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Abstract

This thesis studies the possibility of the quantum avoidance of gravitational singularities in
anisotropic cosmological models.

For that purpose, we review the fundamentals of spatially homogeneous cosmological
models and quantum cosmology based on the Wheeler-DeWitt equation in minisuperspace.
Furthermore, we introduce a generalized dynamical system which is designed to emulate some
of the main features of the cosmological models. After studying its geometric properties, we
start to investigate how one can approach the canonical quantization of such a system. The
main focus of our analysis is on the factor ordering problem in the Wheeler-DeWitt equation.
The considerations motivate us to formulate criteria for singularity avoidance, that respect
the conformal geometry of the configuration space of the spatially homogeneous models.

We then go on by studying some specific models with and without matter. In particular
we examine classical and quantum properties of the Bianchi type I, II and IX and the
Kantowski-Sachs universe. The criteria we developed previously are applied to see under
which circumstances singularities can be avoided. If the potential terms are negligible when
compared against the velocity terms in the gravitational action, the approach towards the
singularity is called asymptotically velocity term dominated. We find that such singularities
can be resolved, if the dimension of the minisuperspace is sufficiently large. The underlying
mechanism is a spreading of wave packets in minisuperspace.

We also consider the non-diagonal Bianchi IX model with tilted dust. This model is
relevant in the context of the BKL scenario. We pay particular attention to the asymptotic
regime close to the singularity and the temporal behavior of curvature invariants in this

regime.
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Zusammenfassung

In dieser Arbeit untersuchen wir die Moglichkeit der Vermeidung von Singularitaten in
anisotropen kosmologischen Modellen.

Zu diesem Zweck wiederholen wir die Grundlagen der raumlich homogenen kosmologischen
Modelle und der Quantenkosmologie basierend auf der Wheeler-DeWitt-Gleichung im Mini-
superraum. Des Weiteren fithren wir ein verallgemeinertes dynamisches System ein, welches
entworfen wurde um die Haupteigenschaften der kosmologischen Modelle nachzuahmen. Nach-
dem wir dessen geometrische Eigenschaften studiert haben, beginnen wir zu untersuchen wie
dieses System kanonisch quantisiert werden kann. Das Hauptaugenmerk unserer Analyse
liegt dabei auf dem Faktorordnungsproblem in der Wheeler-DeWitt-Gleichung. Unsere
Betrachtungen motivieren uns dazu, Kriterien fiir die Singularitatenvermeidung zu formulieren,
welche die konforme Geometrie des Konfigurationsraumes der raumlich homogenen Modelle
beriicksichtigen.

Wir fahren fort indem wir spezifische Modelle, mit und ohne Materie, untersuchen.
Insbesondere behandeln wir die klassischen und quantenmechanischen Eigenschaften der
Bianchi I, II und IX-Modelle sowie die des Kantowski-Sachs Universums. Wir verwenden
dabei die im Vorigen entwickelten Kriterien, um zu priifen, unter welchen Umsténden Singula-
ritdten vermieden werden konnen. Wir zeigen, dass Singularitdaten, bei welchen die Potential
Terme in der Wirkung vernachlassigbar klein sind, vermieden werden konnen, wenn die
Dimension des Minisuperraums hinreichend grofl ist. Der zugrundeliegende Mechanismus
ist ein Zerflieen von Wellenpaketen.

Des Weiteren betrachten wir ein mit Staub gefiilltes nicht-diagonales Bianchi IX-Modell,
welches im Kontext des BKL Szenarios relevant ist. Wir untersuchen insbesondere das
Regime, in welchem sich die Dynamik asymptotisch der Singularitat annahert, und studieren

unter anderem das zeitliche Verhalten von Kriimmungsinvarianten in diesem Regime.



Notation and conventions

Symbols:
= Definition, e.g. f(z) := x? or equivalently 2% =: f(x).
= f(z) = 0 is a shorthand notation for f(z) = 0 for all .
~ f(z) ~ 1 states that the relation f(z) ~ 1 holds approximately.
~ Since “~” is already reserved we shall use f(x) ~ 0 in order
to indicate that f(x) vanishes weakly in the Dirac sense.
x f(z) oc x denotes that f(z) is proportional to x.
® Tensor product.
A Wedge product.
d Exterior derivative, e.g. df = gg—’;dx“.
J Interior product, e.g. égu adat = ok,
(.)* Complex conjugation, e.g. (x +iy)* = x — iy for x,y € R.
Oy Shorthand notation for a%.
Indices:

e Greek letters (u,v, A, ...) denote spacetime indices, e.g. = 0,1,2,3.
e Small latin letters (¢, 7, k, [, ...) denote spatial indices, e.g. i = 1,2, 3.
e Capital latin letters (A, B, C, D, ...) denote minisuperspace indices.

We employ the Einstein summation convention everywhere if not stated otherwise. Furthermore,
we will use the same type of letters for holonomic and anholonomic indices. The meaning of
indices should become clear from the context. If both, holonomic and anholonomic indices,

are in use at the same time we will employ hats, e.g. ¢ and 7, for a distinction.



Symmetrization and antisymmetrization of Tensor components: Let 7}, be the

0

2)ftensor. For symmetrization and antisymmetrization of tensor indices

components of a (

we use the notations

1
Ty = 21 (T + Top)

1
Ty = 21 (T = Top)
and the corresponding generalizations for more than 2 indices. In addition, we introduce the
notation

1
Ty = 5 (Tpxw + Tonp)

and its generalizations (see e.g. [1] for details).

Convention for the curvature tensor: Let M be a differentiable manifold, V be a
connection on M and v = v*d, € TM. We will use the following convention for the

components of the curvature tensor:
RF \o0" i= [V, Vo |0* .

In other words
RV, = O\IE — 0O, + T4 I'o —T% '

o™ vo oa VA

where I'', are the components of the connection V. Furthermore, we use the convention

e DA
R, =R .
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Chapter 1

Introduction

1.1 Quantum Gravity

Einstein’s theory of general relativity (GR), developed more than 100 years ago, has unambigu-
ously passed all observational and experimental tests so far. It is highly successful in
describing the physics at the scales of our solar system. Apart from that, GR also consistently
describes the expansion of the universe and forms the basis of current cosmology [2]. More
recently the direct detection of gravitational waves by the LIGO observatories confirmed not
only the existence of binary black hole systems but also the linearized, long-range behavior

of vacuum GR.

The theory, however, also predicts its own breakdown due to the occurrence of spacetime
singularities. The most famous examples of such singularities are the Big Bang singularities
encountered in the homogeneous and isotropic Friedmann models and the singularity at the
center of the spherically symmetric Schwarzschild black hole. Such singularities are not an
artifact of the highly symmetrical nature of these solutions. Indeed the singularity theorems
first proven by Hawking and Penrose [3, 4] state that solutions to the Einstein field equations
possess singularities under quite general assumptions.

All known interactions, apart from gravity, are well described within quantum field theory.
Indeed quantum theory seems to be a universal framework to describe nature. Gravity,
nevertheless, has resisted so far any attempts that try to formulate it within a quantum
framework. In addition, quantum gravitational effects also seem to be currently out of
the experimental and observational reach. There is a widespread belief that the issue of
singularities will be resolved within a quantum theory of gravity.

Attempts at formulating a quantum theory of gravity are mostly pursued from two

directions. One might either start from a classical theory of gravity, that is, general relativity
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or some alternative/modification of the former and apply quantization rules, leading to
‘quantum general relativity’ or ‘quantum geometrodynamics’. Alternatively one might attempt
to formulate a unified theory of all interactions and then try to recover quantum general
relativity in an appropriate limit. The most prominent example of the latter approach is
string theory. In this thesis we will follow the former direction.

The first attempts to directly quantize general relativity were undertaken by DeWitt in
the pioneering series of papers [5-7]. While [5] deals with the canonical approach, [6, 7] deal
with the covariant one. We will follow the canonical approach. The 3+1 decomposition of
spacetime M = R x ¥ allows for the application of the Dirac-Bergmann algorithm. This

yields a Hamiltonian formulation of general relativity
H=NH+NH;~0. (1.1)

The Hamiltonian constraint H ~ 0 and the momentum (or diffeomorphism) constraints
H; ~ 0 together with the Hamiltonian field equations are then equivalent to the Einstein
field equations. The infinite dimensional configuration space of the theory was first studied
by Wheeler in [8], where it was named superspace. Superspace is the quotient space S(X) :=
Riem X / Dift ¥ where Riem X is the space of all three metrics h;; on ¥ and we factored out
all spatial diffeomorphism Diff 3. Applying now the Dirac quantization method, with the
three metric chosen as the configuration variable, yields the Wheeler-DeWitt equation and a

quantum version of the momentum constraints. In the vacuum case the equations read

; 6 Vh

| = — 2 .. — s =
,H\I’[hw] 167TGh kal (5}11]5]11@[ 16720 R \If[h”] 0 (12)
. h o

(]
The wave functional is a map ¥ : Riem > — C. The equations (1.2) and (1.3) are second
order and first order partial functional differential equations, respectively. The dynamical
content of quantum geometrodynamics is provided by the Wheeler-DeWitt equation. The
momentum constraints, on the other hand, ensure that the wave functional is invariant under
spatial coordinate transformations [9]. The so-called DeWitt metric G¥* has Lorentzian
signature and thus the Wheeler-DeWitt equation (1.2) resembles the form of a Klein-Gordon
equation. The Wheeler-DeWitt approach to Quantum Gravity comes with severe problem
which are of both mathematical and conceptual nature.

To begin with, the Wheeler-DeWitt equation as written in equation (1.2) is ill-defined.

More precisely, second order functional derivatives evaluated at the same point in space
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contain infinities in the form “§(0)”. Thus the Wheeler-DeWitt equation requires a regula-
rization. Several proposals for regularization have been introduced in the literature (see e.g.
the references in [10] and the recent paper [11]). The problem of regularization, however,

remains open.

In ordinary quantum theory time is an external parameter while in GR time is dynamical.
Thus Quantum Gravity certainly requires a novel concept of time. In the canonical approach
under consideration this manifests itself in the fact that, unlike the Schrédinger equation, the
Wheeler-DeWitt equation is a timeless equation. The usual concept of time emerges only as
an approximate notion in the semi-classical limit [10]. Deeply connected to the problem of
time is the problem of Hilbert space. Because of the lack of a well defined Lebesgue measure
in the functional case one might at best define an inner product formally. The most popular
options are a Schrodinger or a Klein-Gordon type inner product. Both options, however, come
with additional problems [10]. To this end it is not even clear if a Hilbert space structure is
needed at all for a quantum theory of gravity. After all the concept of Hilbert space might
only be emergent in the semi classical limit. The lack of a Hilbert space structure and the
problem of time lead to obstacles for the interpretation of the wave functional since we are

missing the notions of probability and unitary time evolution.

Due to the ambiguity in factor ordering there is no unique way of writing the Wheeler-
DeWitt equation. The factor ordering problem is intimately connected to the other problems
as well. Given a Hilbert space, for example, one might demand the Hamiltonian operator
to be symmetric with respect to the inner product. This might fix the ordering or at least
result in an admissible sub-class of factor orderings. The relation between the factor ordering
problem and the problem of time is less obvious but we will try to convince the reader that

they are indeed directly connected.

Another path to canonical Quantum Gravity is provided by Loop Quantum Gravity
(LQG) [10, 12]. In this approach one starts from a different set of canonical variables, the so
called Ashtekar variables. The choice of these variables makes GR look closer to a Yang-Mills
type theory. The kinematic structure of the theory seems to be more or less settled. This
includes that a Hilbert space can be rigorously defined. One of the main open problems is
the quantum implementation of the Hamiltonian constraint. This step might also require a

regularization or renormalization.

Both the Wheeler-DeWitt approach and LQG have in common that the question of the

fate of singularities remains to be open [13].
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1.2 Quantum Cosmology

Soon after Einstein published his theory of general relativity physicists started to investigate
its consequences for cosmology. Einstein himself proposed a static universe model in 1917.
Mostly driven by mathematical curiosity some cosmological solutions to the vacuum field
equations were already derived and studied in 1921 by Kasner [14]. In 1924 Friedmann
dropped the assumption of a static universe and allowed the spatial volume to be dynamic
while preserving spatial homogeneity and isotropy. The same model was studied independently
by Lemaitre in 1927. Robertson and Walker should later prove that the line elements under
consideration are the unique line elements compatible with the spatial homogeneity and
isotropy in 341 dimensions. Today these models are known as the Friedmann-Lemaitre-
Robertson-Walker (FLRW) models.

The discovery of Edwin Hubble in 1929 that the universe is expanding showed on the one
hand that the Einstein’s static universe was untenable from an observational point of view.
On the other hand it signaled that the FLRW models are indeed physically relevant. Today
the standard model of cosmology (2] gives a highly consistent picture of the history of our
universe.

The FLRW models are among the simplest solutions of the Einstein field equations.
The simplicity stems from the drastic assumptions of homogeneity and isotropy. For the
models we study in this thesis we drop the assumption of isotropy. The fact that the CMB
is almost isotropic together with the fundamental result of Ehlers, Geren and Sachs [15]
implies that the Universe is almost FLRW at recent times. It was shown, however, by Wald
[16] that certain classes of spatially homogeneous models tend to isotropize at late times if
a positive cosmological constant is present in the Einstein field equations. This signals that
an inflationary era can in principle cause anisotropies to die out. Hence anisotropic models
could still be relevant for the physics of the early universe.!

On the other hand homogeneous anisotropic models are interesting from a purely theoreti-
cal point of view for several reasons. The assumption of homogeneity leads to a drastic
simplifica-tion of the Einstein field equations. Instead of a set of coupled partial differential
equations one has to only deal with a set of coupled ordinary differential equations. Further-
more, the symmetry reduction to spatial homogeneity leads to the concept of minisuperspace.
The term “minisuperspace” is due to Misner [17] and refers to the finite dimensional configura-
tion space of the symmetry reduced model. The models are in that context often called
minisuperspace models and we will also adopt this terminology.

The main idea behind Quantum Cosmology is to apply quantization procedures to a

!Constraints on anisotropy are discussed in [18].
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minisuperspace model. This idea was applied by DeWitt himself in [5]. The focus of this
thesis lies on the minisuperspace Wheeler-DeWitt equation, that is, the equation which is
obtained by applying the Dirac quantization procedure to the symmetry reduced model. The
Wheeler-DeWitt equation in minisuperspace is then no longer a functional partial differential
equation but only a usual partial differential equation. In other words: After a canonical
quantization we will only have to deal with a quantum mechanical problem instead of
quantum field theoretical one. Most importantly the Wheeler-DeWitt equation is no longer
ill defined. It is, however, questionable if this so called minisuperspace “approximation” is
anyhow some valid approximation of a full theory of Quantum Gravity. After all the freezing
out of infinitely many degrees of freedom identically violates the Heisenberg uncertainty
principle. Furthermore, there is so far no way to consistently perform such a symmetry
reduction at the level of the full Wheeler-DeWitt equation. The validity of the minisuperspace
approximation was for example discussed by Kuchai and Ryan in [19]. Nevertheless, even if
the minisuperspace approximation was invalid there are still good motivations to pursue the
path of Quantum Cosmology. Firstly the minisuperspace approximation allows us to study
the conceptual issues which are already present in the full theory at the level of a simplified
setup. These conceptual issues include the problem of time, the Hilbert space problem, the
factor ordering problem, and the interpretation of the wave function W. The problems can
be investigated without the mathematical issues of the full theory at the level of a heavily
simplified setup. Moreover, one can easily compare different quantization schemes within
the context of minisuperspace. Secondly there remains the hope that the results obtained
within the framework of Quantum Cosmology somehow reflect the results of a full theory
of Quantum Gravity. Quantum cosmological models can usually be attacked with standard
methods. This allows one to investigate several aspects as for example the emergence of
a classical world through decoherence [20, 21]. Furthermore, it is expected that Quantum
Gravity plays an important role in the early phases of the universe. Thus it is natural
to discuss for example Quantum Gravity correction to the CMB anisotropy spectrum in a

quantum cosmological framework [22, 23].

Last but not least we can address the issue of singularity avoidance within the minisuper-
space approximation. In the context of the Wheeler-DeWitt framework this program was
initiated by the work [24] followed by a series of papers [25-27] all dealing with certain
singularities in isotropic cosmological models. The results all signal towards the avoidance
of such singularities in Quantum Cosmology. One of the main goals of this thesis is the
extension of this work to spatially homogeneous but anisotropic cosmological models. An

important role in this regard is played by the Belinski-Kalatnikov-Lifshitz (BKL) conjecture
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[28]: During the approach to a generic spacelike singularity the dynamics of neighboring
spacelike separated points approximately decouples and can effectively be described by a
homogeneous cosmological model (usually Bianchi VIII or IX). If the BKL conjecture turned
out to also hold true at the quantum level it might be possible to extend results on singularity

avoidance to the more realistic inhomogeneous cases and finally to the full theory.

1.3 Structure of the thesis

This thesis is organized as follows: Chapter 2 is divided into two parts. We first provide
some general considerations regarding the spatially homogeneous cosmological models at the
classical level. We introduce the Bianchi models and discuss the Lagrangian and Hamiltonian
formulations of their general relativistic dynamics. Furthermore, we introduce a generalized
dynamical system 2.1.5. This model is designed to generalize the dynamics of the minisuper-
space models while still capturing their main features. In the second part of chapter 2 we
discuss the Wheeler-DeWitt equation in minisuperspace and develop criteria for the avoidance
of singularities. Chapter 3 is devoted to the study of specific models with and without
matter. We study both their classical and quantum aspects. Particular attention is given
to the avoidance of singularities in terms of the criteria developed in chapter 2. We start
with the consideration of the Bianchi I model, where we examine the vacuum case, the case
of ideal fluids and the case of a minimally coupled electromagnetic field. Afterwards we
will investigate the Kantowski-Sachs universe, first, with a cosmological constant and an
electromagnetic field and, second, with a minimally coupled massless scalar field. It follows a
short section on the Bianchi II model, in which we restrict our attention to the vacuum case.
In the end of chapter 3 we consider the Bianchi IX universe. In particular we examine the non-
diagonal model filled with a tilted dust field and study the dynamical regime asymptotically
close to the singularity. The thesis is concluded with a summary and an outlook in chapter
4.



Chapter 2

(General considerations

2.1 Spatially homogeneous cosmological models

In this section we aim to provide the basics required to prepare ourselves for the discussion
of the Quantum Cosmology of spatially homogeneous models. It is possible to provide a
unified picture of the spatially homogeneous cosmological models and their general relativistic
dynamics. This is feasible because of fundamental work which has been done in the middle of
the last century. The history of the beginnings of this formalism is presented in [29]. The work
of Jantzen [30] can be regarded as an important step towards a complete understanding of
the spatially homogeneous dynamics. For a collective treatment of all spatially homogeneous
models see the paper [31]. Jantzen’s approach is nowadays often referred to as the orthonormal
frame bundle approach. It allows for a study of the spatially homogeneous dynamics from a
group theoretical perspective. We will also introduce the notion of homogeneity preserving
diffeomorphism [32-35, 37| which connects the dynamical point of view with a spacetime
point of view.

While [31] served as a main guideline for this thesis there are certainly many other
resources which will provide different perspectives and add insights which are beyond the
scope of this thesis [35, 36, 38]. We will also not consider any of the observational aspects of

the spatially homogeneous models (see for example [18]).

2.1.1 Homogeneous spaces

In the following let ¥ be a (simply connected) manifold and G be a Lie group. A group
representation G is said to act transitively on a space X if for all z,y € X there exists a g € G
such that gr = y. The space X is then called homogeneous with respect to G. In other words,

the group orbit Gz = {gx | g € G} of every point x € ¥ is ¥ itself. The group is said to act

15
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simply transitively if for all z € ¥ it follows that if gz = hx then g = h. ' Given a basis {¢,}
of the Lie algebra g of GG their Lie bracket can be written as

[52‘75]'] = Cikjsz ) (2~1)

where C’fj are the structure coefficients of the Lie algebra g in the basis {€;}. The &, are
linearly independent if and only if G acts simply transitively. Given a group representation
G acting simply transitively on a manifold ¥ we aim to construct a metric d/*> on ¥ that
respects the homogeneity. In other words, the vector fields &, should be Killing vector fields
of the metric dl?>. We now construct an invariant basis {e;} of T3. We therefore pick an
arbitrary point € ¥ and set e;(x) = €,;(z). Using the flow of the €, this allows us to Lie drag
the vectors e;(z) from x to all other points in ¥ by demanding that the basis is invariant,
that is

Lee;—[€.e] =0 (2:2)

This procedure yields a basis {e;} of the tangent bundle 7% which obeys
i, ej] = Cliey . (2.3)

The structure coefficients of the basis {e;} agree with the structure constants of the Lie

algebra g. The coframe {o'} dual to {e;} obeys the relation
i Li ik
do' = —§C’jka No” (2.4)

which is nothing but the Maurer-Cartan equation that determines the anti-symmetric part

of the Levi-Civita connection on Y. We define now the spatial metric

where h;; is real valued and symmetric with Euclidean signature. Since L¢ dl* = 0 by
construction the group G is the isometry group of the Riemannian manifold (X, dl?). As
we aim to evolve the metric in time according to Einstein’s theory we define the spacetime

manifold M =R x ¥ and equip it with the Lorentzian metric

ds? = —dt* + dI* = —dt* + hjo' @ a7 | (2.6)

1Since any Lie group acts simply transitively on itself some authors (e.g. Jantzen [31]) choose to identify
the homogeneous space with ¥ = G (or the component of G connected to the identity).
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where the h;; are functions of the comoving time ¢t now. The basis on the spatially homogeneous

spacetime M is {e,} := {0, e;}. The comoving condition [0, ;] = 0 is satisfied by construction.

Note that we have made an important choice on the topology in the construction above.
We chose the hypersurfaces ¥ such that they can be identified with the connected component
of the isometry group G. As shown in [32], the number of degrees of freedom is in general
not uniquely determined by the isometry group but depends in addition on the choice of

topology.

2.1.2 The Bianchi-Schiicking-Behr classification

As we have seen in the previous section homogeneous spaces can be constructed based
on symmetry considerations. Classifying homogeneous spaces is therefore equivalent to a
classification of Lie algebras. The first to work out a classification of 3-dimensional symmetry
groups was Luigi Bianchi in 1898 [39]. The scheme we shall present here is usually referred to
as the Bianchi-Behr classification of 3 dimensional Lie algebras [31, 40]. Engelbert Schiicking,

however, played a major role in its development [29].

The starting point of the scheme is the fact that the structure coefficients can be decomposed
into a (2, 0)-tensor density n* and a covector v; as follows:
ij = 5ijmkl + 21}1(5@(5;?} ,  where
n' = %C’,(flgj)kl and v; = %CZJJ :
Inserting the basis vectors e; into the Jacobi identity yields that

;flcgl'k] =0. (2.8)

After a further contraction of the Jacobi identity one finds that n” and v; must obey the
relation

nv; =0, (2.9)

that is, either v; = 0 or n¥/ has at least one zero eigenvalue. The basis e; is of course not
unique. Letting A = {A7} € GL(3,R) we can transform to a new basis via &; = A/e;.

Such a basis change induces a transformation of the structure constants according to

Ol = Oy = (A7) A A Gy (2.10)
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which in terms of n¥ and v; reads

nv —n' = det(A) (Ail)lk(Ail)Jlnkl and V> U = AZ'JU]' . (211)

Note that n% transforms like a tensor density of weight 2 and v; transforms like a co-vector.
One can now use a suitable transformation to bring the structure coefficients into the so

called standard diagonal form
{n¥} = diag (n(l),n(2),n(3)) and v; =v6} with v>0. (2.12)

A Bianchi type Lie algebra is now said to be of class A if v = 0 and of class B otherwise. For

class B models we can define an additional scalar h via the relation

V;v; = heiEimmn™ ™ | (2.13)
which becomes v?> = hnMn® when C’fj is in standard diagonal form. Furthermore, we
can assume, without any loss of generality, that the non-zero n( are normalized such that
In| = 1. Modulo permutations of the n(” and the transformation n¥ + —n% we finally

obtain the table 2.1 classifying all 3-dimensional Lie algebras.?

Class | Bianchi type | n™ | n® | n®) [ v | A

A I 0 0 0 [0] ~

II 0 0 1 10 ~

Vi 1 -1 0 |0 O

VII, 1 1 0 |0 O

VIII 1 1 -1 0| O

IX 1 1 1 (0] O

B \Y 0 0 0 [ 1] ~
v 1 0 0 |1

[1:=VI_, 1 -1 0 |1] -1

V20,1 1 -1 0 |v| —v?
VIl 1 1 0 |v]| 02

Table 2.1: Bianchi-Schiicking-Behr classification of 3-dimensional Lie algebras. The roman
numerals are due to Bianchi who used a different classification scheme [39].

If the structure constants are in standard diagonal form the commutation relations for the

2To my knowledge the table appeared in this form first in a paper by Ellis and MacCallum [41].
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basis vectors reads

[61, 62} = n(3)€3 —veg , [62, 63] = n(l)el ) (2 14)
[es, 1] = nPey +ves . .

The only case that is not covered by this classification is the Kantowski-Sachs spacetime
for which the symmetry group G = R x SO(3,R) is 4-dimensional. Its representation is
irreducable and acts transitively but not simply transitively on the spatial hypersurfaces
which can be identified by, e.g. ¥ = R x S?. Hence the model requires a separate treatment

(see section 3.2 of this thesis or the appendix of [31]).

The automorphism group Aut.(g)

An important ingredient for the description of spatially homogeneous cosmological models
is the automorphism group Aute(g) C GL(g) of the Lie algebra g with respect to the basis
{e;}. The Automorhism group Aut.(g) can be defined as the subgroup of the general linear
group formed by the transformations e; — €; = A/ 7e; that preserve the structure constant
components, that is,

Ck s CF = (AW, A Al = CF (2.15)

ij
To find the generators of the component of automorphism group connected to the identity
we consider a path 7 : R — Aut.(g), t — AJ(t) through the identity A4;7(0) = ¢/ and
differentiate equation (2.15) to obtain

Cﬁai = angl + afC’fk (2.16)

where af is identified as a tangent vector to the path v at the identity. The general solution
to equation (2.16) thus yields the Lie algebra of Aut.(g), which we denote by aut.(g).

A set of particular solutions to (2.16) is given by the matrices

The subgroup which is generated by the subalgebra {k;} is called the inner automorphism
group. We denote this Lie subgroup by In Aute(g) and its Lie algebra by Inaut.(g). The
remaining solutions to (2.16), that is, those which cannot be written as structure coefficients,
generate the so-called outer automorphism group. We utilize here the notations Out Aut.(g)
and Out aut.(g) for this Lie group and its Lie algebra, respectively.

The automorphism group not only plays an important role for the efficient description

and the analysis of the classical dynamics of the Bianchi models. We will also see that it is
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of relevance for the corresponding quantum theory. Particularly relevant are the dimensions
dim (In Aute(g)) and dim (Out aute(g)). They turn out to determine the number of linearly
independent momentum constraints and possible constants of motion of the dynamics. The
dimensions can be read off from the table 2.2. We will further elaborate on the role of the

automorphisms after the discussion of the general relativistic dynamics of the Bianchi models.

Type 1o || v, vi, v | v, x
dim (Aut(g)) |9] 6] 4 |6 4 3
dim (InAut(g)) [0 2| 2 | 3 3 3

Table 2.2: Dimensions of the automorphsim group and the inner automorphism group for all
Bianchi models. This table was taken from [31].

2.1.3 Kinematics and dynamics of the Bianchi class A models

The ADM form of the metric is given by
ds* = —N?dt* + hy; (N'dt + 0*) @ (N/dt + o7) . (2.18)

In order to make use of the preferred foliation defined by the homogeneous hypersurfaces
we restrict the Lapse function N and the shift vector N to be spatially homogeneous as
well, that is, N = N(¢) and N* = N'(¢). While N controls the time gauge, N’ controls
the foliation. Both N and N® will not be determined by any dynamical equations of the
theory and they can in fact be chosen freely (with the constraint that N > 0). Their choice,
however, will influence the dynamics of the spatial metric.

