided that H
is suffiently large and the potential not too steep.
There are now two conditions to be ensured: #2(V/%)3/1=9W(p) « V2P? ~
H? for the potential term to be perturbative, and A7 >(V /7 )3/ 0=9W'(¢)/H « H?
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for the commutator in (5.53) to be negligible require W <« # ~>H?>(V /¥)~3/(—»
and AW’ <« ¥ ~2H3 (v /#)~3/(0=9 For a sufficiently small and flat potential, long
evolution times can be considered in our approximation, using the first-order equation
and dropping absolute values.

Further, much stronger support for the treatment of effective Hamiltonians in the
presence of a non-trivial potential comes from the framework of effective constraints
[14, 15], to be described in more detail in Sect. 13.2. In this way one avoids the need
to deparameterize, and yet an effective Hamiltonian can be derived by solving a con-
strained system. Sufficiently far away from regions in which p,, is nearly zero, close
to a turning point for ¢ in coordinate time, ¢ can still be used as local internal time.
(As a trace of non-unitary state evolution, ¢ may acquire an imaginary contribution,
but this has no adverse consequences for observables [16, 17].) To move through
the turning point, another local internal time must be used, just as different time
coordinates are usually required to coordinatize a whole manifold. Changes of local
internal times can be achieved by gauge transformations of the effective constrained
system.

From the analysis of cosmological-constant models, which can be interpreted
as models with a constant scalar potential, it is clear that quantum back-reaction
generically arises. Equations of motion take the same form as before, with W (¢)
replacing A. Solutions are more difficult to find due to the non-trivial time dependence
of the potential, but numerically one can easily investigate the behavior for some
types of potentials. It would also be of interest to summarize the effect of quantum
variables in some kind of effective potential or other terms, which would no longer
contain independent degrees of freedom but correct the classical equations of motion
for V and P to incorporate quantum effects. This is sometimes possible in effective
theories, especially if an adiabatic approximation around a ground state can be used,
see Chap. 13.

In quantum cosmology we do not have a ground state, and it turns out that no other
adiabatic approximation to solve for quantum variables and insert them back into
the equations of motion for expectation values is possible [18]. Quantum variables
thus do play a very crucial role, and they cannot be reduced to mere corrections such
as an effective potential. New quantum degrees of freedom are essential, and we are
dealing with a higher-dimensional effective system. This observation is especially
relevant in strong quantum regimes such as those expected at small volume or high
curvature. But then, we will also have to include the quantum-geometry effects of
loop quantum cosmology, which we will do in the next chapter.
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Chapter 6

Harmonic Cosmology: The Universe
Before the Big Bang and How Much
We Can Know About It

To understand the strong quantum phase that is expected to be realized in a small
and highly curved universe around the big bang, we return to the solvable model
of loop quantum cosmology developed in Sect.5.3.2. Solvability is realized for a
free, massless scalar in a spatially flat isotropic universe, but formulated in the
non-canonical variables V and J = V exp(iP) rather than V and P used for a
Wheeler—DeWitt model. The linear Hamiltonian H = —/167G/3(1 — x)|%ij_| o
li(J — J*)| then provides solvability: the evolution of expectation values does not
couple to quantum variables. (As in Sect.5.3.1, dropping the absolute value is justi-
fied for a time-independent Hamiltonian provided initial values for a state make it be
supported on a definite sign of the spectrum of i/_.) Equations of motion can then be
solved for expectation values as well as quantum variables to determine the behavior
of a whole state. With the equations, also the qualitative behavior of solutions will
be insensitive to the refinement scheme as specified by the parameter x, as long at
least as it is of power-law form.

6.1 Reality

We consider basic operators satisfying the linear algebra
(V,J1=nd, [V,J1==nJT, [J,JT]1=—-2nV (6.1)

whose dynamics is given by a linear Hamiltonian H i(f -J . Just as in the
Wheeler—-DeWitt model before, the resulting dynamical equations will be easy to
solve. But there is a new issue due to the complex-valuedness of variables and the
non-canonical form of their algebra. Expectation values of these variables cannot be
prescribed arbitrarily, for the relationship JJT = V2 which must hold with a unitary
quantization of exp(iP) ordered to the right of VinJ implies an equality

(P — (V)2 = (AV)? — (AJ)? + (AJ-)? (6.2)
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relating expectation values to fluctuations of Vand Jy = J+JT. We will refer to this
important equation, as well as to others derived for higher-order moments, as a reality
condition, since it derives from the fact that the classical P entering the definition of
the complex J must be real. Once (6.2) is implemented by restricting (), together
with the simple reality condition (V) € R, we are dealing with expectation values of
states in the physical Hilbert space realizing the correct adjointness relations of
basic operators. The reality condition (6.2) also reduces the number of degrees
of freedom contained in the expectation values back to two since the imaginary
part of J can no longer be chosen independently of its real part.

As used here, it is sometimes convenient to work with the complex J and J, rather than
the real or purely imaginary J+. One can easily translate back and forth thanks to the linear
relationship between these variables. Care should just be used in the interpretation of the
variables: what may look like a fluctuation in one set, for instance (AJ )2 = %((A J+)2 +
2A(J4Jo)+ (AJ_)?), actually contains a covariance in the other. As we have already seen,
correlations often play special roles in semiclassical regimes via decoherence, and they do
so more specifically in questions about the asymmetry of states. Despite possibly differing
appearances in the variables J and J, we will thus make statements precise by using only
the real variables J; and i.J_ to determine what should be considered a covariance and what
a fluctuation, or mixtures of both. At the present level of formulating and solving equations
of motion, however, these issues can be postponed.

In these considerations, the fluctuations on the right of (6.2) are considered fixed,
so that (6.2) is a reality condition for expectation values, reducing to the classical one
when fluctuations and /4 vanish. The moments themselves must be subject to reality
as well. In fact, analogous conditions arise at higher order which reduce the second-
order moments to the right number [1]. We obtain those conditions by considering
operator equations of the form

VIiJIJHRGIT =V =0 withi+j+k>0 6.3)

which directly follow from the initial operator equation and are thus implied. But
expectation values in the presence of the extra factors do not agree exactly with the
basic reality condition (6.2); they rather differ from it by terms involving moments
of higher order, at least third. For instance, at third order, with a single extra operator
in the equation, we have the third-order moments

AWVIT) = (V= (VNI = (INTT = (T)))symm (6.4)

AV = (V= (V) (6.5)
appearing in the reality condition
A(VIJT) = AV =2(VY(AV)? = 2(ReA(V J)Re(J) + ImA(V J)Im(J))

that follows from the expectation value of V(f Jt— ‘72) = 0. Just as we use (6.2) to
restrict semiclassical expectation values up to terms of order /i, we use third-order
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reality conditions to restrict semiclassical second-order moments. To leading order
in A,

(V)(AV)? =Re((J)A(V ]))
= Re(J/)ReA(VJ) + Im(/)ImA(V J), (6.6)

as a restriction for second-order moments. Similarly, we obtain
1 . . _
(V)ReA(VJ) = (Re( JRe(A)? + Im(/)Im(AJ)? + Re(J)A(JJ)),
(MHImA(VJ) = (Re( NIm(AJ)? — Im(J)Re(AJ)* + Im(f)A(Jf)) (6.7)

from the other third-order conditions. General considerations of this type show that
none of the higher-order conditions restricts second-order moments further. Thus, the
six initial second-order moments (counting real and imaginary parts of A(V J) and
(AJ)? separately, while (A V)2 and A(JJ) are always real) are restricted by three
conditions. Three degrees of freedom remain, just as we expect it for two fluctuations
and one correlation. Only the counting is more complicated for non-canonical basic
operators, and must take into account all relations betweem them.

Reality conditions as derived here present an example of Casimir conditions discussed in
Sect. 13.1.4. Interpreting J J — V2 = 0 as a constraint on the classical phase space, the large
set of expectation-value conditions arising from (6.3) is an example of effective-constraint
methods developed in [2—4]. The reality condition, although just one constraint, is of second
class on the non-symplectic phase space spanned by (V, J, J), using generalizations of
Dirac’s classification of constraints to general Poisson manifolds [5]. Thus, only conditions
for the moments result but no gauge flow need be factored out.

Since all reality conditions derived from (6.3) are based onAJA Jt—v?2= 0, and thus on the
understanding that exp(iP) is ordered to the right of V in J, some of their coefficients may
change in different orderings. However, this does not affect general statements made here.

6.2 Uncertainty

Uncertainty relations follow for every pair of self-adjoint operators by a well-known
application of the Schwarz inequality; see Sect. 13.1.3. For our non-canonical, par-
tially complex basic variables in harmonic loop quantum cosmology we derive three
independent inequalities for the pairs (V J+) (V iJ_ ) and (J+, iJ_ ) of self-adjoint
operators:

(AV)2(AJL)? — A(VIL)? = WPH? (6.8)

—(AV)2(AJ) + A(VIZ)? = %h2<f+>2 (6.9)
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— (AT AT + AL ) = BA(V)? (6.10)
with H = (I:I ) = —%i(f_). The second-order moments featuring in here are
restricted by reality conditions as well, and just as we have seen for the number
of moments, the number of uncertainty relations is reduced to the expected number
(one per canonical pair) when reality is imposed.

A direct calculation shows that this is indeed the case. We first rewrite (6.6) and
(6.7) in terms of Jo instead of J and J

. 1 . .
(VY(AV)? = 7AWV I + (J)AV ) (6.11)
. 1. .
MAWVI) = 4—‘(<J+>(AJ+)2 + (/) A4 J2) (6.12)
. 1 . .
MAaWwJ) = Z“L)(AL)Z + (J4) A4 J2). (6.13)

From suitable combinations we then derive

~ 1 .
(VYA (AT — AV I = Z<1,>2((AJ+>2<AJ,)2 — AU+

(VP (=(AV)AAT)? + AV ) = }1<f+>2(—(AJ+)2(AJ_>2 + AU
and conclude, noting that —i(f_) = 2H by the constraint, that both (6.8) and (6.9)
are equivalent to (6.10). Only one of the uncertainty relations is required once second-
order reality is imposed, giving rise to only one independent uncertainty relation per
canonical pair.

In these calculations we have ignored terms higher than second order. If higher-
order terms are significant, the equivalence of second-order uncertainty relations no
longer follows in the same way. In fact, when higher-order terms matter in reality
conditions, one must use uncertainty relations for higher-order moments as well,
not just at second order. Higher-order uncertainty relations also follow from the
Schwarz inequality, but they have a more complicated form that mixes moments of
different orders. For the purposes of our discussions here, second-order relations will
be sufficient.

6.3 Repulsive Forces and Bouncing Cosmologies

The linear Hamiltonian provides equations of motion for expectation values which,
thanks to solvability, decouple into finite sets. We will absorb a factor of
/16w G/3(1 — x) in the internal time variable defined as A := /167 G/3(1 — x)g.
For expectation values we have
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Sy = Ly = —Lahy + 0y 6.14
d/\(>—ih<[, ])——2(>+< ) (6.14)
di—l[Jb?]——\?—dﬁ 6.15
d_/\H ﬁ(, ) <)—a(> (6.15)
and for fluctuations and correlations
%(AV)Z =—A(VJ) = AV]) (6.16)
d AD? = —2AWVJ d AJ)? = —2AV ) 6.17)
J( )" = ), ﬁ( = ( (6.
iA(VJ) = —l(AJ)Z - lA(JJ') — (AV)? (6.18)
da 2 2 ’
iA(VJ') = —1(AJ')2 — lA(JJ') — (AV)? (6.19)
dx T2 2 ’
%A(JJ_) =—AWVJ])= AV J). (6.20)

In particular, the right-hand side of (6.2) is constant in time, and reality conditions
need be imposed only for initial expectation values. If initial values are posed in a
semiclassical regime, the left-hand side of (6.2) must be of the order (V)h, and thus
be much smaller than the squares of expectation values themselves. In this way, the
classical condition is recovered.

Both (V') and (J) have the same dimension as A, and second-order moments in semiclassical
states are typically of the order A. The right combination of semiclassical behavior with
dimensions results in the order of magnitude R(V) for quantum fluctuations squared and the
right-hand side of (6.2). There are no free dimensionful constants in this model that could
be used to provide the correct dimensions of fluctuations without reference to dynamical

variables such as (V). Indeed, the behavior A(V) for second-order moments will be shown
clearly by the following discussion of dynamical coherent states.

Equations of motion of the linear model, such as (6.14) and (6.15) for expectation
values and (6.16-6.20) for second-order moments, are linear and finitely coupled,
making them easily solvable. The reality conditions are quadratic, but preserved in
time. Thus, they need not be considered when solving equations of motion; one will
just have to make sure that they are satisfied by initial values used. (Numerically one
may have to monitor that reality conditions, as well as uncertainty relations, remain
respected in the presence of rounding errors, which can sometimes be a subtle issue
[1].) The quadratic terms they contain do not amount to quantum back-reaction of
fluctuations on expectation values, and they do not complicate the solution procedure.
For the expectation values, we obtain

(VY = %(Ae_k + Be) 6.21)
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» 1 Y A .
(JYy) = E(Ae — Be")+1H (6.22)

with two integration constants A and B, while H = (I:I ), the expectation value of
the Hamiltonian, must equal the imaginary part of (). Comparing with the solutions
(5.13) for a Wheeler-DeWitt quantization of the same system, we notice that there are
different combinations of the exponentials. The dynamics is thus indeed different,
but so far it is not clear whether the singularity would be avoided: (\7> can easily be
zero at some A provided A and B have opposite signs.

At this point, we still have to impose the reality condition (6.2), which for
the specific form of solutions implies AB = H? 4 ¢ with another constant
c1 = (A JJF)2 —(AJ_)2 —(AV)? preserved by evolution. Looking at a state which
is semiclassical at least once, say at large volume, we know that the fluctuation
parameter ¢; must be of the order h(ﬁ ) (which is constant just like cp).

Up to quantum corrections, we thus have AB = H? + O(Hh) > 0, implying
that A and B must have the same sign. Choosing the positive one, and defining
A/B =: ¢*¢, the solution (6.21) can only be of the form (V)(A) = H cosh(A — ¢)
which never becomes zero: the classical as well as Wheeler—DeWitt approach to
vanishing volume is replaced by a smooth bounce. Even though this is a statement
about a true quantum regime, we did not have to make any assumptions about the
form of the state there; all we used was the condition that it be semiclassical at large
volume. In this way, as we will also see it for other questions, the solvable model
allows powerful conclusions about deep quantum properties. Reality conditions are
preserved dynamically; still, some moments evolve and may become more strongly
quantum. But the existence of dynamical coherent states shows that the quantum
behavior is not exceedingly strong in this model.

An intuitive way to understand the removal of the singularity is by an effective
space-time picture, which in the case of isotropic models follows from an effective

A

Friedmann equation. This must be an equation of motion just for (V'), a power of the

scale factor, not coupled to (J) as it is so far in (6.14) and (6.15). We can eliminate
(J_) in terms of the scalar momentum, p, = —H = /47w G /3(1 — x)i{J_), which
will then enter the kinetic energy density pfee = pé / 2a%¥? of the free scalar. The

other variable, <f+), is not independent of (f_) and can be obtained by using the
reality condition:

(J1)? = (T2 + 4V)? 4 dey.

Combined, we have

A\ 2
d(v) 4nG A 167G A
(V) = 5 (=0 = ——1 =0V = pj + O)

or, in terms of proper time 7 appearing in the derivative denoted by a dot,
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a\?2 @ (V) ’ 4nGfoa =3 py (32 4(1—x
-) = ————1) = ‘ N _pZiom
(a) 2(1 — x)(V) do 3q2(1-x) 92 4nt02a Pyt OM

2 2
47G P AGIE iy
=5 5,2 (1 -y g+ om)) (6.23)
871G 8TGf?
= Tpfree I — priee TOCIZ(IJFZX) + O(h). (6.24)

(Recall V = 3a*0=9% /87 Gfo(1 — x) from (5.3).) To leading order, we thus
have the Friedmann equation with the energy density of a free, massless scalar;
but quantum corrections are effectively included by a term of higher order in the
free scalar’s kinetic energy. This term becomes important at high densities, near the
critical one of

3 3
Sntozaz(wzx) © 8w Gy?L?

(6.25)

Perit =

with the patch size L = {pa (y€o = ¥13y8(a) = foa®), where it can cancel the
classical term and cause an extremum in the evolution of the scale factor.

This complete effective equation reproduces a modified Friedmann equation found first
by a tree-level approximation incorporating holonomy corrections directly in the classical
Hamiltonian [6, 7], which was also tested numerically [6, 7]. Thanks to solvability and
the absence of quantum back-reaction, no strong extra corrections arise and the tree-level
approximation turns out to be good.

Tree-level expansions have been tested numerically in several models, but only for strongly
peaked states in which quantum back-reaction is weak. In this context, it is important to note
that quantum back-reaction arises from moments appearing in time derivatives of equations
of lower order, such as those for expectation values. Quantum back-reaction is caused by
quantum fluctuations, among other moments, but is distinct from the statistical effect of
quantum fluctuations. The initial meaning of quantum fluctuations is that they determine the
spread of outcomes of repeated measurements done for many systems in the same state. Such
an interpretation is unavailable in quantum cosmology; instead, the primary role of quantum
fluctuations is as a state parameter that influences the evolution of expectation values and
leads to deviations from the classical behavior, providing quantum corrections.

Keeping this in mind, even in the presence of fluctuations, deviations of (V)(¢) from tree-
level equations may be small, even smaller than the value of fluctuations in a state used would
indicate. What is affected by quantum back-reaction is not the measurement of the volume,
but the rate of change d(V)/d¢. As seen from (5.33) (for a Wheeler—-DeWitt quantization),
the rate of change of volume is affected mainly by (A P)% and Cy p, not by (A V)2. Even
large volume fluctuations do not change the evolution much if curvature fluctuations and
correlations are sufficiently small. A comparison of deviations of (V) from the tree-level
equations with volume fluctuations AV, as sometimes used to justify tree-level approxi-
mations, is not meaningful because it would confuse the two different roles of fluctuations,
statistical aspects and the dynamical quantum back-reaction.

Moreover, fluctuations typically grow as states are evolved. While one can always choose
a suitably peaked initial state, quantum back-reaction becomes strong if one waits long
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enough. At this stage, tree-level equations break down and one has to include higher orders
by systematic effective equations.

The second equation of motion, the one for d(Jl) /dg, can be reformulated in
a similar way as a second-order equation for (), resembling the Raychaudhuri
equation. Following the same procedure as in Sect.5.3.1, we first derive the second-
order equation

(V) 167G

— XV )
dy? 5 =0V + oV, (6.26)

Curiously, this is exactly the same (5.17), as obtained earlier; corrections from
loop quantum cosmology arise only by the 0((‘7)5)—terms from the reality condition,
corresponding to the different factor orderings used. Holonomy corrections, there-
fore, do not correct the equation for d?( 1% )/de?. However, to derive the Raychaudhuri
equation for a, we use the Friedmann equation. With the modified Friedmann (6.23),

we then obtain the modified Raychaudhuri equation

a A G
- = _T[_/Ofree (1 -2~ x)@) (6.27)
a 3 Pcrit

which is corrected compared to (5.18). At high densities, near the new extremum
of a, the correction implies a positive second derivative of a by time: @ > 0 for
Piree > Perit/(2 — x), ensuring that the high-density extremum implied by (6.23) is
a minimum.

Incidentally, the phase of acceleration spans only a rather small range of densities:
for —1/2 < x < 0, acceleration begins when pree rises above a value between % Perit
(forx = —1/2) and % perit (for x = 0). The density at the onset of acceleration does
not depend much on the value of x in the given range. In both cases, the density
must be of the critical size within just one order of magnitude in order to produce
acceleration from holonomy corrections.

Of course, we have already seen the presence of a minimum in the exact cosh-like
solution for the free scalar model. An effective equation would not be necessary
at this stage, just as it is not of much use to write down an effective action for a
free quantum field theory. But the power of effective descriptions of such simple
systems is that they can be used as starting points for perturbative analyses of more
complicated, interacting systems. While still technically involved, such a procedure is
usually much easier to perform than an outright quantization and subsequent analysis
of the interacting system; and yet, as is well known from particle physics, most of
the desired information can be extracted effectively and efficiently.

6.4 Quantum Big Bang

In a solvable system, things are simple and clean. In the present context we have seen
that a spatially flat isotropic model sourced by a free massless scalar, in loop quantum
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cosmology, shows a bounce of the scale factor if the corresponding quantum state is
semiclassical once (e.g. at large volume). Even if it evolves away from a semiclassical
state when smaller volumes are reached, quantum properties of the free state cannot
be strong enough to prevent the bounce. (In fact, in the next section we will see
that a near-coherent state does remain nearly coherent throughout the bounce phase,
although its fluctuations can still change noticeably).

But if the model is no longer solvable, even if it is just perturbed by another con-
tribution to its energy density by a term small compared to the kinetic one, quantum
back-reaction ensues. States may evolve much more strongly over the required cos-
mological periods of time, even if local changes remain perturbatively small. If there
is a non-constant scalar potential, ¢ will not always be a global internal time and
is unlikely to serve as time all the way between large volume and the bounce. One
would patch together several effective space-time regions, each described in terms of
@ as internal time but linked in different phases where ¢ would have turning points
with respect to coordinate time (and p, vanishes). Physically, the semiclassical state
at large volume is supposed to arise via decoherence at intermediate times. These
complicated processes, possible only by interactions with an environment of many
degrees of freedom, must now be wound backwards if the big-bang state is to be
understood. In all these constructions, the solvable dynamics would severely be dis-
turbed, implying that considerable changes must be taken into account for an analysis
that could be called reliable and robust. What we need is a general effective equation,
formulated for arbitrary states and in the presence of an unconstrained potential. We
will see that conclusions from such an equation can in fact be drawn, and it provides
the basis for specific analyses of concrete matter models or special classes of states.

If there is a matter potential not large compared to the kinetic term, perturbative
techniques can be used as in the preceding chapter. Our classical gp-Hamiltonian
now is

167G 392 87G(1 —x)fo. \Y/I—9
o _ 2p2 _
Hi=/——0 x)\/V P T ( 3 v) W(@).
(6.28)

After doing the loop replacement of V P by —%iJ_, we expand H = > 72 ) Hi with

G 1 392 8761 —x)fo /10 wip) )
= —i —_— — — 2 .
Hi:= =iy == =0J (k)(ZnG(l ) ( 37 V) 72

We are clearly dealing with a non-linear Hamiltonian, which implies quantum back-
reaction terms. They can be derived from a background-state expansion around
expectation values, or by the effective methods of Chap. 13 based on Poisson geom-
etry, giving equations of motion such as [8]
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d(V) Iy ZZ IHIH  A(VEITY
de 0J_ “avaa "t al(n — a)!
n —a—1
. " H A(V“]f =l
_ IZZ P Ty L Te— (6.29)

n=2 a=0

The second line arises from the fact that commutators of non-canonical basic oper-
ators are not mere constants, or that expectation values and moments do not have
vanishing Poisson brackets for non-canonical variables. (In this sense, the more
interacting nature of the loop-quantized model, which does not allow a harmonic
formulation in canonical variables, is responsible for effects based on these terms.
One consequence discussed below is the asymmetry of fluctuations before and after
the bounce.) Quantum corrections, as always, arise from coupling terms of expecta-
tion values and moments A(- - -) as defined in (5.23).

Although there are more terms than before in the solvable model, formally even
infinitely many ones, we can follow the previous route to an effective Friedmann
equation [8, 9]: The Hamiltonian Hp = Zk Hk ) is no longer linear in (J_), but
when equated with — p,, provides a polynomial equation to a given perturbative order:
For x = —1/2 and up to k = 1 for instance,

Hp = —/37Gi(J_) (1 _ 4Gy <}/)

3 W (1 +81)W(<p)) —py  (6.30)

)?

where

A(J" A n—1 A 2 yn—2
Z< 1)n( G L AWVITH AR ))
N STV e I SRV L

is the first correction from quantum back-reaction (obtained as the relative-moment

expansion of V2/J_, or of V3/(=%)/J_ for general x). A
Perturbatively, we can solve this polynomial equation to find i(J_) in terms of

Py

5. Dy lW(w)(1+81)a67/2 Dy ( 1 ppot )
J_) = ( +4 P% = o 1+8 km(1+81) )
(6.31)

The reality condition, which does not change by interaction terms, again provides
(J+) in terms of (J_), (V ) and quantum terms:

N N 2
9 s () -
2(V) i2(V))

with g9 = ((AJ1)? — (AJ_)2 — (AV)2)/(V)2.
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Then, in turn, we insert (J)_ in terms of Dy, providing

(J4) = £2(V)y/T = po/peri (6.32)

with

ad Waby? ‘
0o = p + €opcrit + W Z Ek+1 (—2) (6.33)
k=0 Py

and the same value of p; as in the solvable case. Higher orders in k provide
their own correction parameters as relative moment expansions of V3/(1=%) J172k,
At this stage, we notice that it is not the classical energy density p that appears in the
quantum-geometry correction, but a quantum-corrected version pg. This quantity
allows us to generalize the regularity result of the free model to an arbitrary inter-
acting one: Since (f+) must be real as one of the reality conditions, the quantum
density pp cannot be larger than pcrj¢ thanks to (6.32). (Depending on the value of
X, perit may be a-dependent. Specific realizations of the boundedness condition then
depend on the history of the scale factor.)

In contrast to the solvable model, however, reaching the upper bound for the
density does not automatically imply a bounce for expectation values. Extra terms
in the (6.29) of g-motion for (\7) from quantum back-reaction mean that there are
terms in the effective Friedmann equation

.\ 2 2 61172
87 G 1 V245w
(9) _ e p(l—pQ):I:— - P220w+ 2 7) 634
a 3 Perit 2 Perit 2p<p

with general quantum corrections 7 = > Nx+1 (V%aW/ pé)k where, e.g.,

A(J" ‘J+) A(VI"2) AV 30

1 " -1 A A T -2 = A r~ 5

Z( ) ( (Joyn 2 )( V(=1 o )<V>2<J—)”_2
(6.35)

If n # 0, the point where the maximal energy density is reached does not correspond
to a bounce; and whether or not there is a bounce at all depends on the specific
behavior of the state. As seen from the terms in the corrections, it is only quantum
correlations that could prevent the bounce. If a state is uncorrelated at the critical
density, even if it is highly fluctuating, a bounce will still ensue.

‘What is not so clear, however, is whether the universe will indeed bounce back to
large volume or, if several zeros of a become possible due to the moment dynamics,
get stuck in oscillations at small volume. Such models would resemble emergent
or oscillatory scenarios as in [10—15]. Another possibility is for the wave function,
which initially was sharply peaked at large volume, to split up into several pack-
ets. One of them may bounce, but others may not do so or even tunnel through to
the minisuperspace region where the triad is inverted. (Reflection symmetry may
sometimes be treated as a large gauge transformation, requiring wave functions to
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be (anti-)symmetric and not leaving any freedom for tunneled wave functions. But
due to the presence of fermions violating parity, this assumption of reflections as
large gauge transformations is not realistic.) Even though one packet would describe
a bouncing universe, the whole state would imply a much stronger quantum phase.
Only decoherence scenarios could tell how the transition would be perceived in terms
of measurable quantities. Which scenarios are possible is still to be determined by a
systematic analysis of many specific cases, using the coupled dynamics of expecta-
tion values and the moments.

6.5 Dynamical Coherent States

Much of the interesting behavior of cosmic quantum states is determined by their
leading moments: fluctuations and correlations. While fluctuations are realized in
any quantum state, specific studies often assume simple uncorrelated Gaussian states.
This may not capture all properties reliably, and so correlations themselves must be
included and analyzed—especially since many processes such as decoherence rely
on the build-up of quantum correlations. Examples for the role of correlations seen so
far in isotropic quantum cosmology are the asymmetry of states around the recollapse
of aclosed universe (Sect. 5.4.1.1), and changes to as well as a potential prevention of
a bounce in loop quantum cosmology beyond the harmonic model. For the would-be
bounce, one also must know what kinds of quantum states one can expect in general,
and we thus return to the solvable model and analyze its dynamical coherent states
in more detail [16]. Possible implications for singularities will be discussed more
generally in the following chapter.

A solvable model is of the most highly controlled form, and dynamical coherent
states are the most highly controlled ones within the model. By definition, such
states saturate the uncertainty relation at all times, which means that many of their
properties must be preserved during evolution. Well-known examples are coherent
states of the harmonic oscillator, which retain a constant shape while they follow the
classical trajectory. However, there are also squeezed states, dynamically coherent as
well, but with oscillating fluctuations. Their shape does not remain constant in time,
but changes in a way controlled by their correlation. Similarly, what we have already
seen in quantum cosmology clearly shows that we have to understand correlations
of quantum states near the big bang, and see how large they and their roles could be.

“Stable” coherent states can be defined more generally [17] for a large class of anharmonic
systems. Like the harmonic oscillator, these systems have families of states |z) labeled by a
complex number z, such that |z)(¢) = |z + wt) with areal w. For the harmonic oscillator, the
specific expression of z in terms of state parameters depends only on expectation values; since
no moments change as z evolves to z + wt, the shape of the state is dynamically preserved.
For anharmonic systems, however, the expression of z in terms of state parameters depends
on some of the moments. As a consequence, the shape of the state may change considerably
in time. These states are not dynamically coherent, and semiclassicality can easily be lost
when a state evolves.
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Back in the solvable model, we have a finite set of equations of motion (6.16)—
(6.20) for second-order moments, which are linear and can be solved
straightforwardly:

1 1
(AV) (1) = 5<c3e—2A + cse?t) — J+e)
1 1
(A (1) = 5@36—2% + cqe®™) + 7Ge2—cn) - i(cse* — cee™)
_ 1 1
(ADZ() = z(qe*” + cae™) + Z(scz —c¢1) +icse* — cge™)

1 i
AV = 5<c3e—2A — cse®) + §<cseA + cge™)

_ 1 i

AWV = §<c3e—2A — cye?) — 5 (ese" +coe™)
_ 1 1

AJO) = z(qe*” + cse®) + ;Ger =),

We have kept the constant ¢; = —(A V)2 + A(JJ) introduced earlier, and added
five more integration constants ¢;. From the reality condition with the parameters in
our expectatlon Value solution (V y Y(A) = Acosh()), we have ¢ = A% — H?, and
using H= ——1(] JT) we obtain

1 - _ 1
(AH)? = - ((AJ)2 —2AUT) + (AJ)Z) = (1 —c). (6.36)

These six constants cannot be chosen arbitrarily because the three uncertainty
relations (6.8), (6.9) and (6.10), or only one of them if the second-order reality
conditions (6.6) and (6.7) are imposed as well, must be satisfied for the variables.
Dynamical coherent states saturate these inequalities at all times X, imposing four
conditions on the integration constants:

1
4eyeq = HPH? + Jent e)? (6.37)

(c1 —c2)es — ¢k = -A2h2 (c1 — c2)eq — 2 (6.38)
4esce = APRE + 5 — 2. (6.39)

As afirst application of these equations, we determine bounds on the asymmetry,
before and after the free bounce, of fluctuations of a state. From the solutions and
uncertainty constraints on the parameters, we have [18]
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(6.40)

making it clear that states in general are not symmetric. A better measure than the
difference of relative volume fluctuations is the ratio of relative fluctuations before
and after the bounce themselves, since it is independent of their absolute size. Solving
the equations for ¢4 and dividing by it, we find

_lea —c3]
¢4

a2
(AV)L

_ 28H/A
" 82/2(AH)X +SH/A + S(AH)?2H?/A? + §A2h2/(AH)2

(6.41)
8= H_2 —1)(AH)*+ A2 - H? + 152) (AH)? — lAth
’ A2 4 4

~ \/(A2 — Hz)(AH)Z _ %Azhz.

where

(Note that (\7)+ = (\7) _, and thus (AV)_/(AV) isidentical to the ratio of relative
volume fluctuations AV/ (\7).)

This asymmetry parameter would vanish for a symmetric state, but one can easily
see that it can be as large as of the order of ten. Even if we set ¢; 4+ ¢ = 0,
absolutely minimizing c3cs in the saturation equation (6.37), no strong restriction
arises. Thus, generic states are non-symmetric around the bounce. Also here, as seen
in Sect.5.4.1.1 for recollapses, one can verify that a correlation parameter controls
the asymmetry.

These equations are consistent with second-order reality conditions. If we insert
the explicit solutions into (6.6) and (6.7) and compare coefficients of different powers
of e*, we obtain three independent equations

A

SToH

A
(2C4 - —(Cl + Cz)) =5 (263 — —(Cl + 62)) (6.42)

H
cs+cg = X(Cl — ). (6.43)
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We first use these equations to eliminate cs and cg from the sum

H 1 H? 1
c3+cy = X(Cs +c6) + 5(61 +0) = p(m —c2) + 5(01 +c2). (6.44)

The remaining constants on the right-hand side are related to state parameters via
ci+c=2(A>— H> — (AH)?), ¢ —cy=2(AH)? (6.45)

using (6.36). For the asymmetry we are interested in the absolute value of the differ-
ence of ¢3 and ¢4, which can be obtained from the sum using (6.37):

H 2
(c3 =)’ = (e3 +ea)? —deses = — (e —e)” + 2(cl c3) — H??

H? K2 H? (AH)*
:4H2((1—E)(AH)2——+(A2 —1) T)'

This equation is equivalent to (6.40).

Atthis stage, we have reproduced the asymmetry derived from all three uncertainty
relations in a different way, using reality conditions and only one of the uncertainty
relations. Since we already know that second-order reality conditions reduce the
number of uncertainty relations to just one, this result is not surprising. However,
the rederivation allows a powerful generalization of the asymmetry formula to all
semiclassical states, not just dynamically coherent ones. Reality conditions of the
form used are valid provided only that moments of order higher than second are sub-
dominant, which is the most general definition of semiclassical states. The preceding
derivation remains valid if we change the equality in (6.37) to an inequality once we
depart from dynamical coherent states. In this way, the last formula changes to the
inequality

H? 2 H? AH)*
(c3 — c4)* < 4H? ((1 — F) (AH)?> — % + (A2 — 1) ( Az) ) (6.47)

(6.46)

providing the asymmetry for all semiclassical states. The inequality even applies
more generally to states which may not be semiclassical as long as moments of order
three or higher are suppressed compared to second-order moments. Fluctuations and
correlations, on the other hand, need not be restricted for the validity of the equations
used and can be large.

The relative asymmetry (6.41) is more difficult to reproduce for classes of states
that are not dynamically coherent because the presence of an inequality for (¢3 — c4)?
rather than an equality makes it impossible to combine the sum and difference of c3
and c4 in such a way to bound |c4 — ¢3|/c4 from above. Equation (6.41) is thus the
key result for which dynamical coherent states are important. It has one consequence
which is more difficult to see by other means. As mentioned, it implies factors of
order up to ten between the fluctuations which may not seem large, but one should
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keep in mind that they are realized for highly controlled dynamical coherent states in
a solvable model. Moreover, in non-solvable models quantum back-reaction means
that correlation terms in the equations of motion in general significantly alter the
evolution such that states spread out even more. Based on general principles, without
restricting the class of states by further means, no strong statement about the behavior
near or before the bounce can be made. What is more, the asymmetry behavior
even of dynamical coherent states in the solvable model is very sensitive to initial
values. Figure 6.1 shows examples of asymmetry parameters for different amounts of
matter, showing that it reacts very sensitively to small changes in initial conditions
A and H. Especially for a large H = —p,, which is required to ensure kinetic
domination, the sensitivity is very pronounced.

Even if the solvable model could be taken as an approximation to the real universe,
observations would not determine state parameters relevant at the bounce in precisely
enough a manner. As illustrated by this example of cosmic forgetfulness [19], it is
practically impossible to draw conclusions about full properties of the state of the
universe before the big bang, as it presents itself in loop quantum cosmology. Only
some parameters, such as expectation values, can be extrapolated directly without
high sensitivity to initial values.

In the context of these discussions, it is important to realize that deterministic
behavior is not questioned. This means that one can always choose an extremely
sharply peaked initial state of precisely known properties and claim that its fluctua-
tions do not change significantly. Cosmic forgetfulness rather refers to how precisely
such information could be extracted in realistic terms with imperfect knowledge of
state properties at any given time, for which the sensitivity is crucial.

As one would expect, restrictions on parameters obtained by effective equations are also
consistent with relations that have been derived in a rather different way for wave-function
evolution [20]. Results obtained in this way are even more general because no restriction on
higher-order moments is required, as long as one expresses asymmetry equations in terms
of Alog V rather than AV/(V). (For a semiclassical state, A log V reduces to AV/(V), as
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can be seen by Taylor expanding the volume around its expectation value in the integral that
defines A V. If the volume fluctuation is small, only the leading term of the Taylor expansion
need be considered.) As already mentioned, the sensitivity of the asymmetry toward state
parameters, and thus the basis of cosmic forgetfulness, can be seen easily only for the much
higher controlled dynamical coherent states or specific classes of states.

One can see the reason for the existence of (perhaps surprisingly) sharp bounds on the
spreading of states over extremely long times in the role of the covariance, combined with
the fact that the model considered is harmonic. One can show that it is the covariance which
controls the asymmetry [16]. If one then assumes that A log | p,, | is given and bounded at large
volume, where a semiclasical state should be realized, the harmonic dynamics with |p,| ~
|V P| at large volume immediately produces a bound on correlations for given fluctuations
independent of the uncertainty relation. Moreover, the explicitly known dynamics shows that
the covariance is constant until large curvature is reached just before the bounce point. The
initial semiclassicality in this way controls the asymmetry in the bounce phase, explaining
why sharp relations for the asymmetry are available.

Even though there are highly controlled bounds on relative fluctuations (and thus semi-
classicality) in this solvable model, the asymmetry of fluctuations themselves may still be
significant. The reason for this is that the difference (6.40) of relative volume fluctuations
is bounded by relative matter fluctuations. (The fluctuation A H refers to the scalar momen-
tum.) The more interesting relative change of volume fluctuations (6.41), which is insensitive
to the actual size of volume fluctuations, is obtained by dividing relative matter fluctuations
by relative volume fluctuations. In general, matter fluctuations and volume fluctuations are
independent quantities; it is even reasonable to assume that matter behaves “more quantum”
than geometry. (This assumption is realized also in quantum field theory on curved space-
times.) Relative matter fluctuations should then be significantly larger than relative volume
fluctuations, and the asymmetry (6.41) can easily be larger than one.

The issue of the asymmetry has appeared controversial in some part of the literature. Initially
the question arose from claims in [7] saying that states have symmetric fluctuations, based
on numerical evidence. However, the methods of [7] used for the plots shown most often,
with very symmetric fluctations, contain a desqueezing procedure for the initial Gaussian
states explicitly mentioned in Sect. V.B.2 of that paper. Later on, an effective analysis [16,
21] showed the importance of squeezing for the asymmetry (which was already visible in
[7], although not interpreted in this way). Especially the issue of cosmic forgetfulness [19]
has stimulated several follow-up papers, some disputing its relevance and countering it with
“cosmic recall” [22]. In this context, one should note that the sizes provided for asymme-
try bounds in these different treatments were always consistent with one another, but often
interpreted in diametrically opposite ways. Curiously, especially the weakest bounds found
in this context have been attributed the strongest meaning [22]. In that article, an asym-
metry bound was derived for semiclassical states which is linear in fluctuations. Since the
asymmetry is defined for quadratic fluctuations and fluctuations are small for semiclassical
states, a linear fluctuation bound is automatically smaller than quadratic fluctuations, even
if no difference is taken to compute the asymmetry [23]. A significant improvement of the
bounds was then given by the new scattering methods of [20], which for semiclassical states
is equivalent to the bounds presented here based on effective techniques. However, in spite
of the equivalence regarding the assymmetry, the results of [20] cannot address the issue of
cosmic forgetfulness because they do not discuss the sensitivity to initial values.

In this context, see also the discussion in Sect.7.4.
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6.6 Lessons for Effective Actions

In this chapter, we have analyzed a harmonic system of loop quantum cosmology
for which effective equations, describing the evolution of expectation values and
moments of a state, can be analyzed exactly. As in this example, effective techniques
for canonical systems such as canonical quantum gravity primarily provide effective
Hamiltonians or constraints and effective equations of motion. It would be of interest
to find an equivalent effective action, but this is not straightforward. Nevertheless,
what we have seen based on effective equations and solvable models provides some
insights into the general properties of a general effective action that might correspond
to loop quantum cosmology.

There have been attempts to find effective actions in a backward way, by trying to
reproduce effective equations of motion of harmonic systems, using f(R) theories
[24] or Lovelock theories [25]. None of the features pointed out here are realized
in those actions. These attempts do not present a systematic derivation of an effec-
tive action; they rather try to extend the known effective dynamics from one point
in superspace (the exactly solvable isotropic model) into an infinite-dimensional
neighborhood in superspace. Without any control, for instance by the consideration
of consistency requirements resulting from anomaly-freedom (Chap. 10), the result-
ing action principles are too ambiguous to be relevant for cosmological evaluations.
Related aspects have been discussed in [17], pointing out in particular the nonunique-
ness of effective actions obtained by simply matching the isotropic equations they
provide with modified equations of isotropic quantum cosmology.

In general non-solvable models, quantum back-reaction means that the quantum
system has more dynamically interacting degrees of freedom than the classical one.
At the level of an effective action, this can only be modeled by higher time derivatives
as they naturally arise from higher-curvature terms. The quantum action is then non-
local in time, just as it must ultimately be non-local in space due to the presence of
spatially integrated holonomies and fluxes as basic variables. Later, in our discussion
of inhomogeneities, we will however show that higher-curvature terms cannot be the
only contributions to an effective action, with interesting consequences for potential
cosmological observations; see Sect. 10.3.

We can also infer that the form of the effective action must be matter dependent; it
cannot be independently formulated for vacuum quantum gravity. After all, solvabil-
ity is realized for a particular matter ingredient—a free, massless scalar— and this
case implies the absence of quantum back-reaction. In other words, the free system
underlying quantum gravity, corresponding to the harmonic oscillator for quantum
field theory, is realized not in vacuum but with this specific kind of matter. Since
quantum back-reaction at the level of an effective action is reflected in the higher-
derivative terms, the presence of higher-derivative terms must depend on the matter
ingredients, another indication that quantum corrections cannot just be of the usual
higher-curvature type which would be matter independent. From this conclusion,
one may also expect some kind of unification even though so far there is no hint for
this in the fundamental formulation of loop quantum gravity. Quantum-correction
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terms in an effective action that faithfully reflects the solvability properties seen in
models must provide some balance between gravitational and matter contributions.

The models analyzed so far by effective means only included holonomy effects as
quantum-geometry corrections, in addition to quantum back-reaction. Another effect
is the one from inverse-triad corrections, which changes the dynamics of homoge-
neous models but does not add much new to the general picture of effective descrip-
tions. At the inhomogeneous level, however, we will see further implications in a
later chapter.

Both types of quantum-geometry corrections, when formulated in terms of the
coordinate-dependent connection component ¢ or the scale factor, depend on the
lattice spacing £ of an underlying state. Higher powers of the connection, as they
may contribute to a higher-curvature effective action, come in the form (£oc)”, which
can be written as (y v(a)3a /a)" in terms of the fundamental patch volume v(a).
Coefficients of higher-order terms and their dimensions are thus provided not directly
by the Planck length but by the state-dependent v(a); as usual, effective actions
depend on the state. The form of the state must be known for a specific effective
action, and no unique one can result in the absence of a distinguished state such as the
vacuum for the low-energy effective action; see Sect. 13.1.5. In particular, v(a) need
not be constant but may change as the universe expands. (Of course, one may Taylor
expand v(a) as a function of a and rearrange the higher-order corrections in terms
of constant coefficients.) In this way, the elementary discreteness and its refinement
enters effective descriptions and can have a bearing on potential observations. We
will see this more clearly in the context of inhomogeneities, Sect. 10.1.2.3.

References

1. Bojowald, M., Mulryne, D., Nelson, W., Tavakol, R.: Phys. Rev. D 82, 124055 (2010).
arXiv:1004.3979
2. Bojowald, M., Sandhoéfer, B., Skirzewski, A., Tsobanjan, A.: Rev. Math. Phys. 21, 111 (2009).
arXiv:0804.3365
3. Bojowald, M., Tsobanjan, A.: Phys. Rev. D 80, 125008 (2009). arXiv:0906.1772
4. Bojowald, M., Tsobanjan, A.: Class. Quantum Grav. 27, 145004 (2010). arXiv:0911.4950
5. Bojowald, M., Strobl, T.: Rev. Math. Phys. 15, 663 (2003). hep-th/0112074
6. Singh, P., Vandersloot, K.: Phys. Rev. D 72, 084004 (2005). gr-qc/0507029
7. Ashtekar, A., Pawlowski, T., Singh, P.: Phys. Rev. D 73, 124038 (2006). gr-qc/0604013
8. Bojowald, M.: Gen. Rel. Grav. 40, 2659 (2008). arXiv:0801.4001
9. Bojowald, M.: Phys. Rev. Lett. 100, 221301 (2008). arXiv:0805.1192
10. Ellis, G.FR., Maartens, R.: Class. Quantum Grav. 21, 223 (2004). gr-qc/0211082
11. Ellis, G.FR., Murugan, J., Tsagas, C.G.: Class. Quant. Grav. 21, 233 (2004). gr-qc/0307112
12. Mulryne, DJ., Tavakol, R., Lidsey, J.E., Ellis, G.ER.: Phys. Rev. D 71, 123512 (2005).
astro-ph/0502589
13. Bojowald, M.: Nature 436, 920 (2005)
14. Parisi, L., Bruni, M., Maartens, R., Vandersloot, K.: Class. Quantum Grav. 24, 6243 (2007).
arXiv:0706.4431
15. Lidsey, J.E., Mulryne, D.J., Nunes, N.J., Tavakol, R.: Phys. Rev. D 70, 063521 (2004).
ar-qc/0406042


http://dx.doi.org/10.1007/978-1-4419-8276-6_13
http://dx.doi.org/10.1007/978-1-4419-8276-6_10

118 6 The Universe Before the Big Bang and How Much We Can Know About It

16. Bojowald, M.: Phys. Rev. D 75, 123512 (2007). gr-qc/0703144

17. Gazeau, JP., Klauder, J.: J. Phys. A Math. Gen. 32, 123 (1999)

18. Bojowald, M.: Proc. Roy. Soc. A 464, 2135 (2008). arXiv:0710.4919

19. Bojowald, M.: Nat. Phys. 3(8), 523 (2007)

20. Kaminski, W. Pawlowski, T.: Phys. Rev. D 81, 084027 (2010). arXiv:1001.2663
21. Bojowald M.: Phys Rev D 75, 081301(R) (2007). gr-qc/0608100

22. Corichi, A., Singh, P.: Phys. Rev. Lett. 100, 161302 (2008). arXiv:0710.4543

23. Bojowald, M.: Phys. Rev. Lett. 101, 209001 (2008). arXiv:0811.2790

24. Olmo, G.J., Singh, P.: JCAP 0901, 030 (2009). arXiv:0806.2783

25. Date, G., Sengupta, S.: Class. Quantum Grav. 26, 105002 (2009). arXiv:0811.4023



Chapter 7
What Does It Mean for a Singularity
to be Resolved?

We have now seen and studied in quite some detail a general mechanism by which
loop quantum cosmology can resolve singularities, based on the fundamental differ-
ence equation, and a very specific one of an effective bounce in a solvable model.
In such a situation, and also in comparison with Wheeler—DeWitt quantizations, the
question arises what it should mean, in general, for a singularity to be resolved.

The general issue is rather messy due to the presence of several different statements
even in the classical determination of singularities. One may use curvature divergence
as a physical condition known from many explicit solutions, but one difficult to handle
at a general level. Strict theorems mainly make use of the comparatively weak and
rather different notion of geodesic incompleteness. When potential resolutions of
singularities are to be discussed, the first question to ask is which one of the classical
criteria for a singularity one should focus on.

Another important condition to be considered is the genericness of resolution
mechanisms. Singularities can be avoided even classically by clever choices of initial
values [1]. The classical singularity problem does not state that all realistic solutions
must develop singularities; the problem is rather caused by the fact that no mechanism
is known that could avoid singularities generically. Genericness is also the most
important condition for quantum cosmological resolutions of singularities; also here
it is not that difficult to avoid specific types of singularities since the freedom, for
instance in violating energy conditions, is much higher than classically.

7.1 Density Bounds

We have already encountered bounds for the quantum density pg in the context of the
quantum Friedmann equation; see the remarks after (6.32). Since there are quantum
corrections from fluctuations and higher moments in the expression (6.33) for the
quantum density, the physical matter density that follows from the quantum matter
Hamiltonian may still be unbounded in non-semiclassical states. For stronger results
about density bounds, the matter density must be constrained by additional means,
probably involving the dynamics of specific models.

M. Bojowald, Quantum Cosmology, Lecture Notes in Physics 835, 119
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An alternative result exists for models with a cosmological constant in addition
to the free, massless scalar. These models are not harmonic, but have one advantage
compared to general matter systems because they are still deparameterizable by .
If one considers the spectrum of a density operator defined by quantizing the matter
energy divided by the volume with inverse-volume techniques of loop quantum
gravity, on upper bound for density values can be obtained [2].

Although a rigorous derivation is important, the existence of such a bound is not altogether
surprising [3, 4]. The loop modification of ¢ by sin(§c)/§ replaces the unbounded ¢ by
a bounded function. Unless quantum back-reaction is strong, the matter density is then
bounded by the Friedmann equation. The non-trivial aspect of loop quantum cosmology is
not to bound the density in isotropic models, but to construct consistent embeddings of such
models in a full quantum system that includes inhomogeneities. Such an embedding has
not yet been achieved completely consistently, but the relationship between loop quantum
cosmology and loop quantum gravity is showing the available possibilities.

Upper bounds for the spectrum of density operators can be interpreted as one
contribution to the resolution of singularities. However, they also show the limitations
of some of the current results obtained in loop quantum cosmology. In isotropic
models one can easily construct density operators, once methods for inverse-triad
quantizations are known following [5]. But in inhomogeneous situations or the full
theory there is no well-defined way to obtain density operators in loop quantum
gravity; only quantities of density weight zero can be quantized. One may thus
quantize the matter Hamiltonian A [6] and the volume v [7, 8] corresponding to
some finite region. Their expectation values in a given state then provide a measure for
the density (ﬁ YA \7). One can use the same construction in isotropic models, which
would bring the results closer to those of the full theory. An alternative expression

—

for the matter density results, one that differs from the expectation value (HV —1) of
an isotropic density operator. The difference is given by moments of the state, and is
strong in a highly quantum state. If the moments of the state are large, the physical
matter density may be unbounded even if there is an upper bound on the spectrum of
density operators. To decide whether actual densities are bounded, one must bring the
moments and the shape of states under better control. No general, state-independent
bounds as in [2] can be expected. Not many results in this direction are known, but
it has already been demonstrated numerically that the bounds of [2] can be breached
if the shape of states is taken into account [9].