The components of the spatial metric h;; contain all the degrees of freedom of the theory
and are functions of the coordinate time ¢ only. If h;; stays diagonal during the temporal
evolution we speak of a diagonal model. This is, however, in general not the case and h;; is
only diagonalizable at a fixed instant of time ¢.

Furthermore, we shall from now on mostly restrict our attention to the Bianchi class
A models. The reason for this are certain well known problems with the Hamiltonian

formulation of the class B models, which we shall comment on later.

Diagonal/off-diagonal decomposition

It is well known that the symmetry reduction to spatially homogeneous models reduces
the Einstein field equations to a system of ordinary differential equations. In order to get

insights into the dynamics it is desirable to introduce an appropriate parametrization of the
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minisuperspace such that the form of the dynamical equations assumes a simple form. By
minisuperspace we mean here the unconstrained configuration space M which consists of all
3-dimensional matrices {h;;} that are symmetric with Euclidean signature.®

Recall the fact that any symmetric matrix is diagonalizable. The main idea is now
to split the minisuperspace M into a diagonal part which coincides with the scale group
Diag(3,R)" and an unimodular 3-parameter diagonalizing matrix group G (a Lie group)

such that M = Diag(3,R)" x G. For that purpose we write
hij = S;"S; hyy (2.19)

with S = {S7} € G being unimodular and {hy} € Diag(3,R)*. Equation (2.19) can be
thought of as a map Diag(3,R)" x G — M which we now specify further in order to provide
a suitable parametrization of M. In practice this map will be used to pullback the equations
of motion from M to Diag(3,R)" x G where they should be easier to study. It is convenient
to introduce a suitable parametrization of the diagonal matrix {hy}. We will mostly work
here with the so called Misner variables [42, 43] which we denote by «, 3, and 8_.* The

diagonal part of the metric is parametrized as
{hi;} = diag (ew*”\/gﬂ*,62B+_2‘/§B*,e_45+) . (2.20)

Note that due to these choices Vi := y/det ({h;}) = €, that is, the variable o alone
describes the temporal evolution of the spatial volume of the universe. We will therefore call
e® the scale factor of the universe (in full analogy to the Friedmann models). The variables
B+ control the “shape” of the universe and might therefore be called anisotropy factors. The
unimodular matrix diag <e25++2‘/§ﬁje25+_2‘/§5*,e_45+> is sometimes called the anisotropy
matriz. Choosing the Misner variables has the virtue that the kinetic term in the Einstein-
Hilbert action will be partially in canonical form. Note that the decomposition of the degrees
of freedom into a scale and shape part corresponds to an unimodular decomposition of the
spatial metric.

Let us now turn to the question of how to construct the diagonalizing matrix S. Let us
denote the Lie algebra of the diagonalizing group by g. In order to parametrize the connected
component of G we can use the exponential map exp : g — G. We will therefore start by
constructing a matrix representation of a basis {k;} of §. Let e’; be the 3 x 3-matrix with

the only non-vanishing component being a 1 in the i*" row and the 5™ column. Then {e’;}

30ur notion of minisuperspace is not the true analogue of superspace. A notion which appears to be closer
to the notion of superspace in the full theory is provided by Jantzen [30].
“Note that instead of o Misner originally introduced the variable Q = —a [42, 43].
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constitutes a natural basis of gl(3,R) and satisfies the relations [e;, e¥;] = d¥e’; — dje¥;. We

can now decompose the generators of the diagonalizing matrix group into
K; = [mi]jkekj . (2.21)
The diagonalizing matrix is then obtained via the exponential map
S = o' rfreelns (2.22)

where the 6% variables are “generalized angles” which serve as a parametrization of G (or
more precisely the component of G connected to the identity). It is required that the algebra

closes and that the generated group is unimodular, that is,
Tr(k;) =0 and [k;, K| = —C’fj/{k : (2.23)

For any {h;;} € M to be diagonalizable by S it is required that {&;} is an ordered basis with
the property that k; € span {ejk,ekj} for any cyclic permutation (i, 7, k) of (1,2,3). Now
consider

S71dS =: k6" (2.24)

where the 1-forms on the right hand side can be expanded as
' =Wide . (2.25)

After denoting the inverse of W*; by (W~1),7 we can define the dual vector fields

-0
é; = (W‘l)ijﬁ . (2.26)
We can then convince ourselves® that
& & k& o Lai ~j o ok
€i,&;] = Cier, and do' = _QCjka No" . (2.27)

Consequently {&;} is a left invariant basis frame of TG and {6} its dual frame on T*G.
Analogously one might construct a right invariant basis [31]. We will only make use of the

left invariant one in this thesis. For completeness we remark that

Ol = =4 (W hmaw*, . (2.28)

SCompute the exterior derivative of equation (2.24).
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Examples: A particular example of a diagonalizing matrix group is G = S O(3,R) interpre-
ted as rotations of the principal axes. This is the canonical choice for the diagonalizing matrix
group in the case of the Bianchi IX spacetime. Note that in this case the symmetry group and
the diagonalizing group incidentally coincide. One might parametrize the group SO(3,R)

using three Euler angles 6, ¢, 1. The diagonalizing matrix is then given by the Euler matrix

S ={0/} = 09040, € SO(3) , where

cos(y) sin(¢)) 0 1 0 0
Oy = | —sin(¢p) cos(yp) 0 | , Og=| 0 cos(d) sin(d) | ,
0 0 1 0 —sin(f) cos(f) (2.29)
cos(¢) sin(¢) 0
Oy = | —sin(¢) cos(¢) 0
0 0 1

This diagonalization has been used by Ryan [44-47]. Ryan, however, diagonalized all Bianchi
models using SO(3,R). This is impractical for all types other than I and IX.

Another particular choice would be to pick the Heisenberg group, that is, choose S as
an upper triangular matrix with diagonal elements being equal to 1. This corresponds to
the Iwasawa decomposition of the triads (see e.g. [48]). While this choice was found to
be useful to reveal hidden Kac-Moody symmetries in gravitational theories, it is, however,
rather impractical for the study of the dynamics of most of the Bianchi class A models at

the Hamiltonian level.

Diagonalization via the special automorphism subgroup: The question remains how
to choose the diagonalizing group such that our kinematical picture is tailored for the study
of the dynamics arising from Einsteins theory. As has been pointed out by Jantzen [31]
there is an advantageous choice of G for this purpose. This is to take a suitable 3 parameter

subgroup of the special automorphism group
G C SAute(g) = {A € Aute(g) | det(A) =1} | (2.30)

of the Bianchi model under consideration. In particular the inner automorphism group
should be contained as a subgroup in G. The advantage of this choice will be revealed in
the Hamiltonian formulation. In particular the form of the momentum constraints and the
three—curvature will be drastically simplified. In the case of the diagonalization of Bianchi

class A models with structure constants being in standard diagonal form, S € SAut.(g)
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simply means that
P8 P=n" and det(S)=1. (2.31)
Let us now turn to the construction of the Lie algebra basis {k;}. We first define the matrices

ki:=CLéely (2.32)

where Cf; = e;n'" are the structure constants of the Bianchi class A model in standard

diagonal form. Recall that the k; are the generators of the inner automorphism group.

Diagonalization of types VIIj, VIII and IX: The following construction is suitable for
the diagonalization of the type VI, VIII and IX models. We define the scale matriz

.. 2 2 2 2 2 2
Tr (k;kT) /2% = — dia n@]" + [n®]7, 1/ [n®]” + [nMW]7, 4/ [nD]” + [ )
{15 ] 72} = o (Vi + O\l + 0Oyl + )
(2.33)
and set
1
K; = k; (2.34)
Tr (kK ) /2
By construction the basis {k;} satisfies
Tr(ni):CA’ijj:O and [mi,mj]:éfjmk, where C’fj:eiﬂﬁlk (2.35)
with {7} = diag (AM, 2, a®) . '
The parameters 7?) are given by
0 _ e ) n@ ) _ n®)
V2P + [P V2P + O V2 IO + [
(2.36)
The matrices k; can be explicitly written as
0 0 0 —n® 0 a® 0
ki=| 0 A |, ke=1] 0 0 , k= - 0 0 [,
0 —a® 0 At 0 0 0 0
(2.37)

Diagonalization of types I, IT, VIy: Note that {2} is not well defined for the Bianchi

class A types I, IT and IV,. As already mentioned the above construction only works for
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types VII, XIII and IX. For the other types it is convenient to pick the generators &, in the
span of the non-vanishing k; and find a suitable candidate for the remaining k; in such a
way that the algebra closes and that the generated group is unimodular. For Bianchi type
I, for example, the special automorphism group is SL(3,R). In this case one might pick any

suitable 3-parameter matrix subgroup to diagonalize the metric, e.g. SO(3,R).

For later usage we also define the (possibly singular) matrix p;/ via the relation
ki = pijlﬂ'/j . (238)

The matrix p;? is non-singular for Bianchi types VIII and IX. For all other types it is singular
with at least one zero eigenvalue. In the case of Bianchi I the vanishing of the structure

coefficients implies that p;/ = 0.

Remarks on other suitable variables: We decide in this thesis to mostly work with
Jantzen’s orthonormal frame approach and to use the Misner variables for the parameterization
of the diagonalized metric. There are of course other variables on the market which are

tailored for certain applications.

The Hubble normalized variables are a set of dimensionless variables which allow for the
application of certain methods from the theory of dynamical systems. This has been used to
obtain rigorous results concerning the dynamics of the Bianchi models and even beyond (see
e.g. [18, 48-50]). Hubble normalized variables are also useful for the application of numerical

methods. The variables are, however, not suitable for quantization.

Another interesting set of variables solely constructed for the application to spatially
homogeneous cosmologies was introduced in [51]. According to the authors these three
variables “completely and irreducibly, determine a spatial three geometry”. The variables
are invariant under the action of special automorphisms and in particular well suited for

applications in Quantum Cosmology.

Lagrangian and Hamiltonian formulation

The topic of this section is the Hamiltonian formulation of the vacuum Bianchi class A models.
One aim is to find a suitable representation of the dynamics by using the diagonal /off-diagonal
decomposition. We presuppose that a class A model has been picked from the table 2.1 and

that a basis {k;} has been constructed according to the previous section such that we obtain
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a diagonalizing matrix S € GC SAute(g). Our starting point is the Einstein-Hilbert action

1 1

Sk = —— d4x\/—g(R —2A) — —

d*2VhK . 2.
167TG M 87TG OM $\/_ ( 39)

The coupling of matter will not be discussed in this section. While a discussion of minimally
coupled scalar fields is straightforward, a general prescription of the coupling of more complica-
ted forms of matter is rather non-trivial and will only be discussed in this thesis based on
the examples of specific models in chapter 3. The Einstein-Hilbert action can be cast into
the well known ADM form

1 oo .
SEH = W/O'l VAN 0'2 AN Gg/dt N\/E [(hlkhﬂ - hz]hkl) Kink:l =+ (3)R} ) (240)
b

where K;; = ﬁ (h” — 2D(1Nj)> is the extrinsic curvature and ® R is the Ricci scalar on
the spatially homogeneous hypersurfaces >.. The covariant derivative on X is denoted by D.
The connection 1-forms on the spatial hypersurfaces 3 are given by o'; = (3)F§-ka'k and are
uniquely determined via the two equations

do’ +o';An0! =0 (vanishing torsion)

(2.41)
hikakj + hjkaki =0 (metricity) .

The anti-symmetric part of the connection is completely determined by demanding vanishing
torsion. The symmetric part on the other hand is determined by the demand for metricity.

The solution to the two equations is given by
1
31k k kl ~m

We will from now choose our units such that 16}@ [otno? N = % The DeWitt metric

dS? .= G*dh;; @ dhy | (2.43)

is defined via its components GUF = 481V (h*hI' + hRI* — 211U RM). Note that the
unconventional prefactor 48=! and our choice of units are tailored to the application of the
Misner variables. The DeWitt metric dS? constitutes a metric on the configuration space

M. We can then write the action as

Sgn = / dt N [QQ”“KUKM +vVh ®R/12| | (2.44)
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The total Hamiltonian of the system, obtained via the Dirac-Bergmann algorithm, can be
written as

H=NH+ NH, . (2.45)

Where the Hamiltonian and momentum constraints are given by

1 ..
H = §Qijklp”pkl — \/E(g)R/12 ~( s

‘ (2.46)
H; = 20} hpp™ ~ 0,
respectively. Here G = % (hikhji + hahjk — hijhi) are the components of the inverse

DeWitt metric and p¥ = 2G¥* K, denote the ADM momenta, that is, the momenta canonically

[43

conjugate to the configuration space variables h;;. The notation “~ 0” means that the

constraints weakly vanish in the Dirac sense.

We perform now the diagonal/off-diagonal decomposition of the metric according to
equation (2.19) and pick the parametrization (2.22) for the diagonalizing matrix S. Let
us first take care of the kinetic term in the action. It is advantageous to define a generalized

“angular velocity” w” via
S_ls = {(S_l)l kSk]} =: wk&k . (247)

The “angular velocity vector” can be expanded as w =: W#;7, where W, are the coordinate
components of the left invariant co-frame {6°} on T*G defined in (2.24). A calculation then
yields

hij = S8 iy + 286 F W 5] % (S ™ )™ B ) - (2.48)

The Lagrangian in the quasi-Gaussian gauge N = 0 then takes the form

—dz + 63 + ﬁ% + L-jwiwj

L = Ne™ GR/12 2.49
) oN? +UR/12) (2.49)
where the “moment of inertia” tensor is given by
1 -
Ii; = g[ﬁ?i]kl (55,152 + hkmhl”) (K] (2.50)

Note that the “moment of inertia” tensor is symmetric and completely independent of the
scale factor av and the generalized angles 6%, that is, it only depends on the anisotropy factors

B+. For the types VI, VIII and IX in particular we obtain via the diagonalization procedure
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presented in section 2.1.3 that

1 2
{I;;} = diag (1, I, I3) , where I = 3 <ﬁ26\/§5*_36+ — ﬁge_ﬁB*Jr?’ﬁ*) ,

1 2 1 5 (2.51)
I = < (fge"¥ 195 — e VI3 and Iy = 2 (e VE eV )
3 3
The momenta canonically conjugate to the Misner variables are given by
3o 3a 3
Pa = 2 and Pt = e Pe , (2.52)
N
while the momenta conjugate to the generalized angles read
oL e ,
= — = — L WF, 2.53
p 802 N ]k‘w ( )
in the gauge N = 0. For convenience we define the angular momentum like variables
e3a ; 1y

By making use of the Poisson brackets of the canonical variables (6, p;) and equation (2.28)

one can show that the angular momenta obey the Poisson bracket algebra
{0, 0;} = CLL, (2.55)

We are now in the position to express all constraints in terms of the variables «, B, #; and

their momenta. For the Hamiltonian constraint one obtains

e—3a

==

6a
(<r4atea e - SCOR) =0, (2.56)

where (17')" denotes the inverse of the moment of inertia tensor, that is, (I7')"*I;; = d7.

Moreover, we find from this expression that DeWitt metric is brought into the form
dS? = e (—doz2 +dB% +df% + 1;;0' ® 6j) , (2.57)

where {da,df,,dB_} is a basis of T*Diag(3,R)* and {5'} is the basis of T*G defined by

equation (2.24). The momentum constraints are found to become

1 .
,Hi = §(S_l)ikpk]€j s (258)
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where p;* was defined in (2.38). Thus the number of the non trivially satisfied linearly
independent momentum constraints is given by the rank of the matrix {p;”}. The rank of
{ps} is equal to the dimension of the inner automorphism subgroup and hence specific to
cach Bianchi model. Let us now turn to the discussion of the potential term vA ®R. Using

the 2" Cartan structure equation we obtain the curvature 2-form on X:

®Q' =do'j + o' Aor; = 5(3)R1jklak Ao, with

A A ‘ . (2.59)
BR 1y = =15, Cp + T — T 0
The Ricci scalar on X for the Bianchi class A models can then be written as
(3) 1 ij. Kl 1 ij. Kl
R = % (hijhkl — 2hzkhﬂ) n-n = _—24\/E gijkln n- . (26())

At this stage we can see another advantage of choosing S € G C SAute (g) as the diagonalizing
matrix. Namely that we can replace the metric h;; in the expression (2.60) by the diagonalized
metric Bij and all dependence on the generalized angles §° drops out. Consequently the
curvature potential of the Bianchi class A models can be expressed solely in terms of the

Misner variables:

My _ € [ (10\2 a8 avEE (2))2 481 —4V38- (3)\2 8B+
G R—24(n)e +(n)e +(n)e

_Qn(Q)n(i”)e—?BﬂL—?\/gﬁf _ 2n(3)n(1)e—25++2\/§5— — oW (2) 46+

(2.61)

Note that the curvature potential is non-negative for all class A models except for type IX.
The potential can be understood as a self-interaction term which couples the gravitational
field hy; to itself. For the Bianchi type I case we have ®)R = 0. In this sense the type I model

can be viewed as a free model, that is, a system without any self-interaction.

Remark on the Hamiltonian formulation of the Bianchi class B models

The procedure of reducing the symmetry at the level of the action as outlined in the previous
section 2.1.3 at the example of the Bianchi class A is to be understood as a heuristic procedure
to obtain a Lagrangian/Hamiltonian formulation for the dynamics of a symmetry reduced
model. After performing the procedure it should in principle be checked if the equations
of motion obtained from the Lagrangian/Hamiltonian are the correct ones, that is, if they
coincide with the equations of motion that are obtained by plugging the ansatz directly

into the Einstein field equations. It is well known that the procedure works well for the
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Bianchi class A models [31] and also in the case of spherical symmetry (see e.g. [10] and the
references therein). However, the procedure leads to an erroneous result in the case of the
Bianchi class B models. To be more precise the resulting Hamiltonian formulation does not
yield the correct Einstein field equations. This is indicated by the fact that the constraints one
obtains by naively applying the procedure are not preserved in time. In order to obtain the
correct equations of motion from the flawed Hamiltonian formulation one can add an ad hoc
forcing term to the Hamiltonian equations of motion (see e.g. [31]). It might, nevertheless,
be possible to find a valid Hamiltonian description of the dynamics. This has, for example
been achieved in [37] for the Bianchi type V model.

The question under which circumstances a symmetry reduction can be carried at the
level of the action out can also be investigated with mathematical rigor (see the Engelbert

Schiicking in [29]).

On the automorphism group

So far we have seen that the special automorphism group SAute(g) plays an important role
for the dynamical description of the Bianchi models. As in the full theory of general relativity
the system of secondary constraints H and H; for the vacuum Bianchi class A models is first
class, that is, the constraints are preserved in time. This is equivalent to the statement that

the constraint algebra closes:
{H,M:} =0 and {H;, H;} = CjHy, , (2.62)

where the structure coefficients ij of the momentum constraint algebra are specific to each

Bianchi model and they satisfy the equation
Chon* = pi'p"Ch, . (2.63)

Consequently the H; can be identified with the generators of a subgroup of G C Aute(g).
More precisely, these are the generators of the inner automorphism subgroup k; = C’fjej k
defined in equation (2.32).

As we have already pointed out before for Bianchi types VIII and IX the inner automorphism
sub group coincides with the automorphism group. For all other types, however, this is not
true since there are outer automorphisms in addition. Let us denote the matrix representation

of the outer automorphism algebra by

E;=E\¢) . (2.64)
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The phase space representation of the generators then reads
& = Efhup” (2.65)

As it is shown in [35], the Poisson brackets of & with the constraints weakly vanishes in
the Dirac sense. Consequently the generators & imply the existence of certain constants of

motion, which are specific to each vacuum Bianchi model. We can now conclude this section.®

Conclusion. The special automorphism group SAut(g) is the symmetry group of the equations

of motion, satisfied by the metric h;;, in the absence of matter sources.

All scalar combinations constructed from the metric h;; and the structure constants C}k
are scalars on M which are invariant under the action of the special automorphism group.

Possible combinations are for example
CLCIR . CLCl hyh* RF™ and so on. (2.66)

Since curvature invariants on the spatial hypersurfaces (®)R, ®RY GR; . ) are linear
combinations of such terms they are invariant under the action of the special automorphism
group as well. The authors of [37] have used these facts to construct a set of independent
variables, invariant under the action of the special automorphism group. Note that such a
construction is only possible because we performed the symmetry reduction to minisuperspace.

In the full theory such a construction is impossible.

Homegeneity preserving diffeomorphisms

So far we have discussed the symmetries (automorphisms) of the Bianchi models from a
dynamical point of view. The purpose of this section is to link the previous discussion
to a spacetime point of view. More precisely the special automorphisms can be linked to
coordinate transformations which manifestly preserve the spatial homogeneity of the line
element. This fact was first noted by Ashtekar and Samuel [32]. We will use the paper [37]
as a guideline.

In the following we suppose that spacetime manifold M is parametrized by a time
coordinate ¢ and spatial coordinates {x’} =: x and that the spacetime metric is in the

ADM form, that is

ds® = —N2dt* + hy; (N'dt + o) @ (N?dt + o) . (2.67)

6The following conclusion was first provided by Jantzen in [30].
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The spatial coframe can be expanded according to
ol (z) =o' (x)da’ . (2.68)
A homogeneity preserving diffeomorphism is a coordinate transformation
{t.a'} o (1.5} (2.60)

which leaves the ADM metric (2.18) form invariant. That means the transformed line element

takes the form
As? = ~ NP + Ty (Wi + 67) o (Wi +67) (2.70)

where N, N' and Eij are functions of ¢ only and &' = o%; () dz.

First, let us consider a transformation of the time variable

t () . (2.71)
The coefficients of the spatial metric transform as

while the lapse and shift functions transform as

ot~ -

SOt~ 1
7 =N (2.73)

N(t) — N(t(t))a—g = N(t) and N'(t)— N'(t(t))

Hence (2.71) is a homogeneity preserving diffeomorphism. More interesting are transformations

of the spatial coordinates
{t,2'} = {i(t), 7 (t,2)} , (2.74)

where #(¢) = t. One then obtains that

(2.75)

. , Oxd . Ox
‘(x) =0 —dt -dz’
o' (x) Uj(a:)lat +8iix]

Since both o*;(x) and o%;(Z) are invertible there exists a non-singular matrix L'; (f, 53) and
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a triplet AN?(¢,Z), such that

ozt (2.76)

For the coordinate transformation to be homogeneity preserving L;(#, &) and AN*(, &) must
be independent of the spatial coordinates . The resulting line element is then indeed of the
form (2.70) with

N=N, hy=hul5L;, and N'= (L) (N + ANY) (2.77)

and therefore manifestly spatially homogeneous. The equations (2.76) is to be regarded as
a set of first order partial differential equations for the inverse coordinate transformation
{t,#} — 2'(f, ). The local existence of solutions is guaranteed by the Frobenius theorem
(see appendix A.2) provided that the necessary and sufficient conditions are satisfied. One

finds [37] that these conditions can be brought into the form

Lilcj.k: LML
. (2.78)
AN C,g,LjZQUj.

The solutions {L’;, AN’} to (2.78) have the property that they form a group under the
composition law
(Ls)'j = (L1)'k(L2)";

| | | | (2.79)
(AN3)" = (ANy)" + (L1)";(ANz) .

where {L, AN;} and {Ls, ANy} are two consecutive transformations of the form (2.77). Note
that there are particular solutions of the form L;(f) = L; = const. with {L;} € SAut(g)
and AN = 0. These solutions can be trivially identified with the special automorphism
group. In general however the group formed by the solutions to (2.78) is larger than the
special automorphism group. The particular solutions {L’;} € SAut(g) and AN = 0 can be

regarded as the remaining gauge degrees of freedom after having fixed the lapse and shift.

Furthermore, there are solutions with AN¥(f) being arbitrary. To see that we note that
the matrix 2{AN*(#)C}.} = 2AN‘(?)k; is by definition a path in the Lie algebra of the inner

automorphism group. Having that in mind we can conclude that a further particular solution
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o (2.78) is provided by the time ordered exponential

{L; (1)} = Texp (2 / t dt AN* (t) kk> € TAut.(g) , (2.80)
to
where AN'() is arbitrary. In fact the time ordered exponential is the unique solution to the
initial value problem
AN*RCL L = %Lij , Li(fg) =8t . (2.81)

Because of the group structure of the solution space we conclude that the most general
solution to (2.78) can be obtained via the composition of (2.80) and a constant special
automorphism.

One can show that if {N, N*, h;;} and {N, N, h;} are related by (2.77) and L'; and AN’
solve (2.78) then SEH[N, NZ,RJ] = Sgu[N, N, h;j]. Hence, as one would expect, the vacuum
action (2.44) is invariant under the transformation. It follows now that if {N, N’ h;;} is a
solution to equations of motion then {N , N i,ﬁij} is a solution as well. We are now in the

position to conclude this section.

Conclusion. Two solutions {N, N’ h;;} and {N,NZ,EU} which are related via (2.77) such
that L'; and AN" satsify (2.78) are also related via a homogeneity preserving diffeomorphism.

The general solution to the equations (2.78) for several Bianchi models can be found
n [37). For a mathematically more rigorous treatment see [33]. The latter reference,
however, employs a stronger definition of homogeneity preserving diffeomorphism, which
leads to slightly different results (only constant automorphism are homogeneity preserving

diffeomorphisms).

Remark on the curvature of the class A minisuperspaces

We compute the Ricci scalar of the Riemannian space (M, dS?) with the DeWitt metric given
by (2.43). The result is R = _\/_H = —45e73%. After performing a conformal transformation
of the DeWitt metric according to dS? — dS? = e73*dS? we obtain that R = —90.
Consequently the unconstrained minisuperspace of the vacuum Bianchi models is conformal

to a space of constant negative scalar curvature. The unconstrained minisuperspace is

“The time ordered exponential can be formally defined via

Texp(/ dt'a(t ) Z// / /tz a(t))dt) ... At dt!
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not conformally flat which follows from computing the Weyl squared scalar W? = 1890

corresponding to the metric ds2.

2.1.4 Singularities in general relativity and relativistic cosmology

In this section we provide the definition and classification of singularities. It is sufficient
for our purposes to have a rather loose discussion. For an overview of precise definitions,
theorems and classifications of singularities in Einstein’s theory see for example the review

article by Senovilla [52].

Geodesic incompletess

A spacetime is called geodesically incomplete or singular if there exists a geodesic that cannot
be extended past some affine parameter. Penrose and Hawking [3] have shown that, under the
assumption of general energy conditions, solutions to the Einstein field equation necessarily
admit incomplete geodesics. Such results have become known as singularity theorems. These
prove the fact that singularities are not a mere artifact of a certain symmetry reduction
but rather a generic feature of Einstein’s theory of gravity. However, while these theorems
provide information about the existence of singularities they do not tell us anything about
the nature of such singularities.

We have to distinguish between curvature singularities and conical singularities. Further
distinction should be made between spacelike and timelike singularities. Since we are only
dealing with spatially homogeneous cosmological models in this thesis we will restrict our

attention to spacelike singularities.

Curvature singularities

A curvature singularity (or curvature pathology) is a point or a collection of points in
spacetime at which certain curvature scalars diverge. This definition is quite arbitrary since
in principle one can construct infinitely many curvature scalars on a (pseudo-)Riemannian
manifold. The precise definition of a curvature singularity is an open issue known as the
curvature pathology definition problem. Furthermore, the relation between the blowing up of
curvature invariants and geodesic incompleteness is an ongoing debate. In particular there
exist solutions to the Einstein field equations which admit incomplete geodesics while no
curvature pathology occurs [52]. It will be sufficient in the context of this thesis to call a

point in spacetime a curvature singularity if the Kretschmann scalar R R,,,,,, diverges at
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this point. As it is well known, the Kretschmann scalar can be decomposed as
1
RMY Rine = C* 2 Clng + 2 (RWR‘“’ — ERQ) (2.82)

where C*,,, is the Weyl squared tensor. The decomposition allows for further distinctions

[53]. We call a curvature singularity
e Weyl or conformal singularity if C***7C,,,», diverges.
e Ricci singularity if R, R* — £ R?* diverges.

While Ricci singularities are related to unbounded matter densities via the Einstein field
equations, Weyl singularities are related to gravitational field divergences in the vacuum.
The Oppenheimer-Snyder model [54] describes the homogeneous and spherically symmetric
gravitational collapse of a cloud of dust particles and provides a particular example: the
interior of the dust sphere, described by a dust filled closed Friedmann universe, collapses
into a Ricci singularity, while the exterior, described by a vacuum Kantowski-Sachs model,
collapses into a Weyl singularity. Note also that a singularity can be both Ricci and
Weyl at the same time. This situation can occur for example in the case of matter filled
spatially homogeneous but anisotropic cosmological models. Further distinctions in the
characterization of curvature singularities were given by Barrow and Hervik [55]. The authors
also provide asymptotic expressions of the Weyl squared scalar for the Bianchi models filled
with ideal fluids in the vicinity of the singularity.

We also remark that the scalar

1
I = : (2.83)
|RHV}\UR/J,I/>\O' | 1

defines a natural curvature length scale. Thus [, might be compared against the Planck length

to provide an indicator for the setting in of Quantum Gravity effects.

The strength of singularities

The idea behind a classification of the strength of a singularities (see e.g. [56]) is as follows:
Loosely speaking, a singularity is called strong if the tidal forces are strong enough to destroy
any extended object (e.g. a string) that comes close to the singularity. A singularity is
called weak if it is in principle traversable by an object which is rigid enough. More precise
definitions, based on considerations of the geodesic deviation equation, were given by Tipler

[57] and Krélak [58]. Let u* and 7 be the four velocity and proper time along a timelike
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geodesic respectively. Suppose the geodesic hits the singularity when 7 = 7,. The singularity

is called strong

e according to Krolak if one of the integrals [ d7’R*,,gu*u® diverges as 7 — T,.
0

7_/

e according to Tipler if one of the integrals [ dr’ [ dr”RF,,gu*u® diverges as T — T,.
o0

Otherwise the singularity is called weak. While Tipler’s definition is usually regarded as

being more physical, Krélak’s definition is easier to study in practice.

Singularities in spatially homogeneous models

We remark at this stage that all Bianchi class A models filled with matter fields that satisfy
the usual energy conditions start their evolution in a spacelike singularity and expand for
eternity. This is true for all Bianchi models except for the type IX model which recollapses
and ends its evolution in a second singularity as proven by Lin and Wald [59]. Such a theorem
also holds for the Kantowski-Sachs model [60]. In fact the so called closed universe recollapse
congecture (see e.g. [60]) states that all closed universes share this feature.

The asymptotic behavior of the Weyl squared scalar for spatially homogeneous models
filled with (non-tilted) perfect fluids was studied by Barrow and Hervik [55]. If the usual
energy conditions are satisfied and the expansion is anisotropic the Weyl squared scalar
usually diverges when approaching the singularity. How fast it diverges depends on the

equation of state parameter.

Classification in terms of the scale factor

The following classification scheme was designed for the application to Friedmann models
filled with ideal fluids [25]. The classification, as given in the following, allows to distinguish

between five types of singularities :
e Type 0 (Big Bang/Crunch): a — 0, p — oo and p — oo in finite comoving time.

e Typel: a — 00, p — 00 and p — oo in a finite comoving time. An example is given by

the Big Rip singularity considered for example in [24].

e Type II (sudden singularity): a and p stay finite while p — +oc in finite comoving
time. Examples are the Big Brake and Big Démarrage considered in the references [27]

and [26] respectively.
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e Type III (finite scale factor singularity): a — a, = const., p — oo and p — oo in finite

comoving time. An example is the Big Freeze considered in [26].

dn

wa and

e Type IV (Big Separation): a, p and p stay finite but the higher derivatives

j;—illH for some n > 3 diverge in a finite comoving time ¢(H is the Hubble parameter).

e Type V (w-singularity): a, p and p stay finite but the equation of state parameter

w = p/p blows up in finite comoving time.

Here p and p are the energy density and the pressure of the perfect fluid coupled to the
Friedmann model. According to the definition of Tipler only the Type 0 and I singularities
are strong while according to Krolak also the Type III singularity is strong. The above
classification scheme has been refined and enlarged (see e.g. [61] and the references therein).
Since we can also define a scale factor for the more general spatially homogeneous but
anisotropic models via @® := v/h, we can borrow this classification and apply it (to some
extend) to the case of spatially homogeneous cosmological models coupled to perfect fluids.
Note, however, that not all matter fields (e.g. Yang-Mills fields) can be regarded as perfect
fluids. Moreover, important singularities in vacuum solutions, for example the singularity of
the Kasner solution, cannot be classified according to this scheme.

We should also remark that a — 0 is not a sufficient criterion for the existence of a
physical singularity. The Taub-NUT-M solution (see e.g. [45]) is a special case of the vacuum
Bianchi type IX model. Here in fact a — 0 is a coordinate singularity known as the Misner
interface, which represents a Killing horizon at which one of the spacelike Killing vector fields
becomes lightlike. The solution can be analytically extended. The solution on the other side
of the Misner interface, however, possesses 2 spacelike and 1 timelike Killing vector fields.
The singularity is thus a coordinate artifact similar to the Schwarzschild horizon in the

Schwarzschild coordinates.

VTD and AVDT

If the dynamics of cosmological model is completely determined by the kinetic term in
the Einstein-Hilbert action we call the dynamics velocity term dominated (VTD). The
Kasner solution provides the prototype of a VI'D spacetime. If such a behavior is recovered
approximately in the dynamical regime close to the singularity the approach to the singularity
is called asymptotically velocity term dominated (AVTD). This behavior can for example be
found for the Bianchi II vacuum solution where the influence of the curvature potential on the
spacetime dynamics is negligible asymptotically close to the singularity. Another example

is given by the Bianchi I model filled with an ideal fluid which we shall consider later in
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3.1.3. In this case “matter doesn’t matter” in the regime close to the singularity (this is true
except for the isotropic solution). In the Bianchi IX model the three curvature term (2.61)
forms a trapping potential and influences the dynamics of the universe all the way down to
the singularity. Therefore the singularity of the Bianchi IX model provides a prototypical
example which is not AVTD. For more details see [64].

The BKL conjecture

The question whether singularities are a generic feature of Einstein’s theory was also interesting
to Landau. In fact he considered the singularity problem to be one of the main problems
in physics at that time [65]. His idea was to expand the general solution of Einstein’s field
equations in the vicinity of a generic spacelike singularity. This analysis was carried out by the
members of his group, Belinski, Khalatnikov and Lifshitz (BKL) [66]. The heuristic analysis
of BKL then suggested that points in space decouple and the dynamics of a small enough
region then turn out to be effectively the same as those of the (non-diagonal) Bianchi IX or
Bianchi VIII universe. The dynamics of of these models in the vicinity of the singularity are
characterized by an infinite number of oscillations which give rise to a chaotic character of the
solutions. The BKL conjecture states that this behavior is a generic feature of solutions to
Einsteins field equations in the vicinity of a spacelike singularity. Progress towards improving
the mathematical rigor of the conjecture has been made by the authors of [48]. Additionally
numerical studies giving support to the conjecture have been performed in [67] and in the
context of gravitational collapse in [68]. The BKL conjecture has also been studied within
the context of the Gowdy spacetimes [69]. The results of [70] indicate that the conjecture is
indeed true within these models. For a recent overview of the BKL conjecture see [49]. See

also [64] for an overview of numerical results.
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2.1.5 A generalized setup for the dynamics of spatially homogeneous

models

In this section we introduce a general setup which will serve as a starting point for quantization.
Recall that we did not discuss the inclusion of matter fields in section 2.1.3. The case of ideal
fluids was discussed by Jantzen [31]. For a canonical treatment of ideal fluids one might
employ the formalism developed by Schutz [71, 72] and for the particular case of dust the
one by Brown and Kuchaf [73]. The setup we will introduce should be general enough to
cover the coupling of matter fields such as scalar fields and Yang-Mills fields to spatially
homogeneous cosmological models. Most importantly it should emulate the main features
of the minisuperspace models obtained via the symmetry reduction of general relativity to
spatially homogeneous spacetimes. The setup that we will introduce in the following has
the virtue of offering a quite general view on the dynamics of minisuperspace models and on
the geometry of minisuperspace. It has, however, a major disadvantage: while the spatially
homogeneous cosmological models admit a dynamical and a spacetime point of view, the
model considered here offers only a dynamical point of view. Although the following setup
is more general than the homogeneous cosmological model, we will nevertheless use the

terminology that is common in the context of (quantum) cosmology.

We assume a d-dimensional minisuperspace M parametrized by the variables {qo, . .., qa—1}

with an action of the form
1 ) )
S = /dt L = /dt {ﬁgAB (qA . NzAiA) (qB _ NJAjB) - NV| , (2.84)

where N =: NY and N* are Lagrange multipliers and the index i runs from 1 to dy. < d
(for cosmological models usually dp,. < 3). The vectors A; = A;4(q)d4 are assumed to be

linearly independent in all points q € M. The (generalized) DeWitt metric® is defined via
dS? ;= Gupdg”® @ d¢? . (2.85)

The DeWitt metric constitutes a metric on minisuperspace. In general it has a Lorentzian
signature (—, +, ..., +). This signals the presence of a lightcone structure in M. The function
YV : M — R is the minisuperspace potential, which is determined by the spatial three-
curvature and the matter potentials. We adopt the terminology of Misner [42, 43] and Ryan

[45] and refer to the configuration q = {¢*} € M of the universe as the universe point.

80ften one calls the metric on the gravitational part of M the DeWitt metric. In this thesis, we will call
the metric on M = Mgay X Mmagter the DeWitt metric.
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Note that the coupling of phantom fields [24] changes the signature of the DeWitt metric.

The volume element on minisuperspace is given by

*x1 = \/]Q\ qu/\dql/\.../\dqd,1 s (286)

where G is the determinant of the DeWitt metric, that is, G := det ({Gag}).

In the following we want to go over to the Hamiltonian formulation via the Dirac-
Bergmann algorithm. We will use thereby to the terminology of Sundermeyer [74]. Note
that the first step of the algorithm has already been performed by identifying the lapse and

shift functions as non—dynamical variables.

The DeWitt metric and the vector fields 4;4 both appear in the Legendre transform

1 A
(¢*,¢") — (qupA = NQAB [¢" — NzAiB}> : (2.87)

The Legendre transform provides a linear map from the velocity phase space TM to the
momentum phase space T* M. Performing the Legendre transform at the level of the action
we obtain

S = / dt (¢"pa — N°Ho — N'H; + \°Py + \'P) . (2.88)

The variables A and A’ are Lagrange multipliers, which ensure that the momenta conjugate
to N° and N weakly vanish, that is, Py ~ 0 and P; ~ 0. These are the so called primary
constraints, which are usually not written explicitly and we will also omit these terms from

now on. The Hamiltonian constraint takes the form
1 ap
Ho = §g paps +V =0, (2.89)

This equation provides some important information about the dynamics. It tells us if the
momentum p = {pa} is “timelike”, “spacelike” or “lightlike” as determined by the sign of
the potential. This already allows us to make some simple qualitative statements about the
behavior of the solutions. For example, the trajectory of a recollapsing universe has to turn
“spacelike” in a region around the turning point. Consequently, if V > 0 for all q € M, the
trajectory of the universe point will be “timelike” or “lightlike” and a recollapse is impossible.
In addition we assume in (2.84) the presence of d,. momentum constraints, which are linear

in the momenta. They have the form

Hi = Ai'pa ~0 . (2.90)
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We collect the constraints into a single vector by introducing the notation H, = {Ho, H;},
where p=0,1,..., dpye.

In order to emulate the dynamics of spatially homogeneous cosmological models we require
the Dirac-Bergmann algorithm to stop at this point. Thus the secondary constraints H,, ~ 0
should be first class, that is, they should be preserved in time. This is equivalent to the

requirement that the constraint algebra closes:
{Hu M} =C),Ha~0 . (2.91)

Note that the structure functions C I;\V = Cﬁ‘y(q, p) are functions of all the phase-space variables
in general. The demand for closure of the constraint algebra will imply certain conditions on
the DeWitt metric dS?, the potential ¥ and most importantly the vector fields A; which we
will work out in the following. We readily find that

{Hi M} = = [An A)) pa = — (APVeA = APV A ) pa (2.92)

where V denotes the Levi-Civita connection compatible with dS?. Hence the requirement
(2.91) demands that the vector fields A; form a closed Lie sub-algebra of vector fields, that is,
La,Aj=[A;, Aj] = —C[; Ay, Following chapter 14 in the textbook [75], we can draw a clear
geometrical picture of the situation. Because of the closure condition, the vector fields A;
define what is called an integrable distribution. This yields a foliation of the minisuperspace
M into dp,.—dimensional sub-manifolds ¥.? These submanifolds are the so called integral
manifolds of the vector fields A;, that is, their tangent space at any point q is spanned by
the vectors A;|q,. The integral manifolds are then also called the leaves of the foliation.
For a cosmological minisuperspace model, the leaves are usually spacelike and, in the case
of the vacuum Bianchi models, the leaves of the foliation can be identified with the inner
automorphism group.
We can construct the components of the induced metric on the leaves via G;; := AiAAjB GaB-

We define the dual of A; as B® = B,'dg?, where Bs' := GapG?A;®. By construction the

duality relation A;* B4’ = 0! is satisfied. We can then write
{Hi,H;} = —[Ai, A LB Hy, = CE M (2.93)

Furthermore, the matrix
P,P = B4"A"P (2.94)

9A dpe — dimensional submanifold is also called submanifold of codimension d — dp, in the mathematically
inclined literature.



2.1. SPATIALLY HOMOGENEOUS COSMOLOGICAL MODELS 43

satisfies P,“PcP = P48 and thus it acts as projection operator TM — T (and T*M —
T*Y). The projector P4” maps the momenta into span{H,} and it is called the tangential

projection operator. The normal projection operator can be defined as

P8 =65 — P8 . (2.95)

The projector PP is the complement of P4B, that is, P42Pg¢ = P,BP3® = 0. By

construction the projectors are orthogonal, i.e.,
PAB = pBA and  pAB = pB4 (2.96)

The normal projector P4” provides a map TM — N (X) where N (X) is the so called normal
space, which is the space of all vector fields in A'(X) that are normal to the leaves .. For the
traces of the projection operators, it holds that P,* = dy,. and Py = d — dy. Furthermore,

the projectors allow for a decomposition of the DeWitt metric into two parts according to
Gap = Ps“PpPGep + PA“PrPGep . (2.97)

Note that PA“Ps”Gep = BA'Bg’ G;j is the induced metric on the leaves. The decomposition
of the inverse metric G4# proceeds analogously.

Let us now consider the Poisson brackets {#o, #;}. By direct calculation, we find that

- 1 o\ AB
{Ho, Hi} = 5 (ﬁAidS ) papB + LaV (2.98)

= VAP paps + A104V

where (£4,d5?)*" = —2V(1 AP is the Lie derivative of the (inverse) DeWitt metric with
respect to the vector field A;. Our considerations so far lead us to impose the following

conditions:
e The vector fields A; define a distribution on M.

e The DeWitt metric G4, the potential VV and the vector fields A; satisfy
A9,V =20V and  (VUAP) 4 )\GP) P,OPs" =0, (2.99)

where J; is defined via

VAAP PLCPEPGep . (2.100)
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From now on, we will always assume that these conditions are satisfied. Note that, as a
particular case, A; might be a conformal Killing vector field of both the metric and the
potential. The conditions imply that the constraint algebra closes, that is, {H,, H,} =

C;)V’H A =~ 0, where the structure functions are given by

Co =2\,
Céi = - (V(AAiB) + /\igAB) (PAC + QPAC) peBg’ (2.101)
= (AMVAA” — AV AAP) By

The calculation in this section shows that the conditions are both necessary and sufficient
for the closure of the constraint algebra. Note that C; and ij are functions of only q while

the CJ; are functions of q and p.

Equations of motion: The evaluation of the Poisson brackets {qA, H } and {pa, H} gives
2 X d equations of motion. In the momentum phase space, the equations of motion constitute

the dynamical system

q'A :NgABpB + N'LAZA

eemrn o, (2.102)
DA = G~ T4cpBPD 04V 0aA:"pB .

The equations can now be solved after fixing the gauge N and N' and setting up initial

conditions {qi,, Pin} Obeying the constraints

H,(Qin, Pin) =0 . (2.103)

The time preservation of the constraints is implied by the closure of the constraint algebra.

In configuration space, the equations of motion read

(0 — O og N) (¢ = N'A™) + (Ted” + N'GepVAAP) (§¢ — N'A©)

(2.104)
+ NGABopV =0,

where V3 is the Levi-Civita connection that is compatible with the DeWitt metric and I'4.

are its coefficients. If we gauge N* = 0 and assume that N = N(q) we obtain

("Vp — 0 logN) ¢* + NG*P0pV =0 . (2.105)
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Note that the equations of motion in configuration phase space are manifestly covariant.

After choosing the gauge N = 1 we get
G+ T4.¢5¢¢ + G2 PogY =0, (2.106)

This is of course the geodesic equation on (M, dS?) for a parametrized curve with tangent
vector q plus a conservative force term. Note that the precise form of the solution curves

q(t) depends on the gauge N°.

Transformations of the constraint algebra: We consider the following transformation

of the lapse and shift functions:

N N =Q?N | (2.107)
N'+—s N' = NIL;" (2.108)

where 2 : M — R7 is sufficiently smooth and {L;'} € GL(dpe, R).!® The full Hamiltonian

is invariant under this transformation, that is,
H = N'H, — H = N'H, (2.109)
where the Hamiltonian and momentum constraints transform like

~ 1~ ~
Ho — Ho = QM = EQABpApB +V, (2.110)

M Hy = Ai'pa (2.111)

with Gag = 02Gap, V = Q~2V and A4 = L7 A;4. In the context of Quantum Cosmology,
we will refer to the transformation (2.107) as a conformal transformation. Furthermore, we

introduce the obvious notation
dS? = 02dS? . (2.112)

The transformation (2.108) can also be understood as a change of the basis on the leaves of the
foliation. The full transformation made up of (2.107) and (2.108) induces a transformation

of the structure functions according to

{HuHo} =CoH (2.113)

OMore generally, one could also consider transformations of the form N? — N® + AN?. We leave this
investigation for future work.
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The constraint algebra of the transformed system closes and the new structure functions are

related to the old ones by

Co: = L (C), — 24494 10g Q) = 2); ,
Co; = Q2 [LCY — G*P (0aL*) ps] (L71), 7, (2.114)
Ck = [LiL"C + L A (04Li™) — LA™ (04L;™)] (L7Y), 5

m

Note that if we only consider rescalings of the lapse function then \; transforms similar to a

Weyl vector field (see appendix B.3):

The transformation law suggests that we can interpret the one—form \; B as a Weyl one—form

on the leaves of the foliation.

For completeness and later use, we remark that we can define the 2-form F := ]-"Z-jBi/\Bj ,

where

]:ij = QAZ‘AA]'BV[A)\B] and /\A = .BAZ/\Z . (2116)

Note that by definition P4ZAp = 0. The tensor F is in certain aspects analogous to
the Faraday 2-form in electrodynamics. Its most notable feature is its invariance under
rescalings of the lapse. Moreover, it transforms covariantly under transformations of the
shift functions. To be more precise, it transforms like F;; — j-:ij = Li’“le]-"kl under the
transformation (2.108). A certain simplification arises if F = 0. This is in particular true if
all \; =0 (or all XZ = 0 after a rescaling of the lapse) which is usually the case for spatially
homogeneous cosmological models. If we, however, perform a rescaling of the lapse, which
satisfies 4;40,4Q # 0, then 3\/2 = —A;4041og Q is non-zero. The condition F = 0 seems
to be important in the context of quantization. In fact, this condition is equivalent to the
statement that the Weyl structure on the leaves is integrable, as we will show later in section
2.2.7.

In addition, we have encountered the objects

KAB .= vAAB 4 \,GAB (2.117)

)

in our calculations. We find that they transform as

K/P s KAP = O2KAP (2.118)
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when we rescale the lapse. This also implies that the scalars K; := GapK*? are invariant
under rescalings of the lapse function. However, neither KZ nor K; transform covariantly

under transformations of the shift. The KAZ transform as
K s KPP = LIKMP + A, 105 L7 (2.119)

Nevertheless, since 4;°P-* = 0 the object KiCD PoAPp®? transforms covariantly under
transformations of the shift. Therefore, the condition K¢PPoAPpP = 0 has a covariant

meaning. Furthermore, we remark that the structure functions ij can be rewritten as
Czkj = 24" APV aBE" = 24,2 APV (4 B . (2.120)

Our considerations so far might be important in the context of canonical quantization.
The transformations (2.107) and (2.108) certainly leave the physics invariant. We will later
demand that the same holds true for the quantized version of the system. We continue the
discussion on the geometry of minisuperspace in section 2.2.7. But before closing this section

let us have brief look at the notion of symmetries.

Symmetries: A phase-space function f(q, p) is a constant of motion if it weakly commutes
with all constraints
{H,, f}~0. (2.121)

We consider first functions of the form f(q,p) = 4pa with € = €49, € TM. The
discussion proceeds analogously to the discussion of the momentum constraints. The condition
(2.121) is satisfied if

e The vector field £ satisfies [€, A;] € span{A;}. In the mathematical literature on
foliations, these vector fields are called basic or also foliate. The set of all basic vector
fields forms a Lie algebra [76].

L4 anAV = 2)\5]/ and (V(AgB) + /\ggAB) pACPBD —0.

The scalar A¢ is completely analogous to the one defined in (2.100). Note that the above
conditions are satisfied by the momentum constraints #; as well (the associated constant of
motion, however, is constrained to be zero). An important example of such a symmetry are
the generators of the special automorphism group in the case of (vacuum) Bianchi models.
In full analogy to the vacuum Bianchi models, we introduce the following terminology:

We refer to the group generated by all vector fields £ which satisfy the above conditions as
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the symmetry group of the system. The subgroup generated by the vector fields A; will be
called the wnner symmetry group. The group which is generated by all vector fields that are
not in the span{A;} will be called the outer symmetry group.

Let us next consider phase-space functions of the form f(q,p) = X*Pppps with X =
X489, ® 0g € TM @ TM being a symmetric (g)ftensor field X4B = XB4 We compute

the commutators with the secondary constraints as follows

1
{F. o} = 204 [ LTAX5 e — X450,0)]
X (2.122)

{f,Hi} = (La,X)" paps -
We find that the condition (2.121) is satisfied if
o (LA, X)4BP,CPgP =0,
o X4BopY = Ax4V,
o (VAXBO 4 2Ax(1GBO)) PyP PpP P = 0.

The vector field Ax“0,4 is the vector-field analogue of the scalar (2.100) and the last two
conditions are in some sense equivalent to (2.99). As a particular sub-case, X might be
a conformal Killing tensor field of the DeWitt metric and the potential. Another example
is given by X = £ ® & where £ generates a symmetry. The reader can easily convince

herself/himself that this tensor satisfies all requirements.

2.1.6 Hamilton-Jacobi formalism

The Hamilton-Jacobi formalism might be considered as the formulation of classical mechanics
which is closest to quantum mechanics. In fact, it was Schrodinger’s actual starting point
for deriving his famous wave equation [77]. In this sense the current section will serve as a
preparation for quantization, which is to be understood in this thesis as a procedure that
tries to reverse the eikonal approximation. More precisely, the Wheeler-DeWitt equation and
the quantum momentum constraints should be constructed such that the Hamilton-Jacobi

equation is recovered in the semi-classical limit. We write now the action in the form

SO[q7 P; din, pin] = /dt [quA - N“Hu} X (2123)

o

where 7 is a path with starting point qi,, pi and end point q € M, p € Ty M. The physical

path is the one that minimizes the action. The Hamiltonian and momentum constraint vanish
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for physical trajectories. On-shell, the action therefore becomes

So[q,p,qin,pm]i/dr = /(8Aso)qu = /pAqu. (2.124)
Y ol ol

The 1-form dr is the differential of the so called WKB time. It can now be shown that

(on-shell) Sy satisfies the Hamilton-Jacobi equations

1
Ho (a4, p = 0450dq?) = §QAB(3ASO)(8350) +V =0, (2.125)

M (q7 p= aASOqu) = A*048 =0,

where initial conditions are to be given on some suitable hypersurface > C M. The initial
momenta 045|y are then also subject to the constraints H, (¢a,045)|s = 0. Note that
after solving the equations Sy provides a scalar field on some submanifold of M. Moreover,
if Sy is a solution to the Hamilton-Jacobi equations then —Sj is also a solution. By switching
to the Hamilton-Jacobi formalism, we shift the problem of solving equations of motion to
the problem of solving one non-linear first order partial differential equation for the so called
Hamilton-Jacobi action. Moreover, the formalism so far is completely independent of the
gauge N*. After solving the Hamilton-Jacobi equation, we obtain the physical momenta
pa = 045y by construction. The momentum constraints A4;4045y = A;4pa = 0 imply that

Sp is constant on the leaves of the foliation spanned by the vector fields A;.

Note also that the Hamilton-Jacobi equations (2.125) are completely independent of any

external time parameter. We can, however, define a time vector field by

O, = é% = GAP(0pS0)04 € TM . (2.126)

The momentum constraints A;,4945, = 0 ensure that S, does not change in the direction A;

which implies that 0, does not have components proportional to the vectors A;; in formulas:

PAg(0,)% =0. (2.127)

Furthermore, we obtain the Lie bracket
0;, A;] = =20, + 2(04S,)VAAP BRI A; (2.128)

This implies that the algebra formed by {0,, A;} closes.!! If we want to obtain the physical

1 This might be important in the context of semi-classical Quantum Cosmology since &, appears on the
left hand side of the functional Schrodinger equation [10, 78].
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trajectories in M we have to solve the equation

1 0 -

—q=— ‘A, 2.129

NiTo " (2.129)
which requires to fix a gauge N and n' := % The solution q(¢) is then an integral curve

of the vector field N (a% + nZAz) We note that the flow of this vector field depends on the
gauge n'. We conclude that while different gauges for NV only yield different parametrizations
of the solution curves, different gauges n’, that is, different foliations, certainly yield different
trajectories in M. A relation between WKB time 7 and the coordinate time ¢ can be obtained

from the equation

‘A
dr := dSy = padg® = Gag (qﬁ — niAiA) §Bdt . (2.130)

Let us now turn to a discussion of symmetries at the level of the Hamilton-Jacobi
formulation. Let f(q,p) = £*pa be a symmetry of the system as discussed in section 2.1.5

of this thesis. We denote the flow generated by the vector &€ by

(I)siMXR%M

(2.131)
(q,T) — ®¢(q) = exp (T€)q .

Furthermore, we define
ST(g) == S (L (q)) - (2.132)
One can now show the following;:

If € generates a symmetry and S solves the Hamilton-Jacobi equations (2.125) then ST

18 a solution as well.

It is sufficient to prove the infinitesimal version of this statement. We first expand ST
around 7' = 0. Using the fact that S solves (2.125) and that £ generates a symmetry one can
show that

%GAB(aAS)(aBS) LV =0T and A40.8 = O(T?) . (2.133)

The terms linear in 7" vanish identically and hence we can conclude the proof. Recall that the
subalgebra of vector fields {A;} generate symmetries as well. The momentum constraints
A;A04S = 0, however, ensure that S(®(q)) = S(q) if the flow ® was generated by this
subalgebra.

Recall that an important example of the symmetries in this discussion are the automorphisms

in the case of the vacuum Bianchi models. In that case & could be taken as a generator of a
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constant special automorphism, that is, for a fixed T the flow is given by ®f (hj;) = hy L*; L'},

where {L%;} is a constant element of SAut(g).

The Van Vleck factor

An important feature of any quantum theory of gravity should be that it contains the classical
theory in some specific limits. In the Wheeler-DeWitt approach, one of the steps that leads
to the recovery a classical limit usually involves the WKB approximation (see [10] or section

of this 2.2.3 thesis). In the semi-classical limit, the wave functions are then of the form
U ~ v/ De'® (2.134)

where S is a solution to the Hamilton-Jacobi equation and D is the so called van Vleck factor
(mostly referred to as van Vleck determinant). The following considerations might therefore

be considered a first step into the realm of Quantum Cosmology.

Suppose that we have a solution S to the Hamilton-Jacobi equation (2.125). In the
following, we want to derive a notion of a momentum flux density D in M for the given

solution S . We define the momentum flux
J4 = DGAB9pS, (2.135)
and demand that it is conserved, that is,
VaJd=0. (2.136)
The conservation equation yields a linear transport equation for D which reads
0.D =—(0S)D (2.137)

We remark that the definition (2.135) and the conservation law (2.136) correspond in some

sense to Fick’s first and second law, respectively.