7.2 Bounces

A more specific scenario for singularity resolution is a turn-around of a from collapse
to expansion, or a bounce [10], keeping the scale factor away from zero and energy
densities finite.

Example 7.1. (Fluctuation-triggered bounce) In a Wheeler—DeWitt treatment of the
model analyzed in Example 2.1, the requirement of self-adjointness in the face of a
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boundary of the a-axis requires special fall-off conditions for wave functions. The
wave function is always suported on a > 0, which implies that the expectation value
of a cannot become zero. In contrast to the classical solutions, a bounce or at least a
mechanism to keep (a) away from the singular @ = 0 is indicated.

In order to see the role of the boundary more clearly, we use effective equations for
the system quantized with the non-canonical variables Vand D = VP, {V, D} =
As discussed in Sect.2.2, group-theoretical quantization then leads to self-adjoint
basic operators on the phase space R x R. In Example 2.1 we reformulated the
system in Schrodinger form in the presence of dust, for which the Hamiltonian, when
quantlzed by our non-canonical operators, can be taken to be of the self-adjoint form

= vV-'py-! . (By contrast, H = P? is not self- adjoint on the positive half-
plane.) In the affine variables, the Hamiltonian is no longer quadratic and requires a
choice of factor ordering, here done in a simple (but non-unique) symmetric way. The
dynamics is no longer of free-particle form, resolving the problem of wave packets
crossing the boundary seen in Example2.1.

In order to determine the role of fluctuations at small volume, we perform a
background-state expansion and then compute an expectation value of the Hamil-
tonian, or use the methods of Chap.13. To second order, we obtain the quantum
Hamiltonian

N2 > N2
e N et D) (7.1)
(V)3 (V)4

(V)2 (V)2

Fluctuation terms clearly change the Hamiltonian and, when large, can affect the

dynamics. For instance, for a state that remains unsqueezed Gaussian at small scales

we have A(VD) = 0 and (AD)? = (V)2h2/4(AV)2. (The uncertainty relation,

saturated for a Gaussian, follows as in the discussion of harmonic cosmology; see
Chap. 13 for details.) For such states, we can write

_ p2 Aavy’y  1o»
Hy=P (1+3 2 ) TavE =T (7.2)

with the dust momentum p7 equal to the Hamiltonian in this deparameterization.
We have transformed back to the conventional curvature parameter P, now defined
as (ﬁ) / (\7). Since there is no explicit 7-dependence, pr is conserved. Classically,
it equals P2 and is positive; thus, P or the time derivative of the scale factor can-
not vanish and there is no bounce. With the fluctuation terms, there is a chance
for P to vanish at non-zero pr, in some cases corresponding to an extremum of a,
provided fluctuations are significant. Fluctuations are dynamical, satisfying the equa-
tion d(A V) /dT = 4(D )(A(VD)Z(A V) /(V)), and the general behavior requires
an analysis of the whole system coupling expectation values to fluctuations and cor-
relations. In some examples, wave-function dynamics (for instance in the Bohmian
viewpoint) has shown that bounces do arise [11-13].

Effective equations in some loop quantized systems show bounces that are not
solely based on quantum fluctuations, but more importantly on quantum-geometry
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modifications. Such equations have not been derived yet in many models because the
interacting nature of any common matter system in the presence of gravity makes
this rather involved. But a solvable model has been identified, and it can be used as
the basis for perturbation expansions. In such situations, which may be rather special
but can be analyzed concretely, evidence for bounces has been seen. Assuming that
a state remains sufficiently semiclassical at high densities and that matter is domi-
nated by kinetic energy terms, the conclusion for a bounce to happen is rather robust.
This conclusion can clearly be inferred from the perturbation equations we looked
at before, which can also be extended to anisotropic or inhomogeneous situations.
Sometimes one appeals to asymptotic properties, indicating that kinetic terms do
become asymptotically dominant near a singularity since, in contrast to the poten-
tial in the energy density, they carry an inverse power of the scale factor. Also the
Belinsky—Khalatnikov-Lifshitz (BKL) conjecture [14] may be taken to indicate that
homogeneous models describe the approach to a singularity generically, in which
case the dynamics for long stretches of time would be determined by the simple
Bianchi I model. If the free massless scalar Bianchi I model would in general have
bounces, one could expect this result to apply also to more generic situations.

But the very asymptotic regime used in this line of arguments is avoided by
a bounce, which would imply that the universe never gets arbitrarily close to a
singularity where kinetic domination or BKL-type arguments can be used. Theorems
about asymptotic properties do not provide estimates of when exactly such a regime
is reached, which could then be tested at the bounce. Even if this were possible, the
presence of a bounce would become dependent on initial conditions since changing
them would put the asymptotic regimes at different places. For these reasons, a
kinetic-driven inhomogeneous bounce relying on asymptotic arguments such as the
BKL conjecture cannot be generic.

Moreover, in these considerations one would still assume the quantum gravi-
tational state to be sufficiently semiclassical. However, quantum back-reaction is
in general important and can significantly change the behavior. Then, the classical
theorems about the asymptotic dynamics would be uprooted and could no longer
be used—the quantum system is one of many independent dynamical variables in
coupled motion which must be re-analyzed for its asymptotic properties. Even if the
time derivative of the scale factor approaches zero due to the action of some quantum
repulsive force mediated by discrete geometry, quantum variables may not allow it
to be precisely zero. In the effective Friedmann equation (6.34), for instance, we are
comparing a density term, which in the solvable model vanishes at the bounce, with
a correlation term. Even if one might have reason to expect quantum correlations to
be small, if they are not exactly zero they would still be significant compared to zero.

In the big-bang phase, not just expectation values but also fluctuations, corre-
lations and higher moments of a state are important. Effective equations describe
this as a higher-dimensional dynamical system where quantum variables couple to
expectation values. Such systems can have properties quite different from what a low-
dimensional truncation might indicate. For instance, instead of bouncing sharply the
scale factor could approach small sizes and linger there with nearly vanishing a. But
quantum fluctuations fluctuate, and so @ may never be exactly zero as required for a
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Fig.7.1 A wave packet as a 5
function of volume

(horizontal) and time,

bouncing, spreading and

tunneling as indicated by the 47
contours growing to the right
(bouncing) and /eft
(tunneling) [47]. (Dashed:
expectation value,
long-dashed curve: zero
volume)

bounce; or it might become zero many times, resulting in repeated oscillations of a
small universe. In principle it is even possible for a to approach the singular value
zero asymptotically, despite the bound on energy density during kinetic domination.
Different asymptotic behaviors resulting from the state dependence of evolution have
been demonstrated in the Wheeler—DeWitt context [15, 16]. All these possibilities
remain, at present, wide open. A general conclusion is much more difficult to reach
than in the simple solvable model or in situations close to it.

Even if one could show the presence of a bounce generally, or at least in a suffi-
ciently large class of models and situations, it would provide only a classical picture
by an effective geometry. (In Chap. 10 we will discuss obstructions to the existence of
effective line elements due to quantum-geometry effects in the presence of inhomo-
geneities.) Quantum effects would be included, for instance by holonomy corrections
of geometry and by quantum back-reaction, but the effective bounce would only refer
to the expectation value of a wave function. Repulsive forces of quantum geometry
then erect a potential barrier which classical dynamics cannot penetrate. But quan-
tum physics is rarely impressed by a barrier as long as it is of finite height. Wave
functions can simply tunnel through (see Fig. 7.1), and if they reach @ = 0 in this way
one would again have to grapple with the singularity issue. Thus, the wave function
must still be ensured to be non-singular in a fundamental rather than effective sense,
based on the difference equation it has to obey.

At this point, we have to come back to the factor ordering in the Hamiltonian con-
straint, which was restricted by singularity removal based on the difference equation,
but which was independently chosen in a particular form to make the free scalar model
solvable. These orderings do not agree: using the solvable ordering for a fundamental
singularity analysis would not allow one to evolve through ;« = 0, as can be seen
by looking at the recurrence that follows from (5.20). The solvable ordering must be
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seen as an approximation, just as we had to ignore inverse-triad corrections to real-
ize solvability. Re-ordering terms will introduce additional corrections which spoil
the linear nature of the model, but which like ordinary interactions can be included
perturbatively as long as quantum effects are not very strong.

Ultimately referring to the difference equation to study the singularity issue and
to shed light on what came before the big bang makes us face the interpretational
question of what time is in a deep quantum regime. It is unlikely to be a classically
supported internal time such as ¢ or a, especially if deparameterizability is required
to realize such a time choice. To cross quantum regimes, one might even have to
switch to genuine quantum variables as time parameters which would have no clas-
sical analog [17, 18]. Covariances would indeed be a good choice since they are often
monotonic when a state gets ever more squeezed. (Squeezing has in fact been related
to entropy in several cosmological settings [19-25].) What the difference equation,
essentially using as internal time the triad component (the scale factor squared with
a sign for orientation), gives us as a picture for the transition through the classical
singularity is a branch of a negatively oriented universe flipping to a positively ori-
ented one, turning its inside out. This view is of particular interest if parity-violating
matter is coupled to gravity, as this would strongly influence the transition and make
the pre- and post-big bang phases differ in fundamental properties.

What the effective scenarios studied so far indicate, on the other hand, would be a
bouncing trajectory with respect to some matter clock, which stays at one orientation
of space but provides a minimum for volume. But this is borne out clearly only if
one avoids strong quantum regimes by choosing a large matter content and large p,,
making the universe kinetic-dominated at large volume where it can bounce easily
by loop effects. In a deep quantum regime, single trajectories no longer matter;
many different branches typically arise in superposition. Such a superposition can
include both orientations of space, even for “times” which would all be considered
as being before the big bang. Maybe there is not even a single notion of time that
can explain the whole transition; time like geometry would have to emerge from the
wave function. No such scenario for the emergence of time is available yet, but taken
together all indications for the singularity removal in loop quantum cosmology show
that this is what must be realized. Approaching the strong quantum regime with more
refined techniques than are available now will open up access to this deep conceptual
problem.

7.3 Quantum Cosmology

In the general setting of quantum cosmology, not using specific loop-quantization or
other effects, singularity removal has been suggested and discussed in many different
ways. None of these effects is as strong as the repulsive force arising from holonomy
corrections in loop quantum cosmology, but subtle mechanisms sometimes exist.
Due to the relative weakness, a conclusion about singularity removal here depends
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more strongly on interpretational issues of the wave function. See for instance [26]
for a definition and analysis in the context of the consistent-histories formulation.

7.3.1 Interpretational Issues

Quantum cosmology plays a special role in quantum physics because the observer is
always within the quantum system. The Copenhagen interpretation becomes inap-
plicable, but other options are available. Several of them have been claimed to be the
only viable one in this context, most emphatically for the Bohmian viewpoint and the
consistent-histories approach [27-29] (or even the many-worlds interpretation). The
question of how to interpret quantum states is relevant for the singularity problem in
quantum cosmology whenever arguments are based on typical quantum properties
of wave functions rather than quantum-geometry effects. From this perspective, one
can describe the main progress made by loop quantum cosmology as avoiding inter-
pretational issues either by using quantum hyperbolicity for general wave functions,
or by providing strong quantum-geometry effects.

In many applications of loop quantum cosmology, and in most parts of this book,
one can take a pragmatic view. For observational aspects it is mainly the dynamics
of expectation values and fluctuations that matters. Fluctuations, via quantum back-
reaction, are then important for the dynamics, but not for the measurement problem
where interpretational issues would strike with full force. It may even be possible
to base the quantum-to-classical transition from fluctuations to matter perturbations
in the early universe on quantum back-reaction of modes [30], but this problem still
needs to be explained, perhaps by decoherence. (see also Sect. 10.4.1.)

7.3.2 Examples

If singularity resolution is to be based on aspects of wave functions, specific mech-
anisms require further input in addition to just a quantization scheme, as it has been
done in the traditional proposals for initial conditions of a wave function by Vilenkin
[31] and Hartle-Hawking [32]. This approach accepts the presence of a classically
counterintuitive regime around the singularity, and replaces it with quantum notions
such as tunneling or signature change, or outright quantum potentials [33]. Such
schemes have primarily been formulated in isotropic models, and one often encoun-
ters difficulties when one tries to extend them to more general situations [34, 35].
Also future singularities have been discussed in this spirit [36]. In loop quantum
cosmology, restrictions for states arise via dynamical initial conditions [37, 38].
Sometimes it is argued that quantization of a cosmological model with the positive
scale factor a as the configuration variable resolves the singularity in the sense that
a-expectation values of regular wave functions cannot be zero: any normalizable
state must be supported at non-vanishing values of a, providing contributions to the
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expectation value which cannot completely cancel since no negative a are allowed.
A minimum for a in the sense of expectation values may thus arise at small volume
and strong curvature (where one may not trust Wheeler—DeWitt quantizations but
rather prefer a loop quantization which then removes zero as the minimum for the
basic geometrical variable p). The problem with this statement is that it depends on
interpretational issues of the wave function as well as on implicit assumptions on
the physical inner product. No explicit geometrical picture of how the singularity is
resolved arises in this way, but it has been realized in some cases; see e.g. [39].

More specifically referring to quantum dynamics, quantum back-reaction provides
additional terms to an effective Friedmann equation which should be imortant near
a = 0. Some cases where a bounce at small volume ensues are indeed known [11-13,
15], not derived by the methods used in the preceding chapters but by explicit wave
functions or a Bohmian formulation of quantum cosmology; see also the example
at the beginning of this chapter. In this way, geometrical pictures of singularity
resolution result which qualitatively can be compared with those of loop quantum
cosmology. But the robustness in this case is much less investigated. In fact, at least
the solvable Wheeler—DeWitt model analyzed before, which is free of quantum back-
reaction, does not have a bounce. Whether or not singularities are removed by such
a mechanism alone would thus depend on the matter type.

7.3.3 Dependence on Ambiguities

Any mechanism to avoid singularities must happen or at least mainly apply in strong
quantum regimes. It may thus be sensitive to ambiguities such as factor ordering
choices which have no classical analog. As an example, we look at the volume
quantization in loop quantum cosmology, which has an influence not just on the
dynamical approach to a singularity (the volume operator features prominently in
the dynamics) but also on the identification of homogeneous singularities as states
annihilated by the volume.

In analyzing inverse-triad corrections, here and in cosmological applications of
the corrected perturbation equations of Chap. 10, we mostly use the behavior for
larger values of p where correction functions (3.59) drop off to the classical value
one, as in Fig. 3.3. On very small scales, the approach to zero at © = 0 is characteristic
for operators with U(1)-holonomies as they appear in homogeneous models or in the
perturbative treatment. In particular, as we have seen explicitly in isotropic models
the volume operator V and gauge-covariant combinations of commutators such as
tr(z’ ﬁ[ﬁ_l, \7]) commute. It is thus meaningful to speak of the (eigen-)value of
inverse volume on zero-volume eigenstates. For non-Abelian holonomies such as
those for SU(2) in the full theory, the operators become non-commuting [40]. The
inverse volume at zero-volume eigenstates thus becomes unsharp and one can at
most make statements about expectation values rather than eigenvalues, which again
requires more information on suitable states. Then, the expectation values are not
expected to become sharply zero at zero volume, as calculations indeed show [41]
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(using a kinematical notion of coherent states). In addition, also here quantization

ambiguities matter: We can write volume itself, and not just inverse volume, through
Poisson brackets such as [40]

v = / N T / By (AL (x), [dete(y)[/6)
6(10myG/3)3 ) © Y1) o

j . 2
x / & y2 (A} (x). |det e(y2)[/°) / dy3(AL (), Idete(y3)|5/6}) .

After regularization, splitting the integration into sums over small patches of
coordinate size 5(3) with volume contributions V, & £8| det(é!)|, we obtain

2 i J £ \>
v _(Zg(|det e|) _68 Eabcé"'k €, € €
vV — - 1
/v, J Vvl /6 Vvl /6 VVI /6

2
Sabcgijk 34 5/6 j 5/6 j 5/6
=\ 10y G /33 01 e Vi HAL VIR A V)

whose quantization, making use of commutators, differs from the original volume
operator of loop quantum gravity. If non-Abelian holonomies are used, the new vol-
ume operator does not commute with the full volume operator of [7] or [8]. This
clearly shows that the usual quantization ambiguity in writing inverse-triad expres-
sions also applies to what is considered the relevant geometrical volume. (Related
ambiguities for flux operators have been discussed in [42].) For geometrical prop-
erties one may not only consider the original volume operator constructed directly
from fluxes, but any operator having volume as the classical limit. In order to find
zero-volume states to be related to classical singularities, the general fundamental
dynamics of the form (4.15) indicates that operators constructed through commuta-
tors with the original volume operator are more relevant than the volume operator
constructed directly from fluxes [40]. Thus, as one example of the relevance of quan-
tization ambiguities for questions of singularity removal, specific volume eigenstates
have to be used with great care in applications with non-Abelian holonomies.

7.4 Negative Attitude

Singularity removal in general terms may depend sensitively on specific properties
of the quantum state of the universe which is not under observational control. This
problem applies to the question whether singularities are removed, but also to how
specifically resolution would be achieved. In such a situation, a “negative attitude” is
useful, where one tries to quantify limitations to what can actually be said in detail,
and to find out which possibilities remain within the bounds. An example is the
analysis of asymmetries of states before and after a bounce of the solvable model,
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as already discussed in detail. Continuing such an analysis in this and other models
will show clearly how much the small-volume behavior of quantum cosmology can
be elucidated, and which questions must remain open. The derivations of strong
symmetry bounds in highly specific or even solvable models, by contrast, is much
less relevant because it does not show how the behavior may be restricted in realistic
situations.

Several results in loop quantum cosmology can be seen to be investigated along
the viewpoint of negative attitude. For instance, singularities in tree-level equations
have been identified in scalar models, which are not big-bang but sudden future
singularities [43]. While the analysis based on tree-level equations would still have
to be justified by a detailed derivation of effective equations with the potential used,
as a negative result the statement is of interest: it shows the limitations of tree-level
equations and what quantum back-reaction terms would have to provide to achieve
non-singular behavior in that case. Also, extending ¢ in the isotropic Hamiltonian
constraint to almost-periodic functions in more complicated ways than normally done
can lead to new types of singularities of diverging Hubble parameter even before the
high-density regime of the holonomy-induced bounce is reached [44]. Such studies
show how generic the singularity-resolution mechanisms of loop quantum cosmology
are.

Similarly, possible cases of the large-volume behavior have been studied with
a parameterized form for the growth of quantum fluctuations. The model used was
actually the solvable one, where explicit solutions for the behavior of fluctuations are
available, but with a different factor ordering. What was found by the parameteriza-
tion was that the behavior of fluctuations can be very important for the large-volume
behavior, too, even in the absence of a positive cosmological constant as we discussed
it earlier. If the wrong behavior of fluctuations is used, even a flat model can lead to a
recollapse at large volume in disagreement with the expected classical limit [45, 46].
This is true even for a behavior of fluctuations that would still allow one to interpret
states as semiclassical. The analysis underlines the importance of considering the
exact state properties for effective equations, rather than picking a certain form of
dynamical fluctuations or correlations. All quantum variables must be evolved from
their initial values onwards to ensure that the correct dynamics, also of expectation
values, is captured.

The distinguishing feature of those examples is that they show possible limitations
to proposed singularity-avoidance mechanisms, rather than providing more examples
of the same special scenario such as a bounce. As the theory is further developed,
instances of possible breaches, rather than superficial uniqueness claims of simple
mechanisms, will be very valuable to probe its general behavior.
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Part 111
Beyond Isotropic Models

Isotropic models are special already in their classical dynamics and show
properties, in particular regarding singularities, that are not generically realized in
anisotropic cases. For instance, the typical approach to a homogeneous singularity
is not isotropic but has two directions contracting while the third one expands. This
generic behavior is captured in Bianchi models with their homogeneous but not
isotropic geometries. The BKL scenario suggests that these models describe even
the general classical approach to a space like singularity. Other examples for
important phenomena not captured in isotropic models are black holes and their
singularities.

Techniques must thus be extended from isotropic models to much more general
situations, while still keeping constructions and evaluations manageable. If this
can be achieved, many new opportunities to apply quantum gravity ensue: On a
technical level, results obtained in isotropic models can be checked for their
robustness. Physically, black holes and collapse models can be analyzed, for
instance regarding the end state of Hawking evaporation; and back in a
cosmological context perturbative inhomogeneities can be evolved and possibly
compared with observations.



Chapter 8
Anisotropy

Models can be useful to analyze a complicated general theory. To that end, they
must be simple enough to be tractable but at the same time be able to capture crucial
properties. Symmetry reduction is a popular tool to do this with general relativity, and
it also applies to quantum gravity. In loop quantum gravity, already the kinematical
framework can show several technical difficulties, mainly due to the non-Abelian
nature which makes operators such as that for volume quite involved. Such issues
have to be faced before one even tries to describe and solve the dynamics, and so
already a kinematical reduction must be undertaken with care.

8.1 Constructing Models

In the full setting of loop quantum gravity we only have the connection represen-
tation; no triad representation is available because not all flux operators commute
with one another. They are, after all, SU(2)-derivatives with the well-known angular-
momentum algebra for all pairs of fluxes corresponding to intersecting surfaces. This
sense of non-commutativity [1] is not very strong, and it is not immediately clear
whether there might be implications for the structure of space—time. (In Chap. 10
we will see rather indirect implications on the structure of space—time from prop-
erties of flux operators, but not from their non-commutativity.) Nevertheless, there
are technical implications at the level of kinematical representations of the theory.
In particular, it is natural in such a situation to choose the connection representa-
tion as the starting point also for symmetry reduction, which is in fact facilitated
by the availability of detailed classifications of invariant connections on principal
fiber bundles; see Sect.3.2.3.1 The structure of invariant objects in the space of all
connections is well understood and can be used for quantum reduction.

The first step is to find the reduced form of holonomies. Once this is known,
one can, by analogy with (3.35), construct the reduced kinematical Hilbert space as
the one generated by holonomies out of the constant state. A symmetric sector of
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the kinematical setting of loop quantum gravity follows, derived by acting with a
reduced set of holonomies on the basic state. In a second step, one would use the
canonical structure to represent triad components. This step, however, is not always
trivial since triads, after reduction, are not necessarily represented by pure derivative
operators. In this way, the non-Abelian structure of the full theory may feature also
in models. The simplest models are those that can be formulated in Abelian terms,
either directly for the triads by virtue of their invariant form, or for a new set of
variables with the same geometric information.

Invariant connections are subject to a set of conditions implementing the symme-
try or other properties (such as polarization conditions). Once these conditions are
solved for to parameterize a space of invariant connections, a sufficiently large set
of functions must be found which separates these connections (and so has different
values for at least two such functions when evaluated in two different connections)
and which can be realized as resulting from matrix elements of certain holonomies
of the connections. These conditions do not specify the function space completely;
for instance, one can choose holonomies along different kinds of curves to result
in different classes of separating functions. Among the possible cases one would
then, as always, pick one which provides the strongest simplifications in the alge-
braic behavior (such as straight edges along symmetry generators for homogeneous
models). To some degree, this is analogous to choosing adapted coordinates when
discussing symmetric space—times; in arbitrary coordinates even a highly symmetric
solution can look complicated and hide important properties. In models of quantum
gravity, however, there is an additional uncertainty concerning whether the general
behavior is already captured by one choice of basic functions. In contrast to the
choice of coordinates there is, after all, no simple transformation that would guar-
antee independence of, say, the choice of curves. Different sectors might thus arise
from choosing different types of curves, and differences in the resulting dynamics
should be studied to see how general conclusions can be drawn.

For isotropy, for instance, we have a single component ¢ of invariant connections
in a fixed SU(2)-gauge. Taking holonomies for straight edges along generators of
translations on the homogeneous space, a complete set of matrix elements is of
the form {¢'*¢ : u € R} as used earlier [2]. The resulting function space turns
out to be that of almost-periodic functions: all continuous functions on the Bohr
compactification of the real line. Choosing a set {¢"¢ : n € Z}, on the other hand,
would not have separated connections (although it would have come from holonomies
via edges of a fixed coordinate length). Strictly periodic functions do not provide a
complete kinematical quantization, even though, as we already saw, they are sufficient
to capture the crucial behavior of isotropic quantum dynamics [3].

One could as well choose different edges in this or other examples, not resulting in
almost-periodic functions; see [4]. Among those possibilities, the quantization based
on the Bohr compactification is arguably the simplest one, providing an Abelianized
version of the model since the Bohr compactification of R, just like the real line
itself, is an Abelian group.
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Moreover, holonomies evaluated along more general edges are asymptotically almost-
periodic [5] for large ¢. The behavior near classical singularities (small @) can thus be
expected to be captured well by almost-periodic functions, while general lattice refinement
in any case removes the almost-periodicity of states when one evolves to larger volume.

The choice of curves, or other ingredients, is thus an extra step in addition to
implementing the symmetry of connections. Most of the work done so far in loop
quantum cosmology is based on the use of straight curves, or integral curves of the
symmetry generators, and the simple almost-periodic structures they imply. As in
this case, ideal would always be a formulation of models in Abelian form, where
a complete set of commuting momenta exists and invariant triad components can
be represented just as derivative operators by the invariant connection components.
This is not always possible even in symmetric models, but non-Abelian features
may nevertheless be tractable more generally in such settings. In many models,
it can also happen that momenta of the invariant connection components are not
identical with invariant triad components, especially if a canonical transformation
is involved to bring the invariant space of connections into a quantizable form. In
such a case, even if momenta do not agree with triad components, one could call
quantizations of the momenta flux operators since they would be part of a basic
algebra analogous to the holonomy-flux algebra in the full theory. In this way, non-
Abelian traces of triad operators can show up in models even if they allow commuting
momenta conjugate to the connections. Here, possibilities to understand implications
of the non-Abelianness arise: While fluxes commute, simplifying calculations, triad
operators may be more complicated and show non-Abelian features explicitly. In
particular, calculations and constructions can in such a case often be simplified using
not the connection representation but the flux representation.

Once the kinematics is formulated, constraint operators are to be constructed.
The diffeomorphism constraint can usually be dealt with just as in the full theory,
and the main task is to construct the Hamiltonian constraint operator. At this point,
the relationship of the class of functions used to separate invariant connections to
holonomies along certain edges becomes important. For a correct implementation of
lattice refinement, which is the crucial ingredient in the dynamics given by a Hamil-
tonian constraint, one must know the relation between quantizations of connection
components showing up in the classical constraint and holonomies as they can be
used to quantize them. Generic properties of an underlying lattice structure then tell
one how parameters of holonomies must depend on geometrical properties such as
the size and shapes of regions considered. Since this information goes beyond what
can be derived in a pure mini- or midi-superspace model (even though it can cer-
tainly be formulated completely in such a setting), no unique dynamics can result.
But suitably parameterized, the possible choices can be analyzed well and further
restricted by the phenomenology or other aspects they imply.

The following sections and later chapters will provide several examples for what
has been discussed here in general terms.
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8.2 Bianchi Cosmology

Bianchi models are based on homogeneous spaces with a 3-dimensional symmetry
group acting transitively. The most general anisotropic spatial metric of diagonal
form that obeys these symmetries can be written as

3

IV

hap = Zhlwaa)b,
I=1

where the ! are left-invariant 1-forms on the homogeneous space. A homogeneous
spatial manifold can be identified with the group space up to possible discrete iden-
tifications. For any given Lie group with elements parameterized as G (x“) with as
many group coordinates x“ as the group has dimensions, left-invariant 1-forms can
explicitly be calculated via the Maurer—Cartan form G! 0,G =1y wé, where T} are
Lie-algebra generators. (See e.g., [6] for more details relevant for this section.)

8.2.1 Bianchi Dynamics

The form of the w? follows just from the symmetry type and does not contain dynam-
ical information, which instead is completely contained in the metric coefficients /.
They are spatial constants but may be functions of time, with momenta ! o h;.
The dynamics on the phase space is controlled by the Hamiltonian constraint

1
Ncgw==z(hﬁn52+han%2+hﬁn%ﬁ-—mhyﬂnz 8.1)

—MMﬂ%3—MMn%'—aER55 =0 (8.2)

for a lapse N = +/det h /167 G, with the spatial Ricci scalar

PR _

1 (n'hy  n%hy  n3hs n'n? n'n3 nn3
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in terms of Bianchi parameters n! € {0, +1} determining the symmetry type: Struc-
ture constants of the symmetry group (of class A) are C 5 x = EJK nD . (Forinstance,
n! = 0 for the Bianchi I model with group R3, and n/ = 1 for the Bianchi IX model
with group SU(2)).

It is often useful to apply a canonical transformation

1
oy = 2 loghy, ,OI = 2h([)7'[1 (3.3)
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and diagonalize the resulting kinetic term in the constraint by introducing Misner
parameters [7]:

ol ::a+/3++\/§,3_, an =:a+ﬂ+—«/§ﬂ_, a3 =1o — 2B+ (8.4)

for the metric variables and

N U SR 2 1] 1 ;1 1
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for the momenta. The constraint then takes the form

1 e6a
NCgrav = ﬁ(_pi + P_2|_ + Pz) - WG)R (8.5)

with the anisotropy potential
Opo_ L, 2 (nl ABLHVEB) | 2, 4B V3B | 3,8
2

—2ntn2etfr — 2n1n3e_2(ﬁ+_ﬁﬂ*) — 2n2n3e_2(ﬁ++“/§ﬂ*)) . (8.6)

Example 8.1 (Kasner model) The Bianchi I model is obtained for the choice nl =0,
thus @ R = 0. Equations of motion

Iél = {pl, NCgrav} =0
imply that all p! are constant in time, and

. 1 .
ar = {ay, NCgay} = Z(2P1 - ,01 - p2 - p3) =7

These coefficients enter the spatial metric components
1
h[ — @20{1 — th)eZV l.
Solutions oy () = ¥t + a§0) are subject to the constraint
2 2
) . ~1\2 <1
0= Neg = it - (Tar) =T~ (7).
I 1 I I
Since the Hamiltonian constraint was used with a lapse function N o +/deth

exp((#' 4 7% + 7)1), we transform to proper time by 7 = ft N(2)dr oc exp((v! +
72 + 73)1) and write the line element as the Kasner solution

ds? = —d7? + Tzvl (dxl)z + t2v2(dxz)2 + 12”3(dx3)2
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with Kasner exponents
";1
2

Due to their definition and the constraint, the exponents must satisfy

Zvl =1= Z(vl)z.
1 1

vl =

For all solutions of this form, one v’ is negative, two are positive. The behavior

of expansion or contraction is thus very different from isotropic. The volume V
1,23
v vTv

T is always monotonic and vanishes at T = 0, a singularity.

8.2.2 Connection Variables and Holonomies

Invariant connections of Bianchi type are of the form A; = Ella)é with spatial
constants ¢;. Taking straight lines e; along vector fields X§ = é7 dual to the w!
(X‘;a)‘{ =46 IJ ), we obtain holonomies

he, = exp (f AétiX;’ds) = exp(ﬂ(()l)tiéé) (8.7)
er

with the length parameters Z(I) = f e ds as before. All three holonomies /., in
the three spatial directions can be arbitrary elements of SU(2), fully indepen-
dent of one another. They certainly do not commute in general, such that the full
non-Abelian nature has been reduced in no way. Triads would still be represented as
non-commuting derivative operators

JE=tr((hyt)T8/0h) (8.8)

on the three copies of SU(2); see (3.39). The volume operator is constructed from
gl/Kg, ik J Il J j J Ik(, whose action is equivalent to that of the full volume operator on
the six-vertex obtained as the intersection of three closed loops. In this case, the
volume operator is complicated and cannot explicitly be diagonalized completely;
nor can the Hamiltonian constraint be implemented explicitly.

In the homogeneous setting a functional derivative operator by connection components sees
both endpoints of edges at the same time, such that the &,,, from the point of view of
flux operators, correspond to three closed edges acted on by SU(2)-derivatives at a ver-
tex where they all intersect. The full volume operator is sensitive to the way holonomies
are contracted in a vertex, and possible contractions are dictated by the gauge behavior
of holonomies. In this way, the interpretation of homogeneous vertices follows by using
the gauge transformations h,, +> g 'h,, g with the same g for all holonomies and,
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thanks to homogeneity, without a distinction between gauge transformations at the start-

ing and endpoint of the edge. In the sense of a spin network, gauge-invariant contractions

CRVE )y (hey)N1 B, pjy (hey)™ By pjs (hes) ™ gy of all three holonomies must then be such

that

B B> B: — — Py — D1 DyD
e i @M e i (8N 03 (€7 501 (@) 8,01 (@2 3,075 (9 by = CLI G

This is the same condition as the one for a 6-valent vertex where three straight edges with
spins ji, j» and j3, respectively, intersect.

8.2.2.1 Abelianization

Bianchi models of the so-called type A can be diagonalized, which means that the
form E’} =¢()0 ’, in terms of only three independent components ¢; will be preserved
by evolution. Most of the important dynamical properties, for instance in the approach
to a singularity, are shown in full detail already by such a diagonalization, which is
thus of interest also for an implementation in a quantum model. Putting the diagonal
form into general Bianchi holonomies results in expressions

he, = exp(eErtr) = cos(€("ér/2) + 27y sin(e{ ¢ /2) (8.9)

which can be evaluated easily but still do not commute. However, these holonomies
are of a restricted form, satisfying for instance

tw(log(he,) log(he,)) = €505 é1¢ r(zty) = 0

for I # J. Any pair of such holonomies obeys gh = hg +h~'g + hg~™' — tr(hg);
even though they do not commute, there is a general way to reorder them in simple
terms, a manipulation that would not be possible if arbitrary SU(2)-elements would
be allowed as in the non-diagonal case.

This restricted behavior indicates that a reformulation of the variables allows an
Abelian representation, which is indeed the case [8]: Taking matrix elements of (8.9)
shows that a complete set of functions on diagonal homogeneous connections is given
by exp(iﬂ(()l) ¢1/2), such that the Hilbert space LZ(R%O}“, dp?) arises simply as the
triple product of the isotropic one: we use functions of three connection components
¢y, almost periodic in each of them. Without the diagonalization, by contrast, we
have the form

he, = exp(ﬁé])ﬁiri) = 005(681)61/2) + 2n"I ] sin(Z(()I)él/Z)

with C % = 2?21(55)2 and n’l = 59 / Cy of general holonomies. Informatiqn in the
non-trivial components n’], which in the diagonal case would reduce to §", is not
captured by almost-periodic functions.

A diagonal invariant triad has the form E{' = pY )Sil X{ with components p! dual
and conjugate to the ¢;:
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8y GsY
~  ~J 1
c[ b =
{r,p7} 7
with the coordinate volume ¥ = Z! #?.#? in terms of independent sizes .#’/ along
the three directions. As in the isotropic case, we redefine

_ 1 . Voo
cy = ,f([)c[, pJ = nggLSKL(J)P] = g(f)pj (8.10)

such that

{cr, p’) =8nyGsy. (8.11)

Our phase space is just the co-tangent space over the triple product of the Bohr
compactification of R, such that the quantized fluxes have the simple form

5l — 8”%2’1 (8.12)
i dcy
Their spectra can directly be determined as in the isotropic case:
Pllmrs o, pa) = 4y pprlpn, pa, p) (8.13)
with eigenstates
(c1, 2, 3, o, w3) = exp(i(nicr + pac2 + u3e3)/2). (8.14)

Also the volume operator is simple: in the diagonal case, classically
V = /|p!p?p3| for a region of coordinate size ¥, which directly gives the vol-
ume operator and its complete spectrum (47ry€12,)3/ 2|1 paw3| 2. The reduction of
the SU(2)-gauge leaves a residual transformation p! + —p!, which requires a
corresponding symmetry property of states V/,,,,,,,; in the triad eigenbasis under
Mp = =g

One way to probe whether an Abelian formulation of a model is possible is to
look at the reduced Gauss constraint. It has the general form 9, El“ + &ijk A{l E,‘j =T
where 7; is a possible source term resulting from a theory with non-vanishing torsion.
Ignoring torsion for now, homogeneous models lead to variables where 9, Ef = 0,
such that A} = X9A! and E] = »! E¢ must point in the same internal direction for
fixed I; their vector product in internal space vanishes. We have implicitly used this
property before since we diagonalized the connection and triad in the same frame.
If this were not the case, the derivatives by connection components would not be
identical with triad components but rotated against them. With a constant rotation
there would be no problem; but if the rotation is phase-space dependent, contain-
ing the connection components themselves, triad operators would be complicated
expressions in terms of basic operators, depending not just on the fluxes but also on
connections. In this case, they may not commute and develop complicated spectra.
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We will see an explicit example later on in the discussion of spherically symmetric
and other midi-superspace models, where the partial derivative in the Gauss con-
straint no longer vanishes. Another example is a non-vanishing torsion source, as
it results when fermions are coupled. In such cases, canonical transformations can
sometimes be used to facilitate explicit quantizations in manageable terms.

In the presence of torsion, connections and triads cannot be diagonalized in the same basis,
providing an interesting model to probe non-Abelian features. If we couple fermions to
gravity the Gauss constraint changes by a source term from the fermion axial current
[9, 10]:

GIA] = /d3xA" (7P} — S Vdeths;) = /d3xA" (2P — i = mymix)
X x

(8.15)

in terms of half-densitized [11] 2-spinors x, & and their momenta 7, =i x T and T = igt.
Reduced to a Bianchi-type model, this constraint becomes [12]

; 1
¢>fp;{8i_/k = E,/ldet(Pf)IJl‘. (8.16)

If we assume d)} = C([)Ai] and pi’ = p(I)Ai’, diagonalized in the same basis AL, vanishing
spatial components of the fermion current would be required in contrast to the freedom
allowed in the classical model. In fact, the spin connection now receives a contribution from
a torsion term of the form

8ty G
41+y?)
which turns out to be inconsistent with the diagonal ansatz C¢ K)A"wa if J' # 0 (using the

A’k as it appears in the diagonal triad). Since the spin connection is part of the Ashtekar—
Barbero connection, the latter cannot be diagonal in the triad basis. There are additional
torsion terms contributing to the connection in the presence of fermions, which must be used
for the canonical homogeneous variables. To be sufficiently general, we write

Ejkleﬁjl (8.17)

. _ . oK)

AL = (E) ey ALk, Ef = - pETK x4 (8.18)
where Tl.I is not required to equal A’}. In fact, the relation between A’} and Tl.l is partially
determined by dynamical fields as the reduced Gauss constraint shows. This provides one
example where connection and triad components after reduction are no longer canonically
conjugate: we have

/dg"E?ﬁAé = 1) % (carny) = 0% (ca N T ) — e p " 84T
b

(8.19)

Not ¢; is conjugate to p! but C(,)A’} Tl.(l) is. (Euler) parameterizing Tl.I as T(ey) =
exp(e3T3) exp(e2T1) exp(e1T3) using generators 77 of SO(3) and inserting this product in
the Liouville form shows that the angles ¢; are canonically conjugate to functions of those
in A’}. (For instance, ¢ is conjugate to —tr((c - A)(p - T(e1 + /2, €2, €3))), where ¢ and
p here denote the diagonal matrices with components ¢; and p’, respectively.)
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For simplicity, we continue the discussion with the case where isotropy is realized in surfaces
transversal to the fermion current. This allows the ansatz

/10 0 10 0
Ay =1 0cos p—sinp |, Tjj =[0coso sino (8.20)
0 sin p cos p 0 —sin o cos o

where p and o are the only non-vanishing rotation angles. The Liouville term in the action
then simplifies:

1
8ty G

/d3fo$,A£, =
z

§1,G p"g (C(I)AilTil) —cayp VN 4T

iy
= (10" + L2 c05(p — ) p? + Zi(e3 cos(p — o) p
8ty G
— 6(c2p® +e3p)sin(p — )
_ 1
T 8nyG

(élpl +apt+api+ 5*170) ,
(8.21)

where we introduced
& = cpc08(p —0), &3 =c3008(p —0), po =—(c2p” +c3p’)sin(o — o). (8.22)

(The variable p, is fixed in terms of the fermion current via the Gauss constraint.) In these
components, the symplectic structure is

{c1, p'} =8nyG, {52, pz} =8ryG, {53, p3} =8ryG, |{o,ps}=38nyG.
(8.23)
The kinematical degree of freedom o is due to torsion, but will be removed after solving
the Gauss constraint (which would be trivial for the same symmetry type in the absence of
torsion). This Poisson algebra can easily be quantized by loop techniques. For ¢y, ¢; and ¢3
a Bohr representation arises, while the angle o is simply represented on U(1).

At this stage, we see that some connection components have to be modified in (8.22) to
keep them conjugate to the triad. Alternatively, we could have chosen to keep the connection
components unchanged but transform the triad components to new forms. Then, triads and
fluxes would not agree, and triads (unlike fluxes) may not commute in a resulting quantum
representation. These issues are thus related to the non-Abelian nature of the full theory,
whichis modeled in this setting. It turns out to be more convenient to transform the connection
components, however, since this amounts simply to an implicit subtraction of torsion terms
[12]: Writing

Cy =cyco8(p—0) = czAéTi2 = qb;Tiz
and recalling that TI.I gives the direction of Ej', we can interpret ¢; as a component

a, 2
X530}

(g1 =5y = £\ AL EP 22
2

of the projection of Afl onto Ef. This projection can be seen to remove exactly the torsion
contribution to extrinsic curvature contained in A’. The projection transversal to E{, and
thus the torsion contribution in separation, is realized by the new variable p,. We will provide
more details about the dynamical implications of fermions in Sect. 8.2.4.3
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For another method to deal with non-Abelian features in non-diagonal Bianchi models, see
[13].

8.2.3 Dynamics and Refinement

For the dynamics, we start with the classical expression

_ 1 -2 1 -2 p*p’
H=_—|@B3+al -0 +y ™) —nc —y  aa| |/|I—F
8nG p
2 2 2 p'p?
+[(61F3+C3F1 —Ni)A+y ) —nfca -y~ 0163] ‘ 2
2 3 2 p'p?
+[(61F2+62F1—F1F2)(1+V_ )—nc3 =y 6‘162] ‘ 3
(8.24)
of the constraint in terms of the diagonal variables, where
1 /pK J J K
== (Zn/ + gk 2P i (8.25)
2\ p/ pk (p1)?

are the spin-connection components and n/ again classify the Bianchi type.
In order to loop quantize the constraint, we write the general form

i

H=——— DK yh7 'h 7 g ths', V) + H, 8.26
87T2]/G2ﬁ818233 zg I'( mJy I J K[ K ])+ r ( )

1JK

of a constraint operator [8] as in (4.5), where I:Ir depends on the Bianchi model
and incorporates the spin-connection terms [14]. Connection components are then
expressed via the three independent holonomies i; = exp(id(yc;/2) with §; =
ey D,

Following the same steps as in isotropic cosmology, we can take the trace, rep-
resent the constraint as a combination of shift operators, and derive a difference
equation in the triad representation in terms of the independent quantum numbers
wr. We will see examples for such difference equations in later sections, and now
focus on general aspects regarding the form of models.

8.2.3.1 Lattice Refinement

In an anisotropic setting with several independent connection components, the
connection-dependent part of the constraint would, compared to isotropy, allow even
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more choices to represent it in terms of almost-periodic functions. The freedom can
again be reduced by realizing the expression in the form of a holonomy around a
square loop. Such a relation to holonomies is also important for implementing differ-
ent refinement schemes. To that end one takes the constraint operator (or difference
equation) obtained for constant holonomy parameters §; in h; = exp(id;cy/2),
relates these parameters to geometrical sizes such as lengths or areas, and introduces
a possible dependence on the geometry. Also here, there is now much more freedom
than in isotropic models since holonomies along the three independent directions
can depend differently on the geometry. Even if one restricts attention to power-law
cases, a single parameter such as x before does not suffice. This parameter can still
be used to characterize the total volume dependence of the number of patches, but
in each direction patches may refine differently. To summarize this, we now write

MOV A (2 ()N ()v3(1) = V| p' @) p> () p3 (1) (8.27)

for the volume, which must factorize into three independent equations
ACIIOERZNIIAG] (8.28)

for the extensions of the three directions, where ¥ = 1. ¥2.¢3 The product
MM A3 as the total number of patches can then be parameterized to be propor-
tional to a power | p! p? p3|~* of volume, but this does not fix the individual depen-
dences of A7 (p!, p?, p?). If dependences are such that .47 (p’) depends only on the
geometry of its own direction, for instance .47 oc |p!|'/? or | p!|™* more generally,
the refinement resembles what we have in isotropic models, just for three directions
independently. In this case, while step sizes may not immediately be equidistant,
variables can be redefined to make them so. But in anisotropic models the generic
behavior would be one where each .47 depends on all the triad variables, which in
general results in a difference equation whose steps cannot all be made uniform. In
fact, it is rather natural to expect that .47 depends on the extension in direction 7,
given by the co-triad component |e;| = /|p!p2p3|/p’. (This non-trivial case is
required for consistent dynamics in the sense of stability [15]. At least one of the
variables can be made uniform, corresponding to the total volume as the isotropic
average of the degrees of freedom. Also at the quantum level there thus seems to
be an advantage to using Misner-type variables splitting the scale factors into the
volume and anisotropy parameters.) One thus has to deal with difference equations
on a genuinely non-uniform lattice, which poses new mathematical and numerical
problems. Methods of handling non-equidistant difference equations of this form are
being developed [16, 17].

8.2.3.2 Singularity

The general type of difference equations can be used to infer properties similar to
those of isotropic models. First, there is no singularity because wave functions are,
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starting with initial and boundary values, uniquely evolved on all of minisuperspace,
including configurations which from the classical perspective would lie beyond a
singularity. For this conclusion, only steps in the difference equation around where
one of the 17 vanishes need be used, which is independent of the refinement scheme.
Further restrictions on the refinement do, however, arise by making sure that the
difference equation has good stability properties: solutions in classically allowed
regions must be oscillatory rather than increase exponentially. For this, the refine-
ment must be such that classical regions are provided with sufficiently fine lattices,
while quantum regions can have significant coarseness. In contrast to isotropic mod-
els, ensuring this behavior in the whole minisuperspace is non-trivial and restricts
refinements even beyond the volume dependence; see Sect. 8.3 and Sect. 11.2.1.3 for
further details.

8.2.3.3 Fermions

Another interesting application of anisotropic models is the inclusion of fermions in
the dynamics. The direction distinguished by the fermion current does not allow its
inclusion in isotropic models, but rather simple anisotropic ones can be obtained. An
advantage compared to isotropic models with a scalar source is that a fundamental
fermion restricts, via Pauli’s exclusion principle, the amount of matter that can be
present per degree of freedom. The kinetic energy of a scalar field can be made
arbitrarily large by raising its momentum, a freedom often exploited to produce
bounces in kinetic-dominated regimes. A fermion field, on the other hand, has a
maximum excitation level per degree of freedom, which does not allow one to raise
the density arbitrarily.

Continuing with the constructions in Sect.8.2.3 we now incorporate a matter
source Hfermion = %nG /12 / p2 [p!| in the Hamiltonian constraint, with a den-
sitized fermion current ¢, := +/det hJ; pointing in the anisotropic direction. (At
this stage, we assume the Gauss constraint to be solved; see [12] for more details.)
We represent fermion states as the space of functions f(®,) of four independent
half-densitized Grassmann-valued variables ®,, o = 1, ..., 4, for the four compo-
nents contamed in the fermion fields & and . The fermlonlc momenta 7g = i§ T and
Ty =1ix T then give rise to components @, represented as 19/9©,. The densitized
current component _#| = éTcrlé + x oy x then becomes

= h ® h—® h—@ h—@ 8.29

/1 1+8® 2+8® 3+a®4 (8.29)

The operator 6%2 O+ % ®; can easily be diagonalized: Each 2-spinor copy has two

eigenstates fp(®) = 1 and f 0(@) = ©,0, of eigenvalue zero, and one eigenstate

each f1(®) = ©1 0, of eigenvalue £ 1. Taking the tensor product of both 2-spinor
copies & and yx then gives current eigenvalues zero, =/ and +2h.

States in the triad representation are now given by wave functions v, ,, (®) with the flux
eigenvalues 11 and po and the fermion dependence via ®. For the vacuum model, there is
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a symmetry transformation flipping the sign of j1, or changing the orientation of space. It
thus amounts to a parity transformation which does not leave the fermion fields invariant.
The complete parity transformation IT is represented as

il
V2 (O1, 02, 03, 04) —> Yy 4, (O3, B4, O, O2) (8.30)
switching the places of the 2-spinor components.

The energy density of fermions can only be microscopic: eigenvalues of _#| can
be at most 2A. Fermion models can thus be expected to be significantly different
from kinetic-dominated scalar models, but they have not been studied in detail yet.

8.2.4 Reduction from Anisotropy to Isotropy

Anisotropic models are useful also in that they allow explicit symmetry reductions at
the quantum level, providing a test-bed for the general procedure of deriving models
from the full theory. Starting with a general homogeneous setting, isotropy can be
introduced and then compared with the original isotropic reduction. In this way one
again goes beyond the minisuperspace quantization of a single model, putting all
homogeneous models in one setting. Moreover, the techniques allow perturbations
around isotropic models, adding perturbative anisotropies to the dynamics.

To illustrate the reduction, we follow [18] and use an LRS Bianchi I model which
has one rotational symmetry axis in addition to the homogeneous Bianchi I symme-
tries. Invariant connections and triads in this case are

Al dxt; =At'dx + Ar?dy + C1ldz (8.31)
a 9 i ~ 1 ~ 2 ~ 3
Ei7T =pAT Oy + paT 0y + pct’0; (8.32)

and have Poisson brackets

{C. pc} = . (8.33)

As before, we factorize the coordinate volume into ¥ = (£1)2.¢3 (with £ = #?
owing to the rotational symmetry) and absorb factors into the basic variables by
rescaling

A=ZL"A, C=2L3C, pa=L"Lpa, pc=(LY pe. (8.34)

The new variables are invariant under rescaling the coordinates by x — Xipx,
y = A1y, z = Aszz. (Notice the density weight of momenta: when we rescale
coordinates, the densitized vector field E//dx! transforms to A7A3 E19/3 (1 x")).

As in general diagonal Bianchi models, there is a residual gauge transformation
pa = —pa which can be fixed by requiring p4 > 0. The sign of pc, however,
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does have invariant kinematical meaning as the orientation of the triad. Both triad
components together determine the volume

Vaniso = vV Pi|PC|- (8.35)

The classical Hamiltonian constraint takes the simple form

_ _ A
Haniso = —(87G) 1y =2 (A“’— + 2AC\/|PC|) + Hmater(pa, pc) =0
Vlipcl

(8.36)

as a reduction of the general Bianchi Hamiltonian (8.24).

For a perturbative treatment it is useful to perform a linear canonical transforma-
tion which explicitly splits the variables into isotropic ones and perturbations (a form
of Misner variables for LRS Bianchi models):

1 1
(c.p) = (3(214 +0),3C@pa+ pc)) (8.37)

1 1
(€, pe) = (g(A — 0. 3(pa— pc)) (8.38)

with Poisson brackets

8ty G 47y G
; e pe) = ;/ . (8.39)

{c. p} =
The original variables are obtained by the inverse transformation

(A, C)=(c+e,c—2), (pa,pc)=(p+pe.p—2pe). (8.40)

For perturbations we assume p, < p; in particular, the approximation will break
down close to classical singularities of the isotropic type where p = 0. For the
connection we only assume & >> 1 regardless of the value of the isotropic c.