We can set up initial conditions for D at some point q;, € M and then evolve it along

the streamlines v of the momentum flux by

D(q) = D(qu) exp (— A dfms) | (2.138)

Note that the choice of the initial condition D(qi,) > 0 corresponds to some choice of a
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reference density.

Furthermore, note that the definition of D depends on the metric dS? and therefore on

the choice of the gauge N. More precisely, the van Vleck factor transforms as
D~ D=0 (2.139)

under a rescaling of the lapse function (2.107). We might say that D transforms in a

conformally covariant way. This implies that the flux
J=Dxdr, (2.140)

on the other hand, is invariant under rescalings of the lapse function. Note that the Hodge
star operator depends on the metric dS? and therefore it is not invariant under rescalings
of the lapse. We denote the Hodge dual associated to the rescaled metric 4s? by *. The
transformation law for the Hodge star under conformal transformations can be found in the

appendix (B.5).

Recall that in the minisuperspace models the momentum constraints act as diffeomorphism
inducing generators in the phase space T* M. We might want to demand that D is as well
invariant under the action of the inner symmetries, that is, £4,D = A;204D = 0. This
equation is however not invariant under rescalings of the lapse. We therefore impose the

equation
[A04+ (d—2)\] D=0 (2.141)

instead. Existence of solutions to the system of equations (2.137) and (2.141) follows from
the fact that the algebra {0,, A;} closes and by application of the Frobenius theorem if the
additional condition F = 0 is satisfied.

It was already noticed by Hawking and Page [79] that the van Vleck factor is intimately
connected to the coordinate time ¢t. Suppose now that we have solved the Hamilton-Jacobi
equation and we obtained Sy and py = 045y. After fixing the gauge N and IV;, we are able

to obtain the trajectories ¢“(¢) in terms of the coordinate time ¢ by solving
¢* = NG*Ppp + N'A* . (2.142)

Using (2.130), we find that
«D = Ndt A J . (2.143)

Recall that the current J is conserved and invariant under rescalings of the lapse. The
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line element Ndt is the infinitesimal time interval which corresponds to the infinitesimal
coordinate time interval in the spacetime metric when N is set equal to 1. Under rescalings

of the lapse xD transforms as xD *D =02« D.

2.2 Quantum Cosmology

2.2.1 The Wheeler-DeWitt equation in minisuperspace

In the following, we consider again a general d-dimensional minisuperspace M as described in
section 2.1.5. The task of canonical quantization is now to “reverse the eikonal approximation”.
Quantization is performed heuristically 4 la Dirac with the variables ¢ as configuration
space variables. Recall that ¢? can contain both the three metric components hi; and matter
degrees of freedom. The process gives rise to the Wheeler-DeWitt equation which is usually a
hyperbolic partial differential equation that resembles the form of a Klein-Gordon equation.
Instead of sharp trajectories in minisuperspace, one now obtains wave packets as solutions
to the Wheeler-DeWitt equation. It is then expected that it is possible to construct wave
packets which are roughly peaked over the classical trajectories in certain regions of M. We
replace now the constraints H, ~ 0 by their quantum versions 7%“\11 = 0. The momenta
are thereby substituted according to the quantization rule py — —ihds. Following this

procedure, we obtain the minisuperspace Wheeler-DeWitt equation and the quantum versions

of the momentum constraints

- ~ A2
HY =0, where H=——¢ GABOL0 7 +V
2 (2.144)

HU =0 ,  where H, = —ih“ A,2047 .

The Wheeler-DeWitt approach to Quantum Cosmology comes with all of conceptual problems
mentioned in the introduction 1.1. We will not specify in which vector space wave functions
are supposed to live in. There are several questions in this regard which remain unanswered.
For example: Should wave packets be real or complex valued? It has sometimes been argued
that wave functions should be real based on the fact that the Wheeler-DeWitt equation
contains only real quantities. Moreover, it is not clear if and how boundary conditions are to
be imposed on the wave function. We will shortly comment on this issue in section 2.2.6. The

notation “

.7 in (2.144) indicates that the factor ordering is left open. To be more precise,
it can make an immense difference if we, for example, write GAP040p¥ or 94 (G*P0p¥) in
the Wheeler-DeWitt equation. The factor ordering problem, or more precisely, the problem

of how to construct the quantization map H, — 7:[“ constitutes a major open problem in
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Quantum Cosmology. Indeed, we should pay close attention to this issue because, as we will
see in the following, the factor ordering has a strong influence on the discussion of singularity
avoidance.

It is beyond the scope of this thesis to cover all facets of Quantum Cosmology in the
Wheeler-DeWitt framework. For additional aspects and different perspectives, see in particular
[10, 78, 80, 81] and the references therein.

2.2.2 The conformally covariant Wheeler-DeWitt equation

For the sake of simplicity, we start the discussion with the case when there are no momentum
constraints, that is, the momentum constraints are either trivially satisfied or the classical
dynamics were reduced in such a way that only the Hamiltonian constraint remains.

The invariance of the classical theory under rescalings of the lapse function motivates us

to use the conformal factor ordering, that is, we choose the quantization map
G Ppapp — — (O —&R) | (2.145)

where &; = 4d 2 and we have set i = 1. The operator [J — ;R is the conformal Laplace-

d—1
Beltrami opel("ato)r (or Yamabe operator) with [J := \/%@1 (\/—_QQAB&B) being the Laplace-
Beltrami operator and R being the Ricci scalar on the Riemannian manifold (M,dS?).
The choice of the Laplace-Beltrami factor ordering renders the Wheeler-DeWitt equation
invariant under coordinate transformations in minisuperspace, that is, the quantum theory
does not depend on the choice of the minisuperspace coordinates. Note that this symmetry
is already present at the classical level and it seems natural to regain it at the quantum level.
The general covariance on M is not spoiled by adding a term proportional to R. In d = 2
the Laplace-Beltrami and the conformal factor ordering coincide. In addition to the general
covariance in minisuperspace the conformal factor ordering renders the kinetic term in the

Wheeler-DeWitt equation covariant under conformal transformations of the minisuperspace

DeWitt metric and a conformal rescaling of the wave function

a—2

Gup— Gup :=%Gup and UV :=Q 5 U, (2.146)

where Q : M — R,. An object T (e.g. a tensor or tensor density) that transforms as
T — T = Q*TMT under conformal rescaling of the metric is now said to be conformally

covariant with conformal weight w(T). In particular, we say that 7T is conformally invariant
if w(7T) = 0. By definition w(dS?) = 2 and w(¥) = —(d —2)/2. The square root of
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the determinant of the DeWitt metric transforms as v—G — vV —G = Q4v/—G. The volume
element on minisuperspace has therefore conformal weight w(x1) = d. Recall that a conformal

rescaling of the DeWitt metric can be induced by a rescaling of the lapse function
N N=Q?N . (2.147)
This induces a transformation of the Hamiltonian constraint into
~ 1 ~
H—H = §g pip; +V , (2.148)

where V = Q2. Consequently the minisuperspace potential is to be regarded as a scalar
with conformal weight w(V) = —2. The transformation law for the conformal Laplace-

Beltrami operator is

00— &R =022 (ﬁ — {ﬂ%) 0% | where

2.149
R=0" {R—2(d—1)%ﬁ—(d—1)(d—4)gABM;Z¢] . (2149

Because of this transformation law, the conformal Laplace-Beltrami operator maps scalars

with conformal weight —% into scalars with conformal weight —% — 2 and we say that

the operator carries the conformal bi-weight

w(d = &R) = (w(T) — 2, w(T)) = (—— 9, -t = (2.150)

The Wheeler-DeWitt equation then transforms as

HU — (—% [0 - &R + v) V= (—%Q“p [ﬁ - gdfé} + QW) T = 4T

(2.151)
Note that ﬁif = 0 is just the Wheeler-DeWitt equation obtained when applying the quantiza-
tion procedure to the transformed Hamiltonian constraint H = 0. We conclude also that if ¥
is a solution to HW¥ = 0 then ¥ solves ﬁ\fl = 0. In this sense, the conformal factor ordering
renders the Wheeler-DeWitt equation truly independent of the choice of the lapse function V.
The conformal covariance of the quantum formalism might therefore be regarded as a direct
consequence of the time reparametrization invariance at the classical level. Furthermore,

these considerations motivate us to regard the minisuperspace M as a conformal manifold,
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that is, a manifold equipped with a conformal equivalence class of metrics
[dS?] == {PdS* | Q- M - R} . (2.152)

From now on, we shall call this equivalence class the (conformal) DeWitt metric. Based on
this discussion, we should also think of the wave function as an equivalence class of pairs
[dS?, 0.

Some issues regarding the conformal factor ordering were already discussed by Misner in
[17] with the following conclusion: “The choice of A, rather than A, or some other second
order operator, ... , is a decision on a quantum ‘factor ordering’ problem. In the mini
examples we have so far considered the criterion of conformal invariance led to this decision,
but further decisions to be resolved on some other basis will no doubt arise in more complex
examples.”

It seems that such a situation arises, in particular, when momentum constraints are
present. In the next sections, we will only consider the cases with no additional constraint
except for the Hamiltonian constraint Hg ~ 0. The quantum implementation of the momentum
constraints appears to be highly non-trivial and will be discussed at the end of this chapter

in section 2.2.7.

Klein-Gordon current

The Wheeler-DeWitt equation is usually a hyperbolic Klein-Gordon type differential equation.

If we allow for complex wave functions ¥, we can consider the Klein-Gordon current

1
JU, W)t = — & (UidWy — UedWU}) = Ja[Uy, Uy] xdg? ,  where
2i 2.153)
1 1 (2
JA[‘I’l, \1’2] == Z \Iq 6’ A\IIQ = Z [\I/T(aA\IIQ) - (aA‘I}I>\I’2] .

The current is conserved in the sense that dJ[Wy, Us] = 0 if U3 and Wy are both solutions of
the Wheeler-DeWitt equation. The current has the following properties:

o J[Uy, Uy = —J[W Ui] = J[Wy, Us]*. Therefore the current is real.

e [t is bi-linear: J[‘I’l + \1127 \113] = J[‘Ifl, \113] + J[\Ilg, \1’3]
and J[\Ijl, C‘IIQ] = CJ[\Ijl, \112] = J[C*\Ijl, \IJQ]

e JA[¥y,U,y] has conformal weight 2 — d. This implies that \/—QQAB\IIT?B\IIQ has

conformal weight 0 and hence most importantly w(J) = 0.
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As we will see, the current J[W, V] can be interpreted as a quantum version of the classical
flux D % d7, which is conserved along classical trajectories by construction of the van Vleck

determinant.

2.2.3 The WKB-approximation and the semi-classical limit

As a starting point, we take the action S = Sy + Se, where Sy is the minisuperspace action

and Sg is an action of matter field perturbations. This gives the full Hamiltonian
NH=NHo+He) =0 (2.154)

where NH is the minisuperspace Hamiltonian and NHg is the Hamiltonian for the perturba-
tions. We now quantize to obtain the Wheeler-DeWitt equation H¥ = (7:10 + 7:£¢)\If =0
where

- 1

Ho = — (O—&R)+m2V, (2.155)

2m2
with . := 0 — &; ¢gR being the conformal Laplace-Beltrami operator. In order to perform
the approximation, we have reinserted the Planck mass m, in this section.'? The Planck
mass serves as a large parameter with respect to which the semiclassical expansion will be

performed. In order to proceed we do a Born-Oppenheimer + WKB type ansatz:

U(q, ] = "%y (g, @] + O (m;?) | (2.156)

2

where ms

serves as a large expansion parameter (ignoring the fact that mz has a dimension).
We already anticipate here that x (q, ®] will be identified with the wave functional of the
scalar field perturbations in the gravitational background. This is fully in the spirit of the
Born-Oppenheimer approximation. We also assume in this section that we are always in
the regions of M where the WKB-approximation is valid. After inserting the ansatz in the

Wheeler-DeWitt equation one obtains at the two lowest orders:

O (m2) + 2G*(9450)(@S0) + V(@) =0 2.157)
@) (mg) : [—i GAP(0450)0B + 7%@] X = BDSO — G*B(9450)(98S1) | x - (2.158)

The first equation is just the Hamilton-Jacobi equation for the classical action Sy. By using

the principle of constructive interference, it is then argued that one can construct wave

12More precisely, my is a parameter which is of the order of the Planck mass.
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packets which are peaked over a classical configuration space trajectory [78].

It is reasonable to regard Sy as a conformally invariant scalar, that is, w(Sp) = 0. The
Hamilton-Jacobi equation (2.157) is then form invariant under conformal transformations.
We now take care of equation (2.158). Note that no traces of R are to be found at this
order. The Ricci scalar will first appear at the next order O(mlj 2). Recall, however, that ¥
is supposed to have conformal weight w(W¥). For consistency, all orders of the approximation
should carry the same conformal weight. This now raises the question which term on the
right hand side of (2.156) carries this conformal weight. It appears to be convenient to assume
that it is fully contained in the term exp(iS;) = exp(iReS; — ImS;). This means that ImS)
should transform as

ImS; — ImS; = ImS; — w(¥)log ) . (2.159)

Furthermore, it is convenient to introduce the WKB time 7 by

0
5= GAP(0450)0p - (2.160)

The vector % is orthogonal to the congruences of constant Sy and tangential to the classical

trajectories. The WKB time transforms under a conformal transformation as

0 9 4 d

9 o o7 (2.161)

ie. 5% has conformal weight —2 while d7 = (945,) dg”* has conformal weight 0. With the
definition of a%, equation (2.158) simplifies to

.0 ~ i 05,

We now formally define a scalar product for the perturbations by

(e = [ DO i (a8 xa (a0 (2.163)
Having solved (2.157) and plugging the result in (2.158) we are left with too many unknown
functions. In order to proceed, two assumptions have to be made:

. a%(x, X)q = 0. This condition is obviously conformally invariant when we assign to x

the conformal weight 0.
o Mg is self-adjount with respect to the scalar product.

We now choose x to be normalized, that is, (x,x)q = 1, and take the scalar product of
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equation (2.158) with x. The real and imaginary part of the resulting equation have to

cancel independently. The imaginary part gives

aImSl 1
= -0 2.164
or 2 S0 (2.164)
while the real part gives
oY% iy OReS;

There is no condition left for fixing ReS;. It can, however, be transformed away. After

iReS1

redefining Y = e X, we obtain now the functional Schrodinger equation for the scalar

perturbations on a classical gravitational background
i—x = Hoy . (2.166)

Recall the transformation law for the Hamiltonian constraint. We deduce that for consistency
we require that ﬁ@X = 2Hey. The functional Schrodinger equation is then conformally
covariant. Let us now discuss equation (2.164). After defining D := exp (—2 ImS;), the
equation becomes 5

5.0 =—(0%)D. (2.167)

This is now just the classical evolution equation for the van Vleck factor. The van Vleck

factor has weight w(D) = 2w(¥) and the defining equation (2.167) is conformally covariant.

Let us close this section by recapitulating. The solution to the Wheeler-DeWitt equation
in the first order WKB + Born-Oppenheimer type approximation is given by

U =D ™Sy 4+ O(m;?) (2.168)

with Sy being the classical Hamilton-Jacobi action and y being the wave functional for the
scalar perturbations obeying the functional Schrodinger equation. D is the van Vleck factor,
which carries all of the conformal weight of the wave function. The validity of the WKB
approximation implies a strong correlation between position and momenta by p; = %%. In
this sense we have recovered aspects of classical cosmology plus quantum field theory on the
cosmological background. Note, however, that it is a widespread belief (see e.g. [78]) that
the validity of the WKB-approximation on its own is not sufficient to ensure the emergence
of classical physics. It is often argued that decoherence plays a crucial role in recovering

classical gravity from the quantum theory [20, 21].

Let us also have a brief look at the Klein-Gordon current in the WKB approximation.
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For simplicity we will disregard the matter perturbations (formally by setting x = 1) from
now on. For the WKB mode functions ¥ = /D e™50+0m:™) we obtain |¥| = v/D + O(m,?)
and

m 2 JA W, U)o, = Da% +0(m,?) (2.169)
In this sense the conformally invariant (d — 1)-form J can be regarded as a quantum version
of the classical conserved current Dxd7. Recall that at the classical level this current did not
depend on the gauge N. For a general wave packet ¥ we might thus be tempted to define

the smeared out version of the WKB-time by

0 JA[, U]
= 5, (2.170)
or[w] — (my|¥])?
Note the intriguing property % = — %[\I,]. We will not consider this object any further

in this thesis. It would, however, be interesting to study the integral curves of %[\p] since one

might think of them as quantum corrected trajectories.

2.2.4 Interpretation of the wave function of the universe

A Hilbert space structure would be desirable as it provides a straightforward probability
interpretation. It is, however, an open question if a Hilbert space is needed at all in Quantum

Gravity.

Klein-Gordon scalar product

A “natural” scalar product in minisuperspace is given by the Klein-Gordon scalar product. In
order to construct it we foliate minisuperspace into “spacelike” hypersurfaces ¥, of constant

scale factor . We define the scalar product on such hypersurfaces to be

(‘;[117\1]2)1((} = /J [\111,\1’2] = i/(an* ].) gaiqjiﬁi\yg s (217].)

Ya Za

where J is the Klein-Gordon current. As can now be shown, this scalar product is invariant
under coordinate transformations and deformations of the hypersurfaces »,. Furthermore,
the scalar product is invariant under conformal transformations of the DeWitt metric and

conserved in “time”
O (W1, \IIQ)KG =0, (2.172)

for Wy, being solutions to the Wheeler-DeWitt equation. We have the usual problems

that come with the Klein-Gordon scalar product. Firstly, (.,.)xq is not positive definite.
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We therefore have the problem of interpreting positive and negative “frequency” solutions.
Furthermore, it is in general impossible to clearly separate positive and negative frequency
modes [82]. Consequently the scalar product does not provide a clear probability interpretation.
Recall that in the context of relativistic quantum theory this issue with the Klein-Gordon
equation was resolved via second quantization. The Wheeler-DeWitt formalism, however, is
already a second quantized theory. Performing now a second quantization would therefore
actually correspond to a third quantization. This leads to some sort of multiverse picture

[83] and we will not follow this path in this thesis.

The second problem with the use of the Klein-Gordon scalar product is, that it relies on
the interpretation of the scale factor a as being a “time” variable. In some of the models
(e.g. Kantowski-Sachs, Bianchi IX) physically reasonable solutions to the Wheeler-DeWitt
equation satisfy (¥, V)., = 0. This should always be the case for recollapsing models as
can be seen as follows: Physical reasonable wave packets are expected to be peaked over the
classical trajectory. Hence we also expect that ¥ or any other physically relevant quantity
constructed from W approaches 0 as a — oo. From the conservation law Oy (¥, V), = 0 it
follows then that (¥, W), = 0 for all @ € R. In this sense the interpretation of the scale

factor a = €™ being a suitable “time” variable breaks down for recollapsing models.

We can conclude that the Klein-Gordon scalar product is in general not suitable for
application in Quantum Cosmology. This does, however, not imply that the Klein-Gordon
current is useless for our purposes. This point of view was also advocated by Vilenkin [84],

who used it in particular for the formulation of boundary conditions.

Hawking-Page formula

Hawking apparently disregarded the usage of the Klein-Gordon current as a route to probability
interpretation. Omne reason for this might be that wave packets which obey the Hartle-
Hawking no-boundary condition are real and hence their Klein-Gordon current is identically

zero. Instead Hawking and Page [79] assign to each WKB mode the momentum current
Ja = D0ySy , (2.173)

which coincides with the Klein-Gordon current of the WKB modes ¥ = y/De'®. The
probability P(A) of finding the configuration of the universe in the region A in minisuperspace

M is then taken to be
P(A) x / NES (2.174)
A
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Now let B C M be a thin pencil that is drawn out by classical trajectories. In the region
of minisuperspace where the WKB approximation is valid the contribution of B to the

probability is given by

P(AOB)OC/

ﬂ@ﬁz/ *D:F@ﬂ/N& (2.175)
ANB ANB

where we have used the relation (2.130) and defined the flux

Fwy:/‘ J:/‘ Ja*dg? . (2.176)
>NB XNB

The flux is independent of the choice of hypersurface >, € M. The contribution of B to
P(A) is therefore proportional to the coordinate-time that the classical solutions filling out
the pencil B spend in the region A.

Note that in defining the probability P(A) we have to pick out a gauge, by which we
mean a representation of the DeWitt metric and a corresponding wave function. Under
a conformal transformation v/—G|¥|?> — Q2/—G|¥|? and hence x|¥|? is not conformally
invariant, in other words

w(x|¥|?) =2 . (2.177)

This is nevertheless consistent and reflects the fact that d¢ depends of course on the gauge N.
Hawking and Page [79] for example pick for their calculations the representation in which dt
becomes the differential of the comoving time. Recall that the current J has weight w(J) =0
and thus F(B) is conformally invariant.

In general P(M) will not be finite. The Hawking-Page probability P might then only be
useful for computing conditional probabilities, i.e. one is restricted to ask the right question.
One possible question (extensively discussed in the lecture notes [78, 81]) is the probability
for sufficient inflation for a given “initial” state of the wave function.

It is not clear if one can assign meaning to the Hawking-Page probability outside of the

region in minisuperspace where the semi-classical approximation is valid.

2.2.5 Singularity avoidance

If we had a Hilbert space at hand we would also have a clear probability interpretation and
hence a clear notion of singularity avoidance. This is, however, so far not the case and we
have to rely on criteria that we can make us of without these notions.

The most prominent criterion for singularity avoidance is the DeWitt criterion also called

the DeWitt boundary condition: A singularity is said to be avoided if V — 0 in the vicinity
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of the classical singularity. However, our discussion above shows up problems with this
criterion. Since different representations of the wave function are related by U = Q%" this
criterion is not conformally invariant. When d > 2 it is in general not true that ¥ — 0 is
equivalent to U — 0. Moreover, there does not seem to be a privileged representative of
the wave function for the imposition of this criterion.

If we decided stick to the Hawking-Page probability interpretation we would use the
following definition: A singularity is said to be avoided if x|¥|?> — 0 in the vicinity of the
classical singularity. But since x| ¥|? is not conformally invariant this criterion suffers from
the same problem as the DeWitt criterion.

The following two criteria satisfy the demand to be invariant under both coordinate

transformations and conformal transformations:

Criterion 1. A singularity is said to be avoided if J[W, W] — 0 in the vicinity of the classical

singularity.

The problem with this criterion is that J[W, U] = 0 if ¥ is real. We remark that a similar

criterion based, however, on the Schrodinger current was used in [85].

Criterion 2. A singularity is said to be avoided if x |\If|% — 0 in the vicinity of the classical

singularity.

Note that |\I/|% — |¥|* as d — oo. Unlike criterion 1 the second criterion does not seem
to suffer from any problems. The only issue that appears is that there is no clear physical
interpretation of the quantity % |\IJ]d%

Is it a problem, that the criteria 1 and 2 are formulated by using densities instead of
usual scalars/tensors? We can for example compare the situation with the case of the non-
relativistic wave function of a particle in a Coulomb potential in 3—dimensional Euclidean
space. Here the wave function W(r, 9, ¢) and the square of its absolute value do not vanish
value at r = 0. The probability density *|¥(r,d,p)|*> = [¥(r, 9, ¢)|*r*sin(d)dr A dJ A de,
however, vanishes and implies a zero probability of the particle being at the singular point
r = 0. This comparison suggests that the criteria should indeed be formulated in terms of
densities.

Another criterion first proposed by Dabrowski and Kiefer [24] states:

Criterion 3. A wave packet is said to avoid the singularity if the wave packet spreads in the

vicinity of the classical singularity.

A spreading of the wave packets indicates the breakdown of the eikonal approximation

and therefore the classical limit. The singularity theorems by Hawking and Penrose do then
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no longer apply. In the examples we consider in this work we shall see that wave packets
spread close to the initial singularity if the dimension d of minisuperspace is larger than 2.
The spreading can be linked to a decrease of the amplitude of ¥ which might lead to an
avoidance of the singularity by both criteria 1 and 2. In particular the examples we consider

later on give the impression that there is a correlation between the criteria 1 and 3.

Singularity avoidance in other approaches to Quantum Cosmology

Let us give a short overview over the status of singularity avoidance in other approaches to
Quantum Cosmology.

Loop Quantum Cosmology (LQC) is the symmetry reduced minisuperspace version of
Loop Quantum Gravity (LQG) [86]. It is often found in LQC that singularities are avoided
by replacing them with a bounce. These results are mostly based on the effective quantum
corrected equations of motion arising from LQC (see e.g. [87]). More rigorous results at
the level of the full LQC equations are only known in the context of the isotropic models
[88, 89]. The situation in LQC, however, seems to be anything but settled [13]. Other
results [90] that take perturbations into account, for example, indicate that instead of a
bounce a transition into an Euclidean regime takes place (similar to Hartle’s and Hawking’s
no-boundary proposal).

In the Bohmian approach to Quantum Cosmology [91] the wave function of the Universe
U is interpreted as a pilot wave. This interpretation is universal in the sense that it can
be applied to any approach to Quantum Cosmology. In the case of the Wheeler-DeWitt
equation it can be applied as follows: The wave function is written as ¥ = |¥|e?¥, with S
being a real valued phase (in general this is not the Hamilton-Jacobi function). In addition

to the Wheeler-DeWitt equation a guidance equation is postulated:
¢* = G*P05S . (2.178)

The momentum conjugate to ¢” is then defined via py = Gapg® = 945.12 It follows now
from the Wheeler-DeWitt equation that the Bohmian dynamics are described by the quantum

corrected Hamiltonian constraint
1 ap
Ho = §g papg +V+9Q =0, (2.179)

where Q = —2|U|"1(0 — £R)| V] is called the quantum potential. The quantum potential is

13We remark that this momentum coincides with the smeared out version of the WKB time % that
we defined in .
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thought of as a quantum correction to the classical potential. The presence of O can lead to
a bouncing scenario for the Bohmian trajectory ¢(¢). This feature is, however, not generic

and it depends strongly on the choice of the wave packet V.

Singularity avoidance was also studied in the context of gravitational collapse models.
Quantization was performed for a reduced system describing the spherically symmetric
collapse of a thin null dust shell [92]. This approach lead to a Schrédinger equation. As
a direct consequence of the demand for a unitary time evolution of the quantum state it
was found that the singularity was replaced by a bounce. Similar results were obtained for
the marginally-bound Lemaitre-Tolman-Bondi model [93], where the decoupling of the single
dust shells allows to treat the dynamics of each single dust shell like a minisuperspace model.
These results are also directly transferable to the Oppenheimer-Snyder model [94]. Bounces
which lead to a Black hole to white hole transitions and to an accompanying avoidance of
the singularity are also believed to occur in LQG. [95] offers a review on quantum bounces

in the context of gravitational collapse.

Another approach to Quantum Cosmology is provided by the so-called affine coherent
state quantization. This approach was for example employed in [96] and [97] where it was

shown that it indeed leads to singularity avoidance in the case of the Bianchi IX model.

The authors of [85] studied the resolution of Big Bang type singularities in FLRW models
filled with dust. To this end they used a criterion which is similar to the criterion 1 (vanishing
of KG current) in this thesis, based, however, on the Schrédinger probability current. It was
found that the singularity can be avoided for certain classes of factor orderings. The resolution
of the singularity can be understood to be caused by a repulsive potential that is generated

by a particular class of factor orderings.

We remark that in some of the above mentioned approaches it is often made use of the
fact that matter acts as a clock. After quantization one can then obtain a Schrodinger type
equation. This has the advantage that a clear probability interpretation emerges. One has,
however, to deal with a multiple choice problem, that is, the choice of a clock is not unique

and different choices lead to in-equivalent quantum theories [98].

The paper [99] employs a relational approach to quantization. This approach allows for
the construction of a Hilbert space as well. By applying such a quantization to the Bianchi
I model the author of [99] showed that the probability to reach the singularity was zero for
a specific wave packet. The singularity is here replaced by a bounce as well.

The framework used in [100] yields effective quantum corrected dynamics based on a

certain moment decomposition of the quantum state of the universe. It has been applied

to the Bianchi I model. The results obtained there indeed indicate that the singularity is
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avoided.

2.2.6 Boundary conditions

Boundary conditions appear to be an important ingredient for Quantum Cosmology. The
most prominent boundary conditions in this context are the no-boundary proposal of Hartle
and Hawking [101] and the “tunneling” proposal of Vilenkin (see e.g. [102, 103] and the
references in [103]). One of the scopes of these proposals is to specify a unique wave function
of the universe. In the case of a Friedmann universe with a minimally coupled inflaton field,
the two proposals select two different wave functions [78]. In this sense the two proposals
lead to different predictions.

The boundary conditions stand of course in some relation to our discussion of singularity
avoidance. The Hartle-Hawking proposal for example assumes in some sense from the outset
that the singularity is avoided. Instead of hitting the singularity the universe enters a
Euclidean regime in which time disappears due to a signature change in the metric. The
proposal by Vilenkin states in a sense the opposite to our first criterion for singularity
avoidance which demands that J[W, U] — 0 at the singular boundary of minisuperspace.
Vilenkin’s proposal in contrast demands that the Klein-Gordon current carries flux out at
the singular boundaries.

Of some relevance in this thesis is the Hawking-Page boundary condition proposed in
[79]. Tt requires that the wave function ¥ goes to zero in classically forbidden regions.
The condition is often helpful to select physically reasonable wave functions out of the full
solution space of the Wheeler-DeWitt equation. This is for example the case for a closed
Friedmann model with a minimally coupled massless scalar field [10, 104]. In this example, the
application of the Hawking-Page boundary condition leads to a matching of the expanding
and recollapsing branches of wave packets. In this sense, the boundary condition selects
solutions which are peaked over the entire classical trajectories instead of just one particular
branch.

The demand for conformal covariance in this thesis poses issues for the Hawking-Page
boundary conditions. This was indeed no problem in [10, 104], where the minisuperspace
was 2—-dimensional. In this case it made sense to impose boundary conditions on W since the
wave functions themselves are conformally invariant. In higher dimensional minisuperspaces,
however, wave functions carry a non-vanishing conformal weight. The question then arises
how to impose boundary conditions in a conformally invariant manner. A similar problem
arises of course for Vilenkin’s proposal when formulated in terms of the Klein-Gordon current

1-form Jadg? = %~1J because it carries conformal weight w(J4dg”) = d—2. The most naive
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way out of this would be of course to formulate boundary conditions in terms of conformally

invariant quantities, that is for example, the Klein-Gordon current J[W, V] or the density
d

* |\IJ]ﬁ In the case of the Klein-Gordon current, we encounter the usual issue that the

criterion is not applicable in the case of real wave packets.

We will not attempt to give a full answer to the question of boundary conditions in this
thesis. The models discussed in chapter 3 might nevertheless provide some hints on how

boundary conditions are to be implemented in a conformally covariant framework.

2.2.7 Momentum constraints and conformal ordering

The ambitious goal of this section is to devise a generic quantization prescription for the full
constrained system introduced in section 2.1.5 including the momentum constraints. The
hope is then to finally apply the prescription to homogeneous cosmological models with and
without additional matter degrees of freedom.

We saw that the conformal structure and the fact that W carries a conformal weight is
well compatible with the semi-classical approximation. Therefore we shall accept that the
conformal structure is a fundamental pillar of Quantum Cosmology (at least for this section
and the remaining parts of this thesis).

Another important aspect of the quantum theory is the Dirac consistency of the algebra
of quantum operators [10]. What is the mathematical relation between the Dirac consistency
and the existence of non-trivial solutions to the system of partial differential equations
composed of the quantum constraint equations 7%“\11 = 0?7 Unfortunately we can only provide
a partial answer to this question. For that purpose, ignore the momentum constraints for a
moment. The global existence of solutions to the Wheeler-DeWitt equation might then simply
follow by using the theorem in appendix A.1. Now ignore the Wheeler-DeWitt equation and
only consider the system composed of the momentum constraints #;U = 0. Local existence
results for this system might then be provided by the Frobenius theorem ((see Appendix
A)). As a prerequisite the theorem requires the algebra of the operators HL; to close. Is the
closure of the full operator algebra 7:lu a necessary condition for the existence of solutions?
This question is unfortunately beyond the scope of this thesis. We will, nevertheless, assume
that Dirac consistency is a fundamental ingredient for Quantum Cosmology and use it as a
guiding principle in this section.

Before discussing the canonical quantization of the constraint system #, = 0, let us have
a short interlude on the geometry of minisuperspace. In the following, we assume that the

reader is familiar with the basics of Weylian geometry (see appendix B.3).
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Interlude on the geometry of minisuperspace

The projection operators allow for a decomposition of the DeWitt metric according to
dS® = Gapdg”? ® dg” +dS? |y . (2.180)

The tensor Gapdg?dg® = P, PgPGep is called the transverse metric [76]. It constitutes a

metric on the normal bundle. The induced metric on the leaves of the foliation X is given by

dS? |v=G;;B'® B’ | (2.181)

where the components of the induced metric are

in the (in general anholonomic) basis {A;}. The components of the inverse of the induced
metric can be written as

G =G*PB, By . (2.183)

The components of the Levi-Civita connection on the leaves of the foliation are then given
by

. 1 . 1. ,
W= 59”” (A04Gmk + Ak 0aGmi — A 0aGi1) + 5621 — GHCHG - (2.184)

We shall simply denote the Levi-Civita connection on the leaves by V,;. We can then, for
example, write

Recall that this tensor was shortly studied in section 2.1.5. Under a conformal transformation,
\; transforms as

in accordance to the transformation law of \; under rescalings of the lapse in the classical
setup. The Weyl one-form \; allows us to construct a conformal connection on the leaves
according to appendix B.3. The coefficients of the conformal connection are conformally
invariant by construction . This construction allows us to differentiate conformally covariant
tensors in a conformally covariant manner by introducing the so called scale covariant derivative
D; on the leaves of the foliation. We are now in the position to construct an intrinsic conformal

geometry (say conformally covariant curvature tensors) on the leaves according to B.3.
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Let us now turn to the extrinsic curvature of the leaves. For the definition of the extrinsic
curvature tensor, we require a set of orthonormal vectors which are normal to the leaves of
the foliation.'* We denote these vectors by e; = e;404, where i runs from 1 to d — dpe.
The normalization condition demands that dS? (e;,e 3) = 1;; where 7;; is diagonal with
eigenvalues +1. If the leaves of the foliation are spacelike then 7;; has a Lorentzian signature.
Note that normal vectors have by definition a conformal weight of w(e;) = —1. Hence, their
normalization is preserved under conformal transformations. We denote the orthonormal
covectors dual to e; by 9 = ﬁAgqu. The components are defined by Vat = gABnUGjB.
They satisfy the duality relation e; 9 = 6% and ¥4%e;8 = P4B. The conformal weight
of the covectors is w(¥?) = 1. This renders the duality relation e;_ 9’ = 5; conformally
invariant.'> The components of the extrinsic curvature tensor (see e.g. [105]) can then be

obtained by using the Weingarten equation
KA = ABA,C (vBﬁcﬁ) e (2.188)
For convenience we rewrite this equation as
K4 == (AuPVA)©) Pt (2.189)
The extrinsic curvature tensor has the following properties:
e It satisfies PAgK5,; = 0.
e It is symmetric in the last two indices, that is, K4;; = K4;.
e Under a conformal transformation the extrinsic curvature tensor transforms as

K4y e K4 = K% + G PP log Q) . (2.190)

The mean curvature vector is defined by tracing over the intrinsic indices of the extrinsic

curvature tensor, that is,

}CA = gileAij . (2191)

14 An orthonormal set of vectors normal to the leaves can be constructed via the Gram-Schmidt process.
15We remark that with these definitions the metric tensor can be decomposed into
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Under a conformal transformation it transforms as
KA KA = Q72 (KA + dpe P25 10g Q) (2.192)

This is indeed remarkable since this implies that

1
@ = ()\A - ICA) dg? (2.193)

transforms like a Weyl one-form on M. Furthermore, we note that the trace-free part of the

extrinsic curvature,

1
trace-free part of K%;; = K4, — —K*Gy; , (2.194)

i —
7 dine

is conformally invariant. Consequently, the tensor

Tap = K4s"Kpij — d—lCAICB = GG’ (tracefree part of IC4ij) (tracefree part of Kpy)
" (2.195)

is conformally invariant as well. This further implies that the curvature scalar
T = G*8Tp (2.196)

is conformally covariant with w(7) = —2.
If we project the Riemann tensor on M onto the leaves %, it splits according to the Gauss

equation (see e.g. [105]) into
Ps"Ps" PP Rpran = P Rapep — 657 (KpasKrep — KpapKrse) | (2.197)

where ®)R 4pcop is the induced Riemann tensor on the leaves of the foliation 3.
Let us also consider again the condition (E AZQAB - 2)\Z-QAB) P,¢ PP = 0 which we
imposed on the classical system in 2.1.5. As we will show in the following, this condition is,

in fact, equivalent to the statement

La,Gap = —2X\Gap - (2.198)

Thus, A, is a conformal Killing vector field with respect to the transverse metric G4p.'

Recall that equation (2.198) is canonical in the sense that it is independent of the choice

161f \; = 0, the transverse metric would be called bundle-like [76]. Equation (2.198) appears to be a
conformally covariant generalization of this notion.
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of basis {A;} on TX. To show the equivalence of (EAigAB — 2)\1-QAB) P,¢PgP = 0 and
EAiQ_AB = —2)\;Gap, we need to show that EAiQ_AB = PACPBDEAZQCD. First, we note that

LA, P1P = —L4,PyB. Furthermore, it follows by direct calculation that
La,Ps" = (La,Ba7) A% — BAICLAL . (2.199)
Hence, (EAZ.PAC) PA = — (EAiPAC) P-4 = 0 . As a direct consequence of this and the

properties of the projection operators, it now also follows that L4, P,B = (E A; PAC) P-B.If

we now apply the Leibniz rule, we get EAZ.Q_AB =La, (PBDPEQCD) = PACPBDEAZ.QCD.

The form of the quantum constraints

We are looking for an operator implementation of the Hamiltonian constraint o and the

momentum constraints H;. We desire to implement the following properties:

1. All quantum constraint equations should be invariant under coordinate transformations
in minisuperspace M. This also means that the quantum theory should not depend
on the choice of the basis on the leaves of the foliation. Hence, the quantum constraint
equations should transform covariantly under a transformation of the basis on the

tangent space to the leaves of the foliation,
A A = L7A; where {L’}: M — GL(dp,R) . (2.200)

Note that this requirement can in some sense be viewed as an implementation of the

invariance under transformations of the shift functions.

2. The operators are conformally covariant, when acting on wave functions of weight w(W).

In particular, this means that they should have the conformal bi-weights

~

w(Ho) = 2+ w(V), w(¥)) and w(H;) = (w(¥),w(V)) . (2.201)

3. The quantum constraint algebra is Dirac consistent, that is,
o | v =iC), (M) (2.202)

The precise form of the structure operators CA;)V has to be determined from the constraint
operators. It might in addition be desirable that the quantum algebra is isomorphic to

the classical algebra.
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4. The quantum system should have a reasonable semi-classical limit.

We remark that a similar plan to ours was followed by the authors of [35] in the specific
case of the vacuum Bianchi class A models. It was, indeed, found that the quantum algebra
is isomorphic to the classical one. The authors, however, employed a different quantization
procedure which requires a certain kind of reduction before quantization. We will try to
follow a different route here.

One of the main conclusion we can draw from the discussion in section 2.1.5 and the
interlude in this section is that the minisuperspace M comes equipped with a rich structure.
Firstly, there is the conformal metric [dS?]. Secondly, we have a foliation of M into the
integral manifolds of the vector fields A;. Moreover, the integral manifolds are equipped
with the Weyl one-form A, which together with the conformal metric, allows to construct
a conformal connection on the integral manifolds. We have also learned that we can in
principle combine A with the mean curvature on the leaves K4 to obtain a Weyl structure
on the whole minisuperspace manifold M. This fact allows for the construction of several
conformally covariant tensors and operators. Thus we have opened the door for numerous
possibilities of constructing factor orderings which at least satisfy the requirements 1 and 2.
The critical points, however, are the requirements 3 and 4. The hope is that these criteria
finally select a factor ordering or at least constrain the possibilities. Moreover, it should be
tested how the factor ordering performs when it is applied to the homogeneous cosmological
models (with and without additional matter degrees of freedom).

Let w(V¥) be arbitrary for the moment. The question “What is the conformal weight of
WU?” will be regarded as part of the factor ordering problem. We first deal with the quantum

momentum constraints, which we implement as follows:
H ¥ = —i (A294 + w(W)\) ¥ =0 (2.203)

The operator (AiA(?A + w(\II)/\i) is the scale covariant derivative D; acting on scalar fields
of conformal weight w(W). Note that the operators H,; have the required bi-weight via
construction. Note also that via the chosen ordering H,; satisfies requirement 2. We compute

the commutator of the momentum constraints as follows
0, 7] @ = (i + w(0)Fy) v (2.204)

Hence the requirement for Dirac consistency demands that either F;; = 0 or w(¥) = 0. The
former is usually satisfied by the vacuum Bianchi models since we can find a representation
in which all \; = 0. In particular A = \;B’ is closed. Note that the condition Fi; =0
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is equivalent to the statement that the Weyl structure is integrable on each leave of the
foliation. We will from now on always assume that F;; = 0. The Poincaré lemma then
implies that A is locally exact. Hence, we can locally always transform A away via a conformal
transformation.'”

Let us now turn to the most critical point: The commutators between the momentum
constraint operators and the quantum Hamiltonian constraint operator. Let us first elaborate

on what we would expect if the algebra closes. We would wish to find that
o, | W =G (H,0) = 22 HoW +iCf, (M) (2.205)

We note that the operators [7:[07 7:11} — 21/\2-?:[0 are conformally covariant with conformal bi-
weight (w(¥) — 2, w(¥)). We can therefore conclude that the CJ; are first order differential
operators with conformal bi-weight w(CJ,) = (w(¥) — 2, w(¥)). This is in accordance with
equations (2.101) and (2.114) and thus resembles the transformation rules of the classical

constraint algebra. Consequently, we can write
Coy=—i(Z0a+4) (2.206)

where we require that the vector fields Z/4 are conformally covariant with w(Z74) = —2
while the scalars 2! have to transform according to 2/ — 2] = Q72 [z — w(¥)Z/404log()].

We note that the divergence of a conformally covariant vector field transforms as
VAUA — 6;}5‘4 = Qw(v) (VAUA + [d + U)(U)]UAaA log Q) . (2.207)

We can therefore write z] as

. U .
zl = —%V 477 + a conformally covariant scalar with conformal weight -2 . (2.208)

The ansatz (2.206) yields
iC3. (H]\IJ> -

—i [ZIA APV 405 + ([ZI2V 4 + 2]] AP + w(O)NZIP) 0p +w(T) (27404 + 21) N\ O

(2.209)

17A closed one form on ¥ is globally exact if the first Betti number of 3 vanishes [106]. This would mean
that the Weyl structure on the leaves is trivial. In particular, this allows us to find a conformal representation
in which A = 0 and hence C§; = 0 holds globally on X.
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Given an operator implementation of the Hamiltonian constraint H,o, our strategy for checking
the Dirac consistency is as follows: we compute the commutator [7:{,0, 7:[1] and compare it to
equation (2.209) we got from the ansatz (2.206). In particular, we obtain three equations:
one by comparing terms in front of the second derivative operator operator V 40p, a second
one from terms in front of J4 and a third one from the remaining scalar part of the equation.
It will be possible to solve the first equation for the vector fields Z}A. The second equation
can be split into two equations by employing the projection operators P4? and P,Z. One

equation then yields the scalars z; The other equation is a consistency condition.

These results should then be plugged into the third equation, which will finally yield a
second consistency condition. Consequently, we expect the appearance of two consistency
conditions. For the calculation, it is beneficial to keep in mind that these conditions should
transform covariantly with respect to conformal transformations and the transformations
(2.200). The first consistency condition is (symbolically) of the form Tensor? Pg# = 0, while

the second condition is of the form Tensor; = 0.

Naive conformal ordering

The most naive way to implement the Hamiltonian constraint is to simply use the conformal
ordering discussed 2.2.2. Let us now check if the conformally ordered Hamiltonian constraint

operator, that is,

Ho = —% (O0—-&R)+V and w(V)= Q%d , (2.210)

satisfies our requirements. The requirements 1 and 2 are certainly satisfied. What remains is
to check the Dirac consistency. The computation is rather lengthy and therefore transferred

to the appendix C.1. We collect the results in the following.

Conclusion. The quantum system of equations

. 1
HoU = |-~ (O0-&R)+ V| ¥ =0,
2 (2.211)
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where w(V) = (2 — d)/2, is Dirac consistent if the three conditions

1.)  The Weyl structure on the leaves is integrable, that is Fi; = 2V Aj =0 ,

1 _
2.) lsz (KP[APDB}> + 20(W)KPNa + 5V | P =0, (2.212)
3.) w(¥) (Z*04+2) N = —@mi — & (Af94— M) R,

are satisfied. The structure operators CAff/\ are then given by

CA& = C([))z =2\ ’
éél = —i (Z{AGA -+ ZZ) ,
where ZZ-jA = —KiCDBDj (PCA + QPCA)
1 . 1 . 1 . . .
and 2] = §VAZZ?A + i(VAK,-)BAJ - §VA(kaAkA) —w(W) K7\ | + ZF APV By

CAZ - — (A,;AVAAJ‘B - AjAVAAiB) BBk .
(2.213)

Remarks: All three conditions (2.212) are of course conformally covariant and they
transform covariantly under the transformation A; — ;11 = L,-jAj. Unfortunately, we
were not able to present these conditions in a more transparent form. Recall that K18 :=
VAAP) 1+ NGB

Certain simplifications arise if we choose a representation dS? € [dS?] in which all \; = 0
(recall that this representation exists if F;; = 0). In this gauge, the consistency conditions

become

1 _
V.4 (V<DAJA>PDB] + —gABVDAiD) Pg® =0,
4 (2.214)

AP OAR =0 .
At least the lower condition can now be easily interpreted geometrically. It is satisfied if
d =2 and/or R is constant on the leaves of the foliation.

In chapter 3, we will encounter certain problems with the naive ordering. In particular, it
generates undesired terms in the case of the Bianchi IX model discussed in section 3.4.4. Due
to the presence of theses terms the WKB approximation loses its validity in regions where we
would expect it to be valid. In this sense the naive ordering violates the forth requirement.
The ordering is certainly one of the simplest factor orderings that we can construct. So far,
we we did not make much use of the rich geometrical structure of the minisuperspace in the
construction of the ordering. In case there are no additional structures (e.g. momentum

constraints or symmetries), the conformal ordering appears, however, to be the only option
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which has the chance to meet all four requirements.

Modified conformal ordering

Let us now consider another valid factor ordering. We make use of the fact that the DeWitt
metric splits into
dS? = Gapdg* ® d¢® + G,;B' @ B | (2.215)

where Gap = Pa“PpPGap and G;j = AAA;PGap. We can then construct the following

Wheeler-DeWitt equation
N 1 - _
Ho¥ = | =5 (0—&-4, . R+D*)+ V|V =0. (2.216)

We denote by V the transverse Levi-Civita connection compatible with G4pdg? ® dg? and
O = GABV Vg = G'iV; ?5 is the transverse Laplacian operator. R is the transverse
Ricci scalar constructed from the transverse metric G45dg¢” ® dg®. The operator D? is the

conformal Laplacian (see B.3) on the leaves of the foliation. That is,
D>V = GYD;D;¥ = GD; [(A;705 + w(V));) ¥] . (2.217)

Setting now
2= (d—dye)

w(v) o)

(2.218)

renders the Wheeler-DeWitt equation conformally covariant. Imposing the momentum con-

straints H, U = 0 implies that the Wheeler-DeWitt equation reduces to

i 1 . _
HOW = {—5 (O—&-4n.R) + v} U =0. (2.219)
We call ﬁér)\lf = 0 the reduced Wheeler-DeWitt equation. The full Wheeler-DeWitt equation
in the modified ordering (2.216) can then be written as

ooy 1
(’Hff) - §D2> U=0. (2.220)

Let us now consider the Dirac consistency of the factor ordering. We use the notation
employed in appendix B.3, that is, we denote for example the conformal curvature tensor on
the leaves of the foliation by R'jp; and so on. As a first step, we consider the commutator
[D2,H,]. Note that [D?, #,]¥ is not conformally covariant. This is because H;, has conformal
bi-weight w(#H;) = (w(¥),w(¥)). But w(D?) = (w(¥) —2,w(¥)). The term Hy, (D2T) in
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the commutator is therefore not conformally covariant. However, the term
<[D2, ] — 2i)\kD2) T (2.221)
is conformally covariant with weight —2. After using that F;; = 0, we obtain
(D%, H, U = 2i\D*T + i D (c,ij}li xp) +iCj, DI <7—[ qf) FiRGHT (2.222)

We can already conclude that if the system is Dirac consistent then égi = CY = 2\, as

expected. Let us next turn our attention to the commutator [7—16”, Hy]. The term
([?%g’”), ] — 21)\ng> v (2.223)
is conformally covariant with conformal weight —2. We conclude that we require that
(A", 7] = 201 ) W = (G — R ) Faw—i D7 (G, W) —iCL,D7 (W) . (2.224)

The right hand side of this equation is weakly 0. Note that in the particular case when
([ﬂér), 7:[k] — 21)\kH((f)) ¥ = 0 the system is automatically Dirac consistent. This knowledge
appears to be sufficient for any applications in the context of the Bianchi models. We remark,
however, that the condition ([ﬂér),”;':lk] — 2i)\k’H(()T)> U = 0 is certainly a sufficient but not
a necessary condition. This cannot be the case because the condition does not transform
covariantly under transformations of the shift functions. One might acquire some deeper
geometrical insights into the modified ordering by identifying the relevant terms inside the

commutator [7:[(()T), 7:[k] We leave this issue for future studies.

Example: A simple toy model

We consider a simple 3—dimensional toy model, which is constructed to have similar features
as the Bianchi models. The minisuperspace manifold is chosen to be M =R x R x S and
we parametrize it via the variables T,z € R and ¢ € [0,27]. The DeWitt metric is defined
by

dS? = —dT? + d2® + b*(2)dy” . (2.225)

The function b(z) should be sufficiently smooth and non zero but can be arbitrary apart from

that. In addition, we introduce one momentum constraint defined by

A =0, . (2.226)
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The minisuperspace potential is chosen to be V = 0. The constraints are then given by
2

1 p
Ho = 3 (—p% +p+ b2(i)> ~0 and Hy=p,~0. (2.227)

We find that {#Ho, H1} = 2\; = 0 and hence the constraint algebra closes. Moreover,

b/
{Ho,p:} = —ﬁpi ~0 and {H;,p.} =0, (2.228)

that is the vector p, is a constant of motion.

Let us now turn to the quantization of the system. Since d = 3 the conformal weight of
the wave function is w(¥) = 1/2. We first consider the naive conformal ordering. The Ricci
scalar of the model is given by

R = =2V"(2)/b(2) . (2.229)

Consequently, the quantum system of equations is given by

Viz) 1

. 1 14" ()
HoU = = |07 — 07 — e =0,
oot b(z)  B(z) 7 4b(2) (2.230)

H W = —id,¥ =0,

The quantum constraint algebra is clearly Dirac consistent. The constraint H, U =0 simply
tells us that ¥ = U(T, 2) is independent of ¢ and can be easily implemented. The “Wheeler-

DeWitt equation” then becomes

b'(z) _10"(2)
b(z) 4 b(z)

0F — 0 — U =0. (2.231)

V(z) _ 1b"(2)
b(z) 4 b(z) -

While in the classical model the phase space function f = p, was a constant of motion, that
is {f,H,} ~ 0, the operator version f = —i0, satisfies [f, 7:[1]‘11 =0, but

The naive factor ordering has generated an undesired potential term U(z) := —

o Y
[f, Ho]V =1 (ﬁﬁi — (9224) U . (2.232)
Thus f is only a good quantum number if 9,4 = 0. We conclude that the naive conformal
factor leads to a Dirac consistent quantum system. The quantization procedure spoiled,

however, a symmetry that was present at the classical level.

Let us now consider the modified conformal ordering. Since d —d,,,c = 2 the wave function

has now conformal weight w(¥) = 0. Furthermore, the transverse metric is (conformally)
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flat and the quantum system of equations now takes the much simpler form

1
0| U =0,
b*(z) 7 (2.233)

~ 1

H U = —id, U =0.
After implementing the constraint H, U = 0, the Wheeler-DeWitt equation simply becomes
L 1
HOW = s loh - w=0. (2.234)

From the fact that [7:[(()” ; 7:[1]\11 = 0 we conclude that the quantum system is Dirac consistent.
Moreover, f = —i0, is now a good quantum number. In this aspect, the modified ordering

performs better than the naive one in the example under consideration.

Concluding remarks

In the 3—dimensional toy model we just considered the application of the modified ordering
preserved the symmetries of the classical model. The preservation of symmetries is an
important issue in Quantum Cosmology. Recall that outer automorphism are symmetries
of the Bianchi models which also generate homogeneity preserving diffeomorphisms. We can
conclude that the quantization procedure should preserve these symmetries. Otherwise it
would spoil the diffeomorphism invariance. The outer automorphism subgroup is generalized
in our setup by the notion of the outer symmetry group. We recap from section 2.1.5: if
&€ = €40, is a generator of outer symmetries, then f = £4py4 is a classical constant of motion.

We might then define an operator version of f as follows:

FU = i (6294 +w(T)A) W (2.235)
By construction the operator is conformally covariant with bi-weight w(f) = (w(¥), w(¥)).
The symmetry is preserved after quantization if f weakly commutes with all quantum

constraints. That means that we can find a wave functions 1y such that

Hupy =0 and  foor = foy (2.236)

where f € R is a good quantum number that corresponds to the classical constant of motion.

The following questions remain open in this thesis:

e What are the conditions such that symmetries are preserved after quantization?
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e Can one design a quantization prescription which enforces the preservation of symmetries?

Regarding the last question: recall from section 2.1.5 that generators of outer symmetries
are also foliate vector fields. If the algebra of all symmetries closes (this must in general
not be the case) then the generators of symmetries define a distribution. This can be used
for a construction analogous to the modified factor ordering (but with a higher dimensional
distribution).

We remark that we did not exploit the vast possibilities of constructing factor orderings
which meet at least the requirements 1 and 2. In particular the mean curvature K4 facilitates
us to construct an infinite amount of alternatives to the ones already mentioned by making
use of the Weyl vector defined by (2.193). Moreover, we might add any scalar with conformal
weight —2 to the Hamiltonian constraint operator without spoiling the conformal covariance.
Examples for such a tensors are the one defined by (2.196) and the conformal curvature scalar

constructed in the appendix B.3.



Chapter 3

Models

3.1 Bianchil

The Bianchi I universe might be regarded as the simplest anistropic cosmological model. It
describes the temporal evolution of homogeneous three spaces admitting the isomotry group
R3 of spatial translations. Its structure constants are all identically zero, Cjk = 0. Hence
the special automorphism group is SAut(g) = SL(3,R) and all automorphisms are outer
automorphism. Consequently all momentum constraints are trivially satisfied in the vacuum
case.

For simplicity we will first focus on the diagonal Bianchi I model in this section. Note

that this section has overlap with our publication [T3].

3.1.1 Metric and action for the diagonal model
The diagonal Bianchi I metric is given by
ds? = —N?dt* + alda® + aldy® + ald2* (3.1)

where a; can be interpreted as directional scale factors. The relation to the Misner variables

is given by the following relations
a = Yaza,a, =€, a,/a= P tV3s- . ay/a= B+—V36- . ay/a=e (3.2)
If we set the factor % f d3z = 1 the action becomes

S:%/dt{—%ﬁJraNg(ﬁ'iJrﬂ'Q)}zl/dt&—a<—d2+ﬁi+ﬁ'2). (3.3)

2 N
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The Lagrangian has exactly the same form as the Lagrangian of a flat Friedmann universe
with two minimally coupled homogeneous massless scalar fields. Note that under the rescaling
a — c a , where ¢ € R, the Lagrangian transforms as L — ¢3L. Consequently a — ca maps
solutions into solutions. If matter is added to the system, this symmetry will be broken in

most cases. The gravitational Hamiltonian as obtained from the above action reads

5 (Pa+piHpt) =NH. (34)
In configuration space the Hamiltonian constraint equation is given by

—&* B+ =0. (3.5)

3.1.2 Kasner solution

Note that f, and S_ are cyclic; this implies that

eSa e3a

Py = WBJF = constant and p_ = WB_ = constant. (3.6)

A translation in the anisotropy factors is an outer automorphism. It is related to a homogeneity
preserving diffeomorphism that corresponds to a constant rescaling of the coordinates. For
example the translation (S, 3_) — (B4 + ¢/2, B— + ¢/(2v/3)) corresponds to the rescaling
(z,y,2) — (e°x,y,z). The symmetries are still present if we add matter fields that do not

couple directly to the anisotropy factors, for example scalar fields or ideal fluids.