There are different ways to introduce such a transformation; the one chosen here
gives rise to a volume expression

= 53 3025 — 203 = (5132 _3p; 3,23 8.4
Vaniso =4/ |P PP psl =|pl 1 21;2 + 0(pg/P ) (8.41)

which agrees with the isotropic one up to terms of at least second order in p,. The
Hamiltonian constraint becomes

Huiso = =5 |pI7? (25 = 65 + §p + 28pepe + O(p}/ ) + Hutier (. pe)

(8.42)

8w Gy?

up to terms of third order in the perturbation.
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At the non-perturbative anisotropic level, the Hilbert space and the basic
holonomy-flux representation on it are constructed as in general anisotropic models.
We have the space
%niso = %so & %so (843)
of almost-periodic functions in two variables, with orthonormal basis

(A, Clu, v) =expi(nA +vC)/2), u,veR. (8.44)

Holonomy operators act by multiplication as before,

W) =+ p.v), hE | v) =, v+1) (8.45)
for
WP = exp(ipA/2), hY = exp(itC/2), (8.46)
and fluxes are
Palm, vy = 2wy ol v),  pelu, v) = dmy i, v). (8.47)

Gauge invariance of states under the residual transformation can be ensured by work-
ing only with states zu,v Yu,vlw, v) where ¥, , is symmetric in . In terms of the

triad operators, we have the volume operator V = ./ pAlpcl.

8.2.4.1 Isotropic Distributions

The relationship between isotropic and anisotropic variables is now to be formulated
at the quantum level. Isotropic states are not contained in the anisotropic Hilbert
space, for they are not normalizable from that perspective. They can instead be
realized as distributions. To do so explicitly, we select the dense subspaces Cylig,
and Cyl, ;. of cylindrical functions in the two Hilbert spaces. They are finite linear
combinations of the basis states |u) and |u, v), respectively. Distributional states are
linear functionals on the cylindrical subspaces. Taking all spaces together, we write
the two Gel’fand triples Cyl;,, C s, C Cyli  and Cyl, ;s C #aniso C Cyl5 -
Isotropic states [19] in the anisotropic model can now be introduced as distribu-
tions supported only on isotropic connections with ¢ = 0. Such states must indeed be
distributional: they are supported on a set of measure zero in the space of anisotropic
connections. Explicitly, they can be implemented by an antilinear map

*

0: Cyliso = Cyllisor I10) H (1 (8.48)

such that



8.2 Bianchi Cosmology 149

o(lu)lle, T)] = (ulp, t) = {ulp, T)la=c=c forall |p, T)

implements the distributional restriction to isotropy A = C = ¢ by using
(A, Clp, T)|a=c=c = (¢, clp, T) = exp(i(p + T)c/2).

We compute (u| by expanding o (|n)) =: ZK’A O () (K, Al

0pe (1) = o (U))1ps 7)1 = / &2 0D/ () = 8y
Thus,

(1l =0(m)) = D Suprelpo, Tl =D (0, 1= pl (8.49)
P,T

0

summing over all real numbers, which for a distribution in Cyl} . " is well-defined.

To confirm the symmetry of the states, we evaluate (u|p, T) = 8§y, p4¢: the dis-
tribution is non-zero only if the averaged label p 4 t equals the isotropic one, in
eigenvalues

Iy (o +1)=2pa)p + (hc)e = 3(P)pse

as required for triad operators quantizing the second relation (8.40). Fluxes are
thus isotropic in the states. Moreover, (ulhff)h(cp)_l = (w]: the dual action of
exp(ipA/2) exp(—ipC/2) = exp(3ipe/2) acts trivially on symmetric distributions,
in accordance with the fact that they are supported only on isotropic connections
with e = 0.

In this simple, finite-dimensional case the definition of a symmetric state can
easily be seen to amount to the following procedure: Take an isotropic state in the
connection representation and multiply it with a §-distribution supported at ¢ = 0
on the Bohr compactification of the real line, §(A — C) = > o elP(4=0)/2

ei“C/zﬁ(A —-C) = elnC/2 Zeip(A—C)/2 — Zei(PA+(M—P)C)/2 =o(lu) (A, C)).
P P

The result is a symmetric distributional state in the anisotropic model according
to (8.49). Our original definition (8.48) generalizes this concept to more general
systems where explicit constructions of delta-distributions on subspaces of invariant
connections would be too complicated.

Unlike holonomies, not all operators map a symmetric state to another symmetric
one by their dual action. This prevents us from directly defining all operators for the
isotropic model, such as the Hamiltonian constraint, by deriving them from the dual
action of anisotropic operators. But suitable operators do exist for which a reduction
can be done, and they suffice to derive the basic operators of the model and the
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holonomy-flux algebra. For flux operators, one can easily see that 2p4 + pc = 3 13
is the only one mapping an isotropic state (x| to another isotropic state:

o(lu)p = 2(ul@2pa + po) = $myGunl = o (plu)). (8.50)

It also agrees with the isotropic flux operator f) defined in the isotropic model: the
actions of p and o commute. For holonomies, arbitrary products of i 4 and #¢ map
an isotropic state to another one, which follows from the fact that A Ahgl acts as
the identity while the remaining factor simply amounts to an isotropic holonomy
operator. Holonomy operators form a closed algebra with the isotropic flux operator

p=1@pa+ po):

PRSPl v) = =37y 60 + Dl + p, v+ 1) = — 47y (o + R hE 1, v),

(8.51)
thus [hff)hg),ﬁ] = —%nyﬁ%(p + r)hff)hg). The anisotropy operator p, :=
%( pa — Pc) could also be included in a closed algebra due to

RS, pel = Ly (Lo — o) nPn{ (8.52)

(after all, the anisotropic operators form a closed algebra) but it does not map an
isotropic distribution to another such distribution.

Operators isolated so far represent many of the elements of the classical basic
algebra, split into averaged isotropic and perturbative anisotropic ones. The unique
flux f) fixing isotropic distributions corresponds to the average flux. Holonomy prod-
ucts fixing any isotropic state represent the connection perturbation ¢. While these
operators are intrinsically defined, making use only of the symmetry properties, no
unique quantization corresponding to ¢ can be obtained in this way. Even at the
algebraic level of operators, where the distributional nature of symmetric states does
not matter, a reduced model is not simply a subspace of a less symmetric one.
Instead, it also requires a factorization procedure: We can act with all holonomies
on symmetric states since they leave this space invariant. Thus, the unique averaged
flux together with all anisotropic holonomies defines the reduced basic algebra. On
any given symmetric state, many anisotropic holonomies have the same action. A
unique representation thus requires factoring out equivalent actions.

This is fully analogous to the classical situation where the splitting of anisotropic
variables A and C into an isotropic average ¢ and an anisotropy is not unique. The
situation here is thus equivalent to classical averaging problems, which for inhomo-
geneities play important roles in cosmology. Classically, a given p, corresponding
to our unique flux operator mapping isotropic states to isotropic ones, determines
a form of ¢ (corresponding to the uniquely defined holonomy operator & Ahgl fix-
ing isotropic states) as a linear combination of A and C by requiring {p, ¢} = 0.
A unique form for ¢ and p, can then be obtained only with an additional choice.
(We did this classically by requiring the volume (8.41) to receive corrections only
to second order.) One can for instance define p, = %( pa — pc) as above and then
require that (8.52) vanish, analogously to {c, p,} = 0. This prescription yields hihc
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as a specific choice of the isotropic holonomy operator in addition to the flux 13 The
pair indeed forms a subalgebra of the anisotropic operator algebra, isomorphic to the
isotropic algebra and mapping isotropic states to isotropic states.

This example illustrates the constructions of symmetric models within a fuller set-
ting. Models cannot be directly embedded in the full theory, but their basic algebra
and quantum representation can be derived from the full one: We use the classi-
cal relations between symmetric and non-symmetric variables to define a distin-
guished subalgebra of the non-symmetric holonomy-flux algebra o piso. Using the
fact that the non-symmetric representation is cyclic on |0, 0) such that the subspace
Danisol0, 0) is dense in 50, We generate the representation of the reduced model
by acting only with the symmetric subalgebra on the cyclic state. In this way we
define the reduced state space, which is equipped with an inner product by requiring
holonomy operators to be unitary and fluxes to be self-adjoint. Upon completion, this
inner-product space defines the Hilbert space of the isotropic model and its quan-
tum representation in agreement with the loop quantization of the classically reduced
model. Key properties of holonomies and fluxes, such as the spatial discreteness they
imply, then descend to the models. Characteristic features of the representation are
inherited from those of the less symmetric system or even the full theory. From the
basic algebra one can construct more complicated operators such as the Hamiltonian
constraint by following the constructions done in the full theory.

The constructions in the anisotropic setting can also be used to illustrate difficulties
expected for a reduction of models from the full theory: (i) The Hamiltonian con-
straint is constructed by analogy, not derived, even though its characteristic features
known from the full theory are implemented. (ii) The averaging problem is relevant
since one must know not only the classical embedding of symmetric configurations in
non-symmetric ones but also a projection or factorization map in the opposite direc-
tion, here used to single out the isotropic degree of freedom c. This problem is easily
tractable for isotropic models within anisotropic ones, but much more complicated
for inhomogeneities even classically [20, 21]. Once the reduced algebra and Hamil-
tonian constraint have been constructed, the development of perturbation theory is
merely a technical issue. For isotropic models within LRS Bianchi I space—times,
this has been done in [18] (see the next subsection), for isotropic models in Bianchi
IX space—times in [22].

8.2.4.2 Anisotropic Perturbations

For small connection components, the nature of the fundamental evolution equation
as a difference equation does not matter much and a Wheeler—DeWitt limit can be
taken. This is routinely done to confirm the continuum, small-curvature limit of
loop quantum cosmology [23]. (See also [24].) In the present context of uninhibited
isotropic curvature, we intend to treat the average isotropic component c still in its
quantum configuration space Rgohr, while ¢ is a small perturbation for which only a
part of the quantum configuration space near ¢ = 0 should matter, blind to the Bohr-
compactified nature. A wave packet peaked at a small value of ¢, for instance, would
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not be sensitive to the whole configuration space. The behavior of the perturbation
can thus be formulated on the ordinary Schrodinger Hilbert space 7% = L*(R, ds),
with a dynamical equation in the triad representation expected to be of difference
type for p, but differential for p,.

States: Accordingly, we assume that the wave function does not vary rapidly when
pe changes. In an approximate sense, an operator for ¢, rather than just its holonomy,
then exists. With the Schrodinger Hilbert space 7§ for anisotropies, we define the
perturbative Hilbert space

%ert = Hiso @ I (8.53)

and realize its dense subset Cyl;;, ® Cylg as a subspace of the dual Cyl; .. . In the

Schrodinger Hilbert space we have to choose a suitable dense set Cylg, which for
our purposes will be the set of all functions that are products of a polynomial and a
Gaussian. Schrodinger states in Cylg can be interpreted as distributions on the Bohr
Hilbert space [25] using the antilinear map

7 Cylg = Cylop 7(W)[1p)] = /eipgmde for ¢ € 4.

Dual actions of basic operators on those states are given by
(e (YN = (WIHL1p)] = 37y 65 / pel?* Y (e)de

. d —
=§nyﬂ§/e“’€ -iaw(s)ds =7 (—3imy3dy/de) [1p)]

(8.54)
and

(elfé‘n(w))['p)] :,(//[e—ifé"p)] — /ei(/)—l')é‘mdg — /eipé‘ei‘[é‘-‘ﬂ(g)dg
=n (™ Y)llp)].

(8.55)

The momentum operator is a derivative operator on the Schrodinger as well as the
Bohr Hilbert space, while (eif‘E T(Y))(e) =m (ei” ¥)(¢). On the Schrodinger Hilbert
space, unlike the Bohr Hilbert space, we can now take the derivative with respect to
7. By going to the dual action on the image of 77, we obtain a simple multiplication
operator for ¢, well-defined with domain 7 (Cylg).

While the perturbative space does not have a canonical isotropic subspace, any
fixed state ¥ € Cylg, understood as the map C — Cylg, 1 — W, provides a
mapping id ® W: Cylj;, — Cyl,. from isotropic cylindrical states to perturbative
cylindrical states. For states in the image, anisotropies are small in mean value, but
not eliminated exactly, if the state is chosen to have significant support only for
small perturbations. There are now two ways to implement symmetries: the strict
one by o and the perturbative one by my 1= (*Qm) o (id ® V), both as maps from
Cyly,, to Cyl*

ISO amso
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Cyli*so Cyl;niso
U U
J"ifsc jipaniso
U U
Olio —gmy ~ Mo @ C¥ls = Cylpen C¥laniso

The * here denotes the antilinear dualization of isotropic states.

On the perturbative Hilbert space, averaged operators can be implemented as
before. In addition, we now have non-trivial operators for perturbations. Any
anisotropic operator %) acting on #niso has a dual action on *x ® n(Cylpert), but
does not necessarily fix this subspace of Cyl? . . It does so perturbatively when
we expand it as a sum of operators in the perturbative sector. With an unsqueezed
Gaussian for W, for instance, we have perturbative states of the form

Y(A,C) = ei‘_)E/ze—(S—SO)2/4dze3i8pg/4nyg}2)

where ¢ = %(ZA +C)and e = %(A — () are understood as functions of A and C.
By the chain rule, we then have flux operators

A . a 4 . a a oA
(8.56)
and

A 20 8 a9 9 4 2- A
pcy = Briylp—y¥ = —zmwiylp| = — — | ¥ = (gnyﬁpv — 2p8) .
aC 3 c
(8.57)
Composite operators. Expansions can be used for composite operators, for

instance when eigenvalues are already known. If an anisotropic operator O has
eigenstates |, v), we take the eigenvalues O, , and insert, following (8.56), (8.57),

<l

+ P,
. (8.58)
P

" %\7 + p,s/ZnyE]% =
% %\7

— pe/2mylh =

W= W
<l

with P := p./2m yﬂ%. This procedure yields a function O (v, P) which we expand
in the perturbation P /v,

0@. P)=Y 01 )P (8.59)
k

Note that P itself need not be small compared to one by our assumptions, which

would mean p, K Z%,. We have, however, used P < v for anisotropies small
(k)

compared to the isotropic average, such that each Oj

(v) must drop off at least
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as vk, For any fixed k, the values Oi(sko) (v), interpreted as eigenvalues, define an

isotropic operator 0F = 30 0% ) [5) (5| such that OX|5) := 0*) (%)|v). Thus,

K IS'O 150 150 180
we obtain the expansion

180

0~> 0% e P (8.60)
k

acting on .

Such expansions will also have to be applied to operators implementing lattice
refinement. For instance, the C-holonomy, taken not as a basic operator but as one
with refinement A43(py4, pc) in its argument, has the action

e, vy = v+ A, v) 7
on anisotropic states. We expand
N, v) = N5 (30 + P, 30 — P) = A3 (30, 39)+ P (3ut5 — 8y M5) + -

and write the refinement in terms of isotropic discrete labels only, but with higher-
order terms in the P-expansion:

- 1-\—1
RPN v) = L v+ A5 (30, 40) 7 = P@uts — 0y M5) + ).

A similar equation is obtained for hE{Vl). As a result, the action of

M)y —14 (A3 - 1\l . |
G0l vh = =i (35, 59) vkt (35, 49) )

on isotropic distributions is the identity only for isotropic refinements, 4] = .43.

For operators not having |, v) as eigenstates, an expansion is not always possible.
To continue with the example of lattice-refining holonomies, we first prepare the
expansion by writing, for instance, h(é%) = exp(iC/2.43) = exp(ic/2.43) exp(—ie/
A3). The e-expansion can now easily be done, but the first exponential may depend
on P via .45 whose expansion is non-trivial. We may write

exp(ic/2.45) = exp(ic/2.45(20/3, 1/3)) — %iap(aum — 0y Ma) F -

to expand in P and write an operator in a form analogous to (8.60), but the expansion
coefficients are not all almost-periodic in ¢ as they should if the operator were to
act on Cyl.;. Lattice-refining holonomies can be expanded around the isotropic
model if and only if the refinement functions are of the form 47 (u + v) = A7 (V)
depending only on the isotropic discrete scale. Then, no coefficients with non-almost
periodic functions in ¢ arise. The condition for a reduction and an expansion to
exist, requiring anisotropic refinement functions to depend only on the isotropic
discreteness scale, is consistent with the absence of refinement in Wheeler—DeWitt
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models, whose representation is used here for the anisotropy parameter. Anisotropic
refinement cannot fully be modeled perturbatively.

Hamiltonian constraint. The main example for an operator to be expanded is the
Hamiltonian constraint. It will provide the form of a difference-differential equation,
because the isotropic average is Bohr quantized, while the perturbation is Schrédinger
quantized. The form resembles that of isotropic matter models where for instance a
kinetic scalar Hamiltonian can simply be quantized to a second-order derivative as
used before. However, the structure of the equation for perturbative anisotropies turns
out to be crucially different from what is obtained in isotropic matter models (4.15):
Now even highest-order terms in the difference operator contain operator-valued
coefficients, of the form

As4a¥s1a(e) + Bsyrs(e) + Coars_a(e) = 0. (8.61)

In order to derive the form of the operator coefficients and some of their crucial
properties we now perform the anisotropic expansion as already defined in general
terms.

Following the general construction of Hamiltonian constraint operators in loop
quantum gravity—(4.5) in the full theory or in model systems as in (8.26)—we begin
with

H =857 sin (}8A) cos (18A4) sin (§6C) cos (36C) Oa

+ 4573 sin? (15A) cos? (184) Oc (8.62)
with
5 i , X -
Oni= 3o (sin (264) ¥ cos (364) - cos (554) V'sin (354))  (8.63)

i
T 2wy

>

(sin (%SC) V cos (%SC) — cos (%SC) V sin (%SC)) . (8.64)

The numerical coefficient is chosen mainly for simplicity of the following equations,
and including a factor £, 2 = (Gh)~! as it results from quantizations of the Poisson
brackets {A, V}and {C, V}, respectively, as used to represent the inverse determinant
of the triad. In all these expressions, we use the same § for both sets of independent
variables since we are interested in a comparison with isotropy, and we ignore lattice
refinement in order to highlight the structure of the resulting equations more clearly.

The operators O4 and O¢ are diagonal in the triad eigenbasis, which allows us
to perform their expansion via the eigenvalues

(0w =280/, (O0)u = ton (VI8 = VIV =3]) . (865

Inserting the perturbed pu = %f) + Pandv = %\7 — P, we obtain
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_ 2 — 3 1 9 1 .,
Py=—dtp (V)| - z—=P — 3 Pt :
Oa(v, P) 7 p( V] PN L + ) (8.66)

Oc (v, P) =%8epsgn<ﬁ> (mmm%ﬁ +3 (Awm - |ﬁ|A35ﬁ) P
9 1 1
-7 (21an T + Blaw ) P2+ ) (8.67)
with
1
Asf ()= 5o (f (0 +8) = [ (5= 8)). (8.68)

The holonomy contributions can be expanded by ordinary Taylor expansions of
sine and cosine with A = ¢ + ¢ and C = ¢ — 2e:

4sin (384) cos (364 ) sin (35C) cos (55C) =sin(6¢) - 85in(52) cos(60)e

— 52 (2 +3 sinz(SE)) &2 4 ... (8.69)

4sin*(}8A) cos®($8A) =sin’(8¢) + 26 sin(8¢) cos(8¢)e
+87 (1-3s5in*(50)) £ + - (8.70)

Combining all terms present in (8.62) and expanding in P as well as ¢, we finally
obtain

40p sin (3c)

ﬁ (\/l7 + UA35\/|7)
8 1 1 1
- zfeps“‘ 6 (ﬁ — sgn(v) (mﬁ— §|5|A3aﬁ)) P
4¢p sin(8¢) cos(8¢) (\/ﬁ _ 21‘)A35\/W) .

3 5
3/3¢p sin?(8¢) (1 i} 1 B} 1 5
- 2Az5—— As—— ) ) P
2 2 (|ﬁ|3/2 +Sg“(”)( » 3’3|v|3/2))
sin(8¢) cos(8¢) 1 _ — _ 1
—24/30p ( — — 2sgn(d) (A35~/|v| - |v|A35—_)) eP
s Vvl Vvl

4¢
f ((2 4 35in2(8)/]5] — (1 — 35in2(88)) 5 Assy/|7] ) &2 4.
(8.71)
By a tedious but straightforward calculation one turns this expansion into a dif-
ference equation by representing the sines and cosines on isotropic triad eigenstates,
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while ¢ and P become operators in the Schrodinger Hilbert space for the perturbative
anisotropy; the operator form of Ag, ég and C 5 in (8.61) follows. To leading order
for large v >> § (for which the action of A3 reduces to a derivative by v) the linear
perturbation terms drop out, as in the classical expansion. For the recurrence one
must invert the operator coefficients, which is not guaranteed to be possible for all
states. A breakdown may signal singularities in the perturbative formulation.

8.2.4.3 Singularities

As usual, the perturbative expansion has a limited range of validity. Generically, one
should expect it to break down in particular close to a classical singularity where
anisotropies usually grow very large. Nevertheless, there are special initial conditions
for which anisotropies would remain small rather close to a classical singularity, and
so it is of interest to see if the singularity removal based on quantum hyperbolicity
of the loop quantized anisotropic model can also be seen perturbatively. As already
noted, the recurrence is crucially different from that of non-perturbative models in
that operators, not just complex coefficients, must be inverted.

It turns out that large values of v ensure the invertibility of differential opera-
tors in the dynamical equation, but this does not happen at small v where the P-
terms in (8.71) are more relevant. Some of the coefficients even diverge, for instance
Azs|p|73/% for v = 38, and the perturbed equation itself becomes ill-defined. In
fact, such a breakdown where coefficients start to diverge happens even if v is not
zero. Although such values of v are small and of the order one, one can still arrange
states for which P < ¥ remains satisfied. There are thus initial conditions for which
the perturbative quantum dynamics breaks down before the perturbation assump-
tion does: the perturbed model does not remove the singularity, even though it is a
perturbation of the non-singular isotropic model within the non-singular anisotropic
one. While those states may be very special, their existence shows that the generic
singularity-removal mechanism of quantum hyperbolicity cannot be realized pertur-
batively.

The analysis provides a cautionary conclusion: perturbative treatments of quantum
space—times near singularities do not always provide a reliable result. Perturbations
may appear singular even though the underlying non-perturbative treatment makes
singularities disappear, and also the opposite behavior is conceivable. Perturbation
theory can, however, be used well to analyze the approach to a classical singularity
and signal any deviation from classical behavior; or it can be used for evolution away
from a singularity, as in observational cosmology.

8.3 Black Hole Models Inside the Horizon

Anisotropic homogeneous models can be used for non-rotating black holes. The
Schwarzschild space—time
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1
ds? = —(1- = )dP + ———dr? + r2dQ2 8.72
g ( ) Tacamn T (672

is spherically symmetric, static outside the horizon at r = 2M, and homogeneous
inside the horizon. Inside the horizon, it is not of any of the Bianchi types but rather
of Kantowski—Sachs form: a geometry that is homogeneous with one rotational axis,
not implementable as an LRS Bianchi model. It presents an interesting system for
loop quantization because it can be used to shed light on black-hole singularities.
And the presence of a horizon poses additional questions for consistency, not just
regarding the usual causality aspects but also for lattice refinement: near the horizon,
the size of any homogeneous region becomes very small such that a refinement
model, as used earlier, for which .4 o V, provides only a few patches even though
the near-horizon region for large black holes is supposed to be macroscopic. We will
discuss this issue after presenting the technical formulation of the model.

8.3.1 Canonical Formulation

We now have invariant variables of the form [26, 27]

Aitidx” = ¢r3dx + (@t + bro)d® + (—=b1| + am) sin Yde + 13 cos vde
(8.73)

a_i
Ei't

~ . el - - . 0 . - ad
oya — Petasin 19£+(Pafl+PbT2) smﬂﬁJr(—panrparz)@. (8.74)

Our coordinates (x, ¥, ¢) are adapted to the symmetry, where we denote the radial
variable as x to indicate that it need not be the area radius » (for which the angular
part of the metric would have a coefficient r2). In fact, in the interior of (8.72) with
r < 2M the non-angular spatial coordinate is x = ¢: the angular metric component
is not x2. For a general densitized triad of the symmetric form, we have the spatial
line element

+ ~2
- %{’”dﬁ + |peld? (8.75)
Pe

obtained from ¢%* = EY Ef /| det(E5)|. For comparisons of quantum and classical
behaviors, we will also use the co-triad

ez 7;dx?% = e, t3dx + (e,T1 + ep12)dY + (—epT) + e,12) sin ¥dg (8.76)

with components

5 524 52
VIPelPa NIPelpy _ SgnPc\/pZpr
T men  Jmen O

(8.77)
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The phase space is spanned by the spatial constants (@, b, &, pa, pp, pe) € RS,
which have non-vanishing Poisson brackets

{a, pa) =vG| &L, (b, pp)=vG|ZL, (¢ pc)=2yG|ZL

Here, we have fixed the orbital coordinate area of size 47, and ¥ is the size of a
coordinate interval along x used in integrating out the fields in

1 /d3A-l~Ea_£;~+£b;~+£;~
8ryG | © et T oGP T g T 4P

to derive the reduced symplectic structure. The SU(2)-gauge transformations rotating
a general triad are partially fixed to U(1) by demanding the x-component of E' to
point in the internal r3-direction in (8.74). The U(1)-gauge freedom allows one to set
a =0 = p,, still leaving, as in the Bianchi I LRS model of the preceding section,
a discrete residual gauge freedom (b, Db) > (—b, — Pp). The remaining variables
can be rescaled as

(b,c) = (b, 23), (pb: pe) = (L b, Pe)- (8.78)
to make the canonical structure .Z-independent:

All this mimics what we had done for isotropic cosmology, just replacing the coor-
dinate volume 7 used earlier by .Z. Also as before, this parameter will play a role
in lattice refinement. In particular, there are only three .Z’-independent quantities: b,
pe and ¢/ pp. A proper discussion of lattice refinement is necessary to allow for a
dependence of observable expressions on all four phase-space variables, in particular
on pp by itself as it is suggested for instance by inverse-triad corrections. Without
lattice refinement, one would be misled into believing that inverse-triad corrections,
or any quantum correction depending on p; but not on ¢, could not exist.

8.3.2 Loop Quantization

To express the elementary variables through holonomies it suffices to choose curves
along the x-direction of coordinate length £ = 7.2 and along ¥ of coordinate length
Zg =  since this captures all information in the two connection components,

) o TC . TC
hy”’(A) = exp dxct3 = cos 5 + 273 sin 5 (8.80)
0

woo b b
hU9(A) = exp/ ddbtr = cos “7 + 27 sin “7 (8.81)
0
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As in general anisotropic models, the quantum Hilbert space is based on cylindrical
states depending on the connection through countably many holonomies, which can
always be written as almost-periodic functions f(b,c) = > ot Sfu.rexp((ub +
7c)/2) of two variables. These form the set of functions on the double product of the
Bohr compactification of the real line, a compact Abelian group. Its Haar measure
defines the inner product of the (non-separable) Hilbert space, where states

(b, clp, ) = Wb+TI2 T e R (8.82)

form an orthonormal basis. Holonomies simply act by multiplication on these states,
while densitized-triad components become derivative operators

0 0
pp = —iyler—,  po= —2iyli—. 8.83
Db oy De DA (8.83)
They act as
poli, v = Yy Bulp, ), pelp, ) = ylitin, 1), (8.84)

immediately showing their eigenvalues.

The Hamiltonian constraint, now to be quantized, requires care due to the pres-
ence of intrinsic curvature (or a non-vanishing spin connection in the homogeneous
slicing). It can be written as

ai bj
Coray = L/cl%ca-k(—oF" + 2k )i (8.85)
grav )/2 3 ab ab |det E|
where Q’; 5 Tiedx? Adx? = —sin 9 r3d® Adg is the intrinsic curvature of two-spheres,

while °F fb is the curvature computed from A’, ignoring the spin-connection term
sin 9 73d¢ in (8.73). (The factors of y ensure that (8.85) is the Lorentzian con-
straint, which in homogeneous models can be formulated without explicit reference to
extrinsic curvature.) We replace the inverse determinant of E¢ by a Poisson bracket,
following [28],

et EVEM -1 D L abe K 60,001 1 (gg6)
- K c 'K K ’ :
JIdetE|  4nyG Ket bl £
with edge lengths £y = 6, and Eg/ ¥ = 85, and left-invariant one-forms wX on
the symmetry group manifold. We use independent §-parameters for the different
directions. So far, they are treated as constants and could take the same value, but
they are mainly place-holders for lattice refinement, for which in general different
behaviors are realized for the independent directions; see below.
For curvature components °F (fb we use a holonomy around a closed loop

OF ), ()1 = ) — 1) + (b + &PV (8.87)

wlw]
A1)
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with

h;SJ) — h;81)hgaj)(h;sl))_l(h(‘;sl))_l (888)

and .«7] ; being the coordinate area of the loop, using the corresponding combinations
of ! . Putting all factors together and replacing Poisson brackets by commutators,
we have the Hamiltonian constraint operator

O Zi(ysax(%(%)qtr(zEuz(,;;anﬁ(]an;lgan—153»)—1,;5?@m(;(sm—l’ %
VK

+2y 2850V T 0])

Spb Spb 1) 38
= 4i(y38x8§Z]23)_1 (8 sin 07 cos w2 sin ox¢ cos ox¢

S9b ~ Ssb S9b ~ Ssb
X (sin %VCOSL —COSLVSiH %)

Sy b Syb SxC A SxcC 8xC A SxC
.2 0p 2 0% 242 o Ox Xt X in —
+(4s1n - cos - +y 519> (sm > V cos > cos > V sin > ))
(8.89)

which acts as

COpt, 7y = @p38:83 )™ (20Vtss.r = Vimsy )it + 289, 7 +26)
— i+ 2697 = 28¢) — |1 — 285, T+ 26,) + [ — 289, T — 25,))
+ Vst = Vir-s )i+ 485, 7) = 201+ 22831, 7) + | — 485, 7)) )

on basis states. This operator may be ordered symmetrically, defining ég?nm =
%(6(5) + CA‘(‘S)T), whose action is

CA§;‘2nm|u, ) = @y 8:8565) ™ ((Viussy.r — Vimsyor + Virasy o428, — Viersy c+25,)
X |+ 28y, T+ 268x)
— Vitsy.r = Vi—sp.o + Virssg.r—26, — Virsy c—28) |10 + 289, T — 28,)
= (Vutsy,r — Viu—sy,r + Viu—sy,r+28, — V=385, r+28,) 10 — 289, T + 20x)
+ (Vuasy.r — Vi—sp.r + Viesy t—26, — Viu—3sp,0—28,) |1t — 289, T — 28y)
+ %(Vu,wsx — Vyo—s, + Virasy c+s, — Virasy o—s.) |l + 48y, T)
=201+ 2285 (Vi o8, = Visr—s )l )

+ %(VM,I-HS,\‘ — Vir—s, + Vi—asy ts, — Vi—dsy.r—s5,) e — 489, 7)) .

(8.90)
Transforming this operator to the triad representation obtained as coefficients of a
wave function ) = > ot Y,z l, T) in the triad eigenbasis and using the volume

eigenvalues
Vie= 47[\/ |(PAc)//.,r|(ﬁb)p.,r = 277(VE123)3/2 i,
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a difference equation

14 A it + 281+ /1t
%(Cs('y?nm|¢))u,r =289 (V1T + 28| +VITD) (Vpur28y 026, — Viu—259.7+26,)

b2
+ (VT + 0] = VIt = 8 D1 + 289) Y putasy o
=201+ 228 Ve + (1 — 289)Vp—dsy.7)
+28(J/1t = 28| + VItD) (Vp—28, 026, — Vput289,0—26,) =0
(8.91)
results for physical states. (For small i the equation has to be specialized further due
to the remaining gauge freedom; see [26].)

8.3.3 Tree-Level Equations

For a first analysis of the consequences of quantum-geometry corrections one may
modify the classical equations by holonomy (or inverse-triad) terms suggested by the
loop-quantized Hamiltonian constraint. In this way, ignoring quantum back-reaction
in effective equations, one derives the tree-level approximation to loop quantum cos-
mology. Even with this simplification, a complete analysis of global space—times is
complicated, not the least because of the considerable ambiguities in formulating
detailed quantum-geometry corrections for homogeneous models, and then extend-
ing them to the spherically symmetric exterior outside the horizon. Investigations are
still ongoing, even while some results have already emerged. For instance, possible
non-singular space—times and extended horizons, based on holonomy or discretiza-
tion corrections, have been constructed [29-35], deriving consequences for instance
for Hawking evaporation in [36]. Black-hole collapse models with corrections moti-
vated by the behavior of inverse triads are studied in [37-43].

These considerations must await a fully consistent, anomaly-free formulation of
inhomogeneities before reliable constructions of global space—times can be achieved.
So far, consistent deformations of spherically symmetric models have been found
only in models with inverse-triad corrections [44-46] or a subclass of holonomy
corrections [47]; see also the next chapter. The equations of [32] are based on a
consistent set of discretizations, but ones obtained after a partial gauge-fixing.

8.3.4 Lattice Refinement

For lattice refinement, let us now assume that we have a lattice with .4~ vertices in
a form adapted to the symmetry: there are .45 vertices along the x-direction (whose
triad component p. gives rise to the label 7) and f/Vﬁz vertices in spherical orbits
of the symmetry group (whose triad component p;, gives rise to the label w). Thus,
N = %JK,Z. Since holonomies in such a lattice setting are computed along single
links, rather than through all of space (or the whole cell of size .Z’), basic ones are
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hy = exp({yct3) and hy = exp(ﬁg 512). Edge lengths are related to the number
of vertices in each direction by ¢ = £ /.4, and Eg = 1/ Ay, or 8 = 1/M4%,
8y = 1/4y. With the rescaled connection components ¢ = Z¢ and b = b we have
basic holonomies

h, = exp(%f_lcm) = exp(ct3/ANy),

9 (8.92)
hy = exp(£yb12) = exp(bra/ Np).

Using this in the Hamiltonian constraint operator then gives a difference equation
whose step-sizes are 1/.47.

Now allowing a phase-space dependent .4” to implement refinement, we obtain
an operator containing flux-dependent holonomies instead of basic ones, for instance
(e, Thy = A (e, T) exp(cta/ A5 (1, 7)) which reduces to an .44 -independent
connection component ¢ in regimes where curvature is small. Keeping track of all
prefactors and holonomies in the commutator as well as the closed loop, one obtains
the difference equation [15]

C+(n, 1) (WMHJ%(MJ)‘],r+2ﬂx(u,r)" - wu%%(u,r)‘l,r+2%§-(u,r)‘1)

+ Colt ) (4245 (s D™ Wora ooy

=201+ 27245 (s D e+ (0= 285 s DWW a b ey
+C-(u, 1) (1/’/#2«/1{9(/1,0",r72«/1§(u,r)" - w/HZ»/Vﬁ(u,r)“,rfl/Vx(u,r)“) =0.

(8.94)
with

Calp, 1) =245 (. 1) (VT £ 2440, )1 + V) (8.95)

Colp, T) = VIt + ()7 = VT — A, 1)1 (8.96)

(A total factor ,/1{(</VL92 for the number of vertices drops out because the right-hand
side is zero in vacuum, but would multiply the left-hand side in the presence of a
matter term.)

As in isotropic models, different refinement schemes can be analyzed. First, the
volume dependence of the total number of vertices allows different choices, such
as JI{CJ{?Z o V2% in power-law form. Even if this power is fixed, for instance by
using a number of vertices proportional to volume, different options remain. If the
number of vertices is proportional to transversal areas, we are led to .#; o /[t] and
Ny o« /i as introduced in [48]. Here, .4, and .4y are determined by eigenstates
of p. and py, respectively. If the number of vertices in a given direction is propor-
tional to its linear extension, we have 45 o /|t| and .4, o u/+/]7| as determined
by eigenstates of quantized co-triad components; see (8.77). Interestingly, these two
cases can clearly be distinguished, and the first one be ruled out [15]: it leads to unsta-
ble evolution where wave functions would behave exponentially even in large parts
of the phase space in which they should be semiclassical. (See Sect. 11.2.1.3).Here
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we have an example for restrictions of different refinement models. In particular, it
shows that one cannot always confine attention to difference equations which are of
constant step-size, or can be transformed to be of this form; for this would be the
case only for the refinement model of the first type (with .4} a function of 7 and .4y
a function of p only) which is ruled out.

Actually, no refinement model whose number of vertices follows a power law
in its volume dependence can be consistent in the black-hole interior case. Here,
the presence of a horizon becomes important, which is supposed to be a semiclas-
sical regime of low curvature (for large black holes). However, in the phase-space
coordinates corresponding to a homogeneous slicing the horizon is encountered at
u = 0, where the volume collapses. Thus, the number of vertices with a power-law
dependence of the volume with x < 0 is very small in some neighborhood of the
horizon, where the homogeneous model should still be valid, and strong discreteness
corrections ensue. For a consistent refinement scheme one has to ensure that the
number of vertices remains large even when the volume vanishes at the horizon (but
not necessarily at the singularity where the volume vanishes as well due to T = 0).
Power-law forms do not result in semiclassical behavior in sufficiently large regions
of the phase space. Strict prescriptions of the volume dependence of refinement, such
as the case x = —1/2 going back to [49], or .4 o V, are not viable.

8.3.5 Singularity

The singularity must be analyzed directly at the level of the difference equation for
a few recurrence steps around t = 0, where the refinement does not matter. As
in general anisotropic models, the recurrence continues through r = 0, removing
the classical singularity. Some coefficients do vanish in the recurrence, implying
decouplings of some values. Detailed considerations show that this requires solutions
to be symmetric under t — —t [50], which is a consequence of the dynamics. (If
one would add a matter term to the difference equation, this behavior would no
longer be realized. But then the model would lose its interpretation as black-hole
interior, although it could still be regarded as a cosmological model.) The reflection
symmetry of solutions is an interesting consistency test: it implies that the behavior
after the classical singularity is the same as that before. Since the exterior is static
in the classical solution, the reflection symmetry is an important condition for the
non-singular interior to be matchable to a static exterior. For such a matching to be
done explicitly, we must consider the quantization of spherically symmetric models.
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Chapter 9
Midisuperspace Models: Black Hole Collapse

Inhomogeneous models of various kinds provide important steps toward the full
theory, adding the issue of infinitely many degrees of freedom. The simplest inho-
mogenous model is that of spherical symmetry, which provides interesting ways to
test the formalism as well as applications in the context of black holes. In the vacuum
case the model has a finite number of dynamical degrees of freedom, but the infinitely
many kinematical ones already allow one to test field theoretic aspects.

9.1 Spherical Symmetry

Spherically symmetric models are constructed along the lines seen already for
homogeneous ones. We start by taking the classical form of spherically symmet-
ric connections and densitized triads [1]:

A=A, (x)T3dx+ (A (x)T1+A2(x)T2) AP+ (A (x)T2—A2(x) 7)) sin Fdp+73 cos Hdy
9.1)

and

P 9 P
E=E'(x)nsind—+(E' ()11 + E>(X)1) sin® — + (E'(x)12 — E*(x)11) —
dax v g

9.2)

with real functions Ay, Ay, Ay, EX, E I'and E? on the radial manifold B coordi-
natized by x. (Again, we denote the radial coordinate by x to indicate that it is in
general not identical to the area radius.) The functions E*, E! and E? on B are
canonically conjugate to Ay, Ay and Aj:

1
Q= dx(dAy AdE* 4+2dA; AAE" +2dAs ADE?).  (9.3)
14
B
These expressions are spherically symmetric in the following sense: infinitesi-

mal rotations act by Lie derivatives with respect to superpositions of vector fields
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X = sin@dy + cot} cos@dy, ¥ = —cos pdy + cot ¥ sin@dy, and Z = 9,. The
first term of A is clearly rotationally invariant, while for the others we have

cos ¢
LxA = (A111 + Arrp) cospdp — (—ArT + A1 T2) Sino do
sin ¢ cos ¥ cos ¢
— d dd
B (sin s i sin? 9 )
cos cos
=|A, —r1 ] d( —T )
[ sin ¥ 3| F sin ¥ 3
. sin ¢
YA = (At 4+ Arrp) sinpdp — (—Asxt) + A1) Sinl?dﬁ

sin ¥ ¢ sin? 9

sin ¢ sin ¢
=|A, T dl—r1
|: sin ¢ 3:| + (smﬂ 3)

ZL7A=0.

9 si
- (cosgod _ cos smgodﬁ)

Thus, any rotation of the connection amounts to just a gauge transformation, which is
also true for the densitized triad (9.2). Expressions of this form were first used in the
context of Yang—Mills theories [2, 3]. A general mathematical theory is based on the
classification of invariant connections on symmetric principal fiber bundles [4, 5],
which shows all possible classes of invariant connections. See also [6] for a summary.

These variables are subject to constraints, obtained by inserting the invariant forms
into the full expressions. We have the Gauss constraint

G\ = /dxA(EX/ +2A1E? —2A,E") 2 0 9.4)
B

generating U(1)-gauge transformations (the prime denoting a derivative by x), the
diffeomorphism constraint

Dgray[Ny] = / dxN,(2A\E' + 2A5E* — A EY) (9.5)

B
and the Hamiltonian constraint

—1/2
Corav[N] = 2G) ™! / dxN (|E"|<(El)2 + <E2>2>) (9.6)
B

x (215)‘(151A/2 — E2A)) + 24, E* (A1 E' + ALE?)

+(AT+ A2 ((E1)2 + (Ez)z) —(14y?)

><(ZKXEX(KlE1+K2E2)+(K12+K22)((E1)2+(E2)2))) 9.7)
=: —H"[N]+ P[N] 9.8)
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where HE is the first (so-called Euclidean) part depending explicitly on connection
components, and P the second part depending on extrinsic-curvature components
(which are themselves functions of A; and E). Spherically symmetric extrinsic cur-
vature is written in a form analogous to (9.1), without the last term which is necessary
only for connections but not for 1-forms, defining the components K; and K>. The
classical equations have been analyzed and solved in complex Ashtekar variables in
[7-9], where Wheeler—DeWitt-type equations were provided as well.

A Wheeler—-DeWitt quantization of midisuperspace models results in functional
derivative equations where, for instance in the connection representation, the E 1
become functional derivatives. A loop quantization, on the other hand, replaces all
connection components by holonomies. To that end, it is useful to introduce variables

Ap(x) == VAI(x)? 4+ Ax(x)?, 9.9)
E?(x) ==V EW(x)2 4+ E2(x)? (9.10)

and a(x), B(x) defined by
Ag (x) =: 71 cos B(x) + 1 sin B(x), 9.11)
A‘g(x) =:11c08 (@(x) + B(x)) + o sin (x(x) + B(x)) (9.12)

for the internal directions

AQ(X) = (A1) — Ax(x)T1)/Ag (%), 9.13)
AL(x) = (E' ()12 — E2(x)11)/ E¥ (x). (9.14)
Similarly, we have A Q (x) = —11 sin B(x)+ 12 cos B(x) and an analogous expression

for A%. These variables are adapted to a loop quantization in that holonomies along
integral curves of generators of the symmetry group are of the form exp(§A, A (’;‘).
However, E? is not the momentum conjugate to A, which instead is given by

P?(x) :=2E?(x) cos a(x). (9.15)
Canonical coordinates are thus the conjugate pairs Ay, E*; Ay, P?; B, PP with
PP (x):= 2A4,(x)E? (x)sina(x) = Ay (x) PY(x) tan ar(x) (9.16)

The momenta as basic variables will directly be quantized (some of them smeared),
resulting in flux operators with equidistant discrete spectra. But unlike in the full
theory and (torsion-free) homogeneous models, the resulting quantum representa-
tion has a volume operator that does not commute with flux operators: classically we
have {V, P?} = 2E%{cos«, P¥} # 0 since cosa = AS . A% depends on the con-
nection. This property follows since volume is determined by triad components, in
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particular E¥ which is related to P, in a rather complicated way involving the con-
nection component A, . Thus, the volume operator has eigenstates different from flux
eigenstates, which makes the computation of commutators with holonomies more
complicated [10]. An alternative way to derive volume eigenvalues in a quantization
based on the variables A, Aj and A, is pursued in [11, 12].

This issue is a consequence of inhomogeneity: The Gauss constraint now reads
3, EX + PP = 0, which would require sin@ = 0 in a homogeneous model where
dy E* = 0. With spatially varying E*, however, cos « is free to change and constitutes
one of the degrees of freedom. The non-commutativity of volume and fluxes can thus
be seen as a consequence of inhomogeneity, which is responsible for further technical
complications; see also the discussion in [13]. Nevertheless, this issue can be rather
straightforwardly dealt with in spherically symmetric models, which thus provide an
ideal class of models between homogeneous ones and the full theory.

9.1.1 Canonical Transformation

By a canonical transformation which ensures that now E? plays the role of a basic
momentum variable one can considerably simplify the formalism. Such a step will,
of course, change the configuration variables, no longer being purely connection
components. At first sight, this seems to render the procedure unsuitable for a loop
quantization where basic operators make use of holonomies of the connection. After a
transformation of the canonical variables, holonomies in general will be complicated
functions of the new variables such that the new quantum representation would not
be suitable for a loop quantization. It turns out, however, that the special form of
a spherically symmetric spin connection and extrinsic curvature for a given triad
leads to new variables which are ideally suited to a loop representation even from
the dynamical point of view. As we will see, we just trade connection components
for extrinsic-curvature components.
The co-triad corresponding to a densitized triad (9.2) is given by

e = ext3dx + ey ALdY + e, A, sin¥dg (9.17)

with
@

VIETT

From this form, using general equations, one computes the spin connection

e, =/ |E¥| and e, = sgn(E") (9.18)

/

e e
= —(a+p)rdx + LA%d0 — LAY sinddg + 73 cos g (9.19)
e e

X X

and the extrinsic curvature for lapse function N and shift N¥,
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K=N""(éx—(N"ex))r3dx+N " (6y—N*e[) AL d?+N 1 (éy—N*e[,) A% sin ¥ dg.

(9.20)
We define the p-components of I and K as
eéﬁ Ex, 1 !
R — N - > X
F(p = —Z——m, K(p =N (e(p—N E(p) (921)

which combines to A, = \/T'2 + y2K 2 since the two internal ¢-directions, A? and

A(g in the de-terms in (9.19) and (9.20), respectively, are internally orthogonal.

Many steps in the usual constructions of a loop quantization become more com-
plicated when triad components are not among the basic canonical variables. On
the other hand, applying a canonical transformation such that P is replaced by E¥
may lead to more complicated configuration variables which are no longer related to
holonomies in a simple way. Fortunately, some properties of the explicit form (9.19)
of the spin connection and (9.20) of extrinsic curvature in spherical symmetry allow
one to perform a suitable canonical transformation.

Since the momentum of Ay is already given by a triad component E*, it will be
left unchanged by our canonical transformation and we can focus on the variables
Ay, P¥; B, PP. Using the definitions (9.15) and (9.16) of P¥ and P# in the canonical
Liouville form and trading in E¥ for P¥ results in

P?dA, + PPdp = 2EY cosadA, + PPdp
= EYd(2A, cosa) — 2EY Aydcosa + PPdp
= E¥d(2A, cosa) + Pdn. (9.22)

In the last line we now have E? as the momentum of the configuration variable
2A,cosa, and the old P7 := P# as the momentum of the angle n = o + f
determining the internal triad direction.

As a function of the original variables, A, cos a looks complicated and does not
seem to be related to holonomies. In fact, in terms of canonical variables « is a
function of both A, and the momenta P¥ and P# such that it cannot be expressed
as a function of holonomies in the original variables alone. However, the structure
of (9.19) and (9.20) shows that there is a simple geometrical meaning to the new
configuration variable conjugate to E¥. Here it is important to notice that the internal
directions along a given angular direction of a spherically symmetric I" in (9.19) are
always internally perpendicular to those of E (note that A% and A‘g are exchanged in
(9.19) compared to (9.2)), while the corresponding extrinsic-curvature components
are parallel to those of E. Since A is obtained by summing I" and K, we write

AypA) =TyA + yK,A
with A = A‘g and A = A%. This implies

Agcosa = AN - A =yK, (9.23)
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where the left equality uses just the definition of « in (9.11) and (9.12). Thus, the
new configuration variable is simply proportional to the extrinsic-curvature com-
ponent K.

Note that it is well known in the full theory that extrinsic-curvature components are
conjugate to densitized-triad components. But as we have seen for Ashtekar—Barbero
variables, this does not imply that the ¢-components as defined here are conjugate,
while E!, EZ would obviously be conjugate to A1, As as well as K1, K. The non-
trivial factis that in contrast to the angular Ashtekar—Barbero connection components,
the angular extrinsic-curvature component as configuration variable allows one to use
triad components as momenta. As the derivation shows, this consequence depends
crucially on properties of the spherically symmetric spin connection and extrinsic
curvature. That E¥ is conjugate to K, follows from the fact that £ and K have the
same internal directions, while the orthogonality of internal directions in I" to those
of E is relevant for details of the canonical transformation.

With the new canonical triad variables, using

A;, sinae = (Ag sina)’ — Ay’ cosa = I‘;) — yKyo!
we have the Euclidean part

HE[N] = —(ZG)_I/de(x)|EX|_1/2 ((rf, +y? K, — DEY +2yK,EX(Ax + 1) — 2E"r;,)
B

(9.24)
of the Hamiltonian constraint and the full constraint
H[N] = _(zc)*l/de(x)|EX|*1/2 ((1 — T, + K))E?
B
42y K, ET Ay + 1) + 2E"I‘fp) (9.25)

withT'y, = —(E*)'/2E? as a function of triad components as per (9.21). From (9.19)
we have y ' (A + 1) = K, and the constraint can directly be written as a function
of the densitized triad and extrinsic curvature.

9.1.2 States

With the new spherically symmetric configuration variables A,y Ky, n the
construction of the quantum theory proceeds along the general lines of a loop rep-
resentation. The sole connection component in the one-dimensional setting is A,
which is represented by U(1)-holonomies /.(A) = exp (%1 | LA xdx) along edges e
in the one-dimensional radial manifold B. Thq other configuration fields are scalars,
taking values in R (for y K,) and U(1) (for e!), respectively. They are thus repre-
sented by point holonomies 4, (Ky,) = exp(iy K, (v)) with y K, taking values in the
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Bohr compactification of the real line, and /2, (1) = exp(in(v)) taking values in U(1).
Both point holonomies are associated with vertices v: points in the radial manifold
B. At this place, we will follow the general constructions outlined in Sect. 3.2.2.3.