Time dependence in comoving gauge

When we plug the constants of motion (3.6) into the Hamiltonian constraint (3.5) we obtain

: N?
at = oy (p: +p?) . (3.7)

In the comoving gauge N =1 and if p? + p? # 0 this is solved by

o) ={f\ ) = v C 6

3L +p?

For the case p, = 0 = p_ the solution is just the Minkowski space. In the literature the

Kasner metric is often given in the form

ds? = —dt® + 2o da® + t2rdy? + 12+d2? (3.9)
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where the relation between the momenta is given by

b= Mgt} L e = V3
3 VPP Y3 Vit (310)
1 1 2p+
p=s |l | -
S\ Vi
As it can be easily verified the momenta satisfy
pi4pi+pi=1 and p,+p,+p.=1. (3.11)

Note that the two equations define the intersection of a plane and a sphere (see figure 3.1).
Therefore the momenta are constrained to lie on a circle, the so-called Kasner circle. If two
of the p;’s are positive/negative, the other one must have the opposite sign. An isotropic
expansion is therefore impossible without the coupling of any additional matter fields.

The Kasner circle can be parametrized by the single variable u € R called the Lifshitz-

Khalatnikov parameter. The parametrization reads

u 1+u u(l + u)

- - - — . 3.12
1+u+u?’ Py l+u+u?’ 7 14u+u? ( )

Pz =

The nature of the singularity at ¢ — 0 depends on the value of the coefficients p,, p,, p.. If one

of them is equal to 1, the Kasner solution becomes the Milne universe which is diffeomorphic

to slices of the Minkowski spacetime. The singularity is then only a coordinate singularity.

For all other values, the singularity is physical, which is indicated by the divergence of the

Kretschmann invariant RWMR‘“”\“. Since R, = 0, the curvature singularity is a pure Weyl
singularity. If we use the u—parametrization of the Kasner circle, we find that

16(1 + u)?u?

CrrgCHA = —— 3.13

oA (14 u+ u?)tt (3:13)

Note that the Weyl squared scalar satisfies C),,,,C**7* > 0. It is identically zero for the

values u = —1,0, —00, 00 which are the Milne universe. For all other values of u the scalar

blows up as t — 0.

Configuration space trajectory

When parametrized by the variables o, 8. and S_, the Kasner solutions follow straight lines

in configuration space. This becomes clear by considering the form of the gravitational action

3a

(3.3) when we use the quasi-Gaussian gauge N = e°*. The equations of motion will then
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Pz

Figure 3.1: Intersection of the Kasner sphere and the Kasner plane. Allowed values of p,,
py and p, lie on the red Kasner circle. The circle crosses the axes at the points (1,0, 0),
(0,1,0) and (0,0, 1). These points correspond to Milne universes (diffeomorphic to slices of
the Minkowski spacetime).

reduce to those of a free relativistic particle in 241 dimensions. The Hamiltonian constraint

(3.5) tells us that this particle is massless. Hence the solutions are just given by

a(t) = i\/@(t — o) (3.14)

Bi(t) = pe(t —to) + Cy |

where Cy € R are arbitrary constants, which can be absorbed into the coordinates. When

approaching the singularity , i.e. £ — Foo, we have that

sgn 00 it 0
a=e*—0 and [y — gn(ps) P 7 . (3.15)

Cy otherwise

It depends on the values of the momenta p. if the universe collapses into a line (cigarlike
singularity or a plane (disclike singularity). If we set p_ = 0 for example we obtain a
cylindrically symmetric sub case. The universe then collapses into a plane if p, > 0 and into

a line if p, < 0.

Since the dynamics of the universe point resembles the dynamics of a free massless
relativistic particle and there is no potential term in the action, the approach to the singularity
is called velocity term dominated (VTD). The Bianchi I vacuum model is an important

example since in many other homogeneous models it might turn out that in the vicinity



3.1. BIANCHI I 85

of the initial singularity the curvature and matter potentials might become negligible as
the three volume goes to zero. In this region the dynamics are well approximated by the
dynamics of the Kasner model. In such a case the approach to the singularity is referred to

as asymptotically velocity term dominated (AVTD).

Quantum Kasner solution

The DeWitt metric is conformally flat. A representative dS? € [dS?| and the corresponding

volume form are given by

dS? = * (—da? +dp% +dp?) |

(3.16)
x1 = e%2da A dB. Adf- .
This representatives corresponds to the comoving gauge N = 1. After quantizing the
constraint (3.4) we obtain the Wheeler-DeWitt equation
HU =0 (3.17)
where the Hamiltonian constraint operator is given by
~  hPeT3e [ 92 0 0? 0?
H = —— 2f - —— — —— + R 3.18
> |9az " f@a 08.%  0B.*2 +eRe (3.18)

The parameters f and £ control the factor ordering which is partially left open for the

moment. The Ricci scalar computed from the representative dS? reads

9
R=—e . (3.19)

2
For f = %, ¢ = 0 one obtains the Laplace-Beltrami factor ordering. If we set £ = & = 1/8
instead , we obtain the conformal factor ordering. Note that independently of f and & the
Hamiltonian constraint operator # commutes with the momentum operators pL = Th% and
therefore their eigenvalues are good quantum numbers which we identify with the classical
constants of motion pi. We set A = 1 in the following. After rescaling ¥ =: ¢~/ U the

Wheeler-DeWitt equation simplifies to

o? o? o2
"2 " 0,2 * dB_

2+f2_§5$:o. (3.20)
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The equation is now just a Klein-Gordon equation with a “mass” \/W . The “mass”
vanishes for the conformal factor ordering while for the pure Laplace-Beltrami factor ordering
it becomes imaginary. Solutions of the Wheeler-DeWitt equation in the Laplace-Beltrami
factor ordering can therefore develop tachyonic behavior. Note that the “mass” squared
term would be O(h?) if we re-insert the Planck constant. It is ad hoc not clear to us if the
appearance of such “mass” squared terms is a feature or a failure in the quantum theory.
We will regard it here as a failure and interpret the absence of the mass squared term as an

argument in favor of the conformal factor ordering.

Wheeler-DeWitt equation in conformal factor ordering In the conformal factor
ordering (f = 3/4 and { = 1/8) the Wheeler-DeWitt equation becomes the classical wave
equation in 1 + 2 dimensions

A I L [P
57 357 957 V0 (3.21)

The equation is now “massless” and the conformal factor ordering, hence, resolves the
issues that appear when using for example the pure Laplace-Beltrami factor ordering. The
transformation ¥ — ¥ we performed is to be understood as a conformal transformation. We
now work in the representation in which the DeWitt metric is flat. This corresponds to the

Taub gauge N = ¢3>*. The solutions can now be written as a mode expansion

Vo 0) =Y [dpe [ Aulpep) 35, (@Bes) . (322)
o=* —o0

where the set of positive and negative frequency plane wave mode functions are given by

~}:)t+,p, (o, By, B-) = exp (ii\/lﬁ +p2 a—ip By — ip_ﬂ_> : (3.23)

The amplitudes A, are to be regarded as a distributions in momentum space. Note that a
necessary condition for the existence of the integral in (3.22) is A € £; (R? dpydp_). The
plane wave mode functions (3.23) reflect the VID behavior of the Bianchi I model. If a
classical model has AVTD behavior, we can in general expect that such a plane wave mode

expansion is always possible in the vicinity of the singularity.

Note that the mode functions are in WKB-form, that is, the WKB-approximation Ji o =

D3 % with S satistying the Hamilton-Jacobi equation and the Vleck factor being a constant
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D =1 is exact in this case. The WKB-time vector field obtained from the modes reads

) 0 0 5
— = — _ . .24

Its integral curves as parametrized by WKB time are clearly the classical solutions

a(f) = —\/Pi +P27+Co, B4(T)=p7+Cy, B(T)=p-T+C- (3.25)

as expected. Note that in this case the WKB time 7 coincides with the coordinate time in
the quasi-Gaussian gauge. This is the case exactly because we chose to do calculations in
the representation in which the DeWitt metric is flat. This representation corresponds to

the gauge N = e3¢

We now choose the amplitudes

Ac(prp) = b e <_[p+—p+vo12 p-—p-o]

2
— — ., A_(pyr,p-) =0 (3.26
2 ApL Ap_ ¢ 2Ap* 2Ap* ) (p+:p-) (3:26)
and assume that A, is sharply peaked, i.e. Apy, Ap_ < 1. In addition we assume that p, o

and p, o are sufficiently large such that we can approximate

\/ Piot+piy
under the integral in (3.22). We can now evaluate the wave packet approximately as

2

~ 1 o
\I/(a7/3+75—) ~ €xp _2A52 ]2)—'—70 5 _6-1—
T \/Pro P20
) (3.28)
1 P_o @
x exp | 55 AR
20862 \/Pio+P2y
where ApL = A—]l&. The wave packet (3.28) represents now a Gaussian which is broadly

peaked about one of the classical trajectories. As an artifact of the approximation (3.27),
no spreading/decay of wave packets can be seen. This is because we replaced the non-linear
dispersion relation by a linear one. As we shall argue in the following, spreading and decay will
inevitably occur for reasonable wave packet and large enough |«|; hence the approximation
we employed here loses its validity. However, the larger p, o and p_ and the smaller Ap,

and Ap_ the better the approximation will be (at least in some region of the minisuperspace).
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We should therefore expect broadly peaked wave packets with large momentum to spread
slower than sharply peaked wave packets with a lower momentum. Plots of a wave packet

for which the approximation breaks down are shown in figure 3.2.

Singularity avoidance

Note that {ﬁvp . p does not approach zero as a — —oo. Rather the limit is not well defined and
all modes have an essential singularity at this point. The vanishing of the mode functions,
however, is a sufficient but not a necessary criterion for the vanishing of the wave packets U
obtained by smearing out the mode functions.

We know that solutions to the d = 1 + 1 dimensional classical wave equation will not
decay. If we give, for example, a Gaussian initial condition on a infinitely long and friction
less violin string and let it evolve in time, we would see two Gaussian wave packets moving
out in opposite directions. These wave packets would not decay in time and instead preserve
their shape. In our case such a wave packet would run straight into the singularity. If
we, however, go to higher dimensions d > 2, the situation changes. Now wave packets can
propagate in infinitely many directions (Huygen’s principle). This leads to a spreading of
wave packets which is accompanied by a decay of the amplitude |¥|. In our case that means
that a wave packet can never reach the singular boundary a@ — —oo. Our statements can
now be made more precise in the form of so called local decay rate estimates (see e.g. [107]).
For the case of the Kasner quantum solution we can apply the theorem in appendix A.3.

To conclude the discussion on the Kasner quantum solution: No stable wave packets can
be constructed in order to obtain wave packets that are fully peaked about a single classical
trajectory. Note that this is true despite the fact that the WKB approximation is exact for
the classical wave equation. Wave packets which satisfy the requirements of the theorem
in appendix A.3 will be subject to spreading which goes along with the fact that both the
amplitudes |¥| and the amplitudes of the derivatives [94¥| decay at least as fast as 1/ Val.
The Klein-Gordon current J therefore decays as fast as or faster than 1/|a|. Moreover, the
density a<|\If|dL—d2 = | W|® decays as fast as or faster than 1/|a|?>. This leads to an avoidance

of the singularity by criterion 1 and 2:
J—=0 and *|¥° =0 as a— —o0. (3.29)

Our criteria, however, also predict an avoidance of the non-singular late stages (o — 00) of
the universe. This is an example where quantum effects are not restricted to small scales of

Planck size. Because the superposition principle is universally valid in Quantum Cosmology,
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quantum effects can arise in principle at any scale. The question of how the situation changes
if matter is added will be discussed in the following sections. For simplicity we will restrict

our attention to the case of an effective potential.

Figure 3.2: The plot shows the equipotential lines of the absolute value of a typical wave
packet W that was numerically evaluated from (3.22) by using Matlab’s fast Fourier transform
algorithm. For the amplitude A(py,p_) we chose a Gaussian distribution peaked over some
non—zero momenta. Our choice leads to wave packet which is only sharply peaked over the
classical trajectory (marked by the black line) close to e = 0. The spreading and the decay
of the wave packet are both manifest in the plots.

3.1.3 Effective matter potential

In this section we treat matter in a phenomenological way. A hypersurface orthogonal (non-

tilted) barotropic fluid with an equation of state p = wp and energy density p oc a=3(1+%)

1+w)a

can be modeled by adding an effective matter potential of the form V(a) = Ve X p,

with Vy > 0 being constant, to the Einstein-Hilbert action (3.3). The full action then reads

2 2 2
S — / dt &% ( o+ HE Nvoe—3<1+w>a> . (3.30)

2N

We recognize that the introduction of matter introduces an asymmetry with respect to a.

The usual energy conditions require the following:
e Null energy condition: (w > —1 and Vy > 0) or (w < —1 and V, < 0),
e Weak energy condition: Vy > 0 and w > —1,

e Dominant energy condition: Vy > 0 and —1 < w <1,
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e Strong energy condition: (w > —1/3 and Vy > 0) or (w < —1 and V, < 0).

If we perform a rescaling of the lapse N — N = e 3N the Hamiltonian constraint can be

written as
—pa + i+
2

H = +V(a) =0, (3.31)

where the rescaled minisuperspace potential is given by ]7( ) = Voek* with k := 3(1 — w).

Aeb for a cosmological constant term, V(a) = a?,e>* /2 for

In particular one obtains V(a) =
an effective dust potential, and V( ) = constant for a stiff fluid. If we assume that Vy > 0
and 0 < k < 6, all energy conditions except the strong energy condition (which requires
0 < k < 4) are satisfied. It is clear from (3.31) that the case k < 0 and Vy > 0 will replace
the Big Bang singularity by a bounce. In the following we are therefore interested in the
qualitative behavior of classical and quantum solution for the case that £ > 0. We put to
note that the general solution to the resulting field equations is known as the Heckmann-
Schiicking solution [108]. We will find that the case of phantom matter £ > 6 (w < —1)
generically leads to the appearance of a Big Rip singularity.

Variation with respect to N and employing the fact that S, and _ are cyclic yields
a* = N? (p% +p° +2Vd") a™* . (3.32)

In the following we assume that p3 + p> # 0 and choose the the comoving gauge N = 1.
Equation (3.32) is then solved by

a? 13 3 2Vyak )
t(a I+ ==, 3.33
R ol CE I e 239

where o F (a, b; ¢; z) is the hypergeometric function. For small a, the hypergeometric function

asymptotically equals 1, and we get for a — 0:

CLS

(R — (3.34)

3Vt +p*

Thus the universe starts with a Big Bang at ¢ = 0, independent of the value for the barotropic
index w. For large a and w # —1, the hypergeometric function can be simplified, too, and

one gets from (3.33) in the limit a — oo:

2 1
t”‘/VO()‘—k aO =R g, (3.35)

For k < 6 (w > —1), the universe expands infinitely, whereas in the phantom case, that is for
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k> 6 (w < —1), the universe becomes infinitely large already at ¢t = ¢, and ends with a Big
Rip. We note that (3.35) is the full solution for the flat FLRW case: for £ < 6 (non-phantom
case) there is a Big Bang, but for & > 6 (phantom case) there is no past singularity. Therefore
one can say that the anisotropy introduces the past singularity, leading to a model with Big
Bang and Big Rip.

For the anisotropy factors one has

_ 2V, k
" L= /14 2a
Bi= e log ; (3.36)
+ —

they become constant for large a. Thus in contrast to the vacuum solution, this universe
isotropizes at late times. For small a, the asymptotic behavior corresponds to (3.8), which is
again independent of the matter content. This property is sometimes called “matter doesn’t
matter”. We conclude that in the limit a — 0 and if the evolution is anisotropic the matter
potential becomes irrelevant and the Kasner behavior is recovered. In other words: The
approach to the singularity is AVTD. One might say that the universe evolves from a shape
dominated phase to a matter dominated phase.

In contrast to the vacuum case the addition of matter allows now also for isotropic
expansion. This is exactly the case when p, = p_ = 0 for which we obtain the flat Friedmann
model. The approach to the singularity is not AVTD in this case. In the case 0 < k < 6 the
there is a Type I initial singularity. The case k = 6 (cosmological constant) yields the flat
De Sitter universe, which is singularity free. For the case k > 6 there is no initial singularity.

Instead the universe ends in a Big Rip type singularity.

Wheeler-DeWitt equation

The Wheeler-DeWitt equation in conformal factor ordering is given by

R 9\ Vet -
{5(8a2—aﬁ+2—%_2)+ . ]\p_o. (3.37)

This is an essentially semi-classical model since we use an effective description for the matter
content of the universe. Note that we already chose the representation U of the wave function
that corresponds to the gauge N = e3>*. We set again h = 1 in the following. The solutions

can be written in the form

V(050 = 3 [ dpidp Aulpep ) 6, (@ BB, (39
o==%
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with the mode functions given by

— + / ka/2
P+;D ( 5+7ﬁ )_ e PP Cp+p Ji p++p ( ea/)

| 3.39)
. AN\ F2in/p7 402 /k (
c;EHL = F(lj:%\/piquz) (—VO) ,

’ k k

where J,(z) and I'(z) denote the Bessel function of the first kind and the gamma function,
respectively. Let us now investigate the asymptotic forms of the wave packet. In the limit

a — —oo we can approximate the mode functions by

= o (0, By, Bo) = HIVIRIPE 0mipe Bty ) (ko) (3.40)
which is independent of k. We conclude that the quantum Kasner behavior is recovered in
this limit.

The discussion of the limit o« — oo is slightly more complicated, but it turns out that a

discussion of the mode functions in the WKB approximation

¥ ~ VDexp (iS) (3.41)

will be sufficient. A solution to the Hamilton-Jacobi equation is given by

1— /14 s ehe

p2+p2
Sp+7p7(a75+75—) = \/p+ +p + Voeke 4+ — \/p+ -I—p log >
1+ ,/1+ 25k
p2+p?
—p+B+ —p-p- .
(3.42)
The corresponding van Vleck factor reads
~ 1
Dy, p (o) = : (3.43)

VDL + PR+ Voehe

If we introduce the functions

k s 2 _ 2 2

By(ps,p-) =/ g (1= 1) [ ¢, eEVPATE A (py p ) e, e W”**”*A—(m,p—)],
k ™ 2 us 2 2

B_(p+,p-) =/ g-(1+1) | [; e RV AL (pypo) + 6 e”““’—A(m,pf)},
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0 B

Figure 3.3: Contour plot of the Hamilton-Jacobi function S, o(a, 5+, 0) (black contour lines)
and the corresponding flow of classical solutions (blue streamlines). We chose the dust case
(k = 3) for the plot. Kasner solutions are flowing in from o — —oo. The solutions then
isotropize as a — o0.

then the approximate wave packet with these coefficients,
Z/ dp,dp_ B,V D exp (5iS), (3.45)
o=+ R?

matches the exact wave packet for large o at the leading order. This follows from the
asymptotic expansion of the exact mode functions and an approximation of the WKB modes

of the form

G ety | (3Tt | (3.46)

Then one has

U(a, By, B-

W Z exp (a— Voeg ) /RQ dp.dp_ B, (py,p_) e P+i+=ip=F- (3.47)
We can now draw a clear picture of the behavior of wave packets. In the limit o« — —o0, we
recover the quantum Kasner behavior. Consequently, we expect a spreading with a resulting
decay of amplitudes. The behavior in the limit @ — oo can be inferred from (3.47): the term
in the second line of this equation is just the Fourier transform of B, and is independent of
a. If, for example, we choose B, to be Gaussian, its Fourier transform will be a Gaussian
which is peaked about some particular values of 3, and _. This strongly reflects the classical

behavior of isotropization. Most importantly, wave packets do not spread in the region where
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a is large. The wave packet is modulated by a strongly oscillating factor and an exponentially
decaying factor. The exponentially decaying factor comes from the van Vleck factor (3.43)
and can be interpreted as arising from the particular representation of the wave function.

The decay of the mode functions in this representation can be intuitively understood by
inspecting the Hawking-Page formula (2.175): The representation of the wave function ¥ we
are working corresponds to the gauge N = e3*. In this gauge, classical solutions reach o = oo
in a finite time t. Hence they spend less and less time ¢ in the region of minisuperspace where
« is large. In this sense the decay of the density \/—_515 is implied by (2.175).

We can switch to the comoving time representation via a conformal rescaling with ) =

e3/2 For our WKB modes this yields a comoving time density

x| = *Dp, p X a(1+23w>

da A dBs AdB- (3.48)

in the large a region. Note also that we switched from the variable o to the scale factor a.
1

Consider the prefactor a > 1t decays with a when w < —% and grows with a for w > —%.
This behavior precisely reflects the accelerated and decelerated late time expansion phases
of the universe. Figure 3.4 displays the behavior of the wave packet in the model with dust.

The asymmetry compared to Fig. 3.2 is clearly visible.

20 ]

-20

A

Figure 3.4: The plot shows equipotential surfaces of the absolute value of a (rescaled) wave
packet W constructed from (3.38). We chose dust (k = 3) and the amplitude A(p;,p-)
to be Gaussian and peaked about some momenta (p,,p_) = (py,p—). It turned out to be
appropriate to plot the equipotential surfaces of the rescaled wave packed D, j/ﬁ% |¥| instead
of |¥| to counter the decrease in the amplitude. The black line marks the corresponding

classical configuration space trajectory (3.36).

For simplicity we set B_ = (. Then the large-a limit of the Klein-Gordon current is given
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by

2
T =| [ dpudp- Be vt a5 ndg 10 (). (3.49)
R2

Up to leading order, the current only has an a component given by the Fourier transform of
By (p4,p-). If we assume that B, is peaked at some particular values p, and p_, we will
expect the Fourier transform of B, to be peaked at some particular value of S, and 5_. The
current thus reflects the classical behavior in the region where « is large (in contrast to the
vacuum Kasner case). We have, however, *|¥|® — 0 as a — oo. Note that the behavior
is qualitatively independent of w, that is, there is no difference between the cases w > —1
and w < —1, although the latter case leads to a Big Rip. The Big Rip is thus only avoided

by criterion 2.

3.1.4 Scalar fields

The symmetry reduced matter action for a minimally coupled scalar field ¢ can be brought

into the form

1 H?
S =1 / dt o l% ~ NV(9) (3.50)
The full action then reads
1 3a . . .
S=3 /dt GW [(—0'42 + R4 ¢2) - N2V(¢)} . (3.51)

Note that if we transform N — N = Ne™3®, it becomes manifest that the model is analogous

to a massless relativistic particle in a potential eV (¢).

Massless scalar field

In the region where a — 0 the massless scalar field might be a good approximation for
the general case if the universe enters a region in minisuperspace where the potential is
negligible. In the gauge N = e3 it becomes clear that this can in particular be the case
when approaching the initial singularity (o — —o0) since then eV (¢) might be negligible.

The scalar field is then called kinetic-dominated.

In the comoving and in the quasi-Gaussian gauge the equations of motion are solved by
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gauge N = 1 e3

at) = | 3log <\/pi+p3 +p§5[t—to]) \/pi+p% +p2 (t—to)

B+(t) = W log(t —to) + Cy pe(t —to) + Cy

qb(t) = S\/ﬁ log(t — to) + C¢ p¢(t - to) + C¢

In the quasi-Gaussian gauge it is manifest that the solution represents again straight lines
in configuration space.

Are these solutions an exception to the phrase “matter doesn’t matter”? Not really!
The qualitative nature of the initial singularity is not affected, that is, it remains VTD. In
addition, however, we obtain the possibility of an isotropic singularity, i.e. the universe can

collapse into a point. This is exactly the case when py = p_ = 0 and pys # 0.

Wheeler-DeWitt equation
The DeWitt metric is given by
dS? = e (—da® + dB2 + dB? +d¢?) . (3.52)

The Wheeler-DeWitt equation reads

. h2e—3a [ 92 9 92 92 92 Qb
U= st 2 g g o R — oSSV (9)| W =0, (353
M= e " oa " ap o R e T VY » (3.53)
where the Riccl scalar on M is
2
R = ;e - (3.54)

The Laplace Beltrami factor ordering is now obtained for f = 3/2 and £ = 0. Setting instead
§ = &1 = g we obtain the conformal factor. As in the vacuum case we define U = e/*U. The

Wheeler—DeWitt equation then simplifies to

0? H? H? H? b 27 1 ~

In the case of conformal factor ordering we then get

62 82 82 82 eﬁa _
{aaz T 05,2 08 09 + ﬁv(cb)] T=0. (3.56)

If the minisuperspace potential e;—;V (¢) becomes negligible in the singular region o — oo,

we can conclude the avoidance of the singularity by applying the decay rate estimates for the
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classical wave equation in 341 dimensions. Both |¥| and |9,¥| decay as fast or faster than
ﬁ due to the spreading of wave packets. This implies an avoidance of the singularity by all
three criteria imposed in section 2.2.5.

In [T3] the discussion was extended to the case of a phantom field (opposite sign in the
kinetic term). The coupling of the phantom field can lead to the appearance of a Big Rip

type future singularity. The singularity was found to be only avoided by criterion 2.

3.1.5 Electromagnetic fields

In the following we will couple an electromagnetic field to the general Bianchi I metric. The
resulting model was to my knowledge first studied in [109].

We write the Bianchi I metric in the ADM form (2.18) where the basis one forms are
ot = dz, 0% = dy and 0% = dz. The structure coefficients of Bianchi I are all zero. Therefore
the momentum constraints are trivially satisfied in the vacuum case, that is, H; = 0. The

full Hamiltonian for the non-diagonal Bianchi I model is therefore given by

B Ne—3a
2

H=NH <—p§+pi+p2+%+%+%) . (3.57)
This result is independent of the choice of the diagonalizing group. Since there are no inner
automorphisms there are no distinguished choices for the diagonalizing group. We will choose
the diagonalizing group to be SO(3,R) in the following. In the discussion of the Bianchi IX
in section 3.4.2 we will diagonalize the spatial metric by using the so called Euler matrix
which is parametrized by the three Euler angles 6, ¢ and 1. We can do the same thing here
by just using the result from section 3.4.2. Note that in the vacuum case the total angular
momentum [? + [3 + [2 commutes with the total Hamiltonian and therefore constitutes a

constant of motion.

The matter action is given by

1
Shtaswel = =— | *FAF . 3.58
M 11 8,“0 ( )

We first need to perform the symmetry reduction in the matter sector. Matter fields should
respect the symmetries of the gravitational system. This leads to the fact that vector fields
can only be coupled to certain Bianchi models [110]. In the Bianchi I case the vector potential

can be expanded as

A=Adt+ A de + Aydy + A.dz . (3.59)

The field strength tensor is then obtained by F = dA . The gauge potential A might contain
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nonphysical degrees of freedom. The field strength F, however, is physical and should respect
the symmetries of Bianchi I. Hence we demand that £, F = 0 for all Killing vector fields v.
In the Bianchi I case v = 0,,0,,0, and the field strength tensor is restricted to be of the

form

with the components F; and B;; being functions of ¢ only. Demanding, furthermore, F to
be exact, already implies that B;; = const. We conclude that the most general ansatz for a

vector potential respecting the symmetries of Bianchi I reads

Ay = xey +ycy + ze,

1
= —Ax + 5 (sz — ZBy) s

A, =

1 (3.61)
Ay =~ A, + 5 (:B" —2B) |
A,

1

where ¢; = ¢;(t). The electric and magnetic field as measured by comoving observers are
given by E; = .AZ +¢; and B;; = Ez‘jkBk = constant, respectively. It seems that we do no

harm when setting ¢; = 0. We can now rewrite the action (3.58) in the ADM form
1 Vh Lo k ! Lorpiiy ik
Swtwewenn = 5 AV I | D (E; + N*By;) (E; + N'By;) — SNIREBu By | (3.62)

Where we absorbed the factor ﬁ fR3 d3z into the fields. Let us denote the momenta
conjugate to A; by
- 0L Vhhi
"= "= =" (E, + N"By,) . 3.63

The Legendre transform yields the matter part of the Hamiltonian
H™ = NH™ 4 Niy™ (3.64)

The matter part of the Hamiltonian constraint and momentum constraints are given by

H(m) = mh” (HZH] + BZBJ) y Hz( ) = _sznk = €ijkB]Hk : (365)
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The full Hamiltonian is then given by

H=N e BB i pip)| - v
2 S A A N (3.66)
= NH+ N'H; .

Note that the matter part of the Hamiltonian constraint now explicitly depends on the Euler
angles. The total angular momentum [§ + {3 + [3 is therefore not conserved in general.
The momenta IT° are constants of motion. The momentum constraints H; = ’HE’") ~ (0 are
enforcing the vanishing of the Poynting vector. The constraint algebra closes with the Poisson
brackets given by

{H,H;} =0 and {H; H;} =0. (3.67)

Our result for the Hamiltonian agrees with the one obtained in [109]. It was also checked in
[109] that the symmetry reduction works in the sense that it produces the correct Einstein-
Maxwell equations.

The equations of motion are a rather complicated set of coupled second order differential
equations. From the fact that the potential is positive, however, it is already clear that the
scale factor « is strictly increasing (or decreasing depending on the choice of the direction
of time). The authors of [109] have used diagrammatic methods to analyze the general case.
In order to get some insight into the situation we restrict ourselves to the consideration of
a more simple and symmetric situation for which the equations of motion are analytically

solvable.

Diagonal case

We consider the subset of solutions for which the metric coefficients h;; are diagonal at all
times, i.e. the Euler angles are kept fixed (0 = 7/2, ¢ = 0 = ). Without the loss of
generality we can set I[I* = IIY = 0 and B* = BY = 0 and keep only the z-components to
be non-zero. Note that this is only possible because the equations of motion for the Euler
angles now consistently imply /; = 0. The momentum constraints are also satisfied by this

ansatz. The dynamics of this universe is controlled by the Lagrangian

e3a

TN

(—a? + 24 32) = 5 [0 4 (B oo (3.68)

L

The dynamics are completely analogous to a relativistic particle that is reflected from one
potential wall that moves in the 5, direction as « (corresponding to time here) grows. There

is a now an additional Noether symmetry in the system. We expose it by defining new
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configuration space variables. We first rescale the lapse function by N — N = e 3N, Now

we can get rid of the “time” dependence in the potential by performing the Lorentz boost

_20-8s  _28.-a

T: , ; 3.69
7 7 (3.69)
The Lagrangian now becomes
_L 2 2 52 E 2\2 2121 —2v3X
L_QN T°+ X°+ 3 +2[(H)+(B)]e : (3.70)

The symmetries are now exposed: since T" and [_ are cyclic, their momenta py and p_ are

constants of motion

T B -2
pr = ——= = ——— = constant . 3.71
IR (3.71)
Variation with respect to X yields
X = V3[(I1%)? + (B*)?] e 23 | (3.72)

where we have fixed the gauge N=1 (N = e3*). We can solve the equation and get

1 1 KQ e 2 B 2 2\/§K(t—t0)
X(0) = bg( + K ((IF)? + (B e |
2K 2eV3K (t—to)

T(t) = —pr(t—t) +Cr,
B(t) = p_(t 1) + C_

&

(3.73)

where K, Cp,C_ € R are integration constants. We choose Cr = C'_ = 0 since they can be
absorbed into the coordinate functions anyways. Up to now we haven’t taken the Hamiltonian
constraint into account. The Hamiltonian constraint, obtained by varying with respect to

N, reads
—T? 4 X2 4 B2 4 [(I1%)? + (B*)? e 23X =0 (3.74)

Plugging the solution (3.73) into the constraint implies that

pr=£1/K2 4 p2 . (3.75)
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Performing the Lorentz boost back to the Misner variables yields

2 2 z\2 z)2
[P + K 1 1 V3K (t—t [(H ) + (B ) ] V3K (t—t

2 2 z)2 z)2
_ pe + K 2 1 —V3BK (t—to) [(H ) + (B ) ] V3K (t—to)
Be(t) =% 4/ 3 (t t0)+310g (2K2€ - 5 e

B(t)=p_(t—to) .

(3.76)

We now discuss the limiting behavior. For brevity we set ¢, = 0 and restrict ourselves to the

solutions with the +-sign and the case when K > 0 and (I17)? + (B#)? # 0. For t — —oo the

asymptotics are
alt) = \/pi, +p° t+ const.

B4 (t) ~ pi1 t+ const. (3.77)
B_(t) =~ p_ t+ const. ,

b _ 2K4/p?+K2 |pr|=24/p7 P2
where py 1 = Ve = 7

. For t = +o00 the asymptotics are

at) = y/p3 o+ p° t+ const.

B+ (t) = py o t + const. (3.78)
B_(t) = p_ t+ const. ,

L _ 2K+4/p2+K?  |pr|+2/p7—p2
where pi o = 7 = 7

and outgoing Kasner solutions (3.14). From the asymptotic solutions we conclude that during

. Both asymptotic solutions correspond to ingoing

the process of reflection at the potential wall a momentum of Ap, = % is transferred.

— o)
B,
A1)

_—

0 t

Figure 3.5: Plot of a particular solution in the gauge N = e**. One can clearly see the
transition from one Kasner solution to the other
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Let’s now provide a physical interpretation of the situation. The components of the

energy-momentum tensor are given by

o168+

{1, = [(I%)* + (B*)?] diag (—1,1,1,-1) . (3.79)

8mat

If p- = 0 (cylindrical symmetry), the universe starts to expand in the z-direction and it
contracts in the other two directions. The pressure now starts to grow as the electric and
magnetic field lines become denser, which finally leads to a bounce. After the bounce the

universe contracts in the z-direction and expands in the other two directions.

Wheeler-DeWitt equation

Starting from the Hamiltonian (3.66) we can read off the DeWitt metric, compute the volume

element, and the Ricci curvature scalar of the 4—dimensional minisuperspace

dS? = e (—da® + dB2 +dp?%) +e**dA2, R =—6e ",

(3.80)
*x1 = e3P+ da AdBy AdB_ AdA, .

We started here from the conformal gauge which corresponds to N = e®. Note that, in
contrast to the previous models, the configuration space is not conformally flat. This follows
from the fact that the Weyl squared scalar is given by W? = 12e~%®. The DeWitt metric,
however, admits a representation for which the curvature scalar is constant. For simplicity

we set the magnetic field B; to zero in the following. The Laplace-Beltrami operator reads

A 2 9 0 g 02
O=e? <_8a2+aﬁ+2+aﬂ_2_%+2ﬂ)+e%W' (3.81)

We pick the conformal factor ordering defined by
~ 1
H = —3 (O—-¢R) (3.82)

with £ = & = 1/6. The conformal weight of the wave function is w(¥) = —1. The

Hamiltonian constraint operator is then given by

. I B - R o2
9 —_ —2« o o — _9_ - 4By )
H=e (aa2 98,2 92 9a ‘9B, 65) YR

(3.83)
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We transform now ¥ — U = ¢34+, The transformation corresponds to a conformal

transformation Q = e~ 2 #+. The volume element is now given by
Fl=1/—-GdaAndB, AdB_ AdA, =e* Prda AdB. AdB_ AdA, . (3.84)

Most importantly note that v/ —5{5‘43} = diag (—1, 1, 17620‘*4&). After the conformal

transformation, the Wheeler-DeWitt equation reads

2 o P aaas, 0P 301897 = _
{aaz_aw_aﬁ_Q_e o+ 2 ]wa,m,@,Az)—O- (3.85)

Due to the transformation we got rid of the first derivatives but we have picked up a mass?

(1-8¢)

term of the form 2 1 - Note that it does not vanish for the usual conformal factor ordering

with £ = 1/6. Furthermore, note that P, = %% is a good quantum number. Therefore it

suggests itself to perform the mode expansion

U (a, By, B, As) = Up. (0, By, B )er ™A (3.86)

We then obtain

0? 0? o2 3(1 —8¢)7 ~
laoﬂ T 982 9p? 4 PB4 %} Yp, (o, B+, B-) =0 (3.87)

The modes with quantum number P, = 0 (vanishing electric field) then obey the equation

{ 0? o 0?

11 ~
Oa2 - 6/8+2 o 85_2 - Z:| 1/)0(04,6+,ﬁ_) =0. (388)

As we would wish to recover the behavior of the vacuum Bianchi I model, we remove the
mass squared term from the Wheeler-DeWitt equation, that is, we consider instead of (3.90)

the equation

0? 0? o?

{5&2 C 08,7 9B

The Wheeler-DeWitt equation is solved analogously to the classical case. We first perform
the Lorentz boost (3.69) to get

S+ Pfe%‘_w*} Up,(a, By, 8-) = 0. (3.89)

? 0 0? ~
{8T2 X2 052 + Pfe_%/gx} Ve, (T, X,8-)=0. (3.90)
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This is solved by a superposition of the mode functions

pr—pl \/g

e + P V3X iprT i iP.A
sz,pT,p_ (Ta Xa ﬁfaAz) = CpT’p_I:t'\/ 22 e T elp_ﬁ_el 2 (391)

Now remind yourself that in the classical model the trajectory comes in from the region where
X — oo. In this region the universes asymptotic behavior corresponds to that of the Kasner
solution. The trajectory then hits the potential barrier and is reflected back to X = oo.
The region X — —oo is therefore classically forbidden if P, # 0. After boosting back to the

Misner variables, we obtain the general solution

e} o0

Ej(aaﬁ-‘ruﬁ—aAz): /d z/de/dp— Al (PZ7pT7p—>{ElPZ7pT7p, (a76+7/8—7Az)

a—284 . 2a-8
(Pze ) e*IPT a\/g+ eip_ﬁ_eiPzAZ

V3

Pr—Dp iy [log(2v/3)—P.]
with ¢, p =T | 1di\/ T JemV a0 ol

p%.—p2
3

where sz,pT,p— (a, B+, -, As) = CPT,P—vsz \/
+i

pr,p—,
(3.92)
We should choose Ay (P,,pr,p—) such that supp(Ax) C {(PZ,pT,p_) eER|p2—p* > 0}.
The coefficients szutT,p_, p, were chosen such that for small e~ V3X — 26+ the mode functions

behave as

2a—5+

~ . p2 —pP . . .
%ﬁi,pﬂp_ (o, By, B, A,) = EV T (am264) [1 +0 (PfeQ(o‘_zﬁ”)} e PTTVE PP pilA:

_2PT:F\/P%*P2, prF2./P2—p2
V3

=[1+0 (Pfe%a*%*))] e i %

B+ olP- B- eleAz

(3.93')

Identifying now
pr—2y/pr —p2 pr+2y/p7 — 12
= and pyo = 3.94
and restricting attention to the oscillating modes with py > |p_| we can write
T (0,00, 41 = [L O (PR )W Tgrastagn g
2 PT P 3.95

(0, B, oy As) = [1 4 O (PR 200 [ o VPharrmagiveade o=l

w;z yPTP—

Therefore the plus modes @Z}FZ orp. correspond to the asymptotics solutions of the classical

model given by equations (3.77) and the minus modes lez prp. 1O the ones given by equations
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(3.78).

Usually the problem of matching is solved after imposing the Hawking-Page boundary
(see e.g. the example in [104]). The boundary condition demands that wave packets vanish
deep inside of the classically forbidden region. As discussed in section 2.2.6, this criterion
is questionable in view of the conformal covariance of the wave function. By studying the
asymptotics of the modified Bessel functions [111] we find that the real part of the modes
functions (3.91) blows up like exp (exp (—\/§X ) / \/5) as X — —oo. This problem is cured
by choosing the Macdonald function K, (z) instead of the modified Bessel functions 7,(z) in
(3.91). Hence we get

~ Pzea*Qﬂ-s- 20 B )
VP prp- (@, s, B As) = K ) (T) e TV el (3.96)

3

The Macdonald function decays exponentially in the classically forbidden region. The mode
function (3.96) is a certain linear combination of the plus and minus modes in (3.91). The

choice of (3.96) thus leads to a matching of the ingoing and outgoing modes.

Singularity avoidance: Classically the electric field does not influence the spacetime
dynamics close to the singularity, that is, “matter doesn’t matter” and we recover the Kasner
behavior in the vicinity of the singularity. Interestingly the same holds for the quantum model
in the following sense: The (1+3)-dimensional Wheeler-DeWitt equation becomes effectively

(14 2)-dimensional as @ — —o0:

PR P . Pl [ P
N  aa E PN - _ ¥-0. .
902 93,2 087 ° 8A22] {8042 95,2 052 : (3:97)

Note that this is different from the case of minimally coupled scalar fields. By using the

decay rate estimate in appendix A.3 we find that || and |9,¥| decay as fast as or faster

than lla\ as @ — —oo. We conclude that all components of the Klein-Gordon current J in
the presently used coordinates decay like 1/|al, that is, they decay in the same way as in
the vacuum Bianchi I case. This is true for all components except for the A, component in
front of daw A df A dB_ which decays like exp(—2v/3X). The conformally invariant density
* U4 = e VXU |*da AdB, AdB_ AdA, goes to zero at the singular boundary. We conclude

that the singularity can be avoided by all three criteria imposed in section 2.2.5.
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3.2 Kantowski-Sachs

As already mentioned in section 2.1.2, the Kantowski-Sachs spacetime is the only spatially
homogeneous cosmological model which is not covered by the Bianchi classification. The
isometry group of the models is R x SO(3). The Kantowski-Sachs model is particularly
interesting. It was already noticed by Kantowski and Sachs [112] that the vacuum solutions

are in fact the interior part of the Schwarzschild spacetime.

3.2.1 The Kantowski-Sachs metric

We have visualized the topology of constant time hypersurfaces ¥ = R x S? in figure 3.6a.
Note that it is in principle possible to compactify the spatial hypersurfaces by imposing
periodic boundary conditions as shown in figure 3.6b. The topology of the spatial hypersurfaces
then becomes S x S2. We will refer to this three-dimensional manifold as the Kantowski-

Sachs torus.

r A

ViRV

-
.
c
=
~—

(a) Kantowski-Sachs cylinder. (b) Compactification to Kantowski-
Sachs torus.

Figure 3.6: Visualization of the topology of the Kantowski-Sachs universe.

The spacetime manifold is given by M = R x ¥ and we equip it with the spherical class

of Kantowski-Sachs metrics.! The line element is given by
ds? = —N?dt* + 22dr? + b*dQ? (3.98)

where b = b(t), z = 2(t) and dQ? = d¥? + sin® ¥d? is the standard metric on S2. The model

!There also exists a flat and open version of the metric. These are however just special cases of the Bianchi
type I and Bianchi type III model which are obtained by imposing additional symmetries [31].
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possesses four spacelike Killing vector fields

n= 81” ) 01 = a«p )
oy =sing Oy + cotVcosp 0, , (3.99)

03 = cos @ Oy — cot ¥ sin pd,

that obey the Killing algebra

loi,0] =) eijpor and  [n,03] =0 ford j k=123, (3.100)
.J

It will turn out to be useful to switch to another set of configuration space variables defined
by
a’:=2b" and s:i=e %7 =" . (3.101)

S| W

The metric then becomes
ds? = —N?dt* + a*(e *7dr? + e*d0?) . (3.102)

The shear factor s controls the shape of the universe and the scale factor a controls the
volume of the spatially homogeneous hypersurfaces. If we define o := Ina then « and o play

the role of Misner type variables. The inverse transformation reads
b=ae”, z=ae . (3.103)
We will encounter the following types of singularities in this thesis:

e Disklike singularities with z — 0 and therefore a — 0 and 0 — oco0. As we will see, such
singularities can be part of a horizon and hence coordinate singularities. If this is the

case the model is incomplete.
e Cigarlike singularities for which b — 0.

e We will see that also a third kind of singularity is possible for which both z and b

approach zero at the same time.

The Weyl squared scalar of the Kantowski-Sachs universe reads

C,uu)\cr o

(3.104)

. 2
311 NzZ-—-Nz
P TR

1l T TN
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Therefore b — 0 seems to be a good indicator for the presence of a curvature singularity.
Particles moving in the r-direction with a four velocity u = %\ / 1:—22 — Ko, + Z%& move on
geodesics. K = —1 for timelike geodesics and K = 0 for lightlike geodesics. The parameter
P is the constant of motion associated with the spacelike killing vector field n = %. In the
case K = —1 it is the momentum per rest mass of the particle. If K = 0 the parameter P is
the wave number of the lightlike particle. Setting K = —1 and P = 0 shows that observers
comoving with the coordinates r, 9 and ¢ move on geodesics. Furthermore, if we gauge N = 1

then ¢ is the comoving time of these observers.

3.2.2 Hamiltonian formulation

The Ricci scalar of the Kantowski-Sachs spacetime reads

6 N
R=—s <a2 +a*6” + aii — aaﬁ> + R, (3.105)
where the three—curvature is given by ®R = 26;220 = % The trace of the extrinsic curvature
is given by
3a
K=—. 3.106
Na (3.106)
Furthermore, the determinants of the four and three metrics are given by
V=g = Na’sinf
(3.107)

\/E: a’sin 6

By plugging the symmetry-reduced ansatz into the Einstein-Hilbert action (2.39) we obtain

T 3aa®>  3a36? 9y 3
S = ﬁ/dt [— vt + N (ae™ — Aa )} : (3.108)
where 7 := f ;dr is a compactification parameter. We set G = 1 in the following. The

gravitational Lagrangian is then given by

T [_ 3aa®>  3a’s?

L==
N TN

5 + N (ae™ — Aa3)] . (3.109)

If we switch to the variable o := In a it becomes

I T {3(330‘

5 | (F47+0%) = Ne¥ (A - e2<a+”>)1 : (3.110)
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Expressed in terms of z and b the Lagrangian reads

T ([ 2bb: b2
L==-="2—-2_ - NA2b)+ N . 111
5 ( N N 2b° + z) (3 )

Tz(Ab2—1)

5— In particular, if A =0, the

We can read off the minisuperspace potential V(z,b) =
potential is negative everywhere. Consequently the trajectory of the universe point will be
“spacelike” in M and the universe can recollapse. The conditions under which the matter

filled model recollapses were studied in [60].
Note that under the transformation
z—c-z, withcelR (3.112)

the gravitational Lagrangian transforms as L + ¢ - L. The resulting equations of motions
will therefore be invariant under the transformation, i.e. the transformation (3.112) maps
solutions into solutions. Furthermore, the rescaling symmetry enables us to absorb the
compactification parameter Z into z. This symmetry can be explicitly broken by adding

matter to the system.

For the study of both the classical as well as the quantum dynamics it is helpful to
introduce yet another parametrization of the minisuperspace. A useful set of minisuperspace

coordinates is defined by the following transformation

1 1 oz
a=a— 59 ¢ =0— 5 and N =:2Net2% (3.113)

The inverse transformation of the configuration space variables is

- 4
a+-¢ and a:§¢+ Q. (3.114)

o =

Wl
Wl o
Wl o

Note that the transformation can be regarded as a combination of a Lorentz-boost and a

rescaling of the minisuperspace coordinates. The Lagrangian now becomes

3a

L=T {% (J)Z - 52) + Nea] , (3.115)
while the Hamiltonian constraint reads

&2 — P+ N2%e 28 = (3.116)
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This corresponds to the Friedmann equation of a closed universe with a minimally coupled

scalar field. Since ¢ is cyclic we now have

2Tt .
R = Ke[ ¢ = constant . (3.117)

The transformation exposed an internal symmetry of the system. If we think about the
Kantowski-Sachs as the Schwarzschild interior the corresponding constant of motion k will
be proportional to the Schwarzschild mass M. If we plug the constant of motion into the

Friedmann equation we get ~ .
d e
d—¢ S (3.118)
o R qda

472

from which we obtain the configuration space trajectories

p(a) = :l:larcosh (

> )+C. (3.119)

R
27 e?a
The Quantum Cosmology of the closed Friedmann universe with one minimally coupled
massless scalar field was extensively discussed in [10] and in more detail in [104]. We will
return to the discussion of the classical vacuum solution in section 3.2.3. We remark that
the dust solution was first given by Kantowski and Sachs in their original paper [112]. The
Quantum Cosmology of the model filled with dust was discussed in great detail by Conradi
[113].

The canonical momenta conjugate to the configuration space variables a and p, are given

by

3Zaa 3Za®o
J— - . 3.120
p NP N (3.120)
The Hamiltonian is then obtained by the usual Legendre transform
N[ p: p;
— | _fa Po L T(Aa® —ae %) = NH . 121
ZI[ 3a+3a3+ (Aa® — ae™*) H (3.121)

If we switch to the variable a := In a and its conjugate momentum p, = ap, the Hamiltonian

becomes

_ N e (=p2 +p2) + I%* (A — e72l0t) (3.122)
27 | 3 « e . ’
The diffeomorphism constraints are all trivially satisfied, that is H is the full Hamiltonian of

the system. The canonical momenta of z and b are given by

 Ibb T(zby

=— 12
N ) Do N (3 3)

Pz =
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In these variables the Hamiltonian is given by

N 2p, 2p?
_epy 2t

H=-_
27 b b?

+I7 (A2b* — 2) | . (3.124)

3.2.3 Cosmological constant and electromagnetic field

In this section we consider a Kantowski-Sachs universe filled with a cosmological constant
and an electromagnetic field. The general solution to the classical field equations turns out
to be the interior Reissner-Nordstrom-DeSitter solution as was already noted by the authors
of [114]. The Wheeler-DeWitt equation also turns out to be analytically solvable by using

the symmetries of the model.

Coupling of electromagnetic field

The Lagrangian density of Maxwell’s theory minimally coupled to gravity is given by

1

=——F,F". A2
/CMaxwell 167 1% (3 5)
We expand the one-form vector potential as
A=A dt + A, dr + Apdd + A dyp . (3.126)

The field strength tensor is then obtained by F = dA. The Faraday two-form should respect
the symmetries of the Kantowski-Sachs spacetime. Therefore we demand that L,F = 0 for
v =1n,0; (i =1,2,3) being the Killing vector fields of the Kantowski-Sachs spacetime. This

restricts the form of F to

F=—-FE.dtANdr+ B,sinv dd Adyp , where

(3.127)
E,=FE.(t) and B,=B.(t).

Further demanding dF = 0 requires B, = constant. This fixes the four potential up to

admissible gauge transformations to be of the form

A= (t)r A, = A(t)

P 3.128
Ay = / co(V,0)de , A, =c,(V,p) — By cos? ( )

Since ¢, can in principle be absorbed into A, we will set it to zero. The electric field is then

given by E, = —A,. The form of the function ¢, is irrelevant as well since it will not appear
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in the action anyways. The action for the four potential then becomes

SMaxwell = /d4l' vV —4g ‘CMaxwell

., . 3.129
:z/dt[ae‘l Ai——Ne432 1)

2 N a "

Note that, in contrast to a scalar field, A, couples to both the scale and shape factors. Note
also that the conformal invariance of Maxwell’s theory enables us to cancel the coupling to
the scale factor by rescaling the lapse according to N ++ N = N/a (N = 1 is the conformal

time gauge).

Electric field and cosmological constant

Expressed in terms of z and b the Lagrangian of the electromagnetic four potential reads

T |0?A2 NzC3
L — ro_ M 1
Maxwell 9 “N b2 ) (3 30)
where C); = B, In the following we use the variable A := —A,. Note that A = E, is the
electric field in the r-direction. The full Lagrangian is now given by
T 20bz 20* B*A2 N20% )
L—E(—T—W'F N — 12 — NAzb"+ Nz . (3.131)

As usual it should be checked if the symmetry reduced Lagrangian yields the correct equations
of motion. We will not do so here. The correctness of the Lagrangian will only be justified
later by the fact that it yields the correct solution to the field equations which is the Reissner-

Nordstrom-DeSitter solution.

Since g—f‘ = 0 the canonical momentum p4 is a constant of motion, that is
A
Cg := — = constant . 3.132
g zN ( )

The constant Cg will later be identified as an electric charge while C; can in principle
be identified with a magnetic charge. Variation of the action with respect to N yields the

Hamiltonian constraint

. . 2 2
2b* + 2bib + N*? (1 — AD* — CEZ—QCM> z2=0, (3.133)
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where we already made use of equation (3.132). By varying the action in z we obtain the

field equation

. 2 4 o2 . N.
b2+N2(1—Ab2—CEZ—2CM>+2(b—ﬁb>b:0. (3.134)

After multiplying this expression with b/N 2 it can be written as a total time derivative:

d b A, Ci+C2
— |l =1 Zprp ZE M) . 1
o fo(E 1 e )]y o
Integration in ¢t now yields
b A, b CL4+(C2
a2 ZE T M 1
N + 3 ; + 72 0, (3.136)

where b, is another constant of motion. If we now make the ansatz z = z(b) and replace b2

in the Hamiltonian constraint (3.133), we obtain the equation

r 1— A — Sk 1
Z_:_< & - (3.137)

z 2 b—%b:”—b*—i—%tcﬂ b

Integration then yields the configuration space trajectory

b, A C2+C%

Note that the integration constant z, can be absorbed into the r-coordinate. After fixing the

gauge N = b the “energy” equation (3.136) can be written as
P2 2 Ay 2 2
b+ Veg(b) =0, where Veg(b) =10 —§b —bb+Cr+C5y . (3.139)

In this gauge the constant of motion C% + C2, acts like an energy offset. One can now
analyze the behavior of the solutions by plotting the effective potential for different cases

(for an example see subsection 3.2.3).

Performing now the coordinate transformation defined by

t—t:=b(t), =T = 2T (3.140)
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brings the metric into the form

1

2M A, Qp+ QY
W AR Gl /
t t

d52:— d?"’(?‘i‘_t_

=+ 3 o 1) dr? 4 #2dQ? | (3.141)

where we made the identifications b, =: 2M, Cr =: Qg and Cy; =: @p;. This metric is
indeed the interior of the Reissner-Nordstrom-DeSitter solution. We conclude that it has a
coordinate singularity and that it can be analytically extended beyond the horizons. This
works of course only if no compactifications have been imposed. If, however, a compactification
is imposed the magnetic and electric field lines are closed and there is no electric charge and
also no magnetic monopole. This is why we decided to keep the parameter ()5, to be non-zero.

In the following we take a look at special cases of this solution.

Vacuum solution

In the vacuum case the “energy” equation (3.136) reads

)2 A b

R 3.142
where b, is a constant motion that arises after integration. The equation fixes the classical
range of the constant of motion b, > b (1 — Ab%/3). If A = 0 the constant b, is the maximum
of b(t). This will become important in the later study of the corresponding quantum model.

In phase space the constant of motion reads
Lo, A,
« = — 1—— : 14
b IprZ+b( 3b) (3.143)

In the case Z = oo the constant of motion can be identified as b, = 2M, where M is the
mass of the black hole, as we will see in the following . We now turn to the case A = 0 and

choose the gauge N = 0. Then

b(t) = b, sin® <t_2t°) and  z(t) = z, cot (t;t”>, (3.144)

where the constant z, € R is independent of b, and can be absorbed into the coordinate r.
The configurations space trajectory (3.138) reduces to
bs

z(b) = 2, . 1. (3.145)
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N
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b t b
0
o
0 m t 2 0 0 z
(a) Plots of z and b versus t. (b) Configuration space trajectory.

Figure 3.7: Plots of z and b. The universe emerges out of a cigarlike singularity collapses to
a disklike singularity and goes back to the cigarlike singularity.