A spin network state is obtained by evaluating holonomies in irreducible represen-
tations of their respective groups and multiplying them to a complex-valued function
on the configuration space. Taking U(1)-representations pj : e > ¢! for integer
k and RBohr-representations Pt 2> e for real u, we have

Tg k, u(A) = HeXp —1k /Ax(x)dx H exp(ipyy Ky (v)) exp(ikyn(v)).
eeg veVi(g)
(9.26)

If we allow all edge labels k, € Z and vertex labels u, € R and k,, € Z for arbitrary
finite graphs g in the one-dimensional radial manifold B, we obtain a basis which is
orthonormal in the product of Haar measures on the groups involved.

By definition in (9.9), A, is always non-negative, which is sufficient for the full
space of connections because a sign change in both components A; and A, can
always be compensated for by a gauge rotation. The extrinsic-curvature component
K, on the other hand, is measured relatively to the internal direction A‘fY in (9.20)
and thus both signs are possible: K, € R. This is a further advantage of using
extrinsic curvature rather than connection components for the angular components:
no boundary effects arise for instance in the discussion of self-adjointness of flux
operators (see Sect.2.2).

Flux operators are obtained from functional derivatives by configuration variables.
For E ¥ we obtain the action

E*(x)f(h) =

aof
S h,—— 9.27
ah A, (x) 2” P; on, ©-27)

where f can be any cylindrical function depending on the holonomies /.(A) =
exp (%1 fg Axdx) . To simplify the notation we assumed that x lies only at boundary
points of edges, which can always be achieved by subdivision, and which contributes
the additional % (Similar operators for flux or orbital area have been considered in
[14, 15], with applications to horizon states.) The other flux components, P¥ and
P#, are density-valued scalars and thus will be turned into well-defined operators
after integrating over regions .# C B. We obtain

~ a2 )
/E‘/’f(h) = 2lzp/ E,G )dxf(h) 21131» 3h iE, (x)
S

I

(9.28)

and similarly
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[ B =-2ivéy 2 a—()f( ) 929)
54

On spin networks, this gives

ke*(x) + ke (x) T

EX()Tg =yl 5 ko (9.30)
/Eng b =vl D inTe ko 9.31)
7 vesS
/13 Totop =276 D kT ko 9.32)
7 vedS

where e* (x) are the two edges (or two parts of a single edge) meeting at x.
These operators allow us to quantize the volume V (.%) = 47 [ g Ax/|EX[EY of
aregion .# x > C B x S? resulting in the volume operator

V() =4n/dx|E¢(x)| |E*(x)] (9.33)
B4

where E #(x) is the distribution-valued operator

Ew(x)Tg,k,u = VZ% ZS(V, x)ﬂng,k,,w

veB

Note that, just as A, in (9.9), also E¥ is defined to be non-negative in (9.10). Thus,
only labels 1, > 0 should be allowed. Again, as in Bianchi models or the Kantowski—
Sachs model, it is technically easier first to allow all values 1, € R and in the end
require physical states to be symmetric under i, — —pu, (solving the residual gauge
transformation). We thus write explicit absolute values around E ?(x) and . The
volume operator then has eigenstates (9.26) with eigenvalues

1
View =47y206 > wly S ket + ke (9.34)
Vv

Here, the eigenvalues follow immediately with eigenstates identical to flux
eigenstates.
The Gauss constraint

G[r] = /dx/\(E*’ + P ~0 (9.35)
B
is easily quantized to
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GIMTg k= vt D AW ket ) — ke + 2k0) T k. u = 0. (9.36)
Vv

One can formally derive this expression by assuming piecewise constant A, for which
f;f AEYdx = A(E*(x4) — E*(x_)) can be used for each segment of constant A,
and eventually taking the limit in which smooth A are obtained. Directly solving the
Gauss constraint imposes the condition

1
ky = —E(ke+(v) —ke-v)) (9.37)

to be satisfied for gauge-invariant spin network states. In (9.26) we thus eliminate
the integer-valued vertex labels k, and obtain the general form of gauge-invariant
spherically symmetric spin networks

1. .
Tokop = Hexp Elke /(Ax +n')dx Hexp(l,uvyl((p(v)). (9.38)
e e v

They depend only on the gauge invariant configuration variables A, +7" = y K, and
y K. At this stage, all configuration variables which enter are extrinsic-curvature
components. Having used K, for point holonomies thus turns out to be a nat-
ural step at the level of gauge-invariant states. (Note that the presence of point
holonomies depending on K, without integrations allows non-trivial gauge-invariant
spin-network states with bivalent vertices in a one-dimensional manifold).

9.1.3 Basic Representation from the Full Theory

As in the example of reducing an anisotropic model to isotropy in Sect.8.2.5,
we can induce basic holonomy and flux operators from the full theory on spheri-
cally symmetric states. This demonstration will support the construction given so
far by showing how basic operators of the model are related to those used in the
full theory. Spherically symmetric states can again be interpreted as distributions
in the full Hilbert space, but the dual action of arbitrary full operators applied to
distributional symmetric states does in general not lead to another symmetric state.
In fact, if we use symmetric distributions without taking further steps, we manage
to embed symmetric states as distributions in the connection representation of the
full theory, but implement symmetry conditions only for connections and not for
triads. A consistent reduced model, already at the classical level, requires analogous
conditions to be imposed for connections as well as the densitized triad. In a con-
nection representation, triad conditions can only be imposed at the operator level.
Even classically the Hamiltonian flow generated by a phase-space function would
in general depart from the subspace of invariant connections if arbitrary triads were
allowed (while the flow always stays inside the subspace of invariant connections
and invariant triads if the symmetric model is well-defined).


http://dx.doi.org/10.1007/978-1-4419-8276-6_8

176 9 Midisuperspace Models: Black Hole Collapse

There are, however, notable exceptions of objects whose flow does fix the space
of invariant connections, and which allow us to obtain all operators for the basic
variables directly from the full theory. This is the case for holonomies of A, and
Ay, which commute with connections anyway. But we can also find special fluxes
whose classical expressions generate a flow that stays in the subspace of invariant
connections. For instance, for the 73-component of a full flux for a symmetry orbit
§%, F3,(x) = — [g 2tr(r3(E (x)adx))d?y, we have

(AL (), Fo)| gyxe = ST GOL5: / 5(r. y)dy
S2
which defines a distributional vector field on the phase space parallel to the subspace

iy x & of invariant connections (parallel to A,). If we look at any other internal
component, such as F' 522 using 13, on the other hand, the Poisson bracket is propor-

tional to 8382‘ , which is not parallel to the subspace of invariant connections where
only the t3-component is non-vanishing for dy_A. Similarly, one can see that the
flux

A

FA' (=2 / (tr(A;\(x)(E(x)de))dxdﬂ +tr(A$(x)(E(x)Jd19))dxd<p)
I xS!

for a cylindrical surface along an interval .¥ C B generates a flow parallel to A,
leaving the space of invariant connections invariant. (We must use A rather than A g:
the resulting functions on phase space produce a flow along A; -components, parallel
to the space of invariant connections. Moreover, {Aé, A4} = 0 while {Aé, Ag} #0.
The A g, had we used them, would thus contribute to the flow.)

These two fluxes are sufficient for the basic momenta since

-2 / tr(t3(E (x)dx))d?y = 4w E¥ (x)
52

and

) / (tr(AQ(x)(E(x)qu)))dxdz?—i—tr(Ag(x)(E(x)sz?))dxdgo)
I x5!

=2n/P‘/’(x)dx
g

whose quantizations can thus be obtained directly from the full theory. The canonical
pair is automatically produced in this way, with A“-projections providing P¥ rather
than E? as the momentum.

For the flow F 532 (x) we obtain the 73-component of a vector field along the
x-direction. The pull-back to invariant connections, contained in the definition of
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a distributional symmetric state, ensures that the dual action of the flux opera-
tor for F ;2 (x) on the distribution can be expressed by an SU(2)-invariant vector
field on the reduced representation where only radial holonomies h)(f) appear. (Here
we use SU(2)-holonomies h)(f) = exp( fe A,t3dx) along the radial direction and
h((px) = exp(A(p(x)A;;}) at vertices.). For the explicit expression we again assume that

x is an endpoint of two edges, e™ (x) and e~ (x) which can be achieved by appropriate
subdivision, and obtain

23\ _ a2 ()T __ 9 (e T __ 9
Fo(x) = 4miylp| tr| (3hy ) =) +tr| (13 ) =) .
dhy Ohy

(9.39)

Since 73 commutes with radial holonomies h , we do not need to distinguish
between left and right-invariant vector field operators. The action of a derivative

operator tr ((rgh)(f))Ta/Bhf)) = (rghff))ABE)/B(h)(f))AB with respect to h)(f) then
amounts to replacing (7\”)* by k3(h')* and 73(h)k by —;llk(hﬁf))k. In this way,
EX (x) = (4m)~! F 532 (x) results, in agreement with the reduced flux operator and its

spectrum (9.30).
The operator E* also appears in the Gauss constraint. A gauge-invariant state

in the full theory satisfies Jp (h)(fﬂx))) —Jr (h)(fi(x))) + Jr (hg(ox)) —Jr (hg(,,x)) if we
interpret the reduced set of x- and g-holonomies as a 4-vertex; so in particular

o (r3 (JL(h,(f+(x))) — TR 1 Sy — JR(hg>>)) — 0. The opera-

+ A
tors —2tr (131 (h)(f (x)))) simply give operators E* without a difference between

right- and left-invariant ones, while for derivative operators with respect to ¢-
holonomies we have

0

(x)

hy

—2ur (o (L) = TR () ) = - ( ((h(x)TS)T

(x)\T
_tr(( h ) h(x)))

- itr([t3, hgf)] h(x)

_of )
o\ BB ) Bﬁ(x)

using [13, hg(f)] = Bhff)/aﬁ(x) for the angle B in Ag(x) = cos B(x)T1 +sin B(x) 2.
The right-hand side is then simply proportional to PP(x): the 73 -component of the

full quantum Gauss constraint when applied to distributional states is identical to the
reduced Gauss constraint.
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It remains to look at the full quantization of

1

/P“’dx - / (A;‘ (E_dg)dxd® + A2 - (EJdl‘})dxdgo)
2

B4 I xS1

acting on symmetric states. Since they are now Ag-components of derivative oper-
ators with respect to sy, the end result is again a simple derivative operator acting
on powers hg with the same properties as in the reduced setting.

Alternatively, we may start by considering the subspace of the full phase space with
invariant K, a subspace different from the one of invariant A’, as long as E¢ remains
unrestricted. (Classically, we obtain the same reduction as before only when Ef is
invariant as well, providing the same sector of spherically symmetric models.) We
would then use fluxes Ff}i g1 defined as before, except that A g is used in place of AL
The resulting flow leaves K, invariant since A g are the internal directions of K, (and
{Ky, Ag} = 0). This flux provides the densitized-triad component E¥, canonically
conjugate to K. Both representations used before can thus be reduced from the full
setting; differences occur only in the intermediate subspaces used. Another difference
arises at the quantum level: There are no holonomies associated with K' in the
full theory; thus, loop variables for spherically symmetric K-components cannot
directly be induced. In other words, the canonical transformation employed in the
simplification of geometrical operators, relating densitized-triad components directly
to fluxes, cannot be implemented before the reduction at the quantum level.

9.1.4 Hamiltonian Constraint

Having derived the basic representation of the holonomy-flux algebra, we now follow
the general steps of constructing Hamiltonian constraint operators. The end result is
not unique, as usual, but has the general form [16]

CIN] =ﬁ > aN o ((Rohohy hg" = hohohy hy!
2r Gy 5<Lp o]

+2720%(1 = F)53) ol . V1

X,0°
t (Ia oo 0 €7 DAL o 7! = hy Ve, o v+ €7 )T AT,

+ 2128 [ A0yl V)

€% (v)

+ (hw(whx, oho+ e N L = hy ohy (v + € W) L hy(v)7!
122 ﬁ’ﬂx@))hﬂh;‘,?]).

€% (v)

(9.40)
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Here, § is again a parameter that appears in the exponent of angular holonomies
hy = exp(Ssz_\) and h, = exp(6Ky,A), and will be related to lattice refinement
schemes if it is taken as depending on the orbit area E*. (Lattice refinement in
inhomogeneous models, however, has not yet been fully formulated.) As matrix
elements, these SU(2)-holonomies contain our basic holonomies ,[ K, | from 2y and
hy, as well as h,, (V)[Ax] from hy (V) := exp(fe” W) Axt3dx), e, (v) indicating the
edge leaving v to the right (o = 1) or the left (¢ = —1). Moreover, matrix elements
of A(v) := 11 cosn(v) 4+ 1 sinn(v) and A(v) := —1; sin n(v) 4+ 12 cos n(v) act by
multiplication with holonomies %, (7).

In this inhomogeneous model we are dealing with many Hamiltonian constraint
equations since the lapse function N can be varied freely at all vertices v, and C[N]
must vanish for all choices. The constraint equation CIN J¥ = 0 for all N can then
be formulated as a set of coupled difference equations for states labeled by the triad
quantum numbers k, and p,, which have the form

CroCh— ky —2)T (ko ke —2,..)
+ Cro(ke ky + 2Tk kg +2,..)
4+ Crpth— =2, k) (ke =2, ky, ..
+ Cr—h— + 2, k) W ke + 2k, )
+ Colh—, k) (... k_ ky,..) =0, (9.41)

one for each vertex. Only the edge labels k. are written explicitly in this differ-
ence expression, but states also depend on vertex labels w,, on which the coefficient
operators Cy act. The central coefficient is

Coliu. k) =2f%1;3/282 (1 (Viks F -+ 11— VIks 75— 1)
X (= k—y o+ 28, ks pog) + - k—y o — 28, kg )
—2(14+2p282(1 = T (. ) - ke ke, g ))
— 4y 20%sgny 0 (0T + KT (0 ) ko gtk i)
+ Hrvatter, vli— k— ke, ) (9.42)
and
b4

sgig /() kg + k|

A P
CreK)p—, pt, ppg) i=& ————
Hon e 4y2Gy3/282

1 1
X (l“” n + _85 M+ + _8>

2 2
1 1 1 1
— -+ 58, My — 58) + - pn— 55, Ut + §8>
1 1
= lp— = 55, Mt — 55))

(9.43)
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CLe®)|p—, (1, py) =% msgﬂs/z(u)m
X (|M— + %5, w+ %5, M)
—lpu—— 18, w+ 18, M) + -+ l5, n— 18, M)
2 2 2 2
= lu- = 15, m—= 15, M+))
2 2

(9.44)
with

1 1 for p > 46/2
sang 2 () 1= <+ 8/2] — | — 8/20) = 2/ for — 8/2 < pu < 52
§ 1 forpu<-—8/2

We will discuss properties of this class of difference equations, in particular those
related to singularity removal, in Sect.9.3.

9.1.5 Lemaitre-Tolman—Bondi Models and Gravitational Collapse

The difference equations of spherically symmetric models are difficult to solve.
General properties of fundamental singularity resolution can be analyzed, as seen
below, but specific properties of the approach to a singularity in gravitational collapse
do not easily show up. As in isotropic models, effective equations would be useful.
Here, however, in addition to complicated quantum back-reaction we have to face
the anomaly-issue: the algebra of all constraints must still form a first-class set
after quantum corrections are included. Anomaly-freedom is trivially realized in
homogeneous models which have just a single constraint, but becomes a severe
consistency condition in inhomogeneous situations. Not many examples are known
in which at least some of the characteristic corrections of loop quantum gravity
would provide consistent sets of effective constraints in explicit ways. Spherical
symmetry is one example in which anomaly issues can be probed, linking to the
physical application of gravitational collapse.

Gravitational collapse of dust clouds can conveniently be discussed with Lemaitre—
Tolman—Bondi (LTB) models, whose metrics have the general form

ds? = —=N(x, H)%dt* + (R(x, 1)) (dx + N (x, 1)dr)? + R(x, t)>(d®? + sin® 9dgp?).
(9.45)
This class contains FLRW space-times as well as the Schwarzschild solution, but it

can also describe space-times with local matter degrees of freedom in the form of
dust. To describe the general class of models in terms of loop variables, we have to
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implement the condition (E*)" = 2E¥, implicitly imposed by (9.45), together with
its dual condition K (’p = 2K,sgnE”* (which makes the diffeomorphism constraint
identically satisfied) in general spherically symmetric models. This reduction can
easily be done at the kinematical state level since the conditions refer directly to
basic expressions of the quantization (provided one just exponentiates the curvature
relation to result in holonomies) and can thus easily be formulated as conditions for
kinematical states.

From the triad relation we derive a condition for fluxes simply by integrating over
arbitrary radial intervals .#:

1
/E“’ = §|Ex|3y (9.46)
S

where 9.7 is the boundary of .# at which E* is evaluated, taking into account
orientation to have the correct signs. This relation can be imposed on triad eigenstates
(9.38), where (9.30) and (9.31) imply

1
My = §(|ke+(v)| - |ke_(v)|) (9.47)

for any vertex v. This condition eliminates all vertex labels in favor of the edge
labels which remain free, analogously to the function |E*| = R? which classically
determines the spatial part of an LTB metric completely.

On these reduced states, it turns out, the LTB condition for holonomy operators
is already implemented. Upon integration and exponentiation, we have

V2
1. 1. 1.
exp Elsgn(E") /(Ax +n')dx | =exp (EIVKw(Vl)) exp (—51)’[(@(\/2))
V1

(9.48)

expressed solely in terms of elementary holonomy operators. This condition is
realized in the sense that the left and right-hand sides, as multiplication operators,
have the same action on solutions to the LTB condition satisfying (9.47). Indeed,
the left-hand side simply increases the label of the edge between v; and v, (which
we assume to be two adjacent vertices) by one. Thus, it changes both k,+(,,, and
ke—(vy) by =1 depending on their sign. The two operators on the right-hand side, on
the other hand, change the vertex label w,, by % and p,, by —% in the right way
to respect the condition (9.47) if it was realized for the original state. (If there are
vertices v between vy and v, k,+(,) and k,-(,y change by the same value such that
(9.47) remains implemented without changing ,).

Notice that, unlike conditions for a symmetry reduction, the two LTB condi-
tions for densitized triads and extrinsic curvature have vanishing Poisson brackets
with each other (but not with the constraints). Thus, the curvature condition can
indeed be implemented on the solution space of the triad condition. The implemen-
tation does not add further conditions for states because they are written in a specific
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polarization. LTB states are then simply represented by a chain of integer labels k; for
I =0,1,...whichrepresents spatial discreteness (a one-dimensional lattice of inde-
pendent sites) as well as the discreteness of quantum geometry (integer k,, as eigen-
values of the area radius squared). In a connection representation, they can be written
as Tk (zo, z1, . --) =[[; z’;’ where the assignment [ > z; := exp(%i fel y K,dx) is
a generalized LTB connection.

While states can be reduced immediately to implement the LTB conditions, fur-
ther conditions do result for composite operators because (9.48) must be used if the
action of any operator is to be written on the LTB states where (9.47) has eliminated
vertex labels. This provides reductions, for instance of constraint operators, such
that characteristic quantum-gravity effects in loop operators can be carried over to
constraints for an LTB model. Several consistent versions of different types of quan-
tum corrections have been implemented and studied in [17] at the level of modified
classical equations. So far, the situation regarding an effective picture of space-time
around singularities, including classically naked ones, remains inconclusive.

LTB models have extensively been studied in Wheeler—-DeWitt quantizations [18,
19], sometimes also suggesting discrete models. Instead of addressing the singularity,
of prime interest in these investigations is the form of Hawking radiation and possible
quantum-gravity corrections to it [20-24].

9.1.6 Further Applications of Spherical Symmetry

Spherically symmetric models, the simplest inhomogeneous reductions, allow us to
explore several of the consistency issues of canonical quantum gravity. Also proper-
ties of refinement can be seen.

9.1.6.1 Consistent Deformation in the Presence of Dust

In order to probe the consistency of inverse-triad corrections in inhomogeneous
models, we modify the Hamiltonian constraint

|
HE\IN1 =~ 5= [ dxN (alEx “IKZEY + 23K, K. |E*|?
t a|EX[T2EY —arlE"F%FéE‘p+2&FF;|E"|%) (9.49)

by initially independent corrections «, &, ar, ar, and use

0 2 |E] ; "2
HZ [N1=47 [ dxN PT+5W(PTT + Pp®')2.
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as the matter source from dust in the canonical form of [25] with a correction function
B. (See for instance [26] for the canonical formulation of spherically symmetric
gravity in the presence of dust).

All correction functions depend on the triad, but one can see that a first-class alge-
bra with the diffeomorphism constraint results only if there is no dependence on E¥.
Since the correction functions must be scalar in order to preserve the density weight
of Hamiltonian densities, but E¥ in one spatial dimension transforms as a densi-
tized scalar, it is reasonable that it cannot appear in correction functions. The radial
component E* remains a densitized vector field after symmetry reduction, and a den-
sitized vector field in one spatial dimension transforms like a scalar without density
weight. Thus, it can easily appear in correction functions. More precisely, we expect
inverse-triad corrections to depend on E*(x)/.4 (x) for refinement, corresponding
to the size of a discrete patch on the spherical orbit at x.

We leave the diffeomorphism constraint Dgray + Dgust uncorrected because it
does not contain inverse-triad components and is quantized via its action on graphs,
not giving rise to strong deviations from classical behavior. One obtains a consistent
deformation of the whole constrained system provided that ar = «, ar = «. If this
is the case, the Poisson bracket of two Hamiltonian constraints is [27, 28]

{Hg(gav[N] + Hd%st[N]’ Hggav[M] + Hd%st[M]}
= Dyray[@?|E*|(E¥) 2 (NM' — MN")]
+ Daust[BIE*|(E?)"2(NM' — MN")). (9.50)

The right-hand side vanishes on the constraint surface only if 8 = @2, provid-
ing in this case a consistent deformation of the classical spherically symmetric
hypersurface-deformation algebra. For @ = 1 the algebra is uncorrected even though
there may still be corrections in the Hamiltonian constraint if o # 1.

9.1.6.2 Poisson Sigma Models

Poisson sigma models [29-31] constitute an elegant formulation of a large class
of gravitational models including the reduction to spherical symmetry in arbitrary
dimensions. Their dynamics is provided by a two-dimensional field theory with
action

1 A
Spsm = _E/ (A,' AdX' + E(@”Ai /\Aj) (9.51)
z

for a Poisson tensor '/ on a manifold M (antisymmetric and satisfying the Jacobi
identity &;;x9' 2/F = 0 such that { f, g} := 2" (3; f)(9;g) is a Poisson bracket),
and fields X': ¥ — M, A;: TY — T*M. For a 3-dimensional M, their rela-
tionship with geometrical variables is such that A; and A; form a co-dyad on the
two-dimensional manifold X, A3 is the spin connection on X, X 3 is the dilaton field
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(arising for instance as one of the scalar components in symmetry reduction) and X
and X, are auxiliary fields implementing the condition of torsion freedom.

In dilaton-gravity models [32] as a subclass of Poisson sigma models, the Poisson
tensor has the form

B 0 V(X2 —-x'+ x2
2= v(x3))2 0 x4 x? (9.52)
xX'—x? —x'-x? 0

with a free function V (X?), the dilaton potential. For instance, spherically symmetric
gravity in D space-time dimensions, with metrics of the form

ds? = gupdx’dx” + @*(x")dQ3,-

for two-dimensional reduced coordinates x* can be brought to dilaton-gravity form
with X3 = &P 2 and V(X3) = —(D — 2)(D — 3)(X3)~V/(P-2),

An interesting feature of Poisson sigma models is that this class of field theories
is stable under consistent deformations [33]. Thus, a consistent deformation, for
instance by some form of quantum corrections, must again be a Poisson sigma model.
Since the Poisson tensor represents the only freedom in Poisson sigma models,
consistent quantum corrections can be classified in terms of Poisson structures.

To make use of this feature in the context of corrections from loop quantum gravity,
we must first reformulate spherically symmetric gravity in Ashtekar—Barbero vari-
ables as Poisson sigma models. We can do so by using the (rather involved) canonical
transformation between the models worked out by [34]. In particular inverse-triad
corrections can then be related to modifications of the dilaton potential, with condi-
tions arising for consistency. Incidentally, the relationship between the models and
their constraints can be used to formulate a loop quantization of the general class
of dilaton models, including spherical reductions of higher-dimensional gravity for
which no full loop quantization is known.

9.1.6.3 FLRW in LTB and Possible Derivations of Refinement Models

Classically, the LTB class contains FLRW models. If the relationship can also be
established at the quantum level, using the states of Sect.9.1.5, the link between
inhomogeneous and homogeneous models can be used to derive possible lattice-
refinement behaviors. At least some information in this direction can already be
gained.

The LTB condition relates the densitized-triad components by E¥ — %(E Y =0,
and flat FLRW models within this class further satisfy x(E*)" — 2E* = 0.

Thus, E¥ « x2. In flat FLRW models, we have indeed E* = a(r)2x? with the scale factor
a(t). The derivative condition provides an equation for this form of E* with time-independent
coefficients; a(t) arises as an integration constant.
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The FLRW condition can be used to write x = 2E*/(E*)’, and then allows us to
see how the homogeneous coordinate x changes due to quantum effects that arise in
the densitized-triad components. The relationship between a coordinate and phase-
space function arises thanks to a gauge-fixing condition implementing additional
symmetries. Using an analogous relation at the quantum level allows us to see how
symmetry conditions affect the quantum representation.

In the present context, we are primarily interested in lattice refinement, which
refers to lattice states embedded in a homogeneous space. If we relate vertex positions
to the coordinate x and then to E* via the gauge-fixing condition, we can see how the
vertex distribution changes dynamically. As an “initial” configuration of maximally
homogeneous form we assume the vertices of a one-dimensional lattice in an LTB
model placed at positions k; = I'n withintegers I and n, I labelling the vertices and n
representing the flux eigenvalues of a discrete geometry of the corresponding FLRW
model. The reduced dynamics, in elementary form and without lattice refinement,
would merely change n by an integer, preserving the homogeneity of the distribution
kr. Homogeneity is, however, not preserved by the inhomogeneous LTB quantum
dynamics, whose elementary steps map k; to k; + 1 for single J.

We read off changes in vertex positions from the inhomogeneous dynamics by
using x = 2E*/(E*)’, with E¥ at a place I after quantization having eigenvalues
kr, to define x; = 2k;/Ak; with Ak; = kjy1 — k;. For the initial configuration,
x7 = 21 is uniform as expected. A single elementary move of the inhomogeneous
dynamics then maps ky to k;y + 1 = Jn + 1 for a fixed J. The configuration
can no longer be homogeneous, and the reconstructed vertex positions move. Near
J, we have after the change x;_1 = 2kj_1/Akj—1 = 2(J — Dn/(n + 1) and
xj =2kyj/Aky =2(Jn+1)/(n— 1) while all other k; do not move. In this way, the
inhomogeneous dynamics implies changes in the lattice underlying the homogeneous
reduction. Generically, the vertex J — 1 moves to the left (n/(n + 1) < 1 if n > 0)
while the vertex J moves to the right ((n + J_l)/(n — 1) > lifn > 1) by the
creation of new flux. If we restrict attention to a finite region, which we always do
in homogeneous models, some vertices may move in or out of this region due to the
action of the Hamiltonian constraint. Even if the constraint does not generate new
vertices and preserves the graph of states it acts on, reconstructed lattices in general do
have changing vertex densities to be captured in lattice refinement. As realized in this
example, gauge-fixing diffeomorphisms in the process of dynamically representing
symmetries is expected to play an important role in deriving lattice refinement.

9.1.6.4 Symmetry After Quantization: Effective FLRW in LTB

The classical relationship between FLRW and LTB models can also be used to find
explicit realizations of homogeneous solutions in quantum-corrected inhomogeneous
space-times. Interestingly, obstructions to naive realizations of symmetry, or pure
minisuperspace quantizations, arise [27].

From the Hamiltonian constraint (9.49) for @ = 0, to be specific, we derive the
equations of motion
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RR?* = o’ F + Ra*(@?6% — 1)

and
dlog«

—a?(1 —a?&?)
dlog R

2RR + R?> =2(R* + o*&?)
for R = /| E*|, with a free function & = 4/1 + k. A classical line element

R/2
ds? = —dr> + ————dx? + R%dAQ?

14+ k(x)
results, which as used before is isotropic if R = a(¢)x and k = —kxZ.
Assuming R(#,x) = a(t)x and k(x) = —kx? for the FLRW line element, the

equation of motion

RR?> = &’F + R&*>(@*6* - 1)

gives

1 —a?+kx*a® 872G
) a+xa:na2a3

-2
9.53
aa” +oa ) 3 0 ( )

for the scale factor, with a spatially constant dust density p in F = (87G/3)R3p.
Here, the x-dependence cancels only for « = 1, the classical case; otherwise no
solution for a(z) as a function just of time is possible. This result may suggest that
dynamical embeddings of minisuperspace models in inhomogeneous ones are not
possible at an exact level. Indeed, we have already seen that additional ingredients,
such as lattice refinement which cannot be formulated fully in a minisuperspace
context, are necessary.

Note that the considerations in this subsection are for @ = 1, a case which mod-
ifies the constraints leaving their algebra unchanged. Thus, effective line elements
are meaningful in this model, and classical manifold structures are still realized. One
would not expect the notion of symmetry or homogeneous spaces to change; yet,
the modified dynamics does not allow homogeneous solutions. For & # 1, quan-
tum corrections change the algebra of constraints and thus the space-time structure.
In this case, the form of symmetric spaces will have to be modified.

9.2 Models with Local Degrees of Freedom

In general 1 4+ 1-dimensional midisuperspace models, local dynamical degrees of
freedom exist. The form of an invariant connection in those cases is

A=A;(x)Ax(x)dx + Ay(x)Ay(x)dy + A, (x) A;(x)dz + field-independent terms
(9.54)
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where the internal direction A;(x) € su(2), tr(A;(x)?) = —%, can be restricted
further depending on the symmetry action. In general, however, they do not satisfy
tr(AjAy) = —%6 17, as it was the case in the spherically symmetric model with
its non-trivial isotropy group, a condition that was responsible for the simplified
structure of states and basic operators. Just as general Bianchi models require a diag-
onalization before a loop quantization can be evaluated explicitly, extra conditions
would be helpful for midisuperspace models.

9.2.1 Models

In cylindrically symmetric models with a space manifold ¥ = R x (S! x R), for
instance, the symmetry group S = S' x R acts freely, and invariant connections and
triads have the form

A=A,(x)r3dx + (A1 (x)T1 + A2(x)712)dz + (A3(x) T + As(x)T2)de (9.55)

E—Ex(x)ti E! E? 9 E* o 9.56
= 38x+( (x)T1 + (x)rz)aer( ()T + (x)fz)a(p (9.56)

such that, compared with (9.54), tr(r3A;) = 0 = tr(r3A,), but in general tr(A,

Ay) # 0.
The corresponding metric is

x ((B)? + (B = (EE* + E' E¥)dzdg + (E')Y + (E)?)dg?)
(9.57)

which is not diagonal. To simplify the model further one may require the metric to
be diagonal, which physically corresponds to selecting a particular polarization of
Einstein—Rosen waves. This is achieved by imposing the additional condition E% E*+
E'E3 = 0 which, in order to yield a non-degenerate symplectic structure, has to be
accompanied by a suitable condition for the connection components. With a quadratic
condition for the triad components, the condition for connection components takes a
different form. It can be derived, for instance, by using the classical Hamiltonian and
ensuring that the triad condition is preserved in time. In terms of extrinsic curvature,
its off-diagonal components will be required to vanish, imposing a restriction on
connection components. We will see this explicitly in the section on Gowdy models,
following [35].

Polarized cylindrical waves of this form have perpendicular internal directions
since now tr(A;A,) = 0 for both A and E, and similar simplifications as in the
spherically symmetric case can be expected. The form of the metric now is

ds? = (E) " VE*E®dx? + E* (E"’ JE*d7? + E° /E“’d<p2) (9.58)
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with
E*:=(EV)2 4+ (E?)?2, E?Y:=(E32+(EH2. (9.59)

Einstein—Rosen waves are usually represented in the form
ds? = 2 Vdr? 4+ 2V dz? + e 2V r2dy? (9.60)

with only two free functions y and ¥. Compared with (9.58) one function has been
eliminated by gauge-fixing the diffeomorphism constraint.

In fact, this form can be obtained from the more general (9.58) by a field-dependent
coordinate change [36]: The symmetry reduction leads to a space-time metric ds® =
e2dUdV 4+ W(e=YdX? + ¢¥YdY?) which indeed has a spatial part as in (9.58) with
three independent functions A, W = E* and ¥ = log(E¥/E?). One then introduces
t:= %(V —U)and p := %(V + U), and fixes the diffeomorphism gauge by W = p
such that

ds? = e (=dr> + dp?) + p(e”VdX? + ¥ dr?). 9.61)

Finally, defining A = 2(y — ¥), e 2¥p := ¢~V and renaming X =: ¢, ¥ =: z
leads to the metric (9.60).
A Gowdy model of type T [37] has the line element

ds? = e (—dT? + dv?) + T (*Vdx? + e 2Vdy?)

with two free functions a and W depending only on 7" and ¢ but not on X and Y.
Einstein’s equation can be solved exactly in this case, resulting in [38]

o0
W(T,9) =a+BlogT + > (anJo(nT) sin(n® + ) + by No(nT) sin(n® + 8,))

n=1

in terms of Bessel functions Jy and Ny, and with constant parameters «, 8, an, by,
yn and §,,. Homogeneous Kasner solutions are obtained for the special case § = 1/2,
an = b, = 0. Unless b, =0 and B = 1/2, there is a curvature singularity at 7 = 0
with diverging Rypcq Rabed

9.2.2 Connection Formulation

Initial steps for a loop quantization of midisuperspace models with local degrees of
freedom have been provided by [9, 11, 12, 39], and most completely by [35, 40].
Invariant connections and triads for the symmetry type considered here are

AlTidx® =ApT3dd + (AlT) + Ajmo)dx + (AyT) + AlTo)dy (9.62)
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; 0 s 9 1 2 9 1 2 9
Bt o =E'n o+ (Ejt + Ejt )£+(E{r + Eyt )5. (9.63)

As in Sect. 9.1, we define
AT+ Al = AN, AT+ ASTy =1 Ay A (9.64)
Eft' + Ej® = E*AL, E{t'+ EJv* = E'A} (9.65)

with gauge invariant A,, Ay, E* and EY (which will no longer be canonically
conjugate to each other). The internal directions are parameterized by four angles:

Af =711cos B+ 1psinB, A% = t1cos(a + B) + 1 sin(a + B) (9.66)

Af = —1 sin,B_ + 1 cos B, A’ = —1sin(@ + B) + 1) cos(ax + ,3). (9.67)

The Gauss constraint

1 9 1 2 1 y 2
G = 8MG(aﬂE + A ES — AZET + A E; — AJEY)) (9.68)

removes one of the four angles as gauge and allows us to solve for the momentum
of another one. The solution procedure is conveniently expressed in the canonical
pairs (Ay, EV), (Ay cosa, E¥), (Aycos@, EV), (B, PP) with PP = —E* A, sina,
and (,3, Pﬁ) with PP = —EYA, sina. The angles can also be arranged as (&, P%)
with ¢ = g — B and PE = L(PP — PP), and (n, P") with n = B + f and
P = %(P"J2 + ph ). In these variables, the Gauss constraint simplifies to

1

G= s EV +2P").
871)/G(§ +2P")

From the triad in this parameterization we now determine the corresponding line
element and compare with the form usually used:

Xy g y X
ds® = COSSEEf do? + cf_sé (%d}c2 + %dy2 — 2sin fdxdy). (9.69)
Also here, a loop quantization will be simplest in the case of a diagonal metric,
allowing an Abelianization. For the off-diagonal components to vanish we have
to impose the polarization condition £ = 0 or 8 = f. Then indeed the internal
triad components in all three spatial directions will form an orthogonal triple as
in the case of spherical symmetry (but with independent components in the x-and
y-directions). The corresponding condition to be imposed for connection components
can be derived from the requirement that ¢ = 0 be preserved in time [35]: {§, H} = 0
using the Hamiltonian constraint. As aresult, 2 P§ +E? 3y log(EY /E¥) = 0, whichis
then automatically preserved in time. This equation can also be seen to be equivalent
to Ky = 0, such that gy, = 0 and the diagonal behavior is preserved.
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Using the polarization condition and solving the Gauss constraint removes the
variables (&, P%) and (n, P"). We are then left with three pairs which turn out to
be (Ag, EV), (K, E*) and K y,» EY) with extrinsic-curvature components appearing
for connection components, in a way similar to the spherically symmetric case. The
only difference is that there are three rather than two independent canonical pairs
per point, which will leave one local degree of freedom once all constraints are
considered. After having solved the Gauss constraint, the remaining ones are the
diffeomorphism constraint

1 X ) -1 D4
D:—(E Ky + E'33K” —y ' Agay E ) (9.70)
87 G
and the Hamiltonian constraint
1

1
" 871G /|EV|EXEY

1
+5 (@B = (E”ay 1og(Ey/EX)>2)) +

(KxExKyEy +y UK E* + K E) A E”

1 ] EV3yE?
872G " /|[EV|EXEY

Also for this model and related ones, a loop representation can directly be
formulated and constraint operators constructed [40]. Adapting the construction of
states and operators as we have seen them in spherical symmetry does not lead to
additional difficulties, the only difference being that we have one additional degree of
freedom per pointon B, given by K in Einstein—-Rosen models or K, in Gowdy mod-
els. For the new degree of freedom, kinematically, we have additional holonomies
exp(in;y K) in vertices of spin network states.

(9.71)

9.2.3 Hybrid Quantization

As an intermediate stage between loop quantized mini- and midisuperspace models,
one can begin by writing a Gowdy model as a Bianchi model plus inhomogeneous
field perturbations whose dynamics is governed by a self-interacting Hamiltonian.
The Bianchi background can be quantized by standard loop techniques, and for
the inhomogeneities a Fock-space representation is simpler and better understood.
In the resulting hybrid model [41] the inhomogeneities appear somewhat similar to
anisotropies in the perturbative treatment of Sect.8.2.5, at least kinematically. The
dynamics of hybrid models is not induced from a loop Hamiltonian for the Gowdy
degrees of freedom,; it is constructed by separate loop and Fock quantizations for
the background variables and inhomogeneities, respectively. (Fock representations
within loop quantization have also been discussed in [42, 43]).

This procedure provides several interesting aspects. First, one can attempt to
generalize statements about singularities from homogeneous models to inhomoge-
neous systems, and in fact bounce solutions have been obtained in some cases [44]
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based on tree-level equations. This result, by itself, is not very surprising because
the inhomogenous contributions serve as a matter term in the Bianchi background
very similar to what is obtained with kinetic domination. The model also provides a
time-dependent Hamiltonian with the usual choice of an internal time. In this context,
interesting questions about the unitarity of evolution arise, which have been studied
extensively at the level of non-hybrid Fock quantizations of Gowdy models [45-49]

9.3 Properties

Various 1 4+ 1-dimensional models, including those with local physical degrees of
freedom, can be loop quantized in an Abelianized manner with explicit expressions
for their Hamiltonian constraint. In all cases, a triad representation exists thanks to the
Abelian behavior, which allows one to write the constraint equation as a difference
equation for wave functions. It can be solved with suitable initial and boundary
values, providing crucial insights into whether or not quantum hyperbolicity, the
fundamental singularity removal mechanism seen in homogeneous models, can be
extended to inhomogeneous situations.

9.3.1 Non-Singular Behavior

Difference equations encountered here, such as (41) constitute large sets of coupled
partial difference equations for a wave function ¥ (u,, k) defined at all values of
vertex labels w, and edge labels k.. To define a solution scheme [50], amounting to
a well-posed initial/boundary-value problem giving rise to a unique solution once
sufficient data are specified, we proceed iteratively from vertex to vertex. To have
a starting point in this procedure, we consider a finite region only, requiring spatial
boundary conditions. We then start at one side d of the spatial lattice, which could
be put into an asymptotically flat regime where a highly semiclassical uncorrelated
state can be chosen. We will also have to specify initial values in local internal time,
for which a good choice is the edge labels k., quantizing E*. As we evolve to small
ke, a spatial slice approaches the singularity when one or more of the edge labels
vanish. Initial values thus are posed by specifying the wave function at a fixed (and
non-vanishing) value for all k.

Doing so, we have given the boundary values for all y and k4 (3) =: k_ of the
wave function as well as values for large positive k, = ko and kg — 1 at all edges e;
we have specified the initial situation, for instance again by a semiclassical state on
the initial slice far away from the singularity. The set of difference equations is then
to be solved for C R+ (k—, k4 —2) in terms of values of the wave function following
from the initial conditions. We thus move one step further in the recurrence because
we now have information about the wave function at k. — 2 for a smaller edge label
(our local internal time) evolving toward the classical singularity.
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Next, we have to know how to find ¢ from its image under c R+- An inversion
of C R+ can be done by specifying conditions for the wave function at small .
These conditions take the form of boundary values for the recurrence, not in space
(the radial line) but in midisuperspace since u quantizes the field space variable
E?. (This boundary is not in the singular part of minisuperspace but represents an
ordinary boundary. Boundary conditions can thus safely be chosen there without
precluding one to address the singularity problem. This happens in exactly the same
way as in homogeneous models.) Whether or not there is a physical singularity will
be determined by trying to evolve through the classical singularity at k, = 0 in
the quantized midisuperspace. One crucial difference to cosmological models is that
the coefficients C 1 (k) are not only functions of the local internal time, k., studied in
the iteration but also of neighboring labels such as k_. These labels do not take part
in the difference equation under consideration for the k-evolution; the dependence
on them has been determined in iteration steps for previous vertices. This new feature
coming from the inhomogeneous context has a bearing on the singularity issue. Any
extension of the homogeneous non-singularity results will thus be non-trivial.

Singularities are removed in the sense of quantum hyperbolicity if the difference
equation determines the wave function everywhere on midisuperspace once initial
and boundary conditions have been chosen away from classical singularities, in a
connected component of the classical superspace of non-degenerate metrics. The sim-
plest realization is by a difference equation with non-zero coefficients everywhere.
However, since this property is not automatically realized with an equation com-
ing from a general construction of the Hamiltonian constraint, it has to be checked
explicitly. With the difference equation derived before for spherically symmetric or
other midisuperspace models, it turns out that a symmetric constraint indeed leads to
non-zero functions Cy (k) which consequently will not pose a problem to the evolu-
tion. All values of the wave function, at positive as well as negative k, are determined
uniquely by the difference equations and the initial and boundary values chosen. Evo-
lution thus continues through the classical singularity at zero k: there is no quantum
singularity even in midisuperspace models. Other quantization choices can lead to
quantum singularities, providing selection criteria to formulate the quantum theory
with implications also for the full framework.

Thus, the same mechanism as in homogeneous models contributes to the removal
of spherically symmetric classical singularities. Key features are that densitized tri-
ads as basic variables in quantum geometry provide us with a local internal time
taking values at two sides of the classical singularity, distinguished from each other
by orientation, combined with a quantum evolution that connects both sides. No
conceptually new ingredients are necessary for inhomogeneous singularities, only
an application of the general scheme to the new and more complicated situation.

As in cosmological models the argument applies only to space-like singularities
such as the one encountered in the Schwarzschild solution: we have to evolve a spa-
tial slice toward the classical singularity in internal time and test whether it will stop.
A time-like or null singularity would require a different mechanism for being
resolved, which is not known at present. In fact, investigations based on quantum-
corrected classical equations for LTB models [17] have not resulted in a clear mech-
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anism by which non-spacelike singularities could be removed effectively. Cases like
negative-mass solutions seem to remain singular, a welcome property helping to rule
out unwanted solutions that would lead to instability [51].

The scenario described here based on the general form of difference equations
for Abelianizable midisuperspace models does not only apply to vacuum black holes
but also to spherically symmetric matter systems as well as Gowdy models. In such
cases, compared to spherical symmetry, there would be new labels for matter fields
or local gravitational degrees of freedom, and a new contribution to the constraint
from the matter Hamiltonian. Such contributions do not change the structure of the
difference equation, and the same conclusions apply. The fundamental mechanism
of singularity removal, based on quantum hyperbolicity, is general and applies well
beyond homogeneous models; the absence of singularities can be demonstrated even
in situations with local gravitational degrees of freedom.

9.3.2 Lattice Refinement and Anomaly Freedom

Comparing midisuperspace constructions with the full theory, there is a difference
which is visible only in inhomogeneous models: the issue whether or not the con-
straint creates new edges and vertices, or just changes labels of existing ones. As
already discussed in general terms, such a question has a strong bearing on lattice
refinement, and thus indirectly affects also homogeneous models. An advantage of
midisuperspace models is that they can show refinement behaviors explicitly while
still remaining tractable. In our treatment so far we did not include explicit refine-
ment along the radial line, which is not part of the initial constructions of constraint
operators in the full theory but has already been considered as potential modifica-
tions of the procedures [52, 53]. In those cases, not creating new edges and vertices
but instead linking existing vertices by holonomy operators might better explain the
presence of correlations at an intuitive level [52], or be of advantage for consistent
constructions of the whole set of quantum constraints. However, it makes checking
and ensuring anomaly-freedom much more complicated.

The main problem of an anomalous quantization would be that too many states
could be removed when imposing inconsistent constraints, leaving insufficiently
many physical solutions. At least qualitatively, we can check this issue with the
constraint we used. If there is no matter field present we expect just one classical
physical degree of freedom, the Schwarzschild mass M. In our solution scheme we
started with a boundary state 1y corresponding to a wave function for this degree
of freedom. Since the state can be specified freely, it is already clear that we do
not lose too many solutions. A more complicated question is whether the number
of independent physical solutions is correct, that is not too large either. The main
difficulty here is the role of semiclassical states to be compared with the number
of classical solutions. New quantum solutions may always arise, but for the correct
classical limit a quantum theory should not produce more semiclassical solutions than
could have a correspondence with classical ones. In the iteration for midisuperspace
models we solve one difference equation for ¢ at each vertex, such that any freedom



194 9 Midisuperspace Models: Black Hole Collapse

here would provide new quantum degrees of freedom. Since the difference equation
for ¢ has the same form as that in homogeneous loop quantum cosmology, the
number of quantum degrees of freedom turns out to be related to the initial value
problem of quantum cosmology. Dynamical initial conditions [54, 55] thus appear
to be important also to verify the correct classical limit of loop quantum gravity.

If dynamical initial conditions are strong enough, as they are in some isotropic
models, solutions for ¥ at each vertex are unique and the mass, quantized by the
boundary state, is the only quantum degree of freedom. Currently, however, the ques-
tion of how strong available conditions are is still open. Ultimately, an answer will
also depend on issues of imposing the physical inner product or of precisely defin-
ing semiclassical states. But at least a simple counting of free variables supports the
connection to initial conditions: The vacuum spherically symmetric model has differ-
ence equations in three independent variables, an edge label k£ and two neighboring
vertex labels . Homogeneous loop quantum cosmology gives rise to an equation of
similar structure, also with three variables. If we assume that there is a mechanism
for a unique solution in homogeneous models, it will as well apply to black holes
of a given mass. Adding matter fields (or more gravitational degrees of freedom as
in Einstein—Rosen waves) increases the number of independent variables to five in
inhomogeneous models (two new vertex labels) as opposed to four in homogeneous
matter models. The type of difference equations thus agrees in homogeneous and
inhomogeneous models in vacuum without local degrees of freedom, suggesting
an agreement also in the number of solutions. But when local classical degrees of
freedom are present, there is additional room for free variables also in quantum states.

Asindicated by several examples and applications, the structure of the Hamiltonian-
constraint equation arising from models of loop quantum gravity can potentially pro-
vide explanations for issues as diverse as the singularity problem in cosmology and
black hole physics, initial conditions in quantum cosmology, the semiclassical limit,
issues of quantum degrees of freedom, and the anomaly problem which is related to
covariance and space-time structure. Many specific details and realizations remain to
be checked in generality. Still, such connections between seemingly unrelated issues
in quantum gravity can be seen as support for the overall internal consistency of the
whole theory and, hopefully, provide guidance for future developments.
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Chapter 10
Perturbative Inhomogeneities

An issue of considerable interest for cosmology, and one major testing ground for
quantum gravity, is the inclusion of perturbative inhomogeneities around homoge-
neous models. A successful implementation will allow one to check the stability and
robustness of effects such as singularity resolution seen in isotropic settings, but also
lead the way to cosmological applications of structure formation. As always in inho-
mogeneous settings, the daunting anomaly issue has to be faced when corrections
from a canonical quantization are included in general relativity. Also the derivation
of all quantum back-reaction terms is quite involved, and so no complete formulation
of perturbative inhomogeneities yet exists. Nevertheless, several effects can already
be seen, shedding light on the quantum space—time structure, and by an analysis of
the anomaly issue one is making contact with the full theory when specific forms of
consistent corrections are derived.

10.1 Formalism

Explicit calculations in loop quantum gravity are most easily done when configura-
tion variables, in particular the triad, can be assumed to be diagonal. Examples seen
so far for mechanisms to allow diagonalization are isotropy subgroups of symmetry
groups, polarization conditions, or an explicit diagonalization in Bianchi models.
For cosmological perturbations, diagonalizations of the triad can only be achieved
by gauge choices of different modes. While gauge-fixed treatments of quantization
must be treated with considerable care, at least some information on quantum cor-
rections can be gained in this way. This information, in turn, can be used as a starting
point to be completed in gauge-invariant treatments.

10.1.1 Linear Modes in Cosmological Perturbations

Before setting up a quantization of cosmological perturbations by loop techniques it
will be useful to review the standard decomposition of a linearized metric as used in
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cosmology; see [1] for more details about the corresponding canonical framework.
For perturbations around a flat FLRW model, the general form in conformal time,
with a background lapse function N (¢) = a(t), is

ds? = a@t)? (—(1 +2¢(x, ))dt*> + 23, B(x, 1) + Fu(x, 1))drdx®

+ ((1 — 2 (X, )8ab + D E X, 1) + 200 fiy + hTT (x, t)) dx“dxb)
(10.1)

where 3°F, = 0, 39f, = 0, 3*hl] = 0and hI[§%® = 0. The four fields
¢, ¥, B and E constitute the scalar mode, the two transverse vector fields F, and f,
the vector mode, and the transverse-traceless h;hT the tensor mode.

By applying a Lie derivative to the background metric one determines which of
the free fields in the linearized metric can be removed by changing coordinates. It
turns out that one can always choose a space—time gauge such that ¢ and  are the
only scalar modes and F, is the only vector mode. The transverse-traceless field thT
for tensor modes is already gauge invariant and cannot be reduced by coordinate
choices. Disentangling gauge from evolution is a standard procedure in the classical
setting; see also Sect. 10.3.1.2. However, if quantum effects correct the constraints,
not only the equations of motion will be modified but also gauge transformations
and gauge-invariant objects. In such a context of quantum space—time structures,
independent coordinate transformations to determine gauge transformations kine-
matically may not be available. At this stage, the full canonical formalism, providing
gauge and evolution at the same time, becomes crucial. (Sometimes one uses classi-
cal information about gauge-invariant quantities before one quantizes, as for instance
in [2, 3]. While the required equations may simplify considerably, not all possible
quantum effects can be included in this way. We will see examples for effects from
quantum modifications of gauge structures later in this chapter).

Selecting modes and choosing a gauge can justify the use of diagonal densitized
triads to simplify calculations in a loop quantization. For instance, for scalar modes
we can assume an inhomogeneous densitized triad to be of the form E{ = a*(1 —
2v(x))8{, which is diagonal. It turns out that this restriction is not general enough
for a loop quantization: a discrete cubic lattice, for instance, which does not have the
same spin label at each edge and in this sense is inhomogeneous, cannot have all its
vertices isotropic. We thus use an anisotropic (but diagonal) form E{' = p® (x)87, of
a linearized densitized triad even though the classical metric we aim to describe does
have all its diagonal elements at a fixed point identical. This choice still corresponds
to longitudinal gauge with £ = 0.

If we then choose a vanishing shift vector N = 0, which is partially a gauge
choice (B = 0) and partially an assumption about the absence of vector modes,
extrinsic curvature K, = k(;(x)8’, is diagonal, too. (The Ashtekar—Barbero connec-
tion, on the other hand, will not be diagonal because it has non-diagonal contributions
from the spin connection. It is of the form A; = lz(i)(x)Bfl + ¥ (x)g:'ll whose off-
diagonal part ; arising from the spin connection may, if A}, is to be included in
holonomies, be dealt with perturbatively.)
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For diagonal E{ and K Z one can perform many derivations as explicitly as seen
in several of the symmetric models. Calculations of specific quantum correction
terms thus simplify in some gauges, but would be more complicated in others. For
the anomaly issue, on the other hand, too early a gauge fixing would be damaging
since not all the freedom required in the interrelations of different gauge flows could
be seen. After having computed candidate quantum corrections in a given gauge,
one has to go back to the non-gauge fixed situation and see which extra terms—
called counterterms in what follows—are required for an anomaly-free system of
constraints in the presence of quantum corrections. Counterterms, or a whole effective
set of constraints, should ultimately follow directly from a quantum Hamiltonian,
not just by consistency arguments implemented at an effective level. By checking
how specific counterterms can arise in expectation values of consistent constraint
operators one has means to test the consistency of the full theory of loop quantum
gravity. At this level, different gauges can be implemented by using suitable states
peaked on classical geometries when computing expectation values.

In this chapter we will organize the constructions as follows:

* We first compute candidate quantum corrections to show their general forms and
types. This part also serves as further introduction to the general methods of loop
quantum gravity.

* We then use the results at a partial effective level by inserting the corrections, suit-
ably parameterized, into the classical expressions. This step by itself, owing to its
incomplete realization of correction terms, is unlikely to provide consistent equa-
tions, but by evaluating the consistency conditions of anomaly-freedom, secondary
corrections (the counterterms) will be derived.

* With consistent equations at our disposal, we will then analyze the cosmological
effects and applications they provide.

10.1.2 Basic Operators

We now begin explicit computations of quantum-geometry correction terms [4]. In
addition to the diagonal gauge for a linearized geometry, we assume states to be based
on regular cubic lattices, where each vertex v has a unique edge e, ; pointing in one
of the three spatial directions 7, I = 1, 2, 3, as in Fig. 10.1 (and one pointing in the
opposite direction which we will denote as e, _;.) Similarly, each edge e, ; has a
unique transversal surface S, ;. The assumption of a lattice state allows systematic
derivations; qualitative features of generic states can be captured in this way. As in
spherically symmetric models, we directly use the components of extrinsic curva-
ture in holonomies: 4, ; = exp(y1s fc ” dtlzl (ey,1(t)) to exploit their diagonality
in longitudinal gauge. Similarly, fluxes will be of the form F, ; = va , >y pl(y).
In a regular lattice, each edge has the same coordinate length £, and transversal
surfaces covering the whole space without overlap have coordinate areas Z(Z). This
parameter £ is the same that we encountered in the discussion of lattice refinement
in homogeneous systems.
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Fig.10.1 A regular lattice
with three edges e, ; (solid)
emerging from a vertex in
the three Cartesian directions
and one transversal surface
Sy.1 (centered at the dot)

10.1.2.1 Lattice States

For a nearly isotropic geometry we assume k; to be approximately constant along
every edge. Thus,

hy, r=exp /d)»ylzﬂ’ %cos(ﬂoylzl(v—i-%l)/Z)+2t1sin<€0y121(v+%1)/2)

Ev, 1

(10.2)

where v+ %I denotes, in a slight abuse of notation, the midpoint of the edge. We use
(10.2) as the most symmetric relation between holonomies and continuous fields.
Similarly,

- - 1
F= / pl(nd*y ~ 6 p’ (v+ 51). (10.3)

SV,I

(Note that the surface S, ; is defined to be centered at the midpoint of the edge
ey,7.) Assuming almost-constant fields along edges and surfaces requires the lat-
tice to be fine enough, which will be true in regimes where fields are not strongly
varying. For more general regimes this assumption has to be dropped and non-local
objects appear even in effective approximations because the local function k; cannot
fully be reconstructed in terms of 4, j if edges of fixed lengths are used. Since the
recovered classical fields must be continuous, they can arise only if quantizations of
hy, 1 and F) j, respectively, for nearby lattice links do not have too widely differing
expectation values in a semiclassical state. Otherwise, continuous classical fields can
only be recovered after a process of coarse-graining.

In addition to the assumption of slowly-varying fields on the lattice scale, we have
made use of the diagonality of extrinsic curvature which allows us to evaluate the
holonomy in a simple way without taking care of the factor ordering of su(2)-values
along the path. We can thus re-formulate the theory in terms of U(1)-holonomies, or
functions
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ot = exp | i / daykr/2 | ~ exp (ieoylé,(u i %1)/2) (10.4)
ey, 1
along all lattice links e, ; as they appear in (10.2). On the lattice, a basis of all possible

states is then given by specifying an integer label u, ; for each edge starting at a
vertex v in direction / and defining

kg ) = Jexp| ims f dryks/2 (10.5)
v, vl
as the functional form of the state | ..., 1, ...) in the k-representation. This con-

struction extends the previous representations of midisuperspace models to the fully
inhomogeneous lattice case.

Such a form of the states is a consequence of the representation of holonomies.
States are functions of U(1)-holonomies, and any such function can be expanded
in terms of irreducible representations which for U(1) are just integer powers. The
analogous procedure would be more complicated if we allowed all possible, including
non-diagonal, curvature components as one is doing in the full theory. In such a
case, one would not be able to reduce the original SU(2)-holonomies to simple phase
factors and more complicated multiplication rules would have to be considered, not to
speak of a devastatingly complicated volume operator. In particular, one would have
to make sure that matrix elements of holonomies are multiplied with one another
in such a way that functions invariant under SU(2)-gauge rotations result [5]; see
Sect.3.2.2.3. Additional vertex labels are then required which we do not need in the
perturbative situation. Nevertheless, we are able to capture crucial holonomy issues
while avoiding technical difficulties of explicitly doing calculations with SU(2).

For the same reason we have simple multiplication operators given by holonomies
associated with lattice links,

Aoal ooy by gs o) =1 o+ 1,00, (10.6)

(Only the label associated with the vertex appearing in the holonomy changes.) Fur-
thermore, there are derivative operators with respect to ki, quantizing the conjugate
triad components. Just as holonomies are obtained by integrating the connection
or extrinsic curvature, densitized-triad components are integrated on surfaces as in
(10.3), before they can be quantized. For a surface S of lattice-plaquette size inter-
secting a single edge e, ; outside a vertex, we have the flux

Foglooiti gy =4yl .o i g ... (10.7)

or

ﬁv,ll e My ) = 271)/812,(;1\,’_1 D g ) (10.8)
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if the intersection happens to be at the vertex.

As already noted, even for scalar perturbations which classically have triads pro-
portional to the identity, distinct 5’ (v)-components have to be treated as independent
at the quantum level. One cannot assume all edge labels around any given vertex to
be identical while still allowing inhomogeneity. Moreover, operators require local
edge holonomies that change one edge label w1, ; independently of the others. Simi-
larly, corresponding operators I:“v, ; and I:“v, J (I # J) act on different links emerging
from a vertex v and in general have independent eigenvalues. To pick a regime of
scalar modes, one will choose a state whose edge fluxes are peaked close to the same
triad value in all directions and whose holonomies are peaked close to the same
exponentiated extrinsic curvature values, thus giving effective equations for a single
scalar-mode function. This restriction, requiring fluxes to be identical in different
directions around a vertex, cannot be done at the level of operators.

10.1.2.2 Reduction to Isotropy

Before we continue with the discussion of quantum corrections, we now use the
constructions presented so far to shed more light on the role of inhomogeneities in
the reduction of basic holonomy and flux operators from the full theory to models.
A triad eigenstate (10.5) is of the form

Vi U1 =Ty = k@1,
v, I

with k7 (x) = €ok;(x) and N1 ~ explykr (v + %I)/2). This classical field corre-
sponds to an isotropic connection ¢ if y/?, (x) = & or yk;(x)=Lo ¥ 1 Be="1¢,
for all 7 and x. For an exactly isotropic connection, the restriction of the state then
becomes the isotropic one

Yu(e) = explinc/2) =: (clu) with =A% . (10.9)
v,

Following the general procedure as in Sect.8.2.5, there is a map o taking an
isotropic state of the reduced model to a distributional state (©| = o (|n)) in the
inhomogeneous setting such that

Gl ottty =l ot e forall |y, ..} (10.10)

with the inner product on the right-hand side taken in the isotropic Hilbert space,
using the restricted state | ..., iy 1, .. .)|y,;1(x)=5 as an isotropic state (10.9).

Link holonomies as multiplication operators simply reduce to multiplication oper-
ators on isotropic states. Fluxes for lattice sites, however, do not map isotropic states
to other isotropic ones. This can easily be seen using (/,L|ﬁv’J| ey My el =
4ny€%uv,]| .oy My I, ...) ON states
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[Yv,1) :=10,...,0,1,0,...,0)

which have non-zero labels only on one lattice link e, ;. We then have

| Ey 1Y 1) = 4y €y 18, and  (ulFy g ¥psrr) =0

since the flux surface and the non-trivial link do not intersect in the second case,
and thus (1|1 Fy 7Yy, 1) # (HFyr|Yogrr). However, W[y 1) = (W[Yr4r1) for
any isotropic state (v|. Thus, (M|ﬁv, 7 cannot be a superposition of isotropic dis-
tributional states, and flux operators associated with a single link do not map the
space of isotropic states to itself. (The above formulas show that (1| cannot be con-
tained in a decomposition of (p,|ﬁvy ; in basis states, but we can repeat the arguments
with arbitrary values for the non-zero label in |, ;) to show that no isotropic state
(u| can be contained in the decomposition.)

Instead, we should use extended fluxes which are closer to homogeneous expres-
sions. First, we extend a lattice—site flux I:"V, 7 to span through a whole plane in the
lattice, leading to > ../ - v/, 1 (with vy the Ith Cartesian component of the posi-
tion vector for v). This sum corresponds to a homogeneous flux in the whole box of
size 7 but is still not translationally invariant because the plane {V' : v, = v;} is dis-
tinguished. We make it homogeneous on the lattice by averaging along the direction
I transversal to the plane. We obtain a sum over all lattice vertices within the box:

pom Y Ry
v

including a factor .#” ~1/3 from averaging in one direction. (There are .4"!/3 parallel
vertex-intersecting planes in the box.) Finally, we take the directional average

P=3 Z 3(4/1/32

to define the isotropic flux operator.
Now, to find the action of this operator on a distributional state (v| we compute

R 471)/@ 4
(V|P|--'al/«v,l,~- 3{/1/1/32/\1/\1 J(vl '7/‘LV,17"'>:§7TV£[2’M8\),/1.

where u is defined in terms of 1, ; as in (10.9). This result agrees with the isotropic
flux operator defined in isotropic models,

po(lu)) = o (plu)), (10.11)

and in particular shows that p, unlike p, ;, maps an isotropic distribution to another
such state. Thus, the isotropic representation in loop quantum cosmology follows
from the inhomogeneous lattice representation along the lines of a symmetry reduc-
tion at the quantum level. Notice that this procedure leads directly to an operator for p
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rather than p without explicitly introducing the box size 7, which would correspond
here to the averaging volume. By being forced to extend fluxes over the whole lattice
in order to make them homogeneous, the combination #2/3p = p automatically
arises.

10.1.2.3 General Behavior of Quantum Corrections

Having the basic operators &, ; and F) ; in a lattice setting suitable for cosmolog-
ical perturbations, more complicated ones and in particular the constraints can be
constructed by methods of the full theory. As we have seen, local approximations of
the basic operators do not depend directly on the classical fields 131 (x) and 121 (x)
as components of the densitized triad and extrinsic curvature but on quantities
pl(x) = E%ﬁl(x) and k;(x) := Loks(x) rescaled by factors of the lattice link
size €. This re-scaling, which occurs automatically by the general definitions of
basic variables used in a loop quantization, has several advantages. As a minor one,
it makes the basic variables independent of coordinates and provides them unambigu-
ously with dimensions of length squared for p! while k; becomes dimensionless.
(Otherwise, one could choose to put dimensions in coordinates or in metric com-
ponents which sometimes makes arguments for the expected relevance of quantum
corrections confusing.)

This scaling also happens in homogeneous models as already seen, but in that case, espe-
cially in spatially flat models, it is initially the artificial volume 7" of a box chosen at will
which enters. Since this size is not observable, one has to be careful with interpretations
of basic homogeneous variables. Moreover, in this context the scale factor, for instance, as
the isotropic analog of 5! could be multiplied by an arbitrary constant and thus the total
scale would have no meaning even when multiplied by the analog of E%. Thus, correction
functions depending on this quantity in an isotropic model require an additional assumption
on how the total scale is fixed. One has to go beyond what can be constructed in a pure
minisuperspace model by using lattice refinement. Then, the normalization of p! relative to
£y is provided.

Although the magnitude of the p! is coordinate independent, unlike the value of
the scale factor, say, its relation to the (coordinate-dependent) classical field depends
on £ and thus on the lattice size. It may thus appear that p’ is dependent on artificial
structures, but this is clearly not the case because it derives directly from a coordinate-
independent flux. The lattice variables are defined independently of coordinates, just
by attaching labels 1, ; to lattice links. Once they have been specified and the lattice
has been embedded in a spatial manifold, their relation to classical metric fields can
be determined. To be sure, the classical fields such as metric components, do depend
on the coordinate choice when they are tensorial. But also the relation between p’ and
the classical metric depends on the lattice spacing measured in the same coordinates
that have been chosen for the representation of the classical metric. Thus, our basic
quantities are coordinate independent and coordinates enter only when classical
descriptions are recovered in a semiclassical limit.
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In inhomogeneous situations the quantities p! appear in quantum corrections,
their values determining unambiguously when corrections become important; see
also Sect.5.1. Classically, the values of p! depend on the plaquette size and the
geometry, but the quantum theory has these fluxes as elementary quantum excitations.
Values of p! thus directly characterize a state, just like the particle number does
for the Fock space of quantum field theory. By reference to a quantum state the
fluxes have unambiguous meaning, and their values enter quantum correction terms.
When flux sizes are close to the Planck scale, quantum corrections from inverse-triad
operators will become large. Or, if the p! become too large, approaching the Hubble
length squared or a typical wave length squared, discreteness effects would become
noticeable even in usual regimes of scales which have already been tested. In this
way, quantum effects can be probed by several independent conditions in different
regimes. These scaling properties are important for an interpretation of corrections
and for comparisons with other approaches.

Now, recall the usual expectation that quantum gravity gives rise to low-energy
effective actions with higher-curvature terms such as (167 G) ™! i d*x/Tdetg |£12,R2
or (167 G)™! [ d*x/Tdet g[€3Rypo R*'7 added on to the Einstein-Hilbert action
(167 G)~! [ d*x/Tdetg]R. Irrespective of details of numerical coefficients, there
are two key aspects: The Planck length £p = +/Gh must appear for dimensional
reasons in the absence of any other length scale, and higher spatial as well as time
derivatives arise with higher powers of R,,,,. In canonical variables, one expects
higher powers and higher spatial derivatives of extrinsic curvature and the triad,
together with components of the inverse metric necessary to define scalar quantities
from higher curvature powers (which forces one to raise indices on the Riemann
tensor, for instance). Higher time derivatives, on the other hand, are more difficult to
see in a canonical treatment and correspond to the presence of independent quantum
variables without classical analog [6], as in Chaps. 5 and 13.

Any quantization starts from the purely classical action (or Hamiltonian) where 7
and thus ¢p vanishes. In effective equations of the resulting quantum theory, quantum
corrections depending on & will nevertheless emerge. As a first step in deriving such
effective equations, we have non-local holonomy terms in a Hamiltonian operator
which through its expectation values in semiclassical states will give rise to similar
contributions of the same functional form of k;(v). At first sight, however, these
expressions do not agree with expectations from higher-curvature actions. One can
easily see that the use of holonomies (10.4) in a Hamiltonian constraint implies higher
powers of extrinsic curvature by expanding the trigonometric functions, and higher
spatial derivatives of extrinsic curvature by Taylor expanding discrete displacements.
Moreover, higher spatial derivatives of the triad may arise from similar non-local
terms in the spin-connection contribution. But there are no factors of the Planck
length in such higher powers (all factors of G and % are written out explicitly
and not “set equal to one”). In fact, by definition k7 (v) is dimensionless since it is
obtained by multiplying the curvature component k; (v) with £¢ in which all possible
dimensions cancel. Higher-power terms here do not need any dimensionful prefactor.


http://dx.doi.org/10.1007/978-1-4419-8276-6_5
http://dx.doi.org/10.1007/978-1-4419-8276-6_5
http://dx.doi.org/10.1007/978-1-4419-8276-6_13

206 10 Perturbative Inhomogeneities

Moreover, there are no components of the inverse metric (which would be 1/ ﬁl )
for our diagonal triads) in contrast to what is required in higher-curvature terms.

These seemingly contradictory properties are reconciled if we make use of the
relationship (10.3) to write (% = p!/p’. Inverse-metric components 1/p! then
directly occur in combination with k; factors as required for higher-curvature terms.
After eliminating £, there are now factors of p! multiplying the corrections. These
are basic variables of the quantum theory, the fluxes whose eigenvalues proportional
to w,,; determine the fundamental discreteness. Thus, factors of the Planck length
occurring in low-energy effective actions are replaced by the state-specific quantities
p!. While the Planck length £p = VGhis expected to appear for dimensional reasons
without bringing in information about quantum gravity (it can just be computed using
classical gravity for G and quantum mechanics for h), the p! are determined by a
state of quantum gravity. If expressed through labels p, ;, the Planck length also
appears, but the factor it provides may be enlarged when u, ; > 1. Moreover, the
lattice labels are dynamical (and in general inhomogeneous) and may thus change
in time, in contrast to £p.

10.1.3 Composite Operators

For explicit estimates of quantum effects we have to look at candidate constraint
operators. An important ingredient in the construction of constraints is the volume
operator. Using the classical expression V. = [d>xy/|p!p2p3| we introduce the

lattice volume operator V= > HL RV, |ﬁv, 1| which, using (10.8), has eigenvalues

3
V(i) = (2nye%)3/2 ST Vs + wo il (10.12)

v =1
As already used in homogeneous and midisuperspace models, we construct oper-
ators for co-triad components based on classical identities such as
bEc

sgndet(E ) = 471)/Ge
T :

(10.13)

[ /\/|det E|dx ] = 2nyGelke . —L—=—

The resulting operators are of the form he[he_l, 17] for SU(2)-holonomies along
suitable edges e, for instance

tr(t by [h} V])N——lhéo{A V) (10.14)

v, 1’

for hy,; as in (10.2). Factors of the link size ¢ are needed in reformulating
Poisson brackets through commutators with holonomies, which are provided by the
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discretized integration measure in spatial integrations as they occur in the Hamil-
tonian constraint.

As in the models encountered before, we have a Hamiltonian constraint operator
with vertex contributions of the form

. 1 21 N(©) -
H, = Z Z 010203"
167G 8ty Gh 8 UK o edl)
X At (hy oy 1 (A ytoy 1,000 (Ao, 1.0,1(A) iy, 1(A) 7!
Xy ox k (D) hy ok (AL V) (10.15)

summed over all non-planar triples of edges in all possible orientations. The
combination

hv,(n[(A)hv—i-a[I,aj](A)hv+o]J,011(A)ilhv,UJJ(A)il

gives asingle plaquette holonomy with tangent vectors e, , ; and e, ;, ;. Compared to
homogeneous models, where we would multiply only two independent holonomies
for the two directions of the loop, we are using loops made of four independent
holonomies when edges are moved parallelly. Taking all possible vertices, the cou-
pling of infinitely many degrees of freedom is realized in this way, although we
usually continue to work with finite graphs contained in a compact region, probing
only finitely many degrees of freedom.

The use of holonomies provides a non-polynomial realization of the Hamiltonian
constraint, the precise form of which depends on the parameter £y. To check the
correct continuum limit, assuming small and weakly-varying connection components
compared to the edge scale, we expand in £¢. The leading term of the integrand is
of the order Zg which automatically results in a Riemann-sum representation of the
first term in (10.15). Since one needs to assume that the lattice is sufficiently fine for
classical values of the fields A’, in regimes and gauges of interest, there are certainly
states corresponding to coarser lattices on which stronger quantum corrections may
result. As usual, semiclassical behavior is not realized on all states but only for a
select class. Ensuring the correct classical limit, our arguments show that for any
low-curvature classical configuration a chosen lattice leads only to small quantum
corrections such that sufficiently many semiclassical states exist.

Using extrinsic curvature as the basic quantity entering in holonomies, rather than
the connection, allows simplifications of the whole constraint by easily combining
the remaining quadratic terms in K/ with the first term of the constraint; we do
not need to use squares of multiple commutators from quantizing a Poisson bracket
expression for extrinsic curvature in terms of the Euclidean constraint and volume
as in (4.4). Writing

Fly = 20Tl + 2y 3K} — eu(T) + v KDTF + yKf)

=201}y + 2y 0a K}y — vein(TLKj + Ty Ka) — e (TaTy + yzK,{(ﬁ)}fi@
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we obtain a term 2y 94 K 4 slij Kk ;, resembling a “curvature” 2-form F’ i 5 (VK)
as computed from extrinsic curvature alone, a curvature term of the spin connection
as well as cross-terms sijk(Fé K 1’7‘ + F’g KJ). With the diagonality conditions used so
far, the cross-terms disappear and only the “K -curvature” term and spin connection
terms remain to be quantized: We write the constraint for scalar modes in longitudinal
gauge as H[N] = Hg[N]+ Hr[N] with

HeINT = 1 a3 det E|~1/2 9. K! KJK E[“E] 10.17
kl ]'__87TG xN |det E|™ EijkY Oa h+ b (10.17)

(combined with the (1 + yz)—term in the full constraint) and

1 o
Hr[N] = ﬁ &N [det £[72 (e, Ty — TITE) EVEY. (10.18)

(Also the term of Hk containing 9, K ,’7 drops out for diagonal variables, such that
the constraint is explicitly y-independent). Both constraint contributions can rather
easily be dealt with by standard techniques, using K -holonomies around a loop for the
first one and direct quantizations of I‘é for the second. The split-off spin connection
components are quantized separately, which is possible in the perturbative treatment
on a background, see below, and then added on to the operator.

Following the general procedure, first for Hg, we obtain vertex contributions

. 1 2 N UK
Hg, = —
K.v 167G 877Gl 8 %mez{j:d 0102038

X4t (huoy 1hvtor10, 5 oy oy by vk [y 0 Vo) (10.19)

As before, h, ; denotes a K-holonomy along the edge oriented in the positive
I-direction and starting at a vertex v, but we also include the opposite direction
hy, — in the sum to ensure rotational invariance. In some of the holonomies, v + /
is again used for the vertex adjacent to v in the positive I-direction. The {I/K}-
summation is taken over all possible orientations of the /J-loop and a transversal
K -direction. For notational brevity, we introduce, as in [4],

1
Cy,] ‘= Etr(hw), Sy, = —tr(r(I)th) (10.20)

such that (10.2) becomes h, ; = c¢y,; + 2775,,7. In a continuum approximation, we
have

¢yl = o8 (yk, (v + %1)/2) . sy = sin (yk, (v + %1)/2) (10.21)

where again k; (v) = EOIEI (v). The traces in (10.19) can then be seen to be of a form
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1 A
87‘[)/—Ghtr(hv Ihv+1 th+] [hv th K[hv K> D
= —&lK { [(cv.10v0.1 + Sv.18040.0)C0, 7ot 1,0 + (Co.1Co1 0.1 — Sv.18v+7.1)
XSy, 78041, | AV,K}

2
+ ek { [(cv.18v40.0 = Sv. 100,080, 0Cv4 1.7 + (Sv.1C010.1 + Co1Sv40.1)

XCy,7Sv1.J ] Bv,K}»

(10.22)
where
AAV,K = % (Vv — Cy K VVCV,K — Sy, K ‘/}VSV,K)v
R 1 R R (10.23)
B, g = m (SV,K VvCV,K — Cy, K Vvsv,K)~

Only the second line contributes after contracting with &7k, and results in
A —N(©W) _
Hg , = 641 2G Z Z ((SV’U-II’U-JjsV,UjJCV+O']I,O'jJ
14 1JK oje{x1}

n ~
+SV’UII’UJJCV,O'_/ JSv+o; I,O'jj)BV,U'K K) , (10.24)
with

1
ot = sin (zy(kgll(v+611/2)ikg[[(v+ajj+011/2)).

v,orl, JJJ

In the homogeneous case the first term in the sum (10.24) vanishes and the leading
contribution is

4sin(yk;/2) cos(yk; /2) sin(yky /2) cos(vk, /2) By k., (10.25)

in agreement with our earlier constructions directly in homogeneous models, where
vkr = ylok; = bo V=3¢ =c/ N3,

10.1.4 Quantum Corrections

Our two types of quantum-geometry corrections are visible from expression (10.24):
Using commutators to quantize inverse densitized-triad components implies eigen-
values of I§V, 1 which differ from the classical expectation at small labels 1, ;. More-
over, using holonomies contributes higher-order terms in extrinsic curvature together
with higher spatial derivatives when sines and cosines are expanded in regimes of
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slowly-varying fields. To see the forms of correction terms, we will now show the
next-leading order of higher powers and spatial derivatives of ki (), making the
general considerations in Sect. 10.1.2.3 explicit, before dealing with inverse-triad
corrections. Calculations here serve to illustrate the general form; no unique deriva-
tions of curvature corrections exist at the present stage of developments.

10.1.4.1 Curvature

We expand the Hamiltonian explicitly in £o after writing k; = £ok;. This implements
a slowly-varying-field approximation with respect to the lattice spacing. For the
(1, J)-plaquette, a single term in the sum (10.24) becomes

25y ySv. I Cor 1. 8 0 Svr1.0)
| L L
= y2ekiks + 3176 (rosks +ksorks +2ks0,%1)
Voaja(s op 7 o027 Foa2r T z z oz
+ 3 Lo \krdsky +kyorky +4(kjorky + k;0705ky + 0rkrorky

- ~ ~ ~ 4 -~~~ ~
+oskrdrky) 4+ 207k;dsky — gyzlqkj(k% +k?,)) +0(£3). (10.26)

Link labels k; were initially introduced as values of the extrinsic-curvature compo-
nents evaluated at midpoints of edges in the continuum approximation (10.21) of
our basic non-local variables. The expression above is written in terms of just two
components k 1(v) and k J (v) obtained by Taylor expanding the midpoint evaluations
around the vertex v. For a fixed direction K there are in total eight terms to be included
in the sum (10.24). They are obtained from (10.26) by taking into account the four
plaquettes in the (/, J)-plane meeting at vertex v and considering both orientations
in which each plaquette can be traversed.

Summing over all four plaquettes (each traversed in both directions), the cubic
terms drop out and we are left with

2ppr VUG o o
y2e3kky — Tolqkj(k, +k3)
y2ed oo . o o 5 e .
+ g a0k + kg oks + 2107k + ky97kr + 0rki9rk,

+8,kdsky)) + OL)). (10.27)

The first term, when combined with I§V, k and summed over all triples IJK , reproduces
the correct classical limit of the constraint Hg .

In the final expression, the factor E% in the leading term together with a factor £
from év, x through (10.14) combine to give the Riemann measure of the classical
integral. Higher-order terms, however, come with additional (coordinate dependent)
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factors of £ in (10.27) which are not absorbed in the measure. The result is inde-
pendent of coordinates since the whole construction (10.24) in terms of kj is coor-
dinate independent. But for a comparison with higher-curvature terms we have to
formulate corrections in terms of k; and p’ as these are the components of classical
extrinsic curvature and densitized triad tensors. Higher-order terms in the expansion
are already formulated with k; in coordinate independent combinations with £¢-
factors. For a comparison with low-energy effective actions, it remains to interpret the
additional £ factors, as explained in Sect. 10.1.2.3, by eliminating them in favor of
components of the inverse metric. At this stage, the corrections obtained from loop
quantum gravity have been reconciled with general expectations of effective actions.
Also, the fact that the cubic term in £¢ in (10.27) drops out is in agreement with
higher-curvature corrections since in that case only even powers of the length scale
£p can occur.

This limit, in summary, was obtained in two steps: we first performed the
continuum approximation by replacing holonomies with mid-point evaluations of
extrinsic-curvature components. After this step we are still dealing with a non-local
Hamiltonian since each vertex contribution now refers to evaluations of the classi-
cal field at different points. In a second step, we Taylor expanded these evaluations
around the central vertex v, which gives a local result and corresponds to a further,
slowly-varying-field approximation.

10.1.4.2 Inverse Triad

A direct calculation using (10.5) and (10.12), whose details are very similar to cal-
culations in homogeneous models, shows that B, g, as defined in (10.23), commutes
with all flux operators and thus has the flux eigenstates as eigenbasis. The action

. 12
Bukl...opvk,...) = (27TV£12>) \/|Mv.l + o —1llpv, s + py,—s1
x (VI + v + 11 = VIt + vk — 1)

X ooy ks

(10.28)
directly shows the eigenvalues, which do not agree exactly with the classical expec-

tation ex () = /[pT()p? /P ~ /Titw.1#vs [iiv.k | (indices such that
eYK = 1) for the co-triad (10.13). But for large values Wy, 1 > 1 the classical
expectation is approached as an expansion of the eigenvalues shows.

More generally, we compute eigenvalues of the operators

R -1 ‘7r| . +1—‘7r| k=1
B") = (2nyel%) K - bk (10.29)

where the subscript of the volume operator indicates that its eigenvalue in a lattice
state is computed according to (10.12) with a shifted label of the link e, . The
eigenvalues are
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Fig.10.2 Behavior of the
correction function ¢ in
(10.31) [4]. It approaches
one from above for large
arguments. For small
arguments, the function is
increasing from zero and
reaches a peak value larger
than one. Also shown is the
limiting case r = 2 which
does not show a peak but a
constant correction function
forp > 1

weé

)3r/27] 2

1
B") == (271)/612)

v,K " r |I’LV,1 +MV,—1|r/2|MV,J +I/Lv,—J|

x (1, + s+ 172 = i+ gk = 172) . (10.30)

compared to the classical expectation

@y ) s 4 sttt + 1,1tk + p, -k 7?7
for V7'~ leg.

Inverse-triad corrections are obtained by extracting the deviations from eg (v)
which B, g receives on smaller scales. We introduce the correction function as a
multiplier «, g (v, 1) such that B, k = a, gex(v) and «, ¢ — 1 for u, ¢ > 1.
Comparing the eigenvalues of év, k with those of flux operators in the combination
VIZ 1.7, 1] P k| suitable for ek (v), we find

! .
T e (T L P

(10.31)

r/2

Some examples of r are seen in Fig. 10.2. For regular quantizations of inverse-triad
components, 0 < r < 2.

Having computed the operators and their eigenvalues for general diagonal con-
figurations, we now specialize the correction function to perturbations of the scalar
mode. We reduce the number of independent labels by imposing (t, ; + ty,—1 =
My, J + (y,—y for arbitrary I and J. This corresponds to a metric proportional to the
identity §,p, as it is realized for scalar perturbations; see Sect. 10.1.1. We then assign
anew variable p(v) = 2w yﬁ% (My,1 + Wy, —1) to each vertex v, which is independent
of the direction of the edge / and describes the diagonal part of the triad. Quantum
numbers in eigenvalues of the lattice operators can then be replaced by p(v), allowing
us to compare the resulting functions with the classical ones. The remaining sub-
script v indicates that the physical quantities are vertex-dependent, inhomogeneous.
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Averaging over the plaquette orientations in the constraint then becomes trivial and
the total correction reads

aVpW] = —— p0I' 72 (1pw) + 22y 17 = |pv) = 27y B3712).

(10.32)

nryﬂl%

Using p(v) = Z%ﬁ(v) = E%az, an expression as in (3.61) results, but with § in
(3.61) fixed. Explicitly using an underlying discrete state has provided a normaliza-
tion of inverse-triad corrections, as anticipated in the lattice-refinement picture.

A parameter with a consequence similar to é of the isotropic setting, but in dis-
cretized form, arises by considering a larger set of quantization ambiguities. Some
quantization ambiguities have already been included by using the same classical
expression of inverse-triad components in terms of év(r}( with different values of r.
In addition to ambiguities in the exponent r one could use different representations for
holonomies before taking the trace, rather than only the fundamental representation
understood in (10.14) and (10.19); see also [7]. In this case, we have

) _ 3
vK — T ./. .
' irj(j+D@2j+1)

(2nyzl%)_l tr; (rKhv,KV;h;}() (10.33)

labeled by the two ambiguity parameters, » for the exponent of volume in commu-
tators and j for the irreducible representation used for holonomies and traces.

Arguments against the use of j # 1/2 in Hamiltonian operators have been put forward based
on the presence of classically unexpected solutions for constraints modified by holonomy
corrections with higher spins [8, 9]. However, these arguments can be circumvented by
suitable sums of higher-spin contributions so as to remove unwanted solutions. Moreover,
quantum theories commonly produce solutions not expected classically, and new solutions
from higher spins usually have large non-classical values of curvature.

Eigenvalues of such operators can be expressed as

L 3 3r/2-1
Bi 'Ié) = — . (271)/5]%)
’ rj(G+D@j+1D
J
X |Uv,1 ‘|’,U¢v,71|r/2|,u¢v,l + liv,7J|r/2 Z m|ﬂv,K + Uy, -k +2m|r/2
m=—j

(10.34)

leading to the general class of correction functions

o) 3

r/2
PTG+ DR+ ™

J
v,k + -k 172D m |k A+ k4 2m
m=—j

(10.35)

After imposing isotropy the last expression becomes
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. 6 J
(rj) _ 1—r/2 r/2
o = — - | E m|u+ m|"< (10.36)
rj(j+D@2j+1) .

m=—j

The computation of traces involving higher representations of SU(2) as they occur in inverse-
triad operators can be simplified using the following ingredients [10]; see also [7]. First, for
the normalization we note that

(7)) = —%ju +1)2j + Do (10.37)

with generators Ti(] ) of the Jj-representation. In inverse-triad operators such as (10.33), in
which only a single generator is used as a factor and in holonomies, the matrix multipli-
cations and the trace can be computed easily when the generator used is diagonalized, the
diagonalization being possible thanks to the cyclic commutativity of the trace operation.
Then, in the j-representation the diagonalized h, g reads

e7lic 0 0 0
0 e iU7De 0
hx =expler”) = | : (10.38)
0 eili=De g
0 0 o 0 elie

or (hf,{})aﬁ = ei(“_-f)cé(a),g for 0 < «, B < 2. For instance,
W [0 05 7] =y 0 — gt
and traces reduce to summations such as the one seen in (10.34).

For large j, the sum in «">/) can be approximated well as long as 4 is not too
close to j. (We present the resulting expressions for inverse-triad corrections as an
illustration of their general form. By this we do not suggest that large j should
necessarily be expected in the dynamical expressions of loop quantizations.) For
w > j, absolute values can be omitted as all the expressions in the sum are positive.
Approximating the summation by integration [4, 10] yields

) 6~17r/2 1
O[(r’]) — M— (_ ((/1 4 1)r/2+2 — (- l)r/2+2)
r r+4

_% ((IEL + 1)}’/2+l _ ([l _ 1)r/2+1)) fOI'/l > 1

where 1 := u/j. For u < j, the terms in the sum corresponding to m < u and

m > u, respectively, must be considered separately before the absolute value can be
dropped. The end result, however, is very similar to the previous one,

. 6~l—r/2 1

o) = 2* ( ((ﬁ L) — ﬂ)r/2+2)
r r+4

_L

- ((/1 + )7 - g)’/2+1)) for i < L
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Fig.10.3 Comparison
between the correction
function (10.35) and its
approximation (10.39). The
spikes are smeared out by the
approximation [4]
o)

After some rearrangements, these two expressions can be combined into a single
one as

) 6,[1]_r/2
) — 7 (1) /2] Yy
o Y SYm ((u+ ) (r+ )
+sgn (i = DI — 170 +24+20) (10.39)

The approximation is compared to the exact expression of the correction func-
tion obtained through eigenvalues in Fig. 10.3. As one can see, spikes, which arise
from absolute values whenever u passes an integer as long as it is less than j, are
smeared out by the approximation (except for the point & = 1 where the approx-
imation remains non-differentiable at second order which is not visible from the
plot). The general trend, however, is reproduced well by the approximation also
to the left of the peak. For applications in effective equations, the approximation
might even be considered more realistic than the exact eigenvalue expression because
those equations would be based on semiclassical states. Since such states cannot be
eigenstates of the triad but must rather be peaked on a certain expectation value,
they will automatically give rise to a smearing-out of the spikes in the eigenvalues.
(The eigenvalue function will be convoluted with the profile of the semiclassical state
if we use a semiclassical state ¥z (1) = ¢, peaked at some i1 with profile ¢, to
write 7 (Y| BlY)z = X, [¢u—al*Bu = X, |¢u—l*aue, = apen + moments. In
the last steps, we have factored the inverse-triad operator into the correction function
and co-triad eigenvalues. Deviations from triad eigenstates can be captured either by
convolution with the state profile, or by adding moment terms as in general effective
equations; see also Sect. 10.2.)

This class of correction functions parameterized by two ambiguity parameters r
and j captures the most important general properties of such functions, including
the position of their maxima at i = 1 (or i =~ j) and the initial power-law increase
for small i (determined by 7). In its role for the peak, the spin label j is analogous
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to the ambiguity parameter § in isotropic models; see (3.61). The inhomogeneous
treament has not only discretized the allowed values by relating them to spin labels
(which in homogeneous treatments are mixed with the coordinate length of edges). It
has also given indications that small values close to the fundamental representation
of SU(2) may be preferred. Corrections thus arise for elementary lattice fluxes not
too far from the Planck scale.

Asymptotically, all correction functions have the correct classical limit on large
scales, such as

r=2)r—4) ._,

Q"D () A~ 1+ g AT o™ — 1 (10.40)

for (10.32). Moreover, for small u the correction function goes to zero as
"D () ~ p)r 2, (10.41)

which ensures boundedness of the quantized co-triad e(g) (x\/ﬁ o fi? (using
r = 1 for this case as in (10.13)), when ft — 0. The same is true for higher j since
the sum (10.36) of odd terms when evaluated at u© = 0 gives zero.

So far, the holonomies we used only contributed the extrinsic-curvature terms Hg to the
Hamiltonian but no spin connection terms of Hr at all. In the procedure followed here,
we have to quantize T} [E] directly which is possible in the perturbative regime where
line integrals of the spin connection have covariant meaning. This gives rise to one further
correction function from the expression of the spin connection

. . 1
rh = _guke? (8[1elg] + Ee;eéa[celb]) , (10.42)

as it also contains a co-triad (10.13). We again make use of the fact that the triad and its
inverse have a diagonal forme! = E! //Tdet E] = ¢'Ds! and e; = ¢(1)8} with components
given by e/ = p’/./[det E] = (e;)”". The spin connection then simplifies to

F; = sﬁ“e(”aceg) (1043)

and in terms of components of the densitized triad reads

1 ip? ap!  o;p!
ry = 5 O (2 2 -2 ) (10.44)
7

p p

For a complete quantization of Hr we observe that we need terms of the form Z(Z)FZ Fé and
IZ% 0u F,Q in the constraint since one factor £( of the Riemann measure will be absorbed in the
commutator LA?\,, 1. To quantize £ I’fl, we combine £o with the partial derivative d; in (10.43)
to approximate a lattice difference operator A; defined by (A f), = fi+1 — f, for any
lattice function f. A well-defined lattice operator results once a prescription for quantizing
the inverse triad has been chosen. Again one can make use of Poisson identities for the
classical inverse which, however, allows more freedom than for the combination of triad
components we saw in the Hamiltonian constraint. For any choice we obtain a well-defined
operator, which would not be available without the perturbative treatment since the full spin
connection is not a tensorial object.
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An explicit example can most easily be derived by writing the spin connection integrated
along a link e, ; as it might appear in a holonomy,

(K)
. . . . . p

drefTE ~ goT = 6i€e©tgdee(r) ~ 6K ———— Axe

/ I'a ol y I 00c€(I) I [deL E| K€

ey, 1

using the lattice difference operator A; & £(d;. We then have to deal with the inverse powers
explicit in the fraction and implicit in the co-triad e;. The latter is standard, replacing ey by
Ly I I {hl’l , Vi } based on (10.13). The inverse determinant in the fraction cannot be absorbed
in the resulting Poisson bracket because it does not commute with the derivative. Moreover,
absorbing a single inverse in a single co-triad would lead to a logarithm of V,, in the Poisson
bracket which does not allow a densely defined quantization. It can, however, be absorbed
in the flux 8(2) pX if we do not use the basic flux operator FA“VY k but the classically equivalent
expression

1 ,
~ 2 K _ 12
F x ~ ZopK = EZOSfK)sk,-jSK”e’,e§

:_%(471;/6)*22 > oo iy hithy ! itk (ks Vi) (10.45)
1J oje{£l}

(which is analogous to expressions used in [11]). Since there are now two Poisson brackets,
we can split the inverse V, evenly among them, giving rise to square roots of V) in the
brackets:

pK Fv,K

I — N ]
[detE] 'V,
Lo -
= temgr 2 X aroveu(mon i V]

1J oje{xl}
x h,{h;l,m}). (10.46)

The remaining factor of £ is absorbed in e; inside the derivative which is quantized following
the standard procedure. A well-defined quantization of spin-connection components follows,
one that is not local in a vertex since the difference operator connects to the next vertex.
Similarly, the derivative of the spin connection needed in the Hamiltonian constraint leads
to further connections to next-to-next neighbors.

Explicitly, one can write an integrated spin connection operator quantizing l"é = v dxreg ri
as '

~ : 1
i _ iK JLK
FV,I =éI 167‘[2]/2[2 Z oJoLE tr

P J.Loj.oL

x (zuohsths", VP thg!, 021

« AK( iez e Dhylh; Y, m))). (10.47)

2ryly

Replacing the commutators by classical expressions times correction functions ) (and o =
(D) defined as before leads to an expression
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(Tcorr = V2 (pHaV2 (phye e (a(p'er)

=D pHa (p") [a(phT] + 3 o (PP T
K#I

for the corrected spin-connection components. For scalar modes, using that all p/ at a given
point are equal, this can be written with a single correction function

Blp1 = a2 [pm) P (@lp)] + 2pa’ [p(1)]) (10.48)
for Fﬂ, where o’ = da/dp.

Having well-defined quantizations of the spin connection at one’s disposal in perturba-
tive settings, one could use them to implement the reality conditions of complex Ashtekar
variables.

Matter Hamiltonian. Another important source of inverse-triad corrections is pre-
sented by matter Hamiltonians, which we demonstrate for a scalar field ¢. The general
quantization steps have been described in Sects. 3.2.2.3 and 4.2.2, which can directly
be adapted to the lattice setting. We represent exp (iv,¢(v)) directly at vertices, and
quantize the momentum via

P, = / Sxr ~ Egn(v)
Ry
where R, is a cubic region around the vertex v of the size of a single lattice site.
The matter Hamiltonian

a b

1 EYE!
H,[N]= | &®xN — 70?4+ —L_§,0(x)d JdethW
W[N] / X (X)(zmﬂ(x) +2m @(x)dpp(x) + Vdet (w))

with a potential W (¢) requires inverse-triad corrections at two places, based on two
versions of the general identity

(AL VY =4y Grv!i—tel (10.49)

so as to supply the correct inverse powers. Any such Poisson bracket will be
quantized to

i -2 . .
EL{AL VY > %tr(t’hwlg[hv,}(, V)

using holonomies #, ; in the direction / with tangent vector é% .
Since holonomies in our lattice states have internal directions tg for the direction
K, we can compute the trace explicitly and obtain

. A PPYSE :
> ot huoklhy) g W D=5 Bk —B" 5k,

, 28 " ’
oe{£l}

Vb= 2
K™ 8riry €3y
(10.50)
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where, for symmetry, we use both edges touching the vertex v along the direction K
and B(rK is the generalized version of (10.23):

) 1

v K = m (SV,K‘,}VrCV,K _CV,K‘,}:SV,K) (1051)

The exponent used for the gravitational part was r = 1, and r = 1/2 already
occurred in the spin connection. The scalar Hamiltonian introduced in [12, 13], which
we closely follow here, uses r = 1/2 for the kinetic term and r = 3 /4 for the gradient
term. With the relations in Sect. 4.2.2 one can replace the inverse powers in the scalar
Hamiltonian as follows: For the kinetic term, we discretize

[ i 3
Jdeth OVdeth) 4V,
Then, the classically singular

2
1 68 be elei"k (% i U204l v1/2v 4k 1/2
=(68a e 7 IR abegi (AL VIPYAL VP AR, V%)

2

(10.52)
is quantized to the square of

12 »(1/2)5 oi ~(1/2 12 12 12

Similarly, we discretize the gradient term by

s E{WE) ()

agoabwz i CaP)()@e)0)

/dSJd—

plmp’ v)
A A A gy
v,

where we replace spatial derivatives 9, by lattice differences A;. Now, using

plv)  LElv) 6§ eyelelsgndet(el)

8 = {5 =20
) Vv]/2 Vv]/2 6 Vv]/z

E(Z) Iyglb J 34y Ak 1/3/4

stgn det(e,)e cel-jk{A , VOIRHAS, vy

we quantize the metric contributions to the gradient term by

1 34 34 34 34

»(3/4 3/4 3/4 3/4
x ngNg,-mn(Bé,” B( / >)3(M)(B§J/V> B( (LI (10.53)
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In addition to the fact that we are using different values for r in each term in the
gravitational and matter parts, giving rise to different correction functions, the matter
terms are less unique than the gravitational term and can be written with different
parameters r. Instead of using r = 1/2 in the kinetic term, for instance, we could
use the class of relations

1 detelr |1 . G’
JTaetE - [detE|&FDR ~ |gf  ckTGY)

. . . k
(AL, V(2k—1)/3k}{Aljf Y Gk=1/3ky 4y Qk=1)/3ky

for any positive integer k to write the inverse determinant through Poisson brackets
not involving the inverse volume (see also the appendix of [14]). This ambiguity
determines an integer family of quantizations withry = (2k—1)/3k > % Fork =2
we obtain the previous expression, but other choices are possible. Moreover, using
the same r in all terms arising in gravitational and matter Hamiltonians can only be
done in highly contrived ways, if at all. There is thus no clearly distinguished value.
Onregular lattice states, all ingredients are composed to a Hamiltonian operator (4.8).

Implementing inverse-triad corrections, (10.32) can be used to write the corrected
matter Hamiltonian on a conformally flat space g, = |p(x)|84p as

5 lBab
H, = /2 o N(x)(zféif;?]/zm)z LTS

X Ba e + |13<x)|3W(¢)> , (10.54)

where a comparison with (4.8) shows that we have correction functions

vpM1=aVP[pm1® and o[pm)]=a®P[pm)* (10.55)

10.2 Quantum Corrections in Effective Equations

In the preceding section, we have computed several examples for individual quantum-
geometry corrections by separate constructions. In a fully quantum corrected Hamil-
tonian, they all arise at the same time, in combination with quantum back-reaction.
The general effective Hamiltonian follows from a background-state expansion as in
Chap. 5, or by the expansions of Chap. 13 using Poisson geometry. Correction terms
are then automatically organized in powers of A, possibly combined with powers of
the lattice spacing £ if a continuum approximation is performed as well.

From the explicit calculations of quantum-geometry corrections it may not be
obvious to see how they enter effective equations obtained by expanding around a
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semiclassical state. Inverse-triad corrections, for instance, were computed via the
eigenvalues of inverse-triad operators on triad eigenstates, which are not at all semi-
classical. Nevertheless, as we will show in this section, such calculations capture the
quantum-geometry contribution from inverse-triad corrections.

10.2.1 Holonomy Corrections

Holonomy corrections arise because of a classical modification of the constraints,
inserting holonomies for connection components. As quantum-geometry corrections,
they can simply be expanded at a classical level, without worrying about semiclassical
states or physical Hilbert-space issues. Expansions of two different types are present
in inhomogeneous situations, both organized by the lattice spacing £¢: an expansion
of exponentials in terms of higher orders of connection or extrinsic-curvature compo-
nents, and a derivative expansion of the non-local integrations along curves involved
in holonomies. In both cases, the specific routing of curves used for holonomies in the
Hamiltonian is relevant, as well as their relation to curves in the graph of a discrete
state acted on. State properties are thus important for details of the correction terms,
but not so much their semiclassical nature.

More specifically, we can write the expansions for lattice states, with an edge
starting at a vertex v, in the form

1 ~ 1 ~ -
Sin(zl’ J krdh )~ sin (E)/@o(kl(V) + Lodrky(v) + -+ - ))

e(v)
. | - 1 .
~ sin Eﬁoc + £pdc cos Eﬁoc + .-

The first expansion is the derivative expansion of the integrated field, the second one
an expansion around the isotropic field value ¢, introducing inhomogeneities 6c. The
leading term of the expansion produces the isotropic constraint.

10.2.2 Inverse-Triad Corrections

Inverse-triad operators such as év, k in (10.23) arise from commutators of holonomies
with positive powers of the volume operator, obtained by quantizing Poisson brackets
used to rewrite inverse-triad components [12, 15]. In an inhomogeneous setting,
contributions to inverse-triad corrections come from individual lattice sites, with
elementary lattice operators as fluxes F determining the excitation level of links,
and holonomies / changing the excitation levels. In the Abelian case, and dropping
numerical factors, these operators satisfy the algebra [F,h] = K%fl. Inverse-triad
operators then have the form
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Bo L GnEeh — Bt = L
=—('F|"h = h|F|"h") = -

2gGh igGh
with some power ¢, and splitting the holonomy h=¢+isin self-adjoint and anti-
self-adjoint contributions, as it occurs by writing the exponential as a combination
of sine and cosine.

To leading order in &, the Poisson bracket of the flux |F|? with a connection
component is obtained, which is identical to the classical inverse. One might thus
think that inverse-volume corrections in an effective Hamiltonian obtained by a
background-state or moment expansion arise only in terms of higher moments, not
by correcting expressions for expectation values. This expectation, however, is not
fully correct, because it ignores an identity realized for holonomy operators: the basic
operators (F,h,h' are subject to the reality condition hit = 1. If this identity is
used, the order of some operator products in a background-state expansion

GIF|19¢ — ¢|F|95)

B = BUE) + D Bape(F). (h), (WT)(F = (F))*(h = ()" (" — (h)")*
a,b,c

with the classical inverse B({F )) or of some monents in a moment expansion, can
be reduced compared to what it appears to be initially. In particular, the initial order
a+ b+ c of aterm with exponents a, b, ¢ above can be reduced to a + |b — c|. If this
procedure is followed consistently, inverse-triad corrections do arise which take the
form of correction functions depending on the expectation values of basic operators,
in particular on (13 ), but not on moments.

To see this explicitly, let us look at the products of operators h|F|9h and A1 F|9h
as they appear in inverse-triad operators. Using the basic commutators [h, F] =
—Z%ﬁ and [fﬁ, Ia 1= E%lﬁ, together with the reality condition hh' = 1, we reorder
terms as h ' = (I:“ - El%)fz and h'F = (ﬁ + Elz,)fﬂ and rewrite

0 [ 2184

NP r\ (F —(F))

hIFI9RT = |F — (317 = |(F) — zl%rfz()A— (10.56)
= W IKE) = Gt
0 i AL

S - r\ (F — (F))

h'|F|9h = |F + €319 = [(F) + €3] ( )— (10.57)
ké k) 1F) + ¢

In this way, cancelling holonomy operators as far as possible, we are reducing orders
of operator products to the smallest possible values. Corrections from higher orders
in the product expansion, or from higher moments of a state if an expectation value
is taken, remain, but additional moment-independent corrections (the j:EIZ,-terms for
k = 0 in the expansion) have been transferred to the expectation value dependence
of inverse-triad corrections.

The leading terms of background-state expansions are then combined to

1 Fy+ 029 — |(F) — €34
B — B < (G = 1P - 6

e 10.58
24Gh 2903 " (1059
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whose leading term in an /-expansion is | (ﬁ y|2~1, an inverse of the flux eigenvalue if
q < l.If weinclude higher-order corrections in £, a correction function as seen before
for inverse-triad corrections results, even if no higher moments of the expansion are
considered.

Unlike holonomy corrections, inverse-triad corrections have the form of an
h-expansion without modifying the classical expression at leading order. They incor-
porate quantum corrections resulting from quantum geometry, conceptually distin-
guished from quantum back-reaction as it results from the dynamics. Since all these
corrections in semiclassical regimes are organized in an i-expansion, one must com-
pare the specific correction terms in order to see which ones might be more dominant.
Corrections from quantum back-reaction are arranged in orders of moments of a state,
in the present context obtained by taking an expectation value of background-state
expansions (10.56). We are thus comparing terms of the order Z% / (ﬁ ) from the
inverse-triad expansion (10.58) with relative moments in an expansion starting with
(AF)?/ (I:” )2 = (I:" — (I:" N2/ (I:" y2. Inverse-triad corrections are dominant if flux
fluctuations are smaller than the Planck length squared. Since elementary flux values
are quantized in multiples of the Planck length squared, this result is reasonable:
we can notice the discreteness, and in particular inverse-triad corrections as a result
of the discreteness, only if quantum fluctuations are not so large that they wash out
the discreteness scale. For a semiclassical state we expect the relative fluctuations
to be small, while flux expectation values in an elementary state are about Planck-
ian. Inverse-triad corrections are thus larger than terms obtained from the moment
expansion.

Quantum fluctuations of individual plaquette fluxes are less than Planckian. Fluctuations
of larger regions, whose fluxes are sums of elementary fluxes, are correspondingly larger:
For weakly correlated plaquette states, the macroscopic fluctuation squared is the sum of all
microscopic fluctuations squared.

We conclude that the terms written in (10.58) contain the leading quantum cor-
rections in their first few orders of /. The result agrees with the formulas obtained
earlier for inverse-triad eigenvalues. Correction functions as derived earlier can thus
be used for any semiclassical state provided only that relative fluctuations are small,
as realized in the context of semiclassical geometry. One need not assume that the
geometry is described by triad eigenstates, which would not be realistic.

For these considerations, we should use only the first A-terms in an expansion
of (10.58), as higher orders would become comparable to the neglected moment
terms. Inverse-triad corrections are thus reliable when they refer to the asymptotic
deviations from the classical value obtained for flux values larger than the peak
position in Fig. 10.2. Corrections for fluxes smaller than the peak position require an
inclusion of at least some of the moment terms, which have not been fully derived yet.

In this regime, identifying |(ﬁ )| = v*/3 with the elementary scale of lattice
refinement, we expand correction functions as @ = 1 + ap(fp/ v1/3)™ where the
coefficient oy and (to some degree) the integer exponent m depend on quanti-
zation ambiguities. Lattice refinement for some a-dependence of v(a) then leads
toa = 1 4 aplas/a)’ with a reference scale a, and 0 = (2x + 1)m: From
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the basic identities of lattice refinement, .#v = ¥a> and A = Apa—%, we have
LoV = (N ) 3epja = (No) V)3 p/a**F1. The exponent o appearing in
inverse-triad corrections that include lattice refinement may thus be close to zero,
unlike the initial exponent m which, by an expansion of inverse-triad values, usually
takes the value m = 4. (Inverse-triad expressions are even functions of flux compo-
nents, so that corrections in terms of the inverse scale factor are at least of the power
four.) The a-dependence of inverse-triad corrections is thus stronger if lattice refine-
ment is ignored, which helps to rule out some parameterizations; see [16] which also
provides further parameter estimates.

If moments can be ignored, correction functions for inverse-triad corrections take
exactly the form derived from eigenvalues. In particular, they can be written as
functions only of the flux expectation values, not of holonomies. In an effective
Hamiltonian, correction functions then depend only on the densitized triad, not on
the connection. As one can easily see, this restricted dependence on the phase-space
variables leads to significant simplifications in the computation for instance of the
constraint algebra, as seen below. Nevertheless, in general one should expect also
a weak dependence on the connection if non-Abelian holonomies are used. In this
case, the holonomy-flux algebra, which is essential for the derivation of inverse-triad
corrections, changes. For instance, we have reality conditions more complicated than
hh' = 1 as used above. Holonomies in the commutators for inverse-triad corrections
no longer cancel completely, leaving a connection dependence [17]. Such calcula-
tions are more difficult to perform, but as we will see below, a connection dependence
can be included at an effective level in the form of counterterms. Thus, such terms are
not completely neglected. In any case, a U(1)-approximation or Abelianization is an
important tool not just in loop quantum cosmology but also in the full theory (see for
instance [18-20]). An analysis of inverse-triad corrections in cosmology, parameter-
ized in a sufficiently general form, thus tests the full theory of loop quantum gravity.

10.2.3 Types of Corrections

To summarize, holonomy corrections can be computed by expanding lattice
holonomies as polynomials in curvature components, in combination with a slowly-
varying-field approximation that provides higher spatial derivatives. The form of
inverse-triad corrections follows from a consideration of inverse-triad operators based
on algebraic properties of the holonomy-flux algebra, not just on their eigenvalues.
The resulting correction functions depend on the spatial metric and its derivatives via
the elementary fluxes, whose values are typically near Planckian and can then give
rise to sizable corrections. The set of quantum corrections is completed by quantum
back-reaction terms, which are more complicated to compute in a field-theoretic set-
ting and have not been treated reliably yet. They are nevertheless required from the
perspective of higher-curvature terms, and can be expected to play an important role
for anomaly-freedom and covariance.

Since there are several corrections of different types, one may ask whether any of
them could be analyzed in separation, without requiring all corrections to be derived
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at once. This is in fact the case, especially for inverse-triad corrections. They are of
a type which cannot be produced by the other corrections. For instance, holonomy
corrections always produce higher-order terms in the connection, unlike inverse-triad
corrections, and quantum back-reaction terms always include moments of a state, not
just expectation values. If one is interested in anomaly-freedom which requires a test
whether the corrected constraints can form a first-class algebra, one must see, among
other things, whether anomalies obtained from one correction could be cancelled
by terms from another correction. For anomalies that may result from inverse-triad
corrections, this is not the case: the Poisson bracket of terms affected by holonomy
corrections always produces a term with higher-order corrections (at least higher
orders of the background connection if an expansion by inhomogeneities is used).
Terms containing moments always have a Poisson bracket containing a moment,
which follows from the Poisson structure of the quantum phase space discussed
in detail in Chap. 13. Terms with inverse-triad corrections contain neither higher
powers of the connection, nor moments. Inverse-triad corrections must thus provide
an anomaly-free consistent deformation of the classical constraints on their own;
otherwise the theory cannot be consistent no matter what the other corrections look
like. And if inverse-triad corrections deform the classical hypersurface-deformation
algebra non-trivially, the result shows properties of quantum space—time structure
that cannot be eliminated by including other corrections. We will now turn to an
analysis of these questions.

10.3 Anomaly-Freedom of Quantum Corrections

‘We have obtained candidate terms for quantum-geometry corrections from the lattice
construction. Although they show us what types of corrections we should expect,
they cannot be the final form because they assumed specific structures of states and
used gauge fixings. Due to the gauge fixing we have lost access to the full behavior
of gauge transformations, which makes it difficult, if not impossible, to address
anomalies. In fact, if we were to derive cosmological perturbation equations from
a linear expansion of the resulting equations of motion around FLRW space-times
with the corrections obtained so far, we would get an inconsistent set lacking any
non-trivial solutions.

10.3.1 Consistency Issues

To highlight the consistency issue, we take a look at the classical cosmological
perturbation equations. In longitudinal gauge as used so far, we have

de (¥ + Hont®) = 41 G S (10.59)

V2 = 35hont (V + Hoont) = 470G (8¢ — 620 +a V. (@)3¢)
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V- Hont (29 + B) + (2 Hecnt + Hur) & = 47G (366 — 4V, (@)3¢) (10.60)

3,0 —v) =0 (10.61)

8¢ + 2 HMont8p — V289 + a*V 4y (9)8¢ +2a° V. (9)p — & (¢ +39) =0
(10.62)

for scalar metric perturbations 4,4, = a2(1 — 24)8,4p and a perturbed lapse function
N = a(l 4+ ¢) (in conformal time). As matter source we have assumed a scalar field
¢ =@+ 8¢, and = a/a is the conformal Hubble parameter, with a derivative
by conformal time 7.

This set of equations appears overdetermined: there are five differential equations
for three unknown functions. But since the equations are not independent, which one
can explicitly check by solving (10.61) by ¢ = ¢ and deriving the Klein—-Gordon
equation (10.62) from the first three equations (also using the background equations),
non-trivial solutions for perturbations exist. Quantization now introduces corrections
by means of effective equations, which amend the classical ones by correction terms.
For a consistent implementation, corrections must preserve the fact that the equations
are not independent. Inconsistencies could, for instance, arise from anomalies in the
constraint algebra, implying that the first two perturbation equations, which are free
of second-order time derivatives and pose constraints on the initial values, would not
be preserved by evolution. In particular, it is not consistent to use only the corrections
for the background equations, which can rather easily be derived in isotropic models
using the effective techniques discussed earlier. Since the scale factor and background
scalar field appear in coefficients of the perturbation equations, they must satisfy
specific equations of motion to be consistent. If quantum corrections are introduced
in the background, they must also be introduced in the perturbation equations, and
they are highly restricted by consistency.

The second important consistency issue is that of gauge invariance. When a con-
strained theory is quantized, the constraints receive quantum corrections. Corrections
then enter evolution equations as just discussed, but they also affect gauge flows gen-
erated by the constraints. Thus, also expressions of gauge invariant variables must be
corrected. This feature can be implemented correctly only if we do not fix the gauge in
the first place before putting in corrections. In our derivation of candidate correction
terms we did fix the gauge (to make explicit calculations possible by Abelianization),
and so the derivations performed so far are incomplete. We will see in what follows
how the condition of consistency implies what additional corrections must be present
that have not been seen in gauge-fixed derivations of correction functions.
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10.3.1.1 Metric Perturbations

Again for scalar modes but now in a general gauge, we have perturbations ¢, ¥, E
and B where N = a(1+4¢) asbeforeand h,p = a2(1—2¢)8ab+8a8bE, N¢ = 0B,
as they appear in a line element

ds? = > () (—(1 4 2¢)dn? + 20, Bdndx? — ((1 — 20)8ap + 2aaa,,E)dx“dxb).
(10.63)

Not all these fields are independent perturbations because they mix under changes of
coordinates, which represent gauge transformations in the classical manifold picture.
There are two independent gauge-invariant combinations, the Bardeen variables [21]

U =y — Hont(B — E) (10.64)
®=¢+ (B—E) + Honi(B— E) (10.65)

and a similar quantity for the gauge-invariant matter perturbation 8¢S!. Here, another
consistency issue arises: if the constraints are not compatible with each other and
with the evolution equations, gauge invariance will not be preserved in time. Gauge
artefacts will then couple into the perturbation equations; evolution equations cannot
be expressed solely in terms of gauge-invariant variables.

In quantum gravity, we do not necessarily expect a classical space—time picture
with its coordinate transformations to hold. At this stage, a Hamiltonian formula-
tion offers many advantages because the consistency issues can be addressed at a
purely algebraic level: the constraint algebra must remain first class after including
quantum corrections. Then, constraint equations are preserved in time, preventing
over-determinedness, and gauge invariance of perturbations is preserved, preventing
couplings to gauge artefacts.

To show the classical Hamiltonian derivation first [1, 22], we start with the
Hamiltonian

1 [aEb]
3 [ 2 i i J
Hy [N = 1 /d XN (eUkF;b 214y )K;K,,’) T

)

and perturb it. For all fields X we write X = X + 86X such that [d’x6X = 0
is a pure perturbation and X = ¥ ! Ik d3xX is the average over our integration
region of size 7/, the same that we also use for the homogeneous background model.
By these conditions, we split the fields in background quantities and perturbations
without overcounting, keeping them clearly separate. Specifically, we have E =
po¢ +8ES, Ki = ks, +8Ki, N = N+8N and N = §N* without a background
shift when we perturb around an isotropic model. The perturbation of the densitized
triad is related to the metric perturbations by
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SEY = —2a*y 8¢ + a* (§8§’A — a“ai) E (10.66)

and 6K :1 is related to w at the level of equations of motion; for now we treat it as an
independent phase-space variable. B
With these preparations, we expand (167 G) ™! [ d*x (NH® + sNHW) with

. i AR G 2
HY = —4#0n1ad$5 K] — =M/ SES + =0.07SES
a a :

and
j j 2., ;
H® = ask{5K}sis? — a3k!69)? — s ESs K]
a
A f d ko A £ N2 sk d
a 2;0; 3E58Ek 8:8; + 420; (8E;5c) - m_S(aCSE;)(ad(SEk)'

Similarly, the diffeomorphism constraint Dgray[N“] = (87G)~! [, N*F!, E? with
N¢ = 8N® (N® = 0) can be expanded. This implies constraint equations
§H/8¢ = 7V = 0, which becomes V2 — 3.7 ( + Hontd), and (for a scalar
M determining the shift perturbation via N = 9 M) § D /6 M = 0 which becomes
0¢ (w + %ﬂconfqﬁ). For N =a, §N = a¢ we generate equations of motion in con-
formal time such as SE;I = {8E{, H[a(l + ¢)]}, using

(8K.(x). 8EL(y)} = 8mGalsis(x, y)

(There is no shift perturbation for equations of motion of scalar modes.)
For gauge transformations, we consider lapse and shift linear in perturbations:

_ 1 _ A 2 .
HINE® = ——— | &xN&o| 4700nadSS K] + IS ES — Z5.0/SES
167G J a 7 a J

1
D] = — [ d'xocs (a®sf0c8 K} — a0 KE — Hoomiol0ad EY)
P

The general gauge transformation s §z0 ¢ f = {f, H[N&°14+D[9%&]} for any phase-
space function, corresponding to the Lie derivative along the vector field (£°, 39¢).

The factor of N in the Hamiltonian constraint used as a generator for gauge transformations is
explained by the relationship between the space—time vector field written in different bases.
In a coordinate system, the components £/ refer to the basis t* as the time-evolution vector
field and s as three independent spatial vectors: £ = g0ra 4 gl s¢. The gauge parameters
used in the canonical constraints, on the other hand, refer to the vector field e = %29 + &' slf‘
in a basis adapted to the spatial foliation, with unit timelike normal n?. The relationship is
determined by lapse and shift: 7 = Nn® 4+ N, such that for a vanishing background shift
N®=0, e =e"'N"11e + sislf‘ =0 4 Sislf’, or e = N&9 as the gauge parameter. See
also [1, 23].
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To derive gauge transformations of our perturbation fields, we compare the general
triad perturbation (10.66) with its gauge transformation

1
8¢0.610 ES = 2 M on;a®E08¢ + a® (gafvzg - a“a,-s).
Thus, §jz0 19 = — Hoonr€¥ and 8iz0 g1 E = &. Similarly, from

8Ky = =8} (¥ + Heont (W + ) + 840" (Hont E — (B — E))

(from the equation of motion for § E') and

2
80 18K} = 0'04(6° + Hont) — @soag
we have 80 ¢ = —Hont€", 8jz0 ¢ E =&, Sz g(B—E) = —£Y, 8z0 69 = E°
+ Hont€ O In v := Y — Hont(B — E), all gauge transformations cancel out,
showing its gauge invariance.
Equations of motion can then be expressed fully in terms of gauge-invariant
quantities with all gauge-dependent terms cancelling:

V2 — 3 ot (Hont ® + V) = —47 Ga®S TP (10.67)

o (Hont® + V) = —47 Ga?$ TV (10.68)

. . : 1
(w + Hiont QU + &) + QA ont + Hgn))® + 5 V(@ — \I/)) 5
1
- 5abaa(cp — W) = 47 Ga?sTPED (10.69)

with stress-energy components in terms of gauge-invariant matter fields.

10.3.1.2 Evolution versus Gauge

Gauge transformations as well as equations of motion are generated by the con-
straints. One may then wonder why gauge-invariant combinations such as W and
® are subject to evolution at all, if evolution plays the same role as a gauge trans-
formation. First, from the derivations it is clear that gauge and evolution are, in
the perturbative setting, generated by different combinations of the constraints:
8ie0.6) = {-» HINE®]+ D[9“£]} and » = {-, H[N (1+¢)]}. For linearized equations,
81g0 ¢) 1s sensitive only to H () since the gauge generators are already of second order,
while evolution, in a gauge determined by the background lapse, is sensitive to H®.
These are different terms in the expansion of the constraint, and so, at least formally,
gauge and evolution are clearly kept separate.
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In fact, by splitting the variables into background quantities and perturbations
we have been able to isolate one global gauge degree of freedom as time, fixing
the background gauge by choosing a specific background lapse. Gauge invariance is
then only imposed for perturbations, not for the background values. Gauge-invariant
perturbations are still subject to the background evolution.

10.3.2 Quantum Corrections

In Sect. 10.1.2.2, we have not derived a complete quantum-corrected Hamiltonian,
but rather gauge-fixed derivations have shown that corrections of certain types must
arise. It is then a highly non-trivial test of the whole consistency to see whether
consistent equations can result. If this is the case, one might also obtain a covariant
space—time picture for the corrections computed in a canonical derivation.

Explicit corrections are available in particular for inverse-triad effects. These
terms were derived for special simple states, and with a gauge fixing assumed. In
this form, corrections are incomplete and likely to be inconsistent from the point of
view of anomaly-freedom. But both issues, the incompleteness of corrections and
consistency, can be combined to get a much wider picture: we start with corrections of
the form seen so far and test what extra terms they require for a consistent formulation.
If a consistent formulation can be found in this way, it suggests terms that one must
be able to see emerge from a more general derivation of quantum corrections. The
full theory is thus being tested, going beyond the simple states used initially. On the
other hand, if no consistent formulation incorporating the corrections seen exists,
they are ruled out. Also in this case feedback for the full theory can be obtained
since one would somehow have to explain why a crucial quantum-geometry effect,
if it cannot be realized consistently, should disappear without a trace in effective
equations. If there is no good reason why an inconsistent correction should cancel
out, the theory suggesting this correction would itself be ruled out.

One example has been considered in quite some detail: consistent formulations of
inverse-triad corrections for linear inhomogeneities on a spatially flat FLRW back-
ground [24]. We have computed the primary correction function « in (10.32) for
lattice states (making use of longitudinal gauge) from eigenvalues of inverse-triad
operators on regular lattice states, as they have been seen to come from a background-
state expansion for effective equations. A characteristic functional behavior arose,
but depending only on the fluxes, corresponding to the fact that inverse-triad opera-
tors in the (Abelianized) lattice setting have the same eigenstates as flux operators.
In general, we should expect relevant semiclassical states not to be based on regular
graphs, and certainly not to be triad eigenstates. Extra dependences on the (non-
Abelian) connection or extrinsic curvature may then arise, which is more difficult
to compute from expectation values at the state level. But the possible form of such
terms, required for consistency, can be seen from considerations of anomaly-freedom.

For inverse-triad corrections we make the ansatz
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for a corrected Hamiltonian constraint expanded to second order in inhomogeneities,
with H® = —6.22 .a and
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The primary correction function is @ (the function « evaluated in the background
variables), as derived before, and «® the term it provides when expanded to sec-
ond order in inhomogeneities. In the additional terms, we have inserted counterterm
coefficients f, g and & which have not been derived from the Abelianized quan-
tum Hamiltonian but will be required for a consistent algebra. (Not all terms in the
constraints need be amended by counterterm coefficients for consistency.) The coun-
terterm f multiplies a 6 K -dependent term; it can thus be interpreted as representing
a connection-dependence of inverse-triad corrections; see also Sect. 10.2.2.

Going through a lengthy analysis of the constraint algebra [24], one finds that it
is first-class to second order in inhomogeneities if 2 f + g = 0 and

95
—h—f+2Z =0
o da
¥ 28f a ox 0
—_ —z2d— — —— =
8% " & oa
0 a o
—fHg-at4 29
da o da

19adES  da®

6da a3 ' IBEY

(8455 — 5580) =

Moreover, there is a condition 76 = &2 (in the case of a scalar Hamiltonian (10.54))
for matter correction functions in terms of @? if matter is present. The matter Hamil-
tonian, if present, contains counterterms as well. We will later refer to the matter
counterterms fi and f3 which appear in the scalar-field Hamiltonian constraint with
a lapse perturbation, Hs(gl)lar[SN] = fd3x8N(1l%ﬁff)(l) + %Eff)(l)) with a primary
inverse-triad correction function v analogous to ¢, and

72 8 SES
2a3 2a?

o o
AV = (1 +f1)a—3 -1+ f) (10.70)
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Fig.10.4 TIllustration of the N2
hypersurface-deformation
algebra of two Hamiltonian
constraints
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%’;,(0‘?( ) = 43 ((1 + 3)W.p (@)0¢ + W(p) azaz’ ) (10.71)
For the matter counterterms we have additional relations with & and v by consistency,
such as

a v A3
fi=f——=—, =2fi, a-—+3f;-3f=0Q (10.72)
6v da da

All coefficients are fixed in terms of @ and v, which can be derived in isotropic
models or in longitudinal gauge as before.

There is thus an anomaly-free system of constraints including quantum correc-
tions, or in other words: inverse-triad corrections constitute a consistent deformation
of the classical theory. The conditions for the counterterms do allow non-trivial solu-
tions; moreover, the amount of quantization ambiguities is reduced by relating matter
correction functions to &. The underlying discreteness, which via the flux spectrum
is responsible for the presence of inverse-triad corrections, does not destroy general
covariance. (For holonomy corrections, which are also a consequence of discreteness,
this consistency has not yet been verified for cosmological perturbations. Consistent
examples for these corrections exist in models of spherical symmetry [25] and for
2 + 1 gravity [26].)

The hypersurface-deformation algebra obtained from the corrected constraints is
first class:

(HO[N,], HO[N,]} = D [&2Na*1/2a“(5N2 _ <SN1)]. (10.73)

But it is not identical to the classical one: the correction function & appears in its
structure functions. This means that the classical space—time picture does not apply,
because any foliated space—time must lead to the same classical algebra which follows
simply from geometry as illustrated in Fig. 10.4. Even higher-curvature terms do not
change the algebra [27].
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10.3.3 Scalar Modes

Cosmologically, anomaly-freedom provides consistent cosmological perturbation
equations: the Hamiltonian constraint, the diffeomorphism constraint and evolution
equations. In addition, quantum corrections to constraints do change gauge invariant
variables, and only those quantities, but no gauge artefacts, appear in quantum-
corrected perturbation equations [22, 28]

e (@ + Hoont (1 + )®) = 16§05 (10.74)
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with the corrected gauge-invariant variables
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Moreover, the classical relationship between the two scalar modes is corrected to
=W +h).

In the presence of a scalar matter degree of freedom, a gravitational gauge-
invariant scalar mode such as W or ® can be combined with the matter mode to
form a gauge-invariant perturbation with an expression independent of £ and B in
any gauge-fixing. In this way, one defines the curvature perturbation

conf

X =y + %(1 + f = f1)de (10.82)

depending on a matter counterterm f.

Classically, this perturbation obeys an equation of motion that in an expanding
universe has a constant mode and a decaying mode if spatial derivatives can be
ignored, that is for long wave lengths larger than the Hubble radius [29, 30]. The
existence of a conserved quantity can be seen based on general properties of Hamil-
tonian analysis: For scalar modes, there is a single local degree of freedom on the
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reduced phase space obtained by implementing all first-class constraints. There must
thus be a second-order evolution equation for the degree of freedom, which can be
chosen to be Z. By an appropriate redefinition of % to y% with some function y
depending on the background geometry, one can eliminate the term in this equation
lacking time derivatives. The resulting equation will have a constant solution for
yZ, and there are reduced phase-space techniques which can be used to compute
yZ systematically [31]. A shorter method has been applied in [16] also in the case
of inverse-triad corrections, and the result is that Z itself is conserved on large scales
irrespective of the corrections.

Thus, the curvature perturbation remains conserved on large scales. One can effi-
ciently formulate its evolution in terms of a rescaled perturbation, the Mukhanov vari-
able u = z# with a background function z which classically equals z = a@ /Aot
but is also quantum corrected. The new perturbation, unlike the original ¢ and W,
satisfies an evolution equation decoupled from all others, the Mukhanov equation

—ii + (S2A n 5) W=0 (10.83)
Z

with s2 = «?(1 — f3) [16] (with a matter counterterm f3). Despite first appearance,
with corrections only in spatial derivatives but not in time derivatives of the Lapla-
cian, this equation is covariant: it is obtained from a system of first-class constraints
deforming the classical notion of space—time symmetries.

10.3.4 Vector Modes

Vector modes are subject to a smaller number of independent gauge transformations
than scalar modes and are thus easier to make consistent. In conformal time, they
come from metric components of the form

—N?=—a®, Ny =a*Fs, hap=a’@ap+ afo + 9 fa). (10.84)
whose mode functions F, and f, are divergence-free: d, F* = 0 and 9, f* = 0.
In a canonical formulation, the function F, determines the shift perturbation, while
fa enters the spatial metric, or the densitized triad

SE{ = —p(c10“ fi +c20; ) (10.85)
with constants satisfying c¢; + ¢ = 1. Observables only depend on the symmetrized

triad, which is independent of the choice of ¢j and c¢;. The equations in triad variables
plus corrections have been worked out in [32].

10.3.4.1 Inverse-Triad Corrections

The canonical variables are subject to the diffeomorphism constraint
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and the Hamiltonian constraint
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for inverse-triad corrections. It turns out that all counterterms required for scalar
modes vanish identically for vector modes. Going through the canonical procedure
of deriving gauge-invariant variables and equation of motion, one finds that the
combination 0% = F® — f¢ is gauge invariant (without quantum corrections in
terms of metric components) and must satisfy the corrected equation of motion

1 1d . ) - . . )
a (_Ed_@’oa +0a0") — k(@ — @' p) (@ o + aaa’>) =87 GpsT™™ (10.88)
n

o

with a vectorial matter perturbation § Ta(Z).

10.3.4.2 Holonomy Corrections

For vector modes, with their simpler gauge structure, it is possible to find consistent
deformations resulting from holonomy corrections. Since no such consistent defor-
mation is known for scalar modes, it is still unclear whether holonomy corrections
can be consistent altogether. But the example of vector modes is instructive in that
it shows possible properties of perturbations around background solutions arising
from holonomy corrections, such as bouncing ones.

An example for a consistent holonomy-corrected Hamiltonian constraint, when
evaluated for vector-mode perturbations, is

1 sin 8y k 2
H®) [N = —— d3xN(—6JE( 5 )

167G Jx
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1 Syk , -
S (Sm 4 ) (SESSE!sks])
_3 ) J ¢
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J k d J
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(10.89)
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Now,

L in28yk
ot = F —f”—l—k(l—%) fa (10.90)

is gauge invariant and satisfies the equation of motion

L4 oy + 840" — & (1 sin 28y k (004 + 8,0") = 87 G pST ™
—=— (00 o)— = —_— o, o) =om .
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Using the corrected background equation

. _Sin28)/l€

p:p(s— (10.92)

Y

the vacuum equation of motion for vector modes can quite simply be written as

dloga sin28yk )’ ‘

This last form of the equation is not suitable for perturbations through the bounce
where a turns around. (Indeed, at the bounce the right-hand side of (10.93) diverges.)
But it does show that the rate of decay of vector modes in an expanding universe is
modified by holonomy corrections.

10.3.5 Gravitational Waves

Tensor modes are easiest to discuss since they are not subject to gauge transformations
or overdeterminedness. Still, from the propagation of gravitational waves compared
to light one obtains interesting consistency tests [33]. For inverse-triad corrections,
the Hamiltonian implies the linearized wave equation

1., a 2ada/da :; _ o ; ;

—h,+2-(1—-———+— ) h, —aV~h, = 167 GII,

o a o

for the transverse-traceless part of metric perturbations and with a source-term Hé.
One can rewrite this equation in simpler form and in Mukhanov style analogously

to (10.83):

—ib+ (&2A n g) w=0 (10.94)
a

where w is proportional to & [16, 34]. Also this equation is covariant despite appear-
ance, and it is corrected differently than equation (10.83) for scalar modes because



10.3 Anomaly-Freedom of Quantum Corrections 237

o, not s, appears as the coefficient of spatial derivatives. Both terms differ by coun-
terterm correction functions, which are now seen to be important for the relative
evolution of scalar and tensor modes. As an important consequence of the different
equations satisfied by scalar and tensor modes, the tensor-to-scalar ratio is corrected
in a characteristic way; see [16] for the power spectra and indices.

From this, we have the dispersion relation w?> = @2k?* for gravitational waves.
In the perturbative range of inverse-triad corrections, we have @ > 1 (see Fig. 10.2)
and thus face the threat of super-luminal motion combined with possible violations
of causality. To test this issue, we must compare the gravitational dispersion relation
with that of electromagnetic waves. The speed of gravitational waves should be
compared to the physical speed of light, which receives corrections from the same
effect of inverse triads in the Maxwell Hamiltonian. Here, we have

2 /deth
Higy = / dx (aEM (hea) E“EPhap + Bem(hed)~———— Fap chh“h”d)
deth 167
) Jdeth

(see also [35]) which on an FLRW background implies the wave equation

o (i) = Pen VA =0

with dispersion relation w? = @gmBemk>. Also light appears “super-luminal”, when
compared to the classical speed of light. But the ratio of @2 to @pm BEM will determine
whether there is truly super-luminal motion.

Initially, there is no clear relationship between the correction factors, which are
subject to quantization ambiguities and could lead to ratios less than or larger than
one. But implementing anomaly-freedom for the corrected system of constraints
requires, analogously to the condition in Sect.9.1.6.1, that
&* = agmPem
Gravitational waves and light travel at the same speed. Anomaly-freedom ensures
that there are no violations of causality.

10.3.6 Comparison with Gauge-Fixed Treatments

For scalar modes, holonomy corrections have been implemented only in gauge-fixed
treatments of different forms. Different gauge choices exist, such as the longitudinal
[36-38] or the uniform one [39], and quantum corrections can be implemented in
different ways without having a chance to see restrictions from anomaly cancellation.
The available equations are thus rather ambiguous and it is not clear whether they can
make significant predictions. When applied to inverse-triad corrections, gauge-fixed
equations would not reveal the effects seen here by the counterterms.
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10.4 Cosmological Applications

Even though the very early universe goes through several phases of high density, any-
thing we can currently probe is still orders of magnitude removed from the Planck
scale. In such a situation, one has to look very closely if one wants to find poten-
tially observable phenomena within quantum gravity or quantum cosmology. Loop
quantum gravity, by the deformed space—time structures it leads to, provides new
ingredients in addition to the usual corrections in powers of the density. These new
corrections may help to detect quantum-gravity effects, but for now they mainly
pose an important consistency check which loop quantum gravity still has to pass.
Some coarse models have already been ruled out, others show a remarkable bal-
ance between being close to detectability and barely not being ruled out yet. In this
section we describe the current (and of course incomplete) status of observational
applications in loop quantum cosmology, preceded by a more general discussion of
inhomogeneities in quantum cosmology.

10.4.1 Quantum-to-Classical Transition

If one quantizes the perturbed Hamiltonian constraint, one obtains a quantum equa-
tion correcting the Wheeler—DeWitt or loop equation by back-reaction terms, as well
as an infinite number of constraints for the perturbative modes. The whole system
poses a complicated consistency problem after quantization because it must remain
first class. This problem has not been solved yet even in the Wheeler—DeWitt context,
which has a smaller number of corrections compared to loop quantum cosmology.
But if one ignores the constraints for the modes and analyzes the perturbed Wheeler—
DeWitt equation, one gains access to back-reaction properties [40].

The infinitely many perturbation modes not only provide degrees of freedom to
describe the formation of structure, many of them do not play any role for observa-
tions and thus can be interpreted as a large environment of unaccessed degrees of
freedom. In this situation, one can develop decoherence scenarios in order to explain
how the observed degrees of freedom turn from quantum fluctuations into classi-
cal perturbations by coupling to a large environment of small disturbances [41-44].
However, decoherence in cosmology has a different status than decoherence of mat-
ter systems because of interpretational issues. Accordingly, several aspects of the
quantum-to-classical transition have been questioned [45], and replaced by modified
or alternative scenarios which may result in new options for observations [46—48].

In general, however, quantum effects in cosmology originating from the behav-
ior of gravity are expected to be of the tiny size £p.7Z if primarily the curvature
scale determines their value. This expectation is no longer correct if the space—time
structure changes, which is where loop quantum cosmology comes in.
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10.4.2 Big-Bang Nucleosynthesis

Before using perturbation equations for the development of structure, already the
modified background equations as they arise in the simplest isotropic models of
loop quantum cosmology have some effects on cosmology. Especially the phase of
big-bang nucleosynthesis is sensitive to the relative expansion rates of relativistic
fermions (protons and neutrons being interconverted by exchanging electrons and
neutrinos) to that of radiation. If the dilution rates are subject to quantum corrections,
production rates of light elements are affected.

From such an analysis one can infer the bound .4 /a3¥ < 3 /Z% on the density
of discrete patches [49]. This result is based on a correction to the equation of
state parameter w = %(1 — dloga/dloga) for relativistic fermions and radiation,
deviating from the classical conformally invariant nature w = 1/3. One could expect
different dilution rates for fermions and radiation, which could produce larger effects
and stronger bounds. But this does not arise from inverse-triad corrections, which
correct the equations of state of fermions [50] and radiation [51], but do so in the
same way.

In fact, the upper limit A /a3¥ < 3 /ZfD obtained for the patch density is not
unexpected if there should be at most one discrete patch per Planck cube. An
observational analysis of big-bang nucleosynthesis is hard to make more con-
strained in order to produce a tighter bound, but it is encouraging that the bound
obtained is not removed from the expectation by orders of magnitude. Pertur-
bation equations for structure formation, on the other hand, can provide more
specific restrictions of quantum-geometry corrections and still show room for
improvements.

10.4.3 Super-Inflation

Inverse-triad corrections as well as holonomy corrections give rise to a phase of
super-inflation, with an increasing Hubble rate A > 0[52]. The phase is normally
not long in terms of the scale factor, which may change only mildly. However,
during super-inflation the number of e-foldings is to be determined by factoring in
the change of the Hubble rate: N = log ((@-77)fina1/ (@7 )initial)» and this number
can more easily be large [53].

Another inflationary effect occurs when loop quantum cosmology is combined
with standard inflation. The usual conditions for the potential then do not change, but
itis easier to provide suitable initial values for the inflaton, far up its potential. During
the brief super-inflation phase of loop quantum cosmology, the inflaton acquires an
anti-friction term which can drive it up the potential [52, 54, 55]. Also bounce models
show this effect, and can set the conditions of inflation from a preceding collapse
phase [56].
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10.4.4 Scalar Modes

Several crucial and characteristic effects have been recognized for scalar modes
which may provide clear observational signatures.

10.4.4.1 Effective Anisotropic Stress

Even in the absence of anisotropic stress in matter, ® = W (1 4 h) corrects the classi-
cal relationship @ = W. This can be interpreted as quantum space—time implying an
effective anisotropic stress even in the absence of sources. As another consequence,
scalar modes can have propagation speeds different from that of light.

10.4.4.2 Curvature Perturbation

The curvature perturbation is an important quantity for an analysis of structure forma-
tion. Its behavior is changed by inverse-triad corrections in loop quantum cosmology
in two different ways: Its gauge-invariant value has a different expression (10.82) in
terms of metric and matter perturbations than classically; and its equation of motion,
the Mukhanov equation (10.83), is corrected. With these modifications, as well as the
loss of the classical space—time structure, it is initially not clear whether the curva-
ture perturbation remains conserved on large scales. (A modified constraint algebra
implies a modified Bianchi identity and corrections to the conservation law of matter,
from which conservation of power can be derived classically.) If it is not conserved,
a growing mode would signal an opportunity for quantum-gravity corrections larger
than expected [57].

Modifications to space—time structure also imply that no effective line element can
be used to describe the expanding geometry. A priori, there is thus no contradiction
between non-conservation of power on large scales and the fact that large-scale scalar
metric perturbations 1, whose spatial dependence can be ignored, simply rescale the
scale factor in the line element and should not be physically dynamical. In fact,
Sect.9.1.6.4 contains independent arguments that inverse-triad corrections change
the space—time structure so significantly that the form of flat FLRW line elements
can no longer be taken for granted. An analysis of cosmological structure formation
without the benefit of effective line elements is difficult to perform, even with the
tantalizing prospect of large quantum-gravity corrections. The situation that turns out
to be realized strikes a convenient balance: Thanks to unexpected cancellations the
curvature perturbation is conserved [16], and yet interesting new effects do happen
[58] because of the form in which the Mukhanov equation is corrected. For an analysis
it is helpful that effective perturbed FLRW line elements can be used.
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10.4.4.3 Large-Scale Modes

If power is conserved for modes outside the Hubble scale, one may expect that the
complicated perturbation analysis within quantum gravity, dealing with the thorny
anomaly problem, could be skipped. Those modes simply follow the background
dynamics, which can be derived in quantum-corrected form by using isotropic models
devoid of any anomaly problems.

However, this expectation is incorrect. First, the relationship between gauge-
invariant perturbations and the original metric and matter perturbations is important.
Moreover, for a complete analysis of the power spectrum one must consider the
phases of Hubble exit and re-entry as well, in which modes no longer are super-
Hubble and become more sensitive to the perturbation dynamics. Indeed, examples
show the existence of quantum corrections in power spectra even in cases in which
power is conserved on large scales [16]. Corrections depend sensitively on some of
the counterterms that arise in the anomaly analysis, and which could not possibly be
seen in a pure background treatment. Corrections to power spectra thus cannot be
mere background effects.

10.4.5 Tensor Modes

Tensor modes have a characteristic blue-tilt, which is enhanced if x > —1/2 for
the lattice-refinement parameter x. For x = —1/2, only small correction of the
size 8w GpZ}% arise [59-62]. It turns out that the power is increased for large wave
lengths, where strong quantum-geometry effects show up. Normally, quantum grav-
ity is expected to make itself noticeable in the UV for high frequencies [63, 64].
The discrepancy is explained by the fact that the quantum-geometry corrections are
primarily a propagation, not a production effect. Modes of large wave length spend the
longest time outside the Hubble radius, where deviations from the classical behavior
are most characteristic.

The power spectrum of tensor modes is especially interesting in combination with
the scalar spectrum. As already mentioned, the respective Mukhanov equations are
corrected differently, in a way that depends sensitively on counterterms. Stronger
corrections to the tensor-to-scalar ratio than in other scenarios are thus expected.

10.4.6 Indications for Evolution Through a Bounce

Inverse-triad corrections in their anomaly-free form have been found so far only for
regimes in which the corrections are small, @ ~ 1. The strong quantum regime in
which « increases from zero and thereby provide inflation [52] is much more difficult
to control in the presence of inhomogeneities. Thus, consistent deformations of the
classical perturbation equations can so far be analyzed only in combination with
standard inflation [36, 37, 53, 56, 65—-67], but not in the possibly more interesting
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case in which they may provide alternative scenarios of structure formation and
perhaps solve some of the fine-tuning problems of inflation.

The same comments apply to evolution of structure through a bounce, which
would suggest several ingredients for an alternative scenario of structure forma-
tion [68]. The situation of bounce models in loop quantum cosmology is thus more
incomplete than the situation of inflationary models in the same framework. Here
we provide a brief overview.

10.4.6.1 Matching

Bounce cosmology can be analyzed to a large degree based on classical equations
amended by matching conditions for modes at the bounce [69]. Quantum gravity
is then important only, but crucially so, to tell how structure is transferred from
the collapse phase to expansion. There are always two independent solutions for the
evolution of the scalar mode, subject to a second-order equation in time, and one must
know how the dominant mode of the collapse phase, generating structure, is matched
with the two modes in the expanding phase. Classically, there is a singularity instead
of the bounce, and so one cannot simply perturb a classical equation by quantum
corrections. The gauge-invariant modes and their dynamics must be derived and
analyzed, again requiring one to consider and solve the anomaly problem. If one tries
to avoid a full treatment, for instance by resorting to gauge-fixing choices, one loses
access to the full linear dynamics. While some results may still be approximately
correct in some sense, even a small error in the matching conditions can have a
significant effect on the structure that arises at later times after the modes are evolved.
On the other hand, the matching can also provide enhancement effects of quantum-
gravity corrections for the same reason: even if matching coefficients change by tiny
amounts of the usual size expected for quantum gravity, their implications can have
sizeable effects if they are responsible for mixing in a growing mode.

10.4.6.2 Gauge Fixing

Bounce models based on holonomy corrections of loop quantum cosmology have
been extended to linear perturbations by employing gauge fixing [39]. While tensor
modes are not subject to gauge transformations or strong consistency requirements
from anomaly freedom, their quantum corrections are restricted if one demands that
they follow from a consistent system of equations that also includes scalar modes.
If tensor-mode equations are obtained without paying attention to the consistency
of accompanying scalar-mode equations, their analysis must be considered as based
on gauge-fixing as well. In this spirit, tensor modes have been analyzed with strong
inverse-triad corrections (super-inflation) or holonomy corrections (bounce) in [56,
70-73].

Another form to fix the gauge is the hybrid approach [74]; see Sect. 9.2.3. Also here
the gauge-fixing removes the anomaly problem and allows one to study the evolution
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of structure through a bounce, at least numerically. One analysis performed in this
way had provided another cautionary note: Linear perturbations evolved through the
bounce seem to be enhanced significantly just at the holonomy bounce, suggesting
that perturbation theory in this regime may be unstable [75].
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Part IV
Mathematical Issues

Some issues of mathematical interest arise in studies of the diverse models and
equations encountered in loop quantum cosmology. These regard difference
equations and their properties of specific interest for quantum space-time structures,
as well as general techniques of deriving effective descriptions of quantum systems.
The latter have contact with Poisson geometry and non-commutative algebra. From
a physical point of view, such techniques are important for semiclassical
approximations and the derivation of physical Hilbert-space properties.



Chapter 11
Difference Equations

Difference equations of a specific type play a large role in loop quantum cosmology.
All equations initially encountered are linear, as usual for a dynamical equation for
wave functions. But their coefficients are in general non-constant and depend on
the discrete variables, which implies several subtleties in the analysis and solution
of such equations. Moreover, in models less symmetric than isotropic ones or with
matter fields, partial difference equations, difference-differential equations or highly
coupled “functional” differential equations in inhomogeneous contexts arise. Several
examples for such classes of difference equations have been derived in the models
seen in preceding chapters. In this chapter, some mathematical properties related to
questions of physical interest are discussed. Finally, we will sketch how non-linear
difference equations may arise as a result of inhomogeneity.

11.1 Singularities and Dynamical Initial Conditions

In a mathematical sense, the difference equations of loop quantum cosmology are
singular: their coefficients of highest (or lowest) order may vanish for some val-
ues of the recurrence parameters. Transition matrices then become degenerate and
non-invertible, which may upset the whole recurrence scheme and prevent one from
computing a complete wave function starting with initial values. If the recurrence
does indeed break down, the system would be considered singular also in a physi-
cal sense. But mathematically singular behavior does not always imply physically
singular behavior; the difference between these concepts is exactly loop quantum
cosmology’s way to resolve classical singularities.

A transition matrix can most easily be formulated if a difference equation of some
given order is, without loss of generality, reformulated as a first-order difference
equation in vector form. A second-order difference equation a(n)v,—1 + b(n)y, +
c(n)y41 = 0, for instance, can be reformulated as a first-order equation

A (‘l’n—l) — (a(n) 0) (Wn—l) _ (—b(n) —C(n)) (1/’71 ) — B (‘//n )
" Yn ' 0 1 Yn 1 0 Wn—&-l nn 1ﬁn+1
(1.1
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written here as backward evolution which is of interest when approaching a classical
singularity (at n = 0, say) from large positive values of n. The transition matrix

Tp = Ayl Buy1 Ay o Buia - Ay Bu1 AL By (11.2)
then determines how the value ¥, = (T})11¥,+ (7)) 121 is obtained from initial
values that may be chosen at n and n + 1, provided all the matrices A,, involved are
in fact invertible.

For the type of difference equation (4.15) considered in isotropic loop quantum
cosmology, A; is not invertible and 7;i does not exist for any n # 0. With A;
having a non-trivial kernel, the recurrence does not completely determine the values
of (o, ¥1) which Tjj' was supposed to provide in terms of the initial data. This can
be a problem if (¥, vr1) is required for further evolution, which would have to give
a unique value for ¥_; by applying % to (Yo, ¥1), and so on.

Example 11.1 The difference equation of isotropic loop quantum cosmology has the
general form analyzed here, more specificallya(n) = X(n—1) andc(n) = X(n+1)
with X (0) = 0. Moreover, b(0) = 0. We obtain the matrices

_(X(n—1)0 o —bn) —X(n+1)
A”_(o 1)’ B”_(l 0 )

The only degenerate case of A, is for n = 1, in which case we have a kernel
spanned by (1, 0), corresponding to the freedom of choosing v (the first component
of (Y,—1,¥y) atn = 1 in (11.1)). In attempting to follow the recurrence further,
we next apply By to a vector which, with the undetermined v (the first component
of (Y, ¥ue1) at n = 0 in (11.1)), is known only up to multiples of (1,0). While
B does not annihilate this vector, the recurrence is not sensitive to the action of By
on it. (The undetermined v is simply carried through from the first component of
the right-hand side of (11.1) to the second component of the left-hand side.) Also
the next matrix, B_, which has a kernel spanned by (0, 1), is insensitive to the
undetermined ¥ and the recurrence progresses unhindered.

As seen in the example, the finite-dimensional formulation of the recurrence, with
Y, appearing at different places of the vectors involved in (11.1), makes the discus-
sion of the recurrence difficult to organize. An infinite-dimensional formulation has
an advantage at this stage: We consider whole sequences W; € CZ, fix initial values
Wo = (..., ¥, Y41, .. .) with specifically assigned initial data (v, W¥yo+1) for
some fixed ng (and with entries v, other than ,,, and v,,,+1 as dummy variables),
and evolve by applying suitable matrices to the sequences. In particular, we now
define the infinite-dimensional matrices


http://dx.doi.org/10.1007/978-1-4419-8276-6_4

11.1 Singularities and Dynamical Initial Conditions 249

10 .- 00
01 0
1
=] an) ; (11.3)
1
0 10
00 01
10 00
01 0
1
B = : 0 —b(n) —c(n) (11.4)
1
0 10
00 01

where the entry a(n) in the diagonal <7, and the entries —b(n) and —c(n) in %,
appear in row n — 1 (with —b(n) in column n, —c(n) in column n + 1). Then, we
iterate by solving the equations

Gno—i Vit1 = Bug—i Vi

fori =0, 1,.... Most of these infinitely many components of each equation are of
the trivial form ¥, = v, except for one equation that determines ,,,—;—1 from the
two preceding values (if a(ng — i) # 0). After N steps, the sequence Wy contains
N —+ 2 specific values for the wave function in terms of initial data.

In this form, we can generally formulate the condition of quantum hyperbolocity:
If one of the .27, is degenerate, such as <7 in the case of isotropic loop quantum
cosmology, we require that all %, map ker<7] into itself. If this is the case, values
for v, that remain undetermined owing to the non-invertability of <7 do not spoil
the further recurrence; those undetermined values will remain undetermined, but
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they will not be required to compute the rest of the wave function uniquely from
initial values. Generalizations to higher-order difference equations are easily done
in this form, as are generalizations to the case of multiple kernels: If several <7, are
degenerate, we require that all %, map | J,, ker.e7, into itself.

In a physical sense, the evolution is thus non-singular: initial values posed on
one side of n = 0 can uniquely be extended throughout the domain where a general
wave function v, is defined. No extra input is needed to determine the wave function
once the classical singularity is passed. In loop quantum cosmology, this comes about
because the state |0) of vanishing volume decouples from the dynamics: the value the
wave function takes there remains undetermined, but it is not required for knowing
the wave function anywhere else. The singularity is eliminated, but not by excluding
states of vanishing volume by hand. Instead, it is the dynamics itself which decides
to step over such states, rejecting the singularity.

‘What is important here is the property that evolution across the classical singularity is unique
and happens without extra input. Even classically it is sometimes possible to extend space—
time solutions through a singularity in a distributional sense if the space—time metric is
not twice differentiable everywhere but leads to a diverging curvature tensor which can
be made sense of as a distribution on space—time. While this would allow one to define a
formal solution to Einstein’s equation at both sides of the singularity, retaining the singular
divergence but removing the singular boundary, such an extension is not unique. There is no
deterministic removal of classical singularities in this way. The difference equations of loop
quantum cosmology, on the other hand, uniquely extend the wave function across regions of
superspace which classically would be singular. This condition is similar in spirit to using
generalized hyperbolicity as a condition substituting geodesic incompleteness in classical
singularity theorems [1, 2].

Note also that quantum hyperbolicity applies to all wave functions solving the difference
equation. Thus, singularity removal is independent of properties of the physical inner product,
providing a very general mechanism. Specific pictures of non-singular space—times, such as
bounces, may require further details and then tend to be less general.

The kernel of 7] has a further consequence: imposing the difference equation,
and now defining the transition matrices .7 no—l. \py — W,,—1 by

gmo—1 _ %_1@2'”%;1%10,

leads to a state which must satisfy vz, g "0_1\110 = 0 for any v € ker.o/] since
AV, = B1Vyo—1 = B 1m0~ Thus for a kernel of dimension k& we obtain
k independent linear conditions on the initial values in Wy. Without specifying ini-
tial conditions, initial data are restricted by the dynamics. These are the dynamical
initial conditions [3, 4] discussed in specific cases before. In general, the number of
dynamical initial conditions on a wave function is determined by dim | J,,, ker.s7,.
Similar considerations hold in anisotropic and even midisuperspace models, but
the analysis is more involved since 1/, would not just be complex-valued but take
values in £2-spaces or even in products of such spaces with a large number of factors.
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11.2 Properties

For interpretations and physical applications, specific mathematical properties of
difference equations as they arise in loop quantum cosmology are of interest. The
main ones are stability, which is a statement about oscillating versus exponential
behavior of solutions, and asymptotic boundedness, which provides conditions for an
exponentially decaying rather than increasing solution. These properties are related
to physical Hilbert space issues, which will be discussed in a dedicated way in the
next chapter.

11.2.1 Stability

Difference equations in loop quantum cosmology are formulated for wave functions
on minisuperspace. There are regions, typically of large values of densitized-triad
components, where one expects all solutions to the constraint equation (or at least
a large set for certain initial values) to behave semiclassically. Thus, they should
be oscillatory and not increase (or decrease) exponentially. Even if one is using a
Hamiltonian constraint operator which is formally self-adjoint and has the correct
continuum limit (for instance if holonomy corrections vanish for § — 0) stable
behavior in this sense is not guaranteed if one actually uses a finite non-zero step-
size. Analyzing stability and making sure that it is realized in all required regimes
provides stringent tests for the viability of a quantization scheme [5]. In loop quantum
cosmology, this is closely related to lattice refinement.

One can probe stability numerically by solving the tree-level equations obtained
by replacing the classically quadratic connection terms in the Hamiltonian constraint
with periodic functions of the connection as indicated by holonomy corrections. Such
a modified Hamiltonian in general does not correspond to an effective Hamiltonian
but only constitutes the tree-level approximation. (This means that there are no cor-
rections from quantum dynamics, but only from quantum geometry.) Normally, it
would be difficult to justify using these equations, for instance to analyze the fate of
classical singularities where quantum dynamics and quantum back-reaction should
be significant, too. But one can use these equations to test whether quantum geometry
remains tame enough in regimes which should be very nearly semiclassical. Here,
quantum back-reaction cannot be strong, and deviations of tree-level equations from
classical equations would indicate that the quantization is incorrect, or unstable in
the terminology of difference equations.

These methods, which have often been applied, can be used as tests of stability
in various cases, such as for Bianchi models [6—8] or the black-hole interior [9—
13]. Their drawback is that they rely on numerical evolutions which require an
analysis of a large number of different solutions to probe the full parameter space.
An elegant procedure to analyze stability in general terms, in a way insensitive
to picking specific initial values for solutions, is provided by generating-function
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techniques. This method also allows one to compute specific initial conditions for a
wave function of desired behavior. Another technique which applies more generally
and is more closely related to numerical tools is von-Neumann stability.

11.2.1.1 Generating Functions

Properties of solutions to a difference equation for coefficients ¥, can conveniently
be collected in a generating function, defined as the function

Gx) =D Ymx" (11.5)
m=0

of one variable x such that m!y,, is its m-th Taylor coefficient. Recurrence relations
for v, with non-constant coefficients are mapped to differential equations for G (x).
Each monomial m-dependent coefficient of v, of some order k in the difference
equation will contribute a k-th order derivative to the differential equation for G (x).
At first order, we have the useful equation

k o

GO _ > m+ k) x (11.6)
ax
m=0

These properties clearly show that generating functions are most suitable for dif-
ference equations with polynomial coefficients of low order. In loop quantum cos-
mology, difference equations often have non-polynomial coefficients (in particular,
square roots), but they can be approximated by polynomial ones in certain regimes
such as for large m. This is in fact the region where a stability analysis is most
important.

One manifestation of unstable behavior can often be found in rapidly oscillating
solutions of the form of a modulated (—1)". This means that differences of adjacent
values of a solution v, would be of the same order as v, and converge to zero
only if the ¥, themselves converge to zero (which would be acceptable since the
oscillation would be suppressed for large m). Such differences can be analyzed in
terms of the generating function [14] by looking at (1 — x)G(x) since

(1 =x)G@) =Yoo+ D Wmi1 — Ym)x" .

m=0

If this function is free of singularities at x = —1, the sequence ¥, converges
to a finite value without oscillation. Knowing the generating function and studying
its poles thus allows one to find initial values for solutions v, which evolve to a
converging value without short-scale oscillations.

Example 11.2 1In the Taylor expansion of G(x) = (1 + x)~1, which satisfies
d((1 + x)G(x))/dx = 0 and may accordingly be viewed as a generating function
for solutions of a difference equation V41 + ¥, = 0, the coefficients of x™ in



11.2 Properties 253

l+x=1_x+x2_x3+... (11.7)

have alternating sign, in accordance with the fact that there is a simple poleat x = —1.
Poles at x = 1 can imply different behaviors. Two examples of this are seen in the
expansions for (1 — X)L,

L—l%— 2 3
X+x"+x" 4,
1—x

and log(1 — x),

12 13
—log(l —x)=x+-x"4+-x"+---

2 3
In the first, the coefficients of the sequence are of constant value (solving ¥, 41 —
Y, = 0); in the second, they converge to zero. A function G(x) := —log(l — x)

solves d((1 — x)dG(x)/dx)dx = 0, qualifying it as the generating function of (m +
D1 — mm = 0.

As we will discuss later, what is more relevant for the overall growth of coefficients
is the pole at x = 1 of (1 — x)G(x).

11.2.1.2 Von-Neumann Stability

Von-Neumann stability analysis in general applies to partial difference equations, but
also here one can reduce discussions essentially to an ordinary difference equation
by singling out one parameter as evolution variable and decomposing the rest by
orthogonal functions. Evolution is then determined by a time-dependent matrix,
whose eigenvalues reveal stability properties.

Higher-order equations can be reduced to a first-order equation for vector-
valued functions: Z,ICVI: M An+k¥ntk = 0 is equivalent to a vector equation of

the form v, = Bn)v,_; for v, = (Yntm, Yo+m—1,---» Wn—M-H)T- The evo-
lution of an eigenvector w,_; with eigenvalue A(n) of the matrix B(n) is given by
w,, = A(n)w,_1. Thus, when the size of the corresponding eigenvalue is [A(n)| > 1,
the values in the sequence associated to w,,_1 will grow as well. In this way, one can
provide a general analysis of the difference equations of loop quantum cosmology
and test in which regions of minisuperspace solutions with generic non-exponential
behavior are possible. If this overlaps with the whole range where semiclassical
behavior is expected, the model is consistent. This method was one of the first to
indicate that lattice refinement is necessary for consistent models of loop quantum
cosmology [15].

11.2.1.3 Bianchi I LRS Behavior

We first look at an LRS version of the Bianchi I model, a homogeneous model which
allows one rotational symmetry axis as also seen for black-hole interior models in
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Sect.8.3. (See [15], and [16—18] for further examples.) This reduction leaves two
independent parameters in an invariant triad. After loop quantization (without lattice
refinement to be specific) and rescaling the wave function by the volume to simplify
coefficients, t,,, , = V (m, n)Yy, », we can bring (8.91)— without the y2-term in one
coefficients which arises from the intrinsic curvature of the Kantowski—Sachs model
but is absent in Bianchi I LRS—to the form of the partial difference equation

C(n)(tm—Z,n_2tm,n+tm+2,n)+2d(m)(tm+l,n+l _tm+l,n—l _tm—l,n+l+tm—l,n—l) =0

(11.8)
in two independent variables. Here,
0 ifn=0
c(n) = [ JTIF+1/2n — JT=1/2n otherwise (11.9)
and
0 ifm=0
d(m) = { 1/m otherwise. (11.10)

Since t,, ,, includes the volume of each basis state, it must vanish at the minisu-
perspace boundaries: g, = 0 = .0 for all n and m. With £,y , = tt1.0 — t—1.n
(m > 1), we simplify the recursion relation further:

C(n)(fm+l,n - fm—l,n) + 2d(m)(fm,n+1 - fm,n—l) =0. (11.11)

There is no loss of information while going from ¢ to 7 because we can compute
tm+1in = Imn + tm—1,n Once we know 7 and use the boundary conditions for 7.
Boundary values of f are free.

We first reduce the partial difference equation (11.11) for 7, , to a set of ordinary
difference equations by separation, looking for solutions of the form fmﬂ = apub,.
Then a,, and b, must satisfy

2
Am+1 — dm—1 = Zam, buy1 — b1 = —Ac(n)by (11.12)

with a separation parameter A. Any pair of solutions for these two sequences will
provide a solution to the original recursion relation.

The equation for a,, has polynomial coefficients (after multiplying with m) and
can easily be studied by generating functions (as in the preceding section). Oscil-
latory behavior of solutions is indeed likely: For negative A, for instance, solutions
generically alternate in the signs of a,, and also grow unstably in size. Such a behav-
ior, realized even in regimes of large m which are supposed to result in semiclassical
behavior, cannot be allowed for acceptable solutions. In fact, for large m the right-
hand side of the first equation in (11.12) is usually small compared to the left-hand
side such that a,, 12 & a,,. Going in even multiples of the basic step thus does not
show strong oscillations. The relation between neighboring values a;,+1 and a,, is
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then crucial to see whether or not oscillations arise. This behavior is determined by
the initial values ag and a; which give ap = 2Aa; + ap. For negative A, a> can
easily have the opposite sign of @ which translates to a,, having the opposite sign of
am+1 for large m and thus alternating behavior. (For positive X it is easy to suppress
oscillations. However, since A enters the equation for b, with the sign reversed, the
b-sequence will then develop alternating behavior.)

To determine the generating function for a,,, we multiply the difference equation
by mx™~! and sum over all m > 0:

o0
D (n+ Damgz — 2ham1 — (m + Day) x™ = 0. (11.13)

m=0

Multiplications with m can then be related to derivatives by x, such that

d (G(x)— G(x) —

d ( (x) —aop xG(x)) _ 5, 8@ — a0

dx X X

5 (11.14)
d [1—x G(x) 14+ 2Ax
=— Gx))—2x + ag =0

dx x x x2
must be satisfied. This equation has singularities at x = —1, x = 0 and x = 1.
The pole at x = —1 will be of interest for the oscillatory behavior, as seen before in

general terms. Strictly speaking, the pole at x = 0 makes it difficult to Taylor expand
around it, although this procedure was used to introduce the generating function. But
this does not affect properties of formal expansion coefficients.

In fact, for the form of resulting equations it is convenient to eliminate the pole
at x = 0 by redefining

G(x) —
H(xy = S~ (11.15)
X
which must satisfy

Ll (T 20H (x) = 11.16
—(1-HW) 221 = a. (11.16)

We have eliminated one singularity in the differential equation and the new func-
tion is still related to solutions of our difference equation: Expanding

H(x) = Zamxm, (11.17)
m=0
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and comparing with G (x) shows that
am = apy—1, form >1. (11.18)

This simple shift clearly does not affect the oscillating behavior. Moreover, once
we know the two initial values of the o, -sequence, g (equalling a1 ) and 1 (equalling
a»), we can find those of the a,, sequence using

o] —ag = 2 . (11.19)

The question of main interest now is how to avoid alternating oscillatory behavior.
Because of the (1 —x?) factor appearing in the differential equation (11.16) for H (x),
the function will in general have poles at x = %1, and is regular for x| < 1. If there
is no singularity at x = 1, we have (1 —x)H (x)|x=1 = a0 + Zf:o(amﬂ — o) =
lim,,—, o0 @ such that the sequence «,, has a finite limit. Moreover, if there is no
pole at x = —1, we have lim,,, o (0tyy+1 — oy) = 0 and alternating oscillations
are suppressed. Obviously, (1 — x) H (x) will have the same behavior at x = —1 as
H (x). The absence of a pole requires a relation between the two initial values «q
and «.

We first solve the homogeneous equation (11.16) for agp = 0 by H(x) =
c(1 + x)*71(1 — x)™*~1. By varying the constant ¢ we obtain the general
solution to the inhomogeneous equation as

Hx) =cx)1+x)" 11 —x)~! (11.20)

with

¢ 1+t ¢ )\. _1 ’ ’ ’

for A # 1 in terms of the hypergeometric function » 7. (If A = 1, the equation
can be integrated in a manner similar to the A = —1 case in the example below. As
mentioned, the case of negative A is more interesting as regards oscillating behavior
in the a,-solutions.) This gives

2*ag

-1

A=x) R (1=A, —=2; 2—4; (14x)/2)
(11.22)

H(x) = co(1+x)* 1 (1—x)™* 1=

where only the first term is relevant for the singularity structure at x = —1 since
the hypergeometric function 7 Fi(a, b; c; z) is regular at z = O (taking the value
2F1(a, b; c;0) = 1 for all a, b, ¢). Thus, the singularity at x = —1 can always be
removed by choosing cop = 0. Since

ap=ag=H(O) =cy— 2)‘ao/(k — Do Fi (1 —A,—X;2—=21;1/2)
=co+ao—rao(Y(1/2 —21/2) — ¢ (1 = A/2))
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with the digamma function ¥ (z) = dI'(z)/dz, we have the condition

ap =ao(1 = A(Y(1/2 = A/2) =4 (1 = 1/2))). (11.23)

This expression is finite for all A that are not positive integers since the digamma
function is analytic except for simple poles at —z € N. For A = —1, for instance,
we can use ¥ (1) — ¥ (3/2) = 2log 2 — 2 and obtain the special case studied in more
detail below.

Atx =1, 2Fy(a, b; ¢c; (1 + x)/2) has a branch point which is logarithmic for
c—a—beZorc—a—b ¢ Q. Thus, (1 —x)G(x) always has a singularity at
x = 1, for positive A enhanced by the factor (1 — x)™*~!. For A > 0 the sequence
o, 1s unbounded.

Example 11.3 To be specific, we now choose . = —1. With the initial condition
H (0) = ag and the relation (11.19) between ag and the initial values ag and o1, we
obtain the solution

oo — Qap + a1)x — (4o + 201) log(1 — x)

He = (I +x)?

(11.24)

For generic og and o, this function has singularities at x = 1. To ensure that
the singularity at x = —1 does not give rise to oscillatory behavior at large m, we
require that

lim ((1 —x)(1 +x)2H(x)) =0. (11.25)

Solving this relation implies

_ 4log2 -3

T 2l0g2 - 1¢

0

and so (1 —x)H (x) isregular alsoatx = 1. (Atx = 1, a singularity remains in H (x)
because of the log(1 — x) term, but (1 — x)H (x) is regular. With the logarithmic
behavior, coefficients of the Taylor series go as 1/m.) One can check that the pole
at x = 1 for A > 0 is of higher order. Thus, those solutions will not be bounded, but
they do not show oscillations.

This example illustrates how precise conditions for initial values of sequences can
be found that give rise to solutions whose oscillations are damped. The same model
is also an interesting example for applying von-Neumann stability analysis. In fact,
the model used so far turns out to be unstable unless lattice refinement is taken into
account [15]. Difference equations then become more complicated with step-sizes
no longer being constant. In such a case, generating functions are more difficult to
find, but von-Neumann stability analysis can still be used. We will see this in the
following example, which turns out to be more restrictive than Bianchi I models.
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11.2.1.4 Kantowski-Sachs

The strongest restrictions on refinement analyzed so far arise for the Kantowski—
Sachs model describing a non-rotating vacuum black hole interior as in Sect. 8.3.
Since this is an anisotropic model, much a-priori freedom exists for possible refine-
ment schemes. However, the possibilities are strongly restricted by stability condi-
tions. In fact, so far no scheme has been formulated that would provide good be-
havior in all semiclassical regimes, especially near the horizon. But even in regimes
far from the horizon, where implications of the coordinate singularity present in the
Kantowski—Sachs form could be ignored, many possible refinements are ruled out.

Stability problems in the loop-quantized Kantowski—Sachs model were first seen
using generating functions [18]. It turns out that they can be resolved only with
non-trivial lattice refinements which require non-equidistant difference equations.
Generating functions are then less suitable, but von-Neumann analysis can still be
used.

We consider two choices of .4, and .4y to determine the lattice refinement as
discussed in Chap. 8. The simpler case is .#; o« /T and A} o /i which provides
a difference equation transformable to an equidistant one. (In the context of stability
it is sufficient to consider regimes of fixed sign of ¢ and w; we thus drop absolute
values, assuming positive signs.) For large values of u, 7, the coefficients (8.95),
(8.96) of the Hamiltonian constraint become

T 1)
Ci(p,v) ~48 |—,  Colu,7) ~ —.
n T

Asymptotically, the coefficients of the ¥,125/ /u,r and ¥, . terms in the difference
equation become Co(u, 7)1, which we insert into the Hamiltonian constraint equa-
tion (8.94). We also change variables to (i) = u3/2 and 7(7) = 73/2, which makes
the lattice-refined steps almost equidistant: we can expand

w(i+38) = (438 =P+ 2507 P+ =+ 28/t

In a continuum approximation, the values of ¥, evaluated at u + 25/,/i are thus
well approximated by the values of 1},1 = Y,(j) evaluated at [t + 38, up to higher
derivatives of the wave function which can be attributed to quantization ambiguities
and are irrelevant for semiclassical stability. We obtain the equidistant difference
equation [19]

AT (Yi43s,7428 — Vii—38,7438 T Vi—38,7—38 — Vji+38,7—38)
+ 1 (Wages.7 — 2Va: + Yia—6s.7) = 0.

(In general, a non-equidistant difference equation in one variable © with steps eval-
uated at p 4+ kSu* is transformed to nearly-equidistant form by & = w'=*, with
step-size k6 (1 — x).)

The asymptotic behavior can be seen from evolution on the integer lattice given
by varying m and n in fit = 3mé$ and T = 3nd. Using n as our evolution parameter,
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we make the ansatz ¥/3,,5,3,5 = U, €Xp(inw) in order to test stability for evolution
in n. We obtain a recurrence relation

2in(upy41 — up—1) —msin(@)u, =0

for u,,, equivalent to the vector equation

1. .
Un+1Y _ [ —3imsin(@)/n 1 Up
(l/ln ) B (1 i O) (un_l). (11'26)

Stability is determined by the size of eigenvalues of the evolution matrix, which are

—imsin® ++/16n2 — m2 sin 6

4n

Ar =

For 16n2 — m%sin%260 > 0, |[A] = 1 and the solution is stable; unstable modes
arise when 16n%2 —m? sin?> @ < 0. The most unstable mode corresponds to the choice
sin @ = 1, giving instabilities in terms of the original variables when p > 4. In this
regime, all solutions behave exponentially rather than oscillatory. It includes parts
of the solutions for the Schwarzschild interior near the singularity, but also parts for
values of  and t where one expects classical behavior to be valid. Especially near
the horizon, but not just at the horizon with u = 0, the stability condition is violated.
Irrespective of the physical inner product which would be used to evaluate such wave
functions for their observable information, instability implies that quantum solutions
in those regions cannot be wave packets following the classical trajectory. The correct
classical limit is not realized for a quantization based on the refinement scheme used
here.

For the choices 45 o /T and A; o u/+/T we will find that no instability
arises for large n and . Now, there is no choice of variables that allows us to
asymptotically approach an equidistant recursion relation because of the mixing of
the u and 7 variables in the step-size functions. Instead, we will make the assumption
that in the limit of large i, T the solution does not change much between lattice points
separated by steps of the size 8%{6’1 and &/1{{1.

In the limit of large u and t the coefficient functions of the recursion relation to
leading order are now

8
Ci(p,7)~48, Co(u, 1)~ w
The difference equation to be analyzed then is

AW 08/ 7t 4287 I — Viu—28) T, 14+28 7/
= Vug2s/ 7 =287/ Yu—26/ 7t =267 /1)
+ Wpvas)yre = 2V + Va5 yz0) = 0

We assume that we have a solution to this relation that does not vary much between
increments of 1 by +25/,/jx, and similarly for 7. Both .4} and .4} are constant to
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first order in shifts p & 2&/1{6_1 and similarly for 7, in the asymptotic limit. Thus, we
assume that « = 2&/1&‘1 and B = 2&/1{9_1 are constants, and use the scalings u =
am and T = Bn. We get an equation similar to the case of Ay o /T and A /1L,
but with constant coefficients. Using the decomposition Yy, gn = u, exp(imé), we
arrive at the matrix equation

Un+1 _ —%Sil’l@ 1 Up (11.27)
Up 1 0 Up—1 )’ ’

The relevant matrix has eigenvalues A with |A| = 1 for all m and n, and the solution
is stable.

Still, the lattice refinement found to be stable for large u and t cannot be a fully
satisfactory quantization of Kantowski—Sachs models. For classical solutions, small
curvature is realized not just for large densitized-triad components but also for small
W, aregime which in the interpretation of a Schwarzschild black-hole interior would
be near the horizon. Quantum corrections should certainly be small in this regime,
but for the refinement scheme used we have a small vertex number .45 oc u/+/]7[ for
small ;. With a small number of vertices, discreteness corrections are large. Near the
horizon the refinement scheme has to deviate from what is given here, not because
of instability but to ensure small quantum-geometry corrections. In particular, we
cannot have a total vertex number %2/14 proportional to volume (or a positive
power of volume) since the volume j1/]7[ drops off to zero near the horizon. Using
the relations

[ ()|

V1Pl

relating discrete and continuous geometries, the patch sizes vy have to decrease
sufficiently fast when the horizon is approached for .4; to remain large while p,
is decreasing. Note that we need not consider the horizon itself for this argument,
where the coordinates used for the homogeneous Schwarzschild slicing would break
down. It is sufficient to consider a near-horizon regime, which should be accessible
within the model and semiclassically.

N Mve (1) = £, MMy () = V[pe)]

11.2.2 Boundedness

In regimes which are either expected to be strongly quantum, such as those around
classical singularities, or classically forbidden, such as the large-volume region in
recollapsing models, solutions behave exponentially. This may happen in an unre-
stricted way—exponentially increasing or decreasing—in strong quantum regimes,
but in classically forbidden regimes one must pick the correctly decaying solution.
With two independent exponential solutions for a difference equation, picking the
decaying one out of all solutions most of which increase exponentially is a tough
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numerical task. It is thus important to find analytical tools to select initial values for
wave functions that evolve exactly into the decaying branch. Generating functions
can be used also here, but continued fractions provide an alternative powerful method
[20]. A numerical discussion in the case of the closed isotropic model can be found
in [21].

For an example, let us look at the difference equation

—1
Ayl — Q-1 = 20m™ ay.

As used before, it is not the difference equation of isotropic models, but arises when
the partial difference equation of an anisotropic model is separated, > € R being the
separation parameter. The generating function for solutions is

oo
G() =D ane1x™ = ol + 011 =)

m=0
2)‘a0 —a—1
_k—l(l_x) 2F1(1—A,—A;2—X; (14 x)/2)

which was used before for stability but is also useful to determine asymptotic prop-
erties. For solutions to have oscillations with shrinking amplitude, G (x) must be
regular at x = —1 to guarantee that Zm(—l)mam is convergent. This is realized
only for special initial values of the solution to the difference equation, satisfying

arfap=1—rp(1/2 = 1/2) + Xy (1 — 1/2)

with the digamma function {(z) = dlogI'(z)/dz. Moreover, the parameter co in
the generating function must vanish in this case. The initial values are determined
through a; = G (0) while ag already appears in the generating function.

Bounded solutions to the isotropic difference equations can also be controlled.
For asymptotic boundedness it is sufficient to consider large values of n such that
coefficients of the general equation simplify to

Unta = 2Vn + Yn—a = —Any, (11.28)

written here for the flat vacuum model with a cosmological constant A, or
Sp+a + 28, + Sp—a = Anyr, (11.29)

for s, := (—1)"*y,.

In these equations we implicitly use the lattice-refinement parameter x = O for illustrative
purposes. Physically, the refinement is not sufficiently strong at large volume n where os-
cillations of the wave function stop in spite of classically unending expansion. The model
(11.28) is thus not realistic for all n, but it does provide an interesting mathematical exam-
ple. For the stronger refinement of x = —1/2, for instance, we obtain a difference equation
Ynta — (2 — M), + ¥4 = 0 with constant coefficients, easily solved by v, = exp(ikn)
with cos4k = 1 — A /2. For small positive Lambda, two independent solutions oscillating
for all n, no matter how large, result.
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Generic solutions exponentially increase for large n and numerically it is difficult
to pick the exponentially decaying and thus bounded one. Also here, we have to find
conditions on initial values of the solution ensuring boundedness, which are easier
to determine from the recurrence

1

h(n+4)=An—2—W (11.30)

for h(n) := s, /sp—a. If we successively insert values of h(n — 4k), k =0, 1, ...
using the difference equation, we obtain an expression for (n 4+ 4) in terms of initial
values at small n. For a bounded solution, we want /(n) to converge, which by the
considerations given is equivalent to the convergence of a continued fraction in terms
of initial values [20]. For s,,, this translates to the condition

S0 1

DA —
51 2A — -

Continued-fraction methods are more widely applicable and can also be used for
other models. In the particular case considered here, or rather a Euclidean version
obtained by switching the sign of A, the ratio is of interest in comparison with exact
solutions of the equation in terms of Bessel functions [22]: the Euclidean analog of
(11.28) is solved by

Y = Crdnsavr128(1/20) + CoYypap124(1/240)

which is bounded at large n only for C» = 0. The integration constant is related to
initial values in the recurrence, for which we have the continued-fraction condition
of boundedness. Combining the conditions results in

Jm— 1/2A 1
m—1+1/24(1/ )=2+4Am—
Jmv128(1/2A) 24+4Am+1) —

; .
2+HAA(m+2)—

11.3 Non-Linear Loop Quantum Cosmology

Consider a spatial slice with a perturbatively inhomogeneous geometry around an
FLRW model, approximated as a collection of isotropic patches whose individual
geometries are all similar and nearly uncorrelated. In an idealization of identical
isotropic geometries, independently characterized by (c;, p;), we write the inhomo-
geneous state as

Vinhom (€1, 2, €2, p2, ) ~ [ | Wiso(@ i) (11.31)
i
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In this case, the state should not differ from an exactly isotropic one, but as
an inhomogeneous state it is subject to different dynamics. We view the isotropic
geometries as a collection of points in minisuperspace, in this picture having a many-
particle state. If we expand the spatially integrated inhomogeneous Hamiltonian
constraint around the isotropic one,

C(A,E) = Z Ciso(@, p) + CP (A, SE) (11.32)

1

to second order with§E ~ p;+1 — p; and §A ~ ¢;+1 —¢; (or some other differencing
scheme whose precise form is not important here), we obtain the isotropic (one-
particle) Hamiltonian to leading order and a (two-particle) interaction term C® =
Zi’ i Cij between different isotropic geometries in minisuperspace. (There is no
interaction in space. For the strength of interaction terms, the difference in geometries
is important, not the difference in spatial positions of the patches.)

With the inhomogeneous state and a quantization of the expanded Hamiltonian
we compute the quantum Hamiltonian

Co = (Winhom!|C [Winhom) = Y C5° + Z//(x//ifgo)zé,-jwiio. (11.33)
i ij

In the second term, two factors of Y5, remain from Yiphem due to the two-particle
interaction. Hamiltonian evolution of the inhomogeneous system with the coupling
term of higher order in the wave function, after picking an internal time, is then
equivalent to non-linear Schrédinger evolution. For instance, if the coupling term is
a delta-function, the discrete non-linear Schrodinger equation

M
ar

in Va1 = 219 P + Y (11.34)
is obtained. (In this case, the derivation is analogous to the Gross—Pitaevski equation
following for a Bose—Einstein condensate.) A delta-function interaction is not real-
istic in the cosmological case, which rather provides polynomial interaction terms.
Then, the non-linearity will be different and spans several increments in the difference
equation, but is still strictly related to the form of the interactions.

This example illustrates how inhomogeneous features could be captured by non-
linear effects in the homogeneous description, rather than providing a fundamentally
non-linear wave equation as for instance in [23, 24].
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Chapter 12
Physical Hilbert Spaces

The Wheeler—-DeWitt equation or the difference equation of loop quantum cosmology
present a constraint that states have to satisfy, analogous to the Friedmann equation
which is a constraint in canonical relativity. Zero eigenvalues of the constraint oper-
ator are thus to be found. For the difference equation (4.15) encountered for isotropic
models there is in fact a kinematically normalizable eigenstate of zero eigenvalue,
givenby ¥, = 6,,,0. This state, however, is supported only on the classical singularity
and of no interest to describe an expanding universe.

Sometimes also interesting states can correspond to normalizable zero-eigenstates,
for instance if they belong to a model in which all solutions recollapse, requiring
exponentially decaying wave functions at large volume. But in general one has to
deal with states that belong to a zero eigenvalue as part of the continuous spectrum,
and which cannot be normalizable in the kinematical inner product as it is defined
on the Bohr Hilbert space. Then, solutions to the constraint equation cannot form a
subspace of the kinematical Hilbert space but constitute a new physical Hilbert space
to be constructed by endowing the solution space with a physical inner product. Sev-
eral techniques to do so exist, but explicit constructions are complicated in general
models. For a reparameterization—invariant system as realized by models of general
relativity, the physical Hilbert space issue is often related to the problem of time.

12.1 Group Averaging

One method to derive a physical Hilbert space for a given constrained system is group
averaging [1]. It applies in particular if all the constraints to be solved generate a
unitary group action on the kinematical Hilbert space. One can then integrate over
the group to ensure that states considered are invariant under the action.

For a single self-adjoint constraint C, the unitary group action is Abelian:
exp (ité’), t € R. Starting with an arbitrary kinematical state |i), an averaged state
is obtained by integrating exp (irC )|¥) over all values of ¢. The integration does
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not necessarily exist for all states, and the result may not be another normalizable
state. However, for states |v/) in a suitable dense set 2 C 7 the integration can
be made sense of as a distribution: a linear functional (ny |: 2 — C mapping every
state |¢) € Z to a complex number. This number is defined by

(ny 1) = / a1 ( exp(it €)1 b). (12.1)

Heuristically, one can interpret f fooo dtexp(ité )=2§ (C’ ) as adelta-function whose

insertion ensures that the action of C on states vanishes. The distributional, group-
averaged state may then be written as 7y, = 6 (C‘ )y which is not normalizable
in the kinematical inner product because one would have to multiply two delta-
functions before integrating. The group-averaging inner product makes sense of such
an expression by elegantly removing one of the delta-functions, making the integral
well-defined and invariant under the group action.

In a similar way, symmetric states, obtained not by implementing first-class con-
straints but by imposing symmetry, can be interpreted as ordinary states multiplied
with delta-functions to make a state vanish on non-symmetric configurations. Dis-
tributional techniques similar to group averaging have been used to make sense of
the reduced state spaces, giving rise to the models of loop quantum cosmology as in
Sects. 8.2.5 and 10.1.2.2.

The space of distributions on 2, called &', does not carry a natural inner product.
But on its subspace obtained by group averaging one can easily introduce one. Given
two such distributions (ny | and (14|, we define the bilinear form

{ng1my ) phys :=/dt<¢|eXp(ité)|1ﬁ)- (12.2)

On the right-hand side we use kinematical states |¢) and |) averaged to |ne) and
[ng), respectively. Such states are not unique, but thanks to unitarity of the group
action the integral in the definition of (174 |7y )phys does not depend on which repre-
sentative is chosen: Any other states averaging to the same distributions must be of
the form |¢') = exp(iuC)|¢) and |¢') = exp(ivC)|¥) with real u and v, such that

/ d(¢/| exp(itC)[y) = / d (] exp(i(t +v — ) y) = / dt' (] exp(ie €)1 ).

Factoring out a possible kernel of the bilinear form and Cauchy-completing the
space provides the physical Hilbert space. Uniqueness properties and examples can
be found in [2-4].

Alternatively, one can understand the procedure by first introducing a parameter
A along the unitary flow generated by the constraint operator on arbitrary states:
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N d
Clgy) = ialdm' (12.3)

One thus deals with the constraint in a way similar to a Hamiltonian providing
a Schrodinger-type equation. A family of states solving the Schrodinger equation
(12.3) is a solution to the constraint only if it is actually A-independent such that
CA‘|¢,\) = 0 follows from d|¢,)/dA = 0. In the solution space, this can be achieved
by integrating over A and defining |¢) = ffooo dA|¢;.). The state |¢) is then annihilated

by the constraint, and noting that we can always write |¢;) = exp(—iké’) |¢o) thanks
to the Schrodinger equation |¢;) satisfies, we recognize |¢) as the group average
of |¢o). In general one has to be careful with commuting the action of C and the
A-integration. This is taken care of in the detailed procedure of group averaging by
selecting an appropriate dense set 2.

Example 12.1 Self-adjointness is not always required for group averaging integrals
to exist, but violations can have undesired consequences. First taking the simple
self-adjoint case C = idy, the flow equation —d, ¢, (x) = 95 ¢, (x) has the general
solution ¢, (x) = ¢ (X + x) which easily integrates over A to a constant independent
of x. Now looking at the constraint C = 0, which is not self-adjoint, we have
¢, (x) = ¢(A + ix) as the general solution of the flow equation. Interpreting this
general solution as an arbitrary holomorphic function on the complex plane with
coordinate A +ix, the A-integration is performed along a line parallel to the real axis
but shifted by an amount of x. Clearly, ¢ must fall off at infinity for the integration
to exist. Since any bounded entire function is a constant according to Liouville’s
theorem, the only pole-free function allowed is the trivial zero function. Otherwise,
¢ must have poles on the complex plane. But then, changing x and shifting one of the
integration contours past a pole with non-vanishing residue will change the value of
the integration. Except for the zero solution, averaged solutions cannot be constant
and independent of x, as one would expect it for the constraint d,. They are only
piecewise constant and include discontinuous steps at values of x corresponding to
the imaginary parts of poles of ¢.

Example 12.2 ([5]). Let the constraint be C =—ak p + b with two constants a and
b which may be complex-valued. To implement group averaging we first solve the
flow equation

(axidy + b)¢y.(x) = 19,¢:.(x)
in the x-representation. The general solution is
9. (x) = 7P 18O £ (log(x) fa + 1)

with an arbitrary differentiable function f. This solution realizes the flow of the
constraint on the state space. To proceed further and integrate over A, it is useful
to Fourier transform f provided that a is real: f(u) = m)~! ffooo dwe 1o f (w).
Then,
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o 00 00
/d)»m(x) — p2iblog)/a d_we—iwlog(x)/af(w) / dhe—1@+b/D%
2
0o . .

if we are allowed to commute the integrations. If b is real, the A-integration results in
8(w + b/2) and we have invariant solutions ¢ (x) o e?192)/@_Tf p is not real, the
integration would have to be done more carefully, and appropriate fall-off conditions
for f would be required for convergence.

12.2 Observables

Physical observables are self-adjoint operators on the physical Hilbert space. If one
knows a kinematical operator O which commutes with the constraint C , then called
a Dirac observable, its action can directly be taken over to group-averaged states by
the dual action:

(Ony|p) := (ny|O7|p) = / dr (Y| exp(irC) O (o) (12.4)

provides an action on physical states. It is independent of the representative chosen:
Another one is related to |¢) by |¢') = exp(iué‘)lgb) with a real number u that just
adds to ¢ in the integration without changing the result. If O does not commute with
C one may still define its action on physical states in this way, but the notion is
ambiguous: it depends on which representative |¢) is chosen for the physical state
[ny ) before averaging the right-hand side.

A natural action of operators not commuting with the constraint on physical states
is obtained for evolving observables, a special class of relational observables [6—10],
provided one manages to write the constraint as C = —ihd, + H with a suitable
phase—space variable ¢ (called internal time) and a ¢-independent H. Then,

O(p) = e 0N Gleti/h (12.5)
provides parameterized families of operators commuting with the constraint H -
1hdy:

[0(¢), C1 = ihd, O (p) + exp(—igH /B[O, Hlexp(ipH /h) = 0.

Here, we crucially use the ¢-independence of H , which implies ihd, % (p) =
exp(—ipH /h)H O exp(ipH /) — exp(—ip H /1) O H exp(ip H /1). A physical state
is thus mapped into a physical state by o (9).

Virtues and disadvantages of evolving observables have been discussed in [11].
Evolving observables satisfy the equation
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HO(p) ([0, H)
o = (12.6)

Notice the minus sign, to be commented on at the end of Sect. 12.3.1.
12.3 Internal Time

Solving quantum constraints and computing observable quantities is often facilitated
if global internal-time variables exist; most of the explicit techniques even rely on
that feature: the existence of simple phase—space functions that can be used as global
parameters in dynamical solutions. We have already seen this in the preceding section,
where the existence of a phase—space variable ¢ allowing us to write the constraint
as a linear momentum of time ¢ plus a time-independent Hamiltonian, providing
general expressions for observables. This procedure is called deparameterization.

12.3.1 Non-Relativistic Parameterized Systems

Constraints are rather simple to solve if a phase—space variable ¢ exists such that they
take the form C = Do+ H where H is independent of ¢ and its momentum p,. One
can then replace the constraint equation é|1/f) = 0 by a conventional Schrédinger
flow in the internal time ¢. If H in this decomposition is self-adjoint, a physical inner
product can be defined using the kinematical one at any fixed value of ¢.

Physical states in such a case are solutions to the Schrédinger equation

ihd, ¥ (p) = Hy (9)

and thus clearly depend on the internal time ¢. In contrast to the discussion of general
constraints where we introduced an identical equation in terms of A instead of ¢,
however, no further averaging is necessary: ¢ represents a variable on the phase
space of the system, not an auxiliary quantity to reformulate the equations. The
constraint equation C |1) is solved by the Schrodinger flow, and we can easily define
the physical inner product

(U1 (@) V2(9))phys = (¥1(90) %2 (00)) g

in terms of the kinematical inner product of unconstrained states, assumed to take
the form (-|]-) = f de(-|-)y. We are thus dropping one ¢-integration and replace it
with evaluation at some fixed ¢g. Since the inner product is preserved by any unitary
@-evolution, the physical inner product is independent of the choice of ¢g.

A complete set of observables can formally be constructed in the evolving-
observable sense. First, p, is clearly an observable since we assumed H to be -
independent: [p,,, Cl=0. Any kinematical operator O other than ¢ can be made
into an evolving observable
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O'(¢) = exp(—i(g — wo)H/h) O exp(i(p — ¢o)H /h) (12.7)

mapping physical solutions into other physical solutions. Properties such as expecta-
tion values in physical states can simply be computed by the restricted inner product

(1) go-

Example 12.3 (Linear Hamiltonian) For H= p, the Schrédinger equation 9,y =
—0d, has the general solution ¥ (¢ — g). We immediately see that the motion of
the expectation value (¢) must be linear in internal time ¢, and that the initial shape
of the state is preserved during the motion. While p is already an observable, the
position observable must be an evolving one:

~

2 = exp(—ilg — ¢o) p/h)g exp(i(p — wo)p/h) = G — (¢ — ¢0) (12.8)

(using [q, f(p)] = ihf'(p)). Thus, 8(5)/&0 = —1, in accordance with (12.6). At
this stage, we can explain the possibly unexpected minus sign in (12.6), opposite of
what one normally has for Schrodinger evolution, for instance in (5.9). We invert
(12.8) to write g (¢) = 9+ © — @, Where 2, as a Dirac observable, is a constant of
motion. For the time-dependent expectation value (G) (¢) we then have d(G)/dy = 1,
with the expected sign. In general, the inversion involved in the transition between
observables and internal-time dependent operators is the origin of the sign difference
between (12.6) and (5.9).

12.3.2 Relativistic Parameterized Systems

Relativistic systems have constraints of the form C= ﬁf, —H?, and are deparameter-

izable if H does not depend on ¢. They can thus be brought into the non-relativistic
parameterized form only by taking a square root, which requires sign choices. To view
the resulting equations as those corresponding to a system with definite frequency
sign of g-evolution, one factorizes

P2 — H* = (py + |H))(py — |H)).

The two sectors of solutions annihilated by either of the two factors correspond to
positive and negative frequency, respectively. Within these sectors, solutions can also
be classified by the sign of H, which are called right-moving and left-moving by
analogy with the case H= p for a free, massless relativistic Klein—-Gordon particle.

For a simple form of H, such as p?* +m? for a free relativistic particle of mass m,
one can formulate a complete inner product, find all physical solutions and derive
properties such as the g-dependence of expectation values and moments. A useful
formulation employs a Dirac-style procedure to take the square root in terms of
matrices [12]. Others are based on Fourier transformation.

Example 12.4 (Klein—Gordon inner product) For a free, massless relativistic particle
we consider the constraint E2 — p? = 0, quantized to
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2y %y

9z ox?
Solutions can easily be found as (¢, x) = ¥4 (x +¢t) + ¥_(x — t) with arbitrary
Y4 and ¥ _. The inner product is easiest to discuss after a Fourier transformation,
for which we consider wave functions satisfying (w? — kz)&(w, k) = 0. Thus, & is
supported only on @ = |k| (positive frequency) or v = —|k| (negative frequency).
The Klein—Gordon bilinear form

0 o
W1 ¥) = i/dx (wi"% = ;/;1 wz)

is preserved in time for solutions 1 and ¥, to the Klein—Gordon equation. However,
it does not directly provide an inner product because it is not positive definite:

(W1, ¥2) =/dx (/ dkl‘prei(wﬂ_klx)/dkzwzl/;ze_i(“’ﬂ—kw)
+ /dklwllpikei(wn—klx)/dkﬂ/}zei(wzz—kzx))

= / dk (@1 (k) + @ (k) P froe 1@ B -e2(0)

shows that there are three different cases:

c Y = w%, Eositive frequency: tﬁl supported on w = |k|. Then, (Y1, Y1) =
2f dk|k|y{yr1 > 0 and we have positive Klein-Gordon norm.

* Y1 = Yo, negative frequency: Y1 supported on @ = —|k|. Then, (¥, ) =
-2 f dk|k|yr{ 1 < 0 and we have negative Klein-Gordon norm.
e ¢y and v of opposite frequency signs, e.g. w1 = |ki|, wa = —|ka|. Then,

(Y1, ¥2) = 0 and the solutions are orthogonal.

A Hilbert space with a definite inner product can be defined as (7, (-, -)) =
(o, (-, ) © (-, —(, ) [13].

Example 12.5 (Relativistic harmonic oscillator [14]). We consider a system with
two degrees of freedom ¢ and ¢ with momenta p and p,,, subject to the constraint

A a2 a2 A2
C=p,—p"—q".
Physical states must solve the equation

0 A .
lh%w(q,@ =+/P>+ 3>V (g, )

and can be written as

V(g.9) = D catu(q) exp(Firnp/h)

n=0
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in terms of harmonic-oscillator eigenstates ¢, (¢), A, = »/(2n + 1)h. The constants
¢y, in this general solution are determined by “initial” values chosen at a fixed value
of ¢. For instance, using the well-known harmonic-oscillator coherent states at ¢ = 0
(in the present context playing the role of a kinematical coherent state), we have

|Z|2 "
Cn = exp 5 N/ zeC

such that
2\ /4 1
¥ (q,0) = (;) exp (—5|z|2 -2 +2¢% - 4izq))

The corresponding evolving state has coefficients

, 1
cpe /R \/__'e—lzlz/%" exp(—iv2n + 1¢/vh)

n:

and is non-coherent for ¢ # 0, but may be considered as a physical semiclassical
state for some time of the evolution [14].

In general, the construction of physical semiclassical states via wave functions
can be surprisingly subtle. For instance, in the physical Hilbert space underlying
loop quantum cosmology sourced be a free massless scalar [15], one may choose
Gaussian states at a fixed value of ¢ and evolve with ¢ as internal time. If the Gaussian
is sharp enough, one expects to have a good semiclassical state with small volume and
curvature fluctuations. However, an actual computation of the fluctuations reveals
that in this innocent-looking state they are infinite [16]. One can define semiclassical
states via the moments, as already used in Chap.5, but reconstructing the form of a
wave function from given fluctuations or higher moments is highly non-trivial.

12.4 Examples in Quantum Cosmology

If ¢ is taken as the free massless scalar field in a model of quantum cosmology,
one can use the procedures seen here to derive physical Hilbert spaces and their
properties. As already used for the solvable models of Chap. 5, one can rewrite the
Friedmann equation as a relativistically deparameterizable constraint

, 16w G

Py — 1—-x)V*P*=0 (12.9)

in the canonical variables (5.3). ; see (5.4). In a similar form, physical Hilbert spaces
for the Wheeler—DeWitt quantization of this constraint have been introduced in [17].
The ¢-Hamiltonian is then the one used in the discussion of solvable models. Anal-
ogously, holonomy corrections and inverse-triad corrections of loop quantum cos-
mology can be included in the Hamiltonian before applying the same techniques to
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compute the physical Hilbert space [15, 18]. In addition to this extension of the meth-
ods of [17] to loop quantum cosmology, [15, 18] have provided detailed numerical
tools to compute physical states and extract observables. An alternative derivation
of the physical Hilbert space for such systems, based on a Dirac-style first-order
formulation of the constraint operator quadratic in p, can be found in [12].

For meaningful physical evolution in internal time it is important that the ¢-
Hamiltonian is self-adjoint. As shown by [19] and [20], the ¢-Hamiltonian of
isotropic loop quantum cosmology is essentially self-adjoint for the flat and closed
models with vanishing (or negative) cosmological constant. With a positive cosmo-
logical constant, however, the Hamiltonian is not essentially self-adjoint [21]. This
property is related to the fact, mentioned in Sect.5.4.1.3, that the classical volume
diverges at a finite ¢. A semiclassical state thus reaches the boundary at infinity in a
finite amount of internal time, and must be reflected back in order to preserve prob-
ability. Reflection conditions for wave functions are not unique and do not follow
from classical physics; thus, there is no unique self-adjoint extension of the quantum
Hamiltonian. Physical interpretations of the reflection and possible extensions of
the dynamics are questionable, however, because infinite volume requires an infinite
amount of proper time to be reached.

Another approach to construct a physical inner product is based on spin—foam models [23], a
suggested covariant, path-integral like version of loop quantum gravity which has branched
out into quantum cosmology. The first construction of spin—foam motivated physical inner
products in quantum cosmology was done for a model without matter but a positive cosmo-
logical constant [22]. More recently, a more general formulation of spin—foam cosmology
has been attempted [24, 25] and is still being developed. Well-known results of loop quan-
tum cosmology regarding physical Hilbert spaces can then be used to shed light on more
complicated constructions for general spin foams [26-31].

Constructions of physical Hilbert spaces in quantum cosmology are straightfor-
ward applications of standard methods if there is no non-trivial matter potential,
such that the resulting Hamiltonians are indeed ¢-independent. Otherwise the whole
procedure complicates enormously to the degree of being intractable. If deparame-
terization is formally applied to models without good internal time, instead using a
variable with turning point (a zero of its momentum along a physical solution) for
a description local in time, the system freezes at the turning point [32, 33]. At this
point, or even before the freeze-out [34], it is difficult to decide which aspects of
the physical state can still be trusted. Transformations to a new time variable which
remains valid around the turning point of the old time would have to change the
physical Hilbert space, whose construction is based on the choice of time for de-
parameterization. Even if the physical Hilbert space could be derived completely,
such transformations would be difficult to perform. Moreover, time must be chosen
before quantization in such a setting, and different choices of time give rise to dif-
ferent quantum representations with possibly differing physics. Here, effective tools
to address physical Hilbert space issues become essential to understand physical
properties of generic models in loop quantum cosmology, as introduced in the next
and final chapter.
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Chapter 13
General Aspects of Effective Descriptions

Effective actions or equations are always a powerful tool to analyze general effects
of a quantum theory. They can be difficult to derive, but once obtained at least in an
approximate form they allow detailed studies and provide more intuition than what
can be obtained from dealing with wave functions. Key for their derivation is the
availability of a simple solvable model in which quantum properties can be obtained
in an exact and compact form. In quantum mechanics, this sovable model is the
harmonic oscillator, which in the form of free field theories also appears as the firm
solvable basis for quantum field theory on a background space-time. Perturbation
theory around the solvable model allows one to include anharmonicities, interactions
or extra fields. The harmonic cosmology of a free massless scalar in a flat, isotropic
universe plays the solvable role for quantum cosmology.

13.1 Canonical Effective Equations

For a canonical quantization such as loop quantum cosmology we have to use a
Hamiltonian way of deriving effective equations. We start with a x-algebra .o/’ of
operators, possibly together with a representation on a Hilbert space .77°. A represen-
tation would help us in dealing with pure states, but our discussion here will be at the
general level of density states which may be mixed. We will focus on operators whose
algebra, rather than representation, turns out to be more important; most statements
in this chapter are representation-independent. (The algebra of observables is crucial.
We will be able to distinguish between a Wheeler—DeWitt quantization and a loop
quantization because the latter contains only holonomies of connection components
which obey different algebraic relations with fluxes. Once the algebra of operators
is fixed, crucial consequences are captured independently of whether a Schrédinger
or Bohr representation is introduced.)

M. Bojowald, Quantum Cosmology, Lecture Notes in Physics 835, 275
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276 13 General Aspects of Effective Descriptions

13.1.1 States and Moments

A state is a positive linear functional w: &/ — C on the *-algebra, that is a linear
functional satisfying w(A*A) > 0 forall A € o as well as w(A*) = w(A)*.
(The latter property can be derived if the algebra is unital, as we normally assume.)
One example is a pure state ¥ in a Hilbert-space representation of <7, for which
Wy (A) = (Y, AW), or a density matrix o for which w, (A) = tr(Ap). The notion
of states allows us to view observables in the algebra .« in a “classical” way as
functions on a phase space. We first introduce the space on which these functions are
defined as the space & of all states w on the algebra. Any element A of the algebra
then defines a function (A ) P - C,o a)(A) As the notation indicates, this
function is nothing but the expectation-value functional associated with A.

13.1.2 Quantum Phase Space

Classical observables are real-valued functions on the phase space. Accordingly,
we require that quantum observables 0 provide real expectation-value functionals
(0), a large class being self-adjoint ones: O* = 0. Moreover, classical observ-
ables are functions on a phase space, which is equipped with a Poisson bracket. For
expectation-value functionals, we introduce
(A, iy = 122D (13.1)
ih
For functions obtained as products or other expressions in terms of expectation-
value functions, we extend the Poisson bracket using linearity and the Leibniz rule.
It follows from the properties of the commutator that this is indeed a Poisson bracket.
(Note that we define the Poisson bracket by (13.1). It is not required to equal the
classical Poisson bracket for all expressions corresponding to A and B. In general, it
will be identical to the classical Poisson bracket only if A and B are basic operators.)
For explicit calculations, it is often most useful to choose coordinates. There is
a natural choice if we have a distinguished set of basic operators in our algebra,
which form a closed subalgebra under taking commutators and which can be used to
generate all other elements in the algebra by their products. For quantum mechanics,
these basic operators would usually be taken as the position and momentum operators
g and p with [g, p] = ih, but one may use other versions such as e'#</2 and p with
[elie/2, p] = —%n yZ%,uel’“/ 2 in loop quantum cosmology, or entire smeared field
algebras in quantum field theory and the holonomy-flux algebra in loop quantum
gravity.
Let us assume that we have a set of basic operators f,-, i=1,2,..., N, which
is linear and closed under taking commutators: [fi, J 1= ihC{‘/ fk. (For a canonical

algebra, we allow the identity J=1asa possible basic operator.) Expectation-
value functionals of the basic operators then satisfy the same Poisson algebra:
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{(fi), (f i) = Cf‘j(fk). But they do not provide a complete set of coordinates on

the space of all functions on & because in general we have (fi J k- (fi) (f i), and
no other general relation between (Ji f j) or other expectation values of products and
the basic expectation values of f, exists. In fact, even if the basic algebra is finite,
as in quantum mechanics or homogeneous models of quantum cosmology, the space
of states is usually infinite-dimensional. (Exceptions are cyclic finitely generated
algebras as they occur for spin systems; see the examples below.) Expectation-value
functionals of products of the basic operators, called moments, provide the remaining
coordinates. Unless there are non-trivial relations between operators in the algebra,
all moments of density states are independent and in fact of infinite number.

It is convenient to define moments not directly as expectation-value functionals
of products of basic operators but in the form already introduced in (5.23):
A(0102++- 0n) = (01 = (O (02 = (O2)) -+ (On = (On))

symm

1 A A A A N N

= — 3 {(Ort) = (OO ) = (Or @)+ Oy = (Or))

‘meSs,

(13.2)

where we totally symmetrize to remove redundancy due to re-ordering. (Moreover,
symmetrization makes the moments real provided the O; used are self-adjoint.) These
moments are non-trivial only for n > 2 since ((é (é))) = 0 for normalized states.
At second order, we use the standard notation (A 0)2 = A(02).

With this choice of moments, it is guaranteed that expectation-value functionals of
the basic operators Poisson commute with their moments: {( é), A(O0107..)} =0
provided the basic operators 0, Ojand 0, satisfy a canonical algebra. This property
often provides computational advantages, but even for non-canonical basic operators
the choice of moments in this form is useful because they are all expected to be small
in a semiclassical state, or vanish in a classical correspondence. In this limit only the
basic expectation values remain and correspond to classical variables. Accordingly,
the moments (5.23) are sometimes called quantum variables. For the general Poisson
bracket of moments for canonical basic operators, see [1].

13.1.3 Relations

With expectation-value functionals and the moments we have a complete set of
coordinates on the state space. But the moments cannot take arbitrary real values:
Fluctuations of the form (A 0)2 = ((0 (0))2) must clearly be non-negative, but
in general they are restricted even more strongly by uncertainty relations. For each
pair (01, 02) of operators we have the Schwarz inequality

(AOYAO1)(AO3A0,) = |(AOFAOy)?

with AOi = éi — (éi). If the operators are self-adjoint, this means
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(AOD*)((A02)%) = [(AO1A0)*. (13.3)
Writing
~ " | BN " A N N A ~
AO1AO; = §(A01A02 + AO>,AOy) + IE[Aol’ A O]
1

with

and [AO1, AO>] = [0y, O,] we have

~ A

A 1/ A » A A I
(301402)7 = 7 (0102 + 0201) = 2(01)(02)) " + 7 (=ilO1. O2))2.

Again, we have used self-adjointness of the operators to compute the absolute square
of the complex number (A O; A O3). For the moments, we thus have the inequalities

(AONHA0Y? = A(0102)? = —(=i[0y, 02])? (13.4)

as uncertainty relations whenever O; and O, are self-adjoint. Similar conditions
exist for moments of higher order, but they mix the order and are more tedious to
derive.

Usually, [01, 02] ~ h. Near the saturation of the uncertainty relation, second-
order moments are thus of the order £, as realized for instance for Gaussian states of
canonical quantum systems (see the example below). In that case, A(Oq --- Op) ~
O (/%) provides a suitable condition for semiclassicality much wider than one using
Gaussians or any specific class of wave functions.

Example 13.1 For the basic operators g and p represented as the usual operators on
the Hilbert space of square-integrable functions of ¢ € R, pure Gaussian states have
the general form ¥ (¢) = exp(—zlq2 +22g +z3) with three complex numbers z; such
that Rez; > O for normalizability. The parameter z3 is irrelevant for the moments
since its real part is fixed by normalization while its imaginary part contributes only

a phase factor. Writing z; = o + 181 and z2 = oy + i8> with real «; and f;,
we have
. as . aifr — 2B
(q) = s (p)=h———, (13.5)
aq 23]
1 Bi Bi
(Ag)? = —, (Ap)? = FPay + *EL, A@gp) = —h— (13.6)
4oy aq 201

characterizing the peak position, fluctuations and correlations of the state. For all
allowed values of the parameters, Gaussian states saturate the uncertainty relation
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1
(AQ)*(Ap)* — A(gp)* = th. (13.7)

For 81 = Imz; # 0, the state is correlated. In this case, the uncertainty product
(Ag)*(Ap)? is larger than the minimally possible value A% /4. Correlations A(gp)
are bounded from above for given values of fluctuations Ag and Ap. These are all
the moments that can be varied for a Gaussian state; such states are thus much more
special than general semiclassical ones.

With (13.2), we are considering moments for general density states. If moments
are desired only for pure states of some type, further conditions arise which are
complicated to derive completely. Fortunately, such a restriction is rarely necessary.
Especially for quantum cosmology which constitutes models obtained by averaging
inhomogeneous configurations, density states should be expected to be relevant for
sufficient generality.

The preceding example illustrates that none of the second-order moments for a
canonical algebra of basic operators is redundant even for pure states: At saturation
we have one relation between the three variables, and there are indeed two free
parameters in a Gaussion once the expectation values of ¢ and p are fixed. The
third independent moment then enters as a free parameter to describe deviations
from saturation. Such unsaturated states, however, are more difficult to write down
in closed form with specific moments; they are certainly no longer Gaussian. The
following examples illustrate the relationship between moments and density states.

Example 13.2 Take the algebra M> of complex 2 x 2-matrices, with an adjoint
defined in the usual way by transposition combined with complex conjugation. Self-
adjoint generators can be taken to be the Pauli matrices o; together with the identity
id. There are relations ido; = 0; = o;id and 0;0; = §;; + &;jx0x between them
such that any product can be reduced to an expression linear in the generators. That
means that expectation values of matrices in the set {id, 0;} as basic operators are
sufficient to parameterize all expectation values, and no independent moments exist.
Disregarding the trivial unit which must always have the same expectation value one,
the quantum phase space is thus three-dimensional—in accordance with the fact that
2 x 2 density matrices have three free parameters. (They are self-adjoint and of trace
one.) An irreducible Hilbert-space representation 573, on the other hand, provides
a two-dimensional state space: the usual spin-1/2 representation is complex two-
dimensional, which with normalization and factoring out a total phase corresponds
to two real dimensions. In this simple example, we thus see that the state space we
obtain by expectation values and moments is larger than the space of pure states.

Example 13.3 Now take the tensor product M> ® M> of the algebra M> with itself.
It has 16 generators {id ® id, id ® 07, 0; ® id, o) ® o7}. Again, all products can be
reduced to expressions linear in the generators, and disregarding the unit we obtain a
15-dimensional state space in accordance with the dimension of the space
of self-adjoint, trace one, 4 x 4 density matrices. An irreducible Hilbert-space rep-
resentation % ® 5%, on the other hand, is complex four-dimensional, implying six
real dimensions for the pure state space.
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13.1.4 Casimir Conditions

Further conditions may arise if several irreducible representations exist for a given
linear system [fi, J il= ith‘j fk. For instance, one may specify values of Casimirs
for group coherent states, such as C = f12 + f22 + f32 = hzj(j + 1) for SUQ2)
with C{‘j = 811.‘/.. Taking an expectation value of the operator equation then relates
expectation values of the basic operators to second-order moments (for a quadratic
Casimir), and provides relations for higher moments from expectation values of
the form

(JEITECy = 02 j(j + DL, (13.8)

Evaluations of these relations then follow the lines as in the example of reality
conditions for harmonic loop quantum cosmology used in Sect. 6.1, which amount
to a Casimir condition for the algebra s1(2, R).

One may view the Casimir operator as a constraint operator and deal with it along
the lines of effective constraints to be described in Sect. 13.2 for first-class constraints.
In contrast to the procedure described there, however, a Casimir constraint is second
class, evenifitis a single constraint. In such a case, it amounts to a constraint on a non-
symplectic Poisson manifold (with degenerate Poisson tensor) for which constraints
are classified in a generalized way compared to Dirac’s well-known procedure;
see [2]. A Casimir constraint, by definition, commutes with all basic operators:
[Ji,C]=0.Inthe quantum phase space, it does not generate any gauge transforma-
tions, a property that distinguishes second-class constraints.

13.1.5 Equations of Motion

On the state space parameterized by expectation values and moments, a flow is defined
once a Hamiltonian operator in the algebra .« has been chosen. For expectation values
of arbitrary time-independent operators O, we have the well-known equation

= (13.9)

which can be derived equally well in a Schrédinger or Heisenberg picture. Such an
equation also applies to evolving observables in deparameterized systems, as seen
in the preceding chapter; (12.6). Using linearity and the Leibniz rule of derivatives
we extend the dynamics to all moments, for instance

d(A0)? d((0%) —(0)) _ (10% H]) 2(é><[é, H])
dt dt n in in

(13.10)

Example 13.4 (Harmonic oscillator) With H = ﬁ P+ %mwzcjz inthe Schrodinger
representation, we have
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which can be solved easily and in closed form independently of any moment.
Solutions agree exactly with the classical ones, as is well known from the Ehrenfest
theorem. Similarly, the second-order moments satisfy

d(A 2 = Za@p)

ar q) = m qp

d 2 2 1 2
d—A(qp) = —mw (Aq)” + —(Ap)
t m

d

amp)z = —2mw*A(gp)

and can also be solved for in closed form without knowing any higher moment.
Second-order moments, moreover, are subject to the (generalized) uncertainty
relation

h2
(AgQ)*(Ap)* — A(gp)* > T

The second-order equations allow one to discuss coherent and squeezed states in
simple terms. We have non-spreading solutions of constant second-order moments
provided that A(gp) = 0, Ap = mwAgq. All these solutions correspond to coherent
states following exactly the classical trajectory. They satisfy the uncertainty relation
if Aq > /h/2mw. If the uncertainty relation is saturated, we obtain fluctuations
that are fixed uniquely to be those of the ground state. If we saturate the uncertainty
relation at all times, we have general dynamical coherent states. From the previous
equations, this implies fluctuations changing in time unless we have exactly the
harmonic oscillator ground state; such states are called squeezed states. See Fig. 13.1
for an illustration. In their most general form, squeezed states may also have non-
vanishing correlations if A(gp) # 0. For given fluctuations, however, the amount of
squeezing is bounded by the uncertainty relation |A(gp)| < v/ (Aq)2(Ap)? — K2 /4
even if it is not required to be saturated.

Dynamics is more involved for anharmonic systems, in which the equations of
motion for all infinitely many moments no longer decouple to finitely coupled sets of
linear equations. In this case, quantum back-reaction results and the precise behavior
of an evolving state, including its spreading and deformations from a Gaussian, is
important for knowing the time dependence of expectation values or other moments.
It is generated by the quantum Hamiltonian

Ho =(H(q.p))=(H(q+ (G —q),p+(p—p)) (13.11)

R R 1 aa+bH i), (P .
= H({q), {(p) + bMWMg ). (13.12)
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Fig.13.1 Spreading of a

squeezed state compared to 1
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The expansion in terms of the moments, just as a semiclassical ii-expansion used for
the WKB approximation, or like the Feynman expansion, is in general not convergent
but asymptotic. The equations of motion f = {f, Hp} it generates follow from the
Poisson bracket in the quantum phase space. Its relationship to commutators then
shows that Hy generates the correct flow for expectation values and moments based
on (13.9).

In canonical formulations, the Hamiltonian determines the dynamics together with the Pois-
son structure. One could therefore suspect that not only the Hamiltonian but also the Poisson
brackets receive quantum corrections. This suspicion is correct: The Poisson structure re-
ceives corrections by the presence of moments as new quantum degrees of freedom, enlarging
the classical phase space. However, by definition (13.1) there are no quantum corrections to
the basic variables as long as they form a closed algebra (belonging to a linear quantum sys-
tem). The Poisson brackets of expectation values of basic operators agree with the classical
Poisson brackets, without quantum corrections in this relation.

If one does not work with the full Poisson manifold of expectation values and all moments,
but rather embeds the classical phase space non-horizontally in the quantum phase space
seen as a fiber bundle over the classical phase space, quantum corrections to Poisson brackets
of expectation values do arise. For instance, in the following example we will see that under
certain conditions (more precisely, when an adiabatic approximation can be applied for the
moments) one can solve for the moments A (g p”)((z}), (p)) in terms of the expectation
values. These solutions then describe an embedding (¢, p) — (g, p, Ag* p®)(q, p)) of
the classical phase space in the quantum phase space. If one pulls back the symplectic form
dG)AA(P)+ R4 pic.a(A)AA(g? pb) /\dA(qcpd) on the quantum phase space (with moment-
dependent coefficients encoding the Poisson structure (13.1) for moments), one may obtain
a quantum-corrected symplectic form

(142 pie.a (Alg, P))@A(G p*)/39) (A (G p?)/3p))dg A dp.

(Such a correction does not arise in the following example because the moments solved for
in terms of expectation values depend only on (), not on {p).) Sometimes, corrections of
this form also arise when one begins the derivation of effective equations by an assumption
on, rather than derivation of, the dependence of moments on expectation values, as in [3].
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Thus, if quantum corrections to the symplectic or Poisson structure arise, they are a conse-
quence of a secondary step in solving effective equations or making assumptions about their
solutions. If moments are kept independent of expectation values, which is the most general
form of effective equations, no corrections to the Poisson brackets of expectation values
arise, while Poisson brackets between moments as they follow from commutators have no
classical analog whatsoever.

The infinitely-coupled dynamics of ordinary differential equations for moments is
equivalent to the partial differential equation given by the Schrodinger flow. Usually,
the Schrodinger equation is much more useful for solving the dynamics. But in cer-
tain regimes, equations for moments lend themselves more easily to approximation
schemes.

Example 13.5 (Anharmonic oscillator) With a cubic anharmonicity in the Hamil-
tonian

A 1 A2 1 2 A2 1 ~3
H=— — —A
om ! TR T3
we have equations of motion
d . [ d . 24 ~\2 2
3\ = APy o (p) = —mw™{q) = 1{q)” — M(Ag)

with a non-linear coupling of expectation values and the g-fluctuation. To solve these
equations, we must know the behavior of Ag, which is itself time dependent with a
rate of change

d , 2
3 (89 =—Cyp (13.13)

given by the covariance, obeying

d 1 R
3 Cap = —Cap + maw?(Aq)% + 61 (G)(Ag)? + 31A(g). (13.14)

Here, a higher moment A(g?) of third order couples. Proceeding this way in the
hope of finding a closed set of equations, one will have to include all infinitely many
moments.

For a general anharmonic system, we consider a classical Hamiltonian
= ﬁ PP+ %ma)zq2 + U (g). In this case, additional approximation schemes open
up which will allow us to compare results with other derivations based, for instance,
on effective actions. Using the parameters of the anharmonic system, we first in-
troduce dimensionless variables A(qbp“) = h_(“+b)/2(ma))b/2_“/2A(qbp“). The
quantum Hamiltonian, including coupling terms between expectation values and

moments, can then be expanded in powers of /!/2:
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. 1,01
Ho((q), (p), AC--) = %<p)2+§mw @ +UG >)+— ((Aq) +(Ap) )
1 ( h
2 (ﬁ) U™ (@nA@"h. (13.15)
n>2 """

Here the dimensionless variables are useful to organize the formal expansion with
an explicit expansion parameter h. In general, such expansions can still be per-
formed if one assumes the moments to obey the semiclassical hierarchy A (g% p?) ~
O (h@+b)/2) With the dimensionless moments, we have A(q“ pb) ~ O(1) and all
orders of A are indeed shown explicitly in (13.15). From this expression, we see
the zero-point energy given just by the fluctuations, (Ag)?> = (Ap)? = 1/2 for the
ground state, and quantum back-reaction from coupling terms between expectation
values and moments.

Equations of motion then follow in the usual Hamiltonian way as f ={f, Hp}
for any phase-space function f, using the Poisson brackets as defined in (13.1)
together with linearity and the Leibniz rule. One can easily see that the resulting
equations agree with what we had earlier obtained by the background-state method
in Sect.5.4.1, expanding the Hamiltonian operator directly but formally. For the
anharmonic oscillator, we have

@ =2 (13.16)

m
n! \mw

: 1 ( n\"? .
(p) = —ma*(G) — U'((g ))—Z—(—) Ut gnah - (13.17)

A" p?) = —awA (@ p ) + (n — a)wA(g" T ptTh

—a U (@)) A(qn—a+1pa—l)

mw
halU"" ((6)) - ha UW 7)) ~ A
4 YRAUTUD 5 ey 3 g2) + P9U_ D) 5 najoy 5 )
2(mw)2 3lma)
W n
B ;([U (q q" a+2pa—1)+h:l‘j]((;)ﬁ(q”_a'ﬂpa_l)-l-"')
(ma))Z (mw)

4 ae= D=2 (ﬁu ({4) 5 (gn-a pa3,

3
(mw)2
Iz

hu (( >)”‘ n—a+1 _a-3
Tmo)? Alq Po)+

(13.18)

As expected, these are infinitely many coupled equations for infinitely many vari-
ables. (Incidentally, note that the expansion is in terms of +/%, not of / as one might
have expected. Half-integer powers of A only drop out if all odd-order moments
vanish, which is the case for harmonic oscillator coherent states but not necessarily
in general.)
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Solving these equations even approximately requires truncations that allow one
to disregard all but finitely many moments. The set of moments indeed has the
hierarchy of finite-dimensional spaces &7, defined as the subsets obtained by allow-
ing moments A(g®p?) only up to a finite order a + b < n. Commutators do not
directly provide a closed Poisson bracket on these spaces; for instance, at third order
we have {A(g3), A(p?)} = 9(A(g%p?) — (Ag)*(Ap)?) which includes a moment
of order four. (Only second-order moments have a closed Poisson algebra among
themselves.) But truncating not only the Hamiltonian but also the Poisson brackets
at a finite order n provides the dynamics on a closed Poisson manifold. That this
truncation also of the Poisson brackets is in fact required for a consistent approxi-
mation of equations of motion can be seen from the observation that it results in a
Hamiltonian flow corresponding exactly to the equations of motion truncated at the
same order n.

There is thus a consistent truncation procedure which in terms of dimensionless
moments disregards all terms beyond a certain order #"/2. Here, the expansion is
a semiclassical one, but formally one can do similar truncations in other regimes.
To that end, we would replace each moment A (g% p?) with u@+?/2 A (g% p?) and
h with ph, expand all equations up to terms of order p/? (irrespective of the
value of h). After setting = 1, we obtain the truncated equations.

In general, the truncation results in a higher-dimensional dynamical system in
which the expectation values are accompanied by some of the moments as true
quantum degrees of freedom. By the coupling terms among the equations, quantum
back-reaction is realized. Sometimes one can further reduce the system to one of
the classical dimension, involving only expectation values, such that quantum back-
reaction is realized in a simpler way, for instance by an effective potential. Such an
additional step requires solutions to some of the equations for moments in terms of
expectation values, which can then be inserted into the expectation-value equations.
For the anharmonic oscillator, this is possible by an adiabatic approximation for the
moments which indeed allows one to solve the moment equations without knowing
the behavior of expectation values, and then insert the solutions into the coupling
terms of expectation-value equations.

Performing an adiabatic approximation again makes use of a formal parameter
A to arrange expansions, and in the end setting A = 1. Now, a small value of the
parameter should mean that the time dependence of moments is only weak. We
thus rescale d/dr to Ad/dr and expand A(g%p?) = >, Al pP)Ae. After solving
the equations order by order in A, we will finally set A = 1. There is no claim
that the A-expansion of A(---) is a converging sum, and the procedure might seem
questionable. Instead, the expansion merely serves to organize different kinds of
time dependences of the moments. To n-th adiabatic order, comparing A-coefficients
in the adiabatic expansion of the general Hamiltonian equation of motion leads to

{An(q“P?), Ho) = Ap_1 (g pP). (13.19)
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(Writing this equation as {A, (g% p?) — A,—1(g*p?), Hgp} = 0 shows that at n-th
adiabatic order the highest-order term is assumed to provide a contribution of neg-
ligibly small time dependence to the expansion of moments.) Iterating (13.19)
over n, with the left-hand side computed as a Poisson bracket on phase space rather
than interpreted as a time derivative, this procedure provides algebraic equations to all
orders. We will see this explicitly when we apply these equations to the anharmonic
oscillator.

To first order in / and zeroth in A, we have from (13.18) without the A-terms and
without the time derivative (which is at least of first order in A) [4]

0= —a)Aoqg"* 'p**tH —a (1 + Um((fg))) Ao(g" T pa=h. (13.20)

As a step-2 recurrence in a for Ao(q”’” p?) starting with Ao(q"), (13.20) must stop
at a = n since the sequence of n-th order moments is finite. Non-zero solutions of
this form can arise only if n = a is the last step in the recursion, which implies that
a must be even for even n and odd for odd n. For even n and a we have the general
solution

5 2 -1 U’ (& aj2
Ao(q”‘“p“)z(”/ )(Z) (1+ (<q>)) Rolg™, (13.21)

a/? mw?

and we will not need the odd-order solutions. To this order, Ao(q”) remains free. To
first order in A, we have

U"«a)

ﬂla)2

~ o - e -~ 1= -~
(n—a)Ai(g"™* 1p““)—a(1+ )A1<q’ atl pa ‘)=5Ao<q” “p®)

which implies

0 et (n—=a)/2
()-8

aeven

for consistency. This condition requires
Ao(g") = Cu(1 +U"((@))/mes?)™"/* (13.22)

with constants C,,. At this stage, we see that the zeroth-order adiabatic solutions are
not ¢-independent but implicitly depend on 7 via (¢) if the potential is not quadratic.
The equation (13.20) we solved therefore cannot provide an exact solution to (13.18):
Higher orders in the adiabatic approximation correct for this error in the time depen-
dence; this reorganization of the ¢z-dependence is the actual meaning of the formal
A-expansion.

To obtain moments of the ground state for the harmonic limit U = 0, we must
have C,, = 27"n!/(n/2)! (as well as A(q”_“ p®) = 0 for a and n odd, which is why



13.1 Canonical Effective Equations 287

we do not need the solution of (13.20) for such values). The zeroth adiabatic order
for second-order moments is then fixed completely, and we obtain the first correction

. h " A
p=-mw’q=U'@ — 3 —U" @A)’ + -
mao
U///(q)

h
_I_
dmw /14 U"(q)/mew?

to the classical equations of motion. The last term shows the leading correction in the
effective force as compared to the classical force —U’(g) from the effective potential
in Hgp with the zero-point energy.

To second adiabatic order [4] we obtain additional corrections, which imply the
second-order equation of motion

(m N hU" ((¢))? ) )
32m23 (1 + U7 (@) /mat) 2 )
N gy’ (@me*U" (GHU"" ((G) (1 + U"((g))/me?) — SU"((§))?)
128m3w’(1 + U"((§))/mw?)7/2
hU" ((G))

2,4 1015 =
+mo{q) + U ((g)) + dmao(1 +U//(<é>)/mw2)l/2 =0

for the position expectation value. There is a new velocity-dependent contribution
to the effective force at this order, and the classical mass has received a position-
dependent correction. One can verify that this equation results from an action

B 1 U (q)? .
Feff[‘](t)] - /dt (E (m + 25m2 (a)z n m—lU//(q))S/Z)q (1323)

1 fiw U”
——maw?q> —U(q) — —/1+ iz) (13.24)
2 2 mw

= —mw’q —U'(q) —

in agreement, to this order, with the low-energy effective action derived for instance
via path integration [5]. (Although the equations of motion coincide, the meaning
of g in the low-energy effective action is different from that of (§) in canonical
effective equations: ¢ is related to off-diagonal matrix elements of ¢ [5] and not
even guaranteed to be real. Conceptually, the low-energy effective action is thus
problematic in a semiclassical context.)

13.1.6 General Properties

The examples of anharmonic systems illustrate that the solvable nature of the har-
monic oscillator, not surprisingly, is very special. Solvability does not just mean that
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one is lucky enough to find closed solutions for a wave function. We even have closed
solutions for all the moments (which would require additional integrations if derived
from a wave function) and the dynamical behavior of moments of any given order is
independent of the others. This strong harmonic sense of solvability is realized only
rarely, in explicitly treatable but most often unrealistic ideal models. In addition to
the harmonic oscillator in quantum mechanics, it can be found in the same form for
free quantum field theories—or in the harmonic cosmologies of Chap. 6.

In other systems, quantum corrections arise from the back-reaction of fluctua-
tions and higher moments. In the language of quantum field theory, these are loop
corrections. The scheme presented here also produces such terms, but it is more
encompassing: we obtain not only quantum-correction terms but compute state prop-
erties such as fluctuations along the way. Moments are not fixed completely, but their
dynamical behavior is solved for, starting from an initial state through the initial val-
ues required to be posed for the differential equations we have. In this way, if we
start with a harmonic oscillator ground state, we derive properties of the interacting
ground state in the anharmonic system. For instance, from (13.21) and (13.22) we
derive (Aog)* = 3(1+U"((§))/mw?) ™/ and (Aop)* = 3(14+U"((g)/me)'/?
in the anharmonic ground state, which still saturate the uncertainty relation to the
orders considered. This property is crucial for the general consistency of the scheme:
At times other than the initial time, state properties are not put in from the outset,
as it is sometimes suggested in other derivations based for instance on a geometrical
formulation of quantum mechanics [3]. Having to prescribe the state at different
times would require too much bias about the dynamical behavior especially if one
evolves toward high quantum regimes.

We have also seen, for instance in the application to harmonic cosmology, that the
equations shed much light on the availability and behavior of dynamical coherent
states, especially in combination with the uncertainty relation. Thus, not only the
interacting ground state is accessible, but a much larger class of states can be analyzed
by choosing different initial values.

In comparison with the low-energy effective action we notice several new features.
First, effective equations are state dependent; only when a specific state to expand
around is selected, even if this is done implicitly as in most derivations of effective
actions, do unique quantum-correction terms result. Not all regimes of interest clearly
distinguish a unique state to expand around, such as the vacuum state, and so more
freedom to parameterize state-dependent properties is present. The canonical proce-
dure allows this freedom; for instance we may decide not to fix C» in the adiabatic
solutions, on which only a lower bound is then given by the uncertainty relation.
Secondly, general effective equations may not allow the application of an adiabatic
expansion, or some other approximation in addition to the semiclassical one. In the
example of anharmonic oscillators, it was the adiabaticity assumption that allowed us
to solve for the moments in terms of expectation values. When there is no substitute
for this assumption, moments remain a-priori undetermined and must be kept as addi-
tional independent variables. One is then dealing with a higher-dimensional effective
system with true quantum degrees of freedom. This enlargement of the dimension-
ality is reminiscent of higher-derivative effective actions which require additional
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initial values to be posed for higher time derivatives of the fields. However, there
is no straightforward mapping between the degrees of freedom, and in fact not all
the freedom in perturbative higher-derivative effective actions is consistent [6]. The
degrees of freedom of higher-dimensional canonical effective systems, on the other
hand, are all consistent and have clear physical interpretations as the moments of a
state.

The procedure is manageable in explicit terms if a free system is available. For
canonical basic variables, this requires the Hamiltonian operator H to be quadratic.
More generally, however, there are additional options formulated by a linear system
with basic operators Ji forming a closed commutator algebra with the Hamiltonian:
[fi, 1':1] = Zj ajj fj + biI:I. It is easy to see that such a linear algebra ensures
decoupling properties of the Ehrenfest equations (13.9), which then close for the
expectation values. Once a free system has been identified within a larger class
of models, perturbation theory can be used to test robustness and to derive more
general properties. An example for a linear system without a quadratic Hamiltonian
is harmonic cosmology.

Positivity of the Hamiltonian is another important aspect. It is guaranteed for the
harmonic oscillator, but it becomes an issue if systems need be reformulated to bring
them in the usual Hamiltonian form, for instance by deparameterizing a constrained
system. Especially if the system is relativistic, a square root must be taken and
combined with a judicious sign choice. We may for instance have a constraint of the
form pf, — H? = 0 as inrelativistic deparameterizable systems (Sect. 12.3.2). Taking
a square root p, = £|H| means that the absolute value may destroy strict linearity,
as already discussed in the context of cosmology. As we will see in more detail in the
next section, quantum constraints can be dealt with just like quantum Hamiltonians,
by taking the expectation value as a function on the state space and expanding in the
moments. There are several differences compared to a non-relativistic system; for
instance, additional moments of p, may contribute to quantum constraints unlike in
the linearized deparameterized version. For now, we are interested only in the fact
that we will have to take a square root when solving for p, and bringing the system
to deparameterized form.

A sign ambiguity thus arises in solving for p, = 4| H| to obtain the two sectors
of positive-frequency and negative-frequency modes. No difference occurs between
classical and effective constraints from this perspective. But the nature of a linear
quantum system may be spoiled by the absolute value around H. Even if H is
quadratic in canonical variables, such as H = cp in the solvable model of Wheeler—
DeWitt cosmology, |H| is not strictly quadratic. However, on states supported only
on the positive or negative part of the spectrum of H, respectively, the absolute value
can be dropped and the system will be linear. If H is time-independent, the required
spectral property of states will be preserved and it is necessary to restrict only initial
values to the spectral property. This can easily be done without too strong restrictions
on the moments and the accessible states.

In a Hilbert-space representation, |Cp| is usually a non-local operator if wave
functions such as ¥ (c) or ¥ (p) are used. However, this kind of non-locality is
representation dependent (and thus unphysical). An operator of this form would
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certainly be local in a representation based on eigenstates of the operator ¢p. Since
effective equations are representation-independent, they are insensitive to this non-
locality problem.

13.2 Effective Constraints

As already indicated, a constraint operator gives rise to the quantum constraint
Co = (é‘) = Celass(¢q, p) + --- on the state space since it must vanish when
the expectation value is taken in physical states. Quantum corrections to the classical
constraint surface thus arise. However, a single constraint on the quantum phase space
only removes two degrees of freedom (by constraining and factoring out a gauge,
provided the constraint is part of a first-class system). Corresponding quantum vari-
ables would remain unconstrained, leaving infinitely many spurious variables which
would never arise in a quantization of the classical reduced phase space.

Removing all degrees of freedem as appropriate requires additional constraints.
In fact, there are infinitely many ones

Crg.p = (f@G. p)C)

on the state space, which all have to vanish in physical states and which in general
are independent of C . Practically, one can usually work with polynomials f(q, p),
as we will also see in examples below. As with the truncations in the discussion of
effective dynamics, solutions of the constraints become feasible to any given order
in moments, where only finitely many C s have to be considered.

At this general level, several properties important for the consistency of the con-
strained system can be derived [7]. The system of constraints is first-class if the
ordering (f(q, ﬁ)é ) is indeed used as indicated in the definition. This means that
we are dealing with operator products not symmetric in general. Naive reorderings
either spoil the first-class nature, or lead to functions that are not constraints if the
constraint operator no longer stands at the very right or left of the operator prod-
uct. Alternatively, one may define quantum constraints via the generating functional
Cy = (eih_]“i ')?iC()?[)) (where (£/);—1.2» = (g, p)) for Weyl-ordered and thus sym-
metric constraints, which also provides a first-class system. This procedure does
include certain reorderings of our constraints above, obtained by all possible deriv-
atives of Cy by the components ¢;, and then setting « = 0. But practically it is not
always easy to derive the Weyl-ordered constraints and we will continue with the
non-symmetric constraints.

In fact, we do not require reality of kinematical quantum variables A(g?p?),
realized before constraints are solved. Usually the kinematical inner product has
to be changed to the physical one after the constraints are solved, and requiring
self-adjointness or reality before this step would not guarantee the correct reality
properties. Then there is no reason either to require constraint functions to be real, or
to come from symmetrically ordered operator products including the constraint. We
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will impose reality conditions only after solving the constraints to ensure physical
normalization. In this way, physical observables are accessible without deriving the
full physical Hilbert space or a specific integral form of the physical inner product.
Also here, the procedure is very well amenable to perturbative techniques, which is
not the case for other constructions of physical Hilbert spaces.

Different gauge fixings of the constrained system can in some cases be seen to be
related to different kinematical Hilbert space structures. Results will thus be indepen-
dent of ambiguities that otherwise arise by choosing a particular kinematical Hilbert
space as one does in group averaging. Moreover, since Hilbert-space representations
are not referred to, no difference in the treatment arises between constraints with
zero in their discrete or continuous spectra.

13.2.1 Non-Relativistic Constraints

Non-relativistic constraints are characterized by a linear dependence on one momen-
tum variable which can be considered as an energy. In non-relativistic deparameter-
izable systems, this linear momentum is conjugate to a global time variable. From
the point of view of physical Hilbert spaces as well as effective constraints this case
is easier to deal with, and we discuss it first by way of examples.

Example 13.6 (Linear constraint) Let us take a constraint C = p. It immediately
implies (p) = 0, while (g) is pure gauge. At second order of the moments, we have
(Ap)? = 0 fully constrained, while C, = (§p) = 0 implies the complex-valued
kinematical covariance

Lo A .
Algp) = 5{qp + pq) = (§)(p) = —7ih.
At least one of the kinematical variables must thus take complex values, which
means that we indeed have to redefine our kinematical inner product for the physical
Hilbert space. Dealing with complex variables cannot always be avoided; it even has
an advantage: the uncertainty relation

1
(AQ)*(Ap)* = Agp)® = 71
remains respected even though one of the fluctuations, Ap, vanishes. (The other one,
Agq, is pure gauge.) With the uncertainty relation at one’s disposal, one can analyze
dynamical coherent states also for constrained systems.

Example 13.7 (Two-component linearly constrained system and physical observ-
ables [7]) We now assume a constraint C = p1 — p which is still linear but defined
for a system with two independent pairs of degrees of freedom. We denote the kine-
matical quantum variables as

A(p*q" p§al) = (h — PG — 9 (p1 — P @G1 — 41 symm-
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As second-order constraints in addition to Cg = (p1) — (p) we have

ih
c, = _13 — Algp) + Algp). Cp = A(pp1) — (Ap)>

1.
Cp = (Ap1)> — A(pp1), C4 = Fih = Alpan + Algip1)

solved by (p1) = (p) and

1.
Agpy) % Sih+ Agp),  Alpp1) ~ (Ap)?
1,
(Ap)* ~ A(pp1) = (Ap)?, Alpqr) ~ i+ Al@ip).

To derive observables, we also need the gauge flows which, for instance for C),, are
of the form

8A(qp) = A(pp1) — 2(Ap)* ~ —(Ap)?
8(Aq)* = 2A(gp1) — 4A(gp) ~ ih — 2A(gp)
8A(q1p1) = A(pp1) ~ (Ap)?
3A(qq1) = Alg1p1) + Agp) — 2A(pq1) = Algp) — A(g1p1) — ik
8(Aq)* = Alpqr) ~ ih+2A(q1p).

It is easy to check that all gauge flows satisfy 6A(gp) = —38A(q1p1),
8A(gq1) = —3 (8(Ag)* + 8(Agy)?) .Thus, the functions

(29)" == (Aq)* +2A(gq1) + (Aq1) (13.25)

(Z2p)* = (Ap)? (13.26)

P(ap) = AP + Algipy) + 3ih (13.27)

on the kinematical state space are gauge invariant. They also satisfy the correct
algebra

{(29)%, 2(qp)} = 2(Z9)* (13.28)
{(29)*,(Zp)*} = 4D (qp) (13.29)
{(Z(qp), (2p)*) = 2(Zp)* (13.30)

expected for second-order quantum variables on a reduced state space. For this, the
imaginary contribution in (13.27) is required, which need not be added just to make
2(qp) gauge-invariant. At this stage, all moments involving the pair (g1, p1) are
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either expressed in terms of (g, p)-moments by solving constraints, or subject to
gauge. (One could certainly as well choose to express the (g, p)-moments in terms
of the (g1, p1) ones.)

We finally impose reality conditions: Z(¢®p?) € R. The observable moments
can then be seen as those computed in a physical Hilbert space. Expressed in
terms of kinematical quantum variables, this again requires an imaginary part
Im(A(gp) + A(q1p1)) = —3ih for Z(qp) := Algp) + A(q1p1) + ik to be real.
Since kinematical quantum variables must be complex to provide correct physical
reality (although they appear symmetrically ordered), we have an explicit example
in which the kinematical Hilbert-space structure must be changed when deriving the
physical Hilbert space. We can also see explicitly that different kinematical choices
are possible, such as A(gp) real or A(gq; p1) real. They imply different kinematical
reality conditions, all resulting in the same physical observables, and thus correspond
to different kinematical Hilbert space structures.

This simple example can be used to illustrate one aspect of the problem of time and
how it can be overcome by effective techniques; see also Sect. 13.2.3. In the preceding
example we could easily choose ¢ as time instead of gj; the choice is simply a
question of gauge fixing of the effective constraints. If one were to implement the
constraints for physical states in a Hilbert space, on the other hand, the situation would
be more subtle. The constraint equations could certainly still be solved easily, and
physical inner products be constructed, for instance by group averaging. However,
the different choices of time are difficult to compare at the Hilbert-space level, where
no obvious mapping between the two deparameterized Hilbert spaces exists. In this
simple model one could easily postulate a natural mapping thanks to the symmetric
way in which ¢ and ¢ and their momenta appear. For general constrained systems,
however, no such mapping would be available, while effective constraints still provide
comparisons between different choices of time via the corresponding gauge fixings.

Explicit derivations as in the case of a linear constraint are more complicated when
constraints are non-linear since different orders of moments are mixed in expectation
values. But similar structures for solutions to constraints and observables remain
realized.

Example 13.8 (Free particle) A parameterized free particle has the constraint C =
pr + p?/2M, and thus Co = (pr) + (§)2/2M + (Ap)*/2M, Cq = Algpy) +
ih{p)/2M + {p)A(gp)/M and so on [7]. Solving the constraints is more involved
than in the linear case, but the procedure is the same. Now, second-order observables
are 7 = (p), 2 =(q) — (1)(p)/M — A(pt)/M and

(Zp)* = (Ap)?

) -
9(qp) = Algp) + Altp,) — %(Ap)2 + ‘3
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with explicit couplings between kinematical expectation values and moments. Also
here, second-order moments satisfy the correct algebra. For a free particle, we do not
expect quantum back-reaction in the kinematical quantities, even though physical
expectation values depend on some moments. The relationship can be understood
by deparameterizing: We invert our equations for the observables to obtain

NUPA () 1
@) =2+ ﬁ’@ + 7200

~o4

ih
M m(“mH?)
=9+ Mﬂ’ % (Q(qp) + M(@p) A(qp))

and now interpret the observable coefficients as integration constants. For the gauge
choice A(tp;) = — %ih identical to what we used before, we have correct deparame-
terized solutions

@mm—£+ﬂﬁ MWm»—%le%%ﬁ (1331)

in terms of initial values. These equations can also be interpreted as relational observ-
ables between the remaining degree of freedom and time. (The gauge choice used is
not unique, but is the only one good for all &?. Moreover, it implies real A(gp),
but imaginary A(tp;) as it is realized in the deparameterized, time-independent
kinematical Hilbert space. This gauge choice is the one corresponding to the usual
Schrodinger representation of the deparameterized system, whose solutions for (G ) (r)
and A(gp)(t) are the same as (13.31). Other gauge choices provide different depa-
rameterized relationships, and are more difficult to formulate in a Hilbert-space
setting.)

The presence of quantum variables such as the covariance opens up new possi-
bilities for internal times and deparameterization, compared to a classical system. In
fact, the squeezing of a state has often been brought in contact with entropy and the
second law of thermodynamics, implying monotonic behavior [§—14]. Thus, a quan-
tum variable such as A(gp) may provide a good internal time even in regions where
all classical variables would behave in an oscillatory manner [15, 16]. It would also
imply that a natural concept of time would in fact include a strong quantum compo-
nent, showing a possible quantum origin of time.
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13.2.2 Relativistic Systems

Relativistic systems can be treated in much the same way as non-relativistic ones.
A major advantage of effective techniques in this context is the fact that square
roots need not be taken at the operator level (for which one would have to know the
complete spectral decomposition of the Hamiltonian) but simply for numbers such as
expectation values. We demonstrate these features using the previous Example 12.5
of the relativistic harmonic oscillator [17]. Up to second order in moments, the
effective constraints are

C = (py)* — (P)* — (9)* + (Apy)* — (Ap)* — (Ag)? (13.32)
Cp = 2(Py) Algpy) +ih(py) — 2(p) Algp) — 2(4) Alpq) (13.33)
Cp, = 2Pe)(App)* = 2(P) APy ) — 2() A(Pyq) (13.34)
Cq = 2(py) A(pyq) — 2(p) Algp) — ih(p) — 2(4)(Aq)* (13.35)
Cp = 2(pg) A(pyp) — 2(p)(AP)* — 2(3) Algp) +ih(4). (13.36)

Thus, some kinematical moments must be complex. Going through the solution
procedure for first-class constraints applied to this system [18], solving (13.32) for
(Py) and eliminating all p,- and @-moments using the other effective constraints,
one can see that the system is deparameterizable in ¢ with quantum Hamiltonian
(ﬁ(p) =+H [o})

72 (Ap)? —2(g)(p)A p)2(Aq)?
Ho = /(5 + G2 (1+(q>( P~ —2(q)(p)Agp) + ()" (Aq) )

2((p)* +(@)™)?

Reality is then imposed on Dirac observables (§)({(@)), (p)({(@)), A(---)({P))
obtained by solving the Hamiltonian equations.

13.2.3 Problem of Time

Dirac observables of the effective constrained system provide the observable infor-
mation just as one could compute it on the physical Hilbert space when a particular
representation is known. But now, in addition to the difficult task of computing a
complete set of obervables for the reduced phase space, we have a second option
which does not have an analog at the Hilbert-space level: we can treat the constrained
system by gauge fixing. An analysis of the constraints and the gauge flow they gen-
erate shows that one can fix the gauge (to second order in moments) by requiring the
moments (Ap)%, A(pq) and A(pp) to vanish when one decides to use (@) as time.
Other moments involving time are then fixed by solving the constraints, such that no
@-moments remain free. This outcome is just as expected if one were to choose ¢
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as time from the outset and then quantize the system with ¢ as a parameter, not an
operator. Now, however, the procedure easily allows the use of (¢) as a local internal
time: one may use different gauge fixings to describe different parts of the phase
space, and one may easily transfer to a different choice of time by applying a gauge
transformation. Following [19], the gauge fixing that implements a specific choice
of time is called a Zeitgeist.

Once a Zeitgeist is specified, we gain access to properties of (¢), which are
interesting in the context of time even though this parameter is not an observable
on the reduced phase space. In particular, the value changes when a different time
is used; it depends on the Zeitgeist. As the following example illustrates, a general
consequence is that time is complex.

Example 13.9 (Time-dependent potential) We consider a constraint operator C=
133) — p% 4+ V(@) for a relativistic particle in an arbitrary p-dependent potential V (¢).
The notation indicates that we are going to choose ¢ as internal time, but this choice
is not required from the outset. In particular, ¢ may not serve as global internal time
classically; there may be turning points where p, vanishes and ¢ fails to be a well-
defined parameter along solutions. The constraint operator gives rise to the effective
constraints

A N2 a2 2 2 1 " 2
Co = (Py)” —(P)" + (Apy)” — (Ap)" + V((® ))+ SVIUeN(Ap)=  (13.37)

Cop = 2(Pp) Algpy) + ih(py) — 2pAlpp) + V'((9))(Ag)? (13.38)
1
Cp, = 2(Pp)(App)> = 2(P)Alpyp) + V() (A(¢p¢) - Eih) (13.39)

to second order in the moments. We now implement (@) as local internal time via
the Zeitgeist

(A)* = Alpg) = Algp) = 0. (13.40)
We see that A(ppy) = —%ih from Cy = 0, which then implies

(p)? , LV ({(§)h
M A N\
B2 AP T

because of C), o = 0. With this, we arrive at the expression

(Apy)* =

. . (P> = (py)® V'({@Dh .
C = 2 + —F (A + = +V 13.41
(Do)’ — (P) Bo)? (Ap)? 5 ) (@) ( )

for the constraint Cp = (é ) on the space on which Cy and C),, are solved.

In (13.41), all terms except the last two are expected to be real-valued: (p) and
Ap are physical observables for the class of systems considered, and (p,) can be
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interpreted physically as the local energy value. When the constraint is satisfied, we
obtain the imaginary part of (¢) from

1. V'(onh

+ V(@) =0. 13.42
2 ) (2 (13.42)

For semiclassical states, to which this approximation of effective constraints refers,
we Taylor expand the potential

V() = V(Re(@)+iIm(g)) = V(Re(p))+iIm(P) V' (Re($))+ 0 ((Im($))*)

in the imaginary term, expected to be of the order /. To order f, the imaginary
contribution to C is given by

1 M +1V'(Re(g)Im(@) + O () = 0.

2 (
Thus,

h
Im(p) = TR (13.43)
(4

As a consistency result, one can check that changing the Zeitgeist by a gauge trans-
formation transfers the imaginary contribution from (@) to the new variable used as
local internal time [20].

At this stage, one may note that the possibility of time as an operator has often
been considered in quantum mechanics, with the conclusion that it could not be self-
adjoint. Otherwise, it would generate unitary transformations changing the energy
by arbitrary amounts, in conflict with the expectation that energy should be bounded
from below for stability. A non-self-adjoint time operator would not be guaranteed to
have a real-valued expectation value, a consequence which seems in agreement with
what we have found here in explicit form. However, the result (13.43) is of a more
general nature: it applies whenever there is a time-dependent potential, irrespective of
whether it has a lower bound. Even if the potential is bounded neither from above nor
from below do our results hold, but arguments using the energy-translation generated
by time would no longer apply to tell us whether time could be real.

13.3 Applications of Effective Constraints in Quantum
Gravity and Cosmology

Canonical quantum gravity is plagued by several long-standing problems which
have not been resolved so far. While loop quantum gravity has introduced many new
ingredients in this field, it has barely been able to touch these difficult issues. Central
among them are the problem of time [21] and the anomaly problem, and they must
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both be solved before a consistent framework to derive physical predictions can be
obtained. Effective-constraint techniques allow one to address these problems in a
new way, and to solve them in semiclassical regimes where effective constraints can
be truncated and analyzed. This procedure does not eliminate the problems altogether,
but it considerably tames them for most practical purposes.

13.3.1 Problem of Time

The effective procedure to deal with non-deparameterizable constraints has several
advantages. Regarding the problem of time, local internal times and local relational
observables can be consistently implemented in quantum systems [19, 20]. Chang-
ing the internal time simply amounts to a gauge transformation; the equivalence of
different choices of time easily follows. As illustrated for instance by the fact that
the imaginary part of time is transferred when the time is changed, the procedure is
consistent. In particular, one can require that all physical observables be real even
in the presence of complex time. In fact, the complexity of time is crucial for the
consistency of the whole framework; requiring time expectation values to be real
would lead to contradictions with physical reality conditions. Complex time is thus
an important part of a consistent procedure to solve quantum constrained systems.

13.3.2 Anomaly Problem

Effective constraints are also useful to analyze the anomaly problem, as we have
already done for perturbation equations subject to inverse-triad corrections. For an
anomaly-free quantization of several constraints C;. effective constraints C =
(f(q, ﬁ)@;) satisfy a first-class system. But it is not always easy to quantize in
an anomaly-free way, such that constraint operators of a classical first-class system
would indeed be first-class. The first-class nature required for this is rather strong
since it is off-shell: it must be realized even off the solution space of the constraints
since anomaly-freedom would have to be checked before solving the constraints.
(The importance of properties of the off-shell algebra has been emphasized in [22].)

Effective techniques allow more direct ways of implementing anomaly-freedom:
One first formulates effective constraints for a possible quantization parameterized
by different choices (such as factor ordering or other ambiguities). At this stage no
inconsistency arises even if the corresponding constraint operators are not anomaly-
free; inconsistencies would result only when one tries to solve the constraints. Before
doing so, one can compute the Poisson algebra of the effective constraints and check
under which conditions, or if at all, it can be first-class. As always, this can be done
order by order and is much more feasible than a calculation of the full algebra of
operators. If an anomaly-free version exists, one can pick this first-class version of
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effective constraints for further calculations. This is the procedure we followed in
Sect. 10.3 for inverse-triad corrections in loop quantum gravity.

All this is more tractable than full quantum commutators, and yet it provides
consistent constraints incorporating quantum corrections. As a side product, it
shows how strongly kinematical quantization ambiguities are reduced by dynamical
consistency.
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Chapter 14
Outlook

Quantum cosmology can be seen as the executive arm of quantum gravity. It
provides the best chance for observations and tests of the whole theory, thereby
holding enormous power to decide about its ultimate fate. This power is often
undercut by the weakly built relationship with the legislative branch of constructing
the fundamental theory, making it easily evadable. Fortunately, the ties are being
strengthened by ongoing research, as is the observational judiciary. With a long-term
perspective, quantum cosmology and quantum gravity thus seem on a promising
and scientifically sustainable way.

The current phase, however, is a critical one. Quantum cosmology has to fight
with severe conceptual and technical problems which it inherits from full quantum
gravity. The hope always is that the reduced setting of quantum cosmology may show
solutions to such problems more easily, and that solutions can then slowly be extended
to the full setting. Unfortunately, too often quantum cosmology contents itself with
the shiny arraignment of special effects which do not have a large influence on the
whole system. A recent example is bouncing activities which have been reproduced
in various guises, without so far providing lessons for general implementations or
consistent perturbations around them. There is always a danger that comparatively
simple derivations in models are done for their own sake, without paying attention
to lessons learned and challenges confirmed by more complicated considerations
of how those models may lie in a full framework. Nevertheless, as perturbations
around homogeneous models are being brought under better control, one can hope
to enhance our understanding of specific candidates of full theories such as loop
quantum gravity—or possibly to rule them out by showing irreconcilable conflicts
between predictions and observations.
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