In terms of the scale and shear factor the solution reads

(=t 1 (t—tg 2(t) _  cos(5°)
a(t) = a, sin (T) cos3 ( 5 > and s(t) := 0 =3, i (tz“) , (3.146)
where a, = {/z.b? and s, = z,/b,. The maximal and minimal scale factors dpmqez/min =

+273/3a, are reached at t — to = %’r and t —ty = %”. In the vacuum case the metric (3.141)

reduces to the interior Schwarzschild metric:

1 2M
ds? = — de* + (7 - 1) dr? + £2dQ? . (3.147)

20
M

If we now choose ¢t € (0,7) the coordinate ¢ runs from 0 to 2M and the metric covers the
white hole region IV in the Kruskal diagram 3.9. If we had chosen t € (7, 27), then ¢ would
range from 2M to 0. We see now explicitly that the disklike singularity corresponds to the

intersection of the Schwarzschild horizons.

It is instructive to visualize the compactified vacuum solution. Equivalence relations can
be imposed at some constant values r; and ro > ;. The resulting Kantowski-Sachs torus

can then be plotted in a Kruskal diagram (see figure 3.9b).

Having the Oppenheimer-Snyder solution in mind, it should also be clear that it is possible
to glue a Friedmann universe to the Kantowski-Sachs spacetime at some fixed radius. The
matching and the Quantum Cosmology of the resulting model have been discussed by Conradi
[113].
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(a) a, s versus t (b) configurations space trajectory

Figure 3.8: plots of a and s.

(a) The Kruskal diagram shows the (b) This Kruskal diagram shows

maximally analytic extension of the the Kantowski-Sachs torus for a
Schwarzschild spacetime. The red specific choice of compactification.
lines in the interior regions (II and After compactification the disklike
IV) correspond to the Kantowski- singularity (bifurcation point in the
Sachs cylinder at different stages of its Kruskal diagram) turns into a conic
temporal evolution. singularity.

Figure 3.9: Kruskal diagrams.

Vanishing cosmological constant

In the following we concentrate on the solutions with A = 0 and a non-vanishing electromagnetic
field. This case corresponds to the interior Reissner-Nordstrom solution if no compactifications

are imposed. We choose the gauge N = b and write the equation of motion for b as

. bo\> b2
b* + (b — 5) =-*_C%. (3.148)
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This is just the energy equation of a harmonic oscillator with an energy % —C% that oscillates

around the minimum of the potential at b, /2. The solution is given by

b(t) = % (b* +4/b2 — 4C% sin(t — to) ) (3.149)

For the solutions to be physically viable we have to demand that |Cg| < b,/2. In the case
Cg = 0 the solution reduces to that of the vacuum case with A = 0 and we obtain a cigarlike
and disklike singularity. For 0 < |Cg| < b,./2 the cigarlike singularity vanishes and the
solution oscillates through disklike coordinate singularities. This is plotted in figure 3.10.
The plot in figure 3.10 can be identified with the black and white hole regions in the Penrose
diagram of the Reissner-Nordstrom solution (see e.g. [1] for the Penrose diagramm). The

points where z = 0 correspond to the bifurcation points.

bs
a8
R
-

oS

0 m o 3 { 4r

Figure 3.10: Plot of z, b and E versus ¢ in the gauge N = b.

The energy momentum tensor of the electromagnetic field is given by

2
{T#,} = Cp diag (-1, —1, 1, 1) . (3.150)

Smwbt

We can now interpret the energy-momentum tensor as that of a fluid and read off energy

density and pressure
CE
8t

The pressure in the # and ¢ direction rises when b approaches 0. Instead of a cigarlike

singularity, as in the vacuum case, the universe encounters a bounce due to the increasing

pressure in the # and ¢ directions.
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General solution for M # 0, @ # 0 and A # 0.

The configuration space trajectory is given by

b A C2
b) = *\/—* - —-L—1, 3.152
20 =25 T 50— (3.152)
and the effective potential can be written as

2
A 2
b ) b (3.153)

Vig(D) = ([b— = | —=b*4+C% — = .
ar(0) ( 2 37 T

The potential and configuration space trajectory are plotted now for an exemplary case in
figure 3.11. For the plot we choose the gauge N = b. Note that when b > b, and A > 0 we
have z ~ b and the shape becomes constant. The scale factor behaves as a(t) o< b(t) ~ V3t

in this limit. Consequently these solutions undergo inflation and isotropize at late times.

5
N
-
0
Vo (b)
0 b b

Figure 3.11: A = 0.5, b, = 1 and Cg = 0.45. We see three particular solutions. The left
one has no physical meaning. The middle one oscillates between two disklike singularities
such as the solution in figure 3.10. The right solution is reflected at a disklike singularity. Its
large b limit is the interior DeSitter solution. If no compactification is imposed the solutions
correspond to a particular case of the Reissner-Nordstrom-DeSitter solution and the disklike
singularities are in fact part of a horizon.

Wheeler-DeWitt equation

In this subsection we will derive and solve the Wheeler-DeWitt equation for a Kantowski-
Sachs torus filled with a cosmological constant and an electromagnetic field. Conradi [113]

already derived and solved the Wheeler-DeWitt equation for an effective dust potential and a
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cosmological constant. The Wheeler-DeWitt equation Conradi obtained in Laplace-Beltrami

factor ordering for the vacuum case reads

2 2
7:[\11:{ 1(3 0 0

T
_ il Z (Azb? — U =0. 154
52T + )—i— 2( zb z)} 0 (3.154)

2= —2b

022 0z 0z0b
An important step in Conradis deriviation of the solution to the Wheeler-DeWitt equation
was the recovery of a quantum operator b, that corresponds to the classical constant of motion
(3.143). Most importantly b, commutes with H and therefore its eigenvalues represent good
quantum numbers. Hence the quantum model possesses the same symmetry as the classical

model. The full Hamiltonian of the system under consideration is given by

H

N[ 2p.
- = |- pbpb + b%(pg A+ T2Q2) + TP (A2 - 2) (3.155)

By writing the Hamiltonian constraint as

1
H = 5(J“BpApB +V(z,b) , (3.156)

we can read off the components of the inverse DeWitt-metric and the minisuperspace potential

| z/b =1 0 .
z
{QAB}zz—b —1 0 0 |, Vb =5 (A - 2) o TR (3.157)
0 0 =z/b

where {¢} = {z,b, A}. The Ricci scalar is given by R = Note that the DeWitt

metric is not conformally flat.? The Hamiltonian constraint operator in conformal factor

__5 _
2T2b2 "

ordering is given by

=== 122555 ) -7 — +4b b 1
where £ = 1/8. We now perform a conformal transformation of the DeWitt metric with a

conformal factor Q = /z/b. The wave function then transforms as

~ b
UV U:i=,/—V. 3.159
o= (3159)

2Since the minisuperspace is 3-dimensional this can be checked by computing the Cotton tensor and seeing
that its components are non-vanishing (e.g. by using the xAct package xCoba to get a quick answer).
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From the relation H¥ = Qgﬁﬁv/ we obtain

~ b2 o2 02 29 2 52 406 — 5 i
9T | 92 9A2 Zo- | 2 . 1
=97 [ 02 04 20: ' Z0:0b 642 } +—V(2b) (3.160)

After inserting the value £ = 1/8, the expression simplifies to

A 1 2z ( 0? 0? 10 0? b?
n=z [—5 (a—+87> - §a_z+baz(9b] TV (3.161)

The kinetic term now coincides with that of (3.154) up to the additional term —9?/9A? and a
non-constant prefactor. Note that in contrast to the case of Bianchi I model with an electric
field no (undesired) mass squared term appears in the Hamiltonian constraint operator. The

Wheeler-DeWitt equation now reads

2 o z 0 o2
2 2 71202 -9 I2220% (1 — AV | O A) = 162
{Z(z * M)+2a Danap T b)} (=0 AV =0 310

where from now on we skip the tilde over ¥ and H (but keep in mind that we have performed

a conformal transformation). We define the operators

. 1 9?
IQb*::——a—+Iz (b—3b3 QEJI;QM) and T Qp:= —18% (3.163)

These operators correspond to the classical constants of motion b, and Q. It holds now for

the commutators of these operators that
[é*,zb—%} ~0, [QEH] —0 and [QE,B*} —0. (3.164)

Therefore they represent good quantum numbers and we can conclude that the physical

symmetries were preserved during the process of quantization. The eigenvalue equations

Qpv = Qpp and b,V = 2My) (3.165)

are solved by the mode functions

Virgp (2,0, A) = Parg, (b) exp {ii guq(b) z + i%A (3.166)

where

2M 2
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and Q = /Q3%, + Q% . The functional form of @, o(b) is determined by plugging (3.166)
into the Wheeler-DeWitt equation. This way we obtain the equation

WhPr.op L OhIM.Qp

= — - —=£ 3.168
(I)M,QE 4b IM,Qp ( )
which is readily solved by
b1/4 b—3/4
D) o(b) x = . (3.169)
gM,QE(b) \/%b2 + % _ Cb?_; -1
The mode functions are then obtained as
b—3/4 A oM Q2 Qr
+ _ . .
Uit qu (b A) = Zrme—e——cp (ﬂzw ERR e - ) I
s+ -l
(3.170)
We note the interesting fact that the mode functions are in the WKB form, that is
U1 0mau (2. A) =/ Dar g g (2:D) exD (1S31.05.0. (2.0, 4)) | (3.171)
where Sy 0,04 (2,0, A) is a solution of the Hamilton-Jacobi equation and
b—3/2
Dyt,gie,qu(2,0) = (3.172)

Ap2 | 2M _ Q%
307+ 5 1

is the corresponding Van Vleck factor. Conradi [113] also found mode functions which were

in WKB form in the case of the dust model.

In the following we set A = 0 for simplicity. In order to obtain mode functions that are

exponentially damped in the classically forbidden region and wave packets that fulfill
U—0 as b— o0 (3.173)

we have to choose the mode with the plus sign. Otherwise the mode functions blow up in the
classical classically forbidden region. Even if this is not a conformally invariant condition it
seems reasonable to disregard the modes with the minus sign (at least in the A = 0 case).

Wave packets are then constructed by smearing out the mode functions against a suitable
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momentum distribution A(M, Qg):

(e.¢] o0

U(z,b, A) = / dM / dQu A(M,Qp)bi; o, (2,b, A) . (3.174)

0 —00

Singularity avoidance

A discussion of singularity avoidance, of course, only makes sense if there is a singularity. This
is not the case for the model with an electromagnetic field (more precisely the singularity is
located behind the horizon which is not part of the minisuperspace model under consideration).
For the vacuum case (we can ignore the cosmological constant in the singular region) the

Hamiltonian constraint reads

—3a
H=— {e (—p2 +p2) — T2e*e 2ol (3.175)

Close to the singular boundary of minisuperspace where @« — —oo the Wheeler-DeWitt

equation in conformal ordering becomes

da?  do?

2 2
[ 0 0 ] U =0, where w(¥)=0. (3.176)

This is just the (1 + 1)-dimensional wave equation. Hence no spreading occurs and wave
packets run straight into the singular boundary without any decay of their amplitudes. To
conclude: the vacuum model does not have a sufficiently large number of degrees of freedom

to avoid the singularity.

3.2.4 Scalar field

In this section we couple a scalar field to the Kantowski-Sachs spacetime via the minimal

coupling procedure.

The Lagrangian of a minimally coupled scalar field

The action of a homogeneous scalar field minimally coupled to the Kantowski-Sachs spacetime

metric is given by

1

S¢2

/ d'r /=g [-0,00"¢ — V(¢)] = 27T / dt o® [%2 — NV (9) (3.177)
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For brevity we rescale the scalar field and the potential to absorb a factor of 87. We then

get

(]'52
N NV (¢)

Za?

_ 1a® 1
6= (3.178)

Note that the homogeneous scalar field ¢ couples only to the scale factor a and not to the
sheer factor s of the Kantowski-Sachs spacetime. Furthermore, note that the coupling of the
scalar field does not break the rescaling symmetry of z. The case of a non-vanishing potential

is rather complicated and no exact solutions are known up to my knowledge.

Massless scalar field

We now restrict our attention to the case of a massless scalar field, that is, we set V(¢) = 0.
The corresponding solution was first derived in [115]. The same authors also studied a
conformally coupled field in [116]. We choose here a different way for deriving the solution
and make use of the fact that the dynamics of the Kantowski-Sachs universe with a minimally
coupled massless scalar field are mathematically equivalent to the dynamics of a classical
Friedmann universe with two minimally coupled massless scalar fields. Therefore both the
classical as well as the Quantum Cosmology of these models appear to be most easily handled
by using the bared variables @ and ¢ introduced in section 3.2.1. The full Lagrangian of the

system then takes the simple form

e307

L—I{
N

(—&2 + 4 ¢52> + Nea} . (3.179)

Since both ¢ and ¢ are cyclic variables we get

2657 - 2Te .
]; ¢ = const. =: R and Ke[ ¢ = const. =: K . (3.180)

We restrict our attention to the case k # 0. This now yields that R = /1(5 and integration
gives

Ko — K¢ = const. =: kO . (3.181)

Since ¢ is either strictly increasing or decreasing we can use the scalar field as a time variable.

The Hamiltonian constraint equation reads

P —¢?— PP+ N%e 2 =0 . (3.182)
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We can now eliminate ¢ from the equation and obtain

dé _ " i (3.183)
da VK2 + R2 nj}g{? _ oda ' '

An integration then gives

¢(@) =

2 =2
VIR ) +Cy . (3.184)

K
+ m arcosh < W

Finally we obtain a paramtrization of the configuration space trajectory in terms of the scalar

field:

Y

e tafoyy = R (2_¢T _C>
p(a(9) = = —[o- 155

36)=Z9- .

By switching to the scale and shape variables we obtain

a(6) = 3/524‘;{2 s (2—V’i+“2 6 — cg]) exp (g Egb - 01]) , (3.186)

s(¢) = 2z cosh (Lﬁ [ — Og]) exp (—4 Egb — Cl]> : (3.187)

The limits are given by
2
s(0) ~ o (2 [V 2 2e] o)

) (3.188)
a(p) ~ exp (—3— [\//%2 == Fo] |¢|> as ¢ — £oo .

K
We now restrict attention to the case & > 0. Then s goes to zero if || < v/3|&| and it blows
up if || > V/3|R| as ¢ — oo. In the limiting case |x| = v/3|R| it approaches a constant value.

In all cases a goes to 0 when ¢ — —o0.

We now derive the time dependence of the variables z and b in order to compare the

solution with that of the vacuum case. By combing the equations (3.182) and (3.180) we get

2 =2
g o (KTt E o2&\ _
a‘— N (W — € ) =0 (3189)
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Amax ] Amax
) )
) =)
0 0 & 0 0 &
(a) |k < V3R] (b) |x| > V3|&|

Figure 3.12: Plots of a and s versus ¢. We choose k > 0 in both cases.

We now choose the gauge N = e®/2 corresponding to N = b. Integration then yields

) 2 L 22
e25(t) — “2—;“5111(1 [t —to]) . (3.190)

We choose the + sign and set ¢y = 0 in the following. Furthermore, we take ¢ € [0, 7]. The
scalar field strength is then

K

2V K2 + R?

We now choose ¢(m/4) = 0. After some calculation we finally obtain

o(t) — Pp(m/4) = In (tan(t/2)) . (3.191)

2(t) o [tan(t/2)]7F | (3.192)

/2 & 72
b(t) — ’§2—z+_“sin(t) [tan(t/2)]% . (3.193)
where K := \/ﬁiﬁ fulfills —1 < K < 1. Note that if we set the constant of motion x = 0,
identify b, = 2M = |k|/Z and replace t — t — t, + m/2 the above expressions coincide with
those obtained in the vacuum case. For the particular case K = 0 we have b(t) = % sin(t)

and z(t) = const.

What happens with the structure of the disklike singularity that was the bifurcation point

of the horizon in the vacuum case? This singularity is at ¢ = 7 if K > 0 and at ¢ = 0 otherwise.
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Let us consider the case k > 0. The limits as ¢ — 7 are then as follows:

z—0 forall K €(0,1], (3.194)

by, when K =1

0, when0O< K <1.

The energy-momentum tensor of the massless scalar field reads

{TMV} — ﬁ—

= Joppdiag (-1, 1, 1, 1) . (3.196)
a

Hence the energy density and pressure diverge as a — 0. Consequently both singularities
are physical. Note at this point that the massless scalar field mimics a stiff fluid, that is,
it satisfies the equation of state p = p. We can obtain an expression for the Weyl squared

scalar by plugging the solution {N(t), z(t),b(t)} into (3.104). This way we obtain

3T tan™*" (§) (4ZR* + VK> + R? [AZR cos(t) + (r* + R?) sin’ (¢) tan” (§)])

Cul/)\a —
2 (k2 + &2)? sin’(t)

Civre
(3.197)

For the vacuum case k = 0 and & > 0 we have that C,,\,C"* — 3Z(Z+k)/(2k)? ast — 7
(i.e. at the bifurcation point of the horizon). However for x > 0 and & > 0 we have that
ClroeC*? — —o0 as t — m. We conclude that the singularity at ¢ = 7 is a curvature

singularity:.

Let us at this point retain the following: the coupling of the massless scalar field changed
the structure of the disklike singularity. It is replaced by a physical singularity for which

both z and b approach zero.

Next we perform the coordinate transformation

2M
t—t:= ?siHQ(t/2) : (3.198)

where 2M := K/Z. In addition we absorb the prefactor of z into the r-coordinate. The metric

then assumes the interior Schwarschild like form

1 IM K £2
ds? = —— a2+ (2= —1) df*+ —— 402 1
s (%_1)}( +(Kt ) 7 +( , (3.199)

which reduces to the interior Schwarzschild metric in the vacuum case, that is, Kk = 0 and
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w 8
= =
b b,
‘ 0 ‘ ‘
00 /2 t m 0 /2 t m
(a) K =1, corresponding to the vacuum (b) 0 < K < 1, ie. |k| > 0. If we
case. The universe goes from a cigarlike switch on the scalar field the disklike
singularity to a disklike singularity. singularity is turned into a physical
singularity.

Figure 3.13: Plots of the t-dependence of z and b for different values of K.

K = 1. The ¢ dependence of the scalar field is

K 2M
t) =— In - —1
¢(t) 4/ K2 + K2 (Kt )
1 1 2M

We remark on the formal similarities with the corresponding spherically symmetric solution

(3.200)

with a massless scalar field. This is the so called Janis-Newman-Winicour-Wyman (JNWW)
solution [117, 118]. This solution has a naked singularity at its center and hence violates
the cosmic censorship hypothesis. It can formally be obtained from (3.199) and (3.200) by
switching 7 <> t. M = % will then become the ADM mass. In this sense one might formally
regard the solution of the Kantowski-Sachs universe with a minimally coupled massless scalar

field as the “interior” solution of a naked singularity.

Wheeler-DeWitt equation

The Hamiltonian of a scalar field coupled to the Kantowski-Sachs metric reads

N [e_3a

=7 |3 (—pi +p2 + §p§) + %5 (A — 2T 1V (9)) (3.201)

4
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Again, we restrict our attention to the simple case of a massless scalar field with V' = 0 and

A = 0. The DeWitt metric and the Ricci scalar are given by

4
dS? = 3Ze* (—da2 +do? + §d¢2) and R = %e?’a : (3.202)

The Wheeler-DeWitt equation reads

~ 1 0 0 0?30
HU = —— || +2f) == — 5 — -5 — 3TERS — 3T 7 | U =0 (3.203

6T Kaa * f) 9o 907 dog  SLERe ¢ (3:203)
where the factor ordering is partially left open as indicated by the presence of the parameters
f and . The Laplace-Beltrami factor ordering is obtained by setting f = 3/4 and £ = 0.
Setting & = 1/8 instead gives the conformal factor ordering. Note that if f < 0 the wave

equation is damped while for f > 0 it is driven. Now we define
e fou = (3.204)
The Wheeler-DeWitt equation HV = 0 then becomes

szt 55 13m % 372472 | W (o, 0, ¢) = 0 (3.205)

In this representation 9—25 — f2 can be interpreted as a mass squared term. If f? > % the mass
is imaginary and solutions to the Wheeler-DeWitt equation can develop tachyonic behavior.
We now fix the factor ordering to the conformal one. This makes f? and % cancel exactly.

If in addition we switch to the variables & and ¢ defined in section 3.2.1 we obtain

92 9 0
02 042 0>

— 4 7%% | W(a, ¢, ¢) = 0. (3.206)

The equation is now separable and we can perform the mode expansion
Vs (@, 6, 6) = Crn(@)e™ e (3.207)

which yields the equation

Cf (@) 4+ (R* + r* — 4 T%*) Cr (@) =0 . (3.208)
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This equation is solved by the modified Bessel functions

Crn(@) = L5 yrrppm (2Ze™) (3.209)

Es
2

Now note that for large a we can expand

20 Vexp (=2Ze*) 1., 22 - T /2 —a —3a
[:té\/m (21-6 ) = 2@ |:le exp (416 :F§ /12+/ﬁ?2> +e +O(€ ):| ,

(3.210)

while for small & we get

i T VR +r? N }
I i oo (2T6%) = : eTIVETERE L O (). 3.211
v (2267) T (1+ VR + K2) (<) (3.211)
We can now identify
. [ (1+3VRE2+k2) ey
4/ . 2 + =\ IR} ikD

1/1 (Oé, ¢7 (b) - Ii%m Ok,n<a)e € : (3212>

In order to obtain an exponentially decreasing wave function for & — oo we choose the
MacDonald function
7 [Crnl@) — Cu(@)]

Cral) = = Ky v (226 3.213
A0 = ik (32 1 ) v (22e™) (3.213)

For large & the expansion now reads

K, jrre (22e*) = 2\/% ) [e™+ 0] , (3.214)

while for small & we get

_ TsVRERR? . o ]
K%W (216204) ZQTF (—%‘/KJ2 + 52) el\/ma
TRy (3.215)
Tt (5 e ) L0

Note that our criterion for picking the MacDonald function is in principle the Hawking-Page
boundary condition which is not conformally invariant. Nevertheless we will later see that
only this choice leads to wave packets which are peaked over the full classical trajectory. This
is completely analogous to the case of a closed Friedmann model with one massless scalar
field as discussed in [10, 104].
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Wave packets are then formed via

\If(a,a,qb): /d/ﬁ/d/ﬁ A(R, k) Jm(a,a, ¢) where
(3.216)

and A(R, k) is some momentum distribution. We remark that the wave packet (3.216) might
be regarded as an integral transform A(%, k) — U(«, o, ¢) which is closely related to the so-
called Kontorovich-Lebedev transform. A similar solution to the Wheeler-DeWitt equations

was discussed by Misner in [17].

Construction of wave packets

We now show that by choosing A(k, k) to be peaked about certain values of & and k we
obtain wave packets that are peaked over a classical configuration space trajectory. This
works analogously to the case of a closed Friedmann universe with a minimally coupled
scalar field. We can therefore use [104] as a guideline.
The equation (3.208) for C; (@) has the form of a zero-energy Schrédinger equation with
a “potential”
Er (@) = R* + K* — 4 T (3.217)

If k2 4+ k2 is sufficiently large we can solve this equation in a WKB approximation. The

turning point of the potential is given by Ej .(az.) = 0, i.e. qr, = }Lln E1r  The WKB

[ wiw

= 2 2 — —
<—V“2+“arcosh AL ) SVE? 4+ K2 — 472t — %)

2Te2a

solution for & < az , reads

Q

Crin(@) = [Eg (@) * COS(

(3.218)

COs

(/{/2 + K2 — 4_’[26454)%

The WKB solution of course corresponds, up to a constant prefactor, to the expansion of the
exact solution Cf (@) if one neglects terms off the order less or equal to e 2@ For a > g
the corresponding WKB solution is exponentially decreasing. We can also read of the van
Vleck factor:

~ 1

D (@) o VEZ + K2 — 4728

In order to calculate the explicit form of a wave packet we choose A(E, k) as a symmetric

(3.219)
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Gaussian function with center (k, k) and width Ak:

A(R, k) = Wik exp <— 7= k]ngi — ] ) . (3.220)

Furthermore, we choose it to be sharply peaked around the center, i.e. Ak < 1. The
integration can then be performed in an approximate manner by replacing all terms that
vary slowly with x or & with their values at & = k and & = k, respectively. In this way the

wave packet can be approximated as

¥(0.6.0) = dpla) [ s [ aresp <_ F- R i )

/2 2 VE2 + k2 1 _ (=7
X COoS (KTHarcosh <—+> — 5\/,,%2 4 K2 — 47240 — %) eﬂ(nww) 7

27T 2
(3.221)
where
1 e~ T VIR
di (@) = . 3.222
Ex(2) 2 /T Ak (/;2 k2 — 41'2e4°7)% ( )
Since
V2 + k2 1 _
VR2 + Kk? arcosh (T—;) > 5\//%2 + k2 — 472%e40 (3.223)
e (6%

the second term in the cosine corresponds to a much lower frequency. Therefore it is also
reasonable to replace k and & by k and k here. In addition we expand the square root in

front of the arcosh around the center of the Gaussian and approximate the term by

. k(R — k) + k(s — k
VET Vs ME H )| (3.224)

The integral in (3.221) may now be evaluated by employing the calculus of Gaussian integrals.
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The real part of the resulting wave packet is given by

where

2T 20

= V2 + k2 = -
VE2 + k2arcosh <—+> V24 k2 — 41'264a] - %) .

_ - 1

fki’k(o?, b, P) = cos (k:gb + k¢ + 5
(3.226)

This represents a sum of two modulated Gaussians of width Ak~ whose centers follow the

classical configuration space trajectory (3.185).

The validity of the WKB solution breaks down near the turning point & = &y .. Therefore
a separate discussion is appropriate for this region. Consider again equation [3.208] in the

linear approximation in & — @z, around the turning point:
Ern(@) =4 (R + k%) (@ — Grp) - (3.227)
The solution of equation (3.208) that matches the WKB solution is given by
Cran(@) ~ (R + ) A (VAR + w2) 0~ ans]) (3.228)
where Ai is the Airy function which for small arguments can be written as

(4[5 + )AL (VAR + ) [0 — )
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R2+K2
k2+k2

relevant. We then obtain the form of the wave packet in the close vicinity of the turning

As in the limit & — ag, the difference ag, — & goes to }lln ( ) only the first term is

point: ,
Re F(a, &, 9) ~ cos (6 + ko) exp (_AT’“ 1 + qﬂ) (3.230)

There is no noticeable spreading of the wave packet in the region of the classical turning
point.

To conclude: We have recovered the classical behavior from the quantum model in the
sense that wave packets are peaked about classical trajectories. There is, however, a caveat:
The computations in this section are to be taken with a grain of salt. By employing the
approximation (3.224) we neglected the spreading of the wave packet. Since close to the
singular regions in minisuperspace the Wheeler-DeWitt equation becomes the classical wave
equation in 2+1 dimensions, the wave packet will spread. We can conclude that the wave
packet becomes “maximally sharp” during the bounce from the potential wall. This can be
seen in the plot in fig. 3.14. When approaching the singularity the situation is the same as
for the vacuum Bianchi I model. The singularity is therefore avoided by all three criteria.

The plot 3.14 confirms the qualitative features we just discussed in this section.
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Figure 3.14: Plot of a the equipotential surfaces of a rescaled wave packet ¥ obtained from
numerical evaluation of (3.216). The black line is the corresponding classical trajectory. The
plot was obtained analogously to the one shown in fig. 3.4.

3.3 Bianchi II

We study the Bianchi II model in preparation for the study of the more complicated Bianchi
IX. Misner [42] showed that during the bounces from the potential the Mixmaster universe
can be well approximated by a Bianchi II model. Our attention shall be restricted to the
vacuum case. The isometry group of the universe can be identified as the Heisenberg group.

A basis on T*Y is given by
ol=de, o*=dy, o*=dz—ady. (3.231)

Let us now perform the diagonal/off-diagonal decomposition. We construct the diagonalizing

. 1 2 3 .
matrix S = e F1ef""2¢9°%3 by choosing

0 00 —1 0 10
ki=|l 001 ]|, wa=|00 o0 and k3= -1 0 0 [ . (3232
00 0 0 00

Note that k; and ko are generators of inner automorphisms, while k3 generates a particular

outer automorphism. This yields that {p;/} = diag(1,1,0). The algebra of the generators
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reads

[K’q, K)g] = O 5 [K',l, I‘c',g] = Ko , [K,Q, K)g] = —K1 . (3233)

Following the description in section 2.1.3 we obtain the “angular velocities” and the “moment

of inertia tensor”

w! = cos (93) 6" — sin (03) 6>, w?=sin (93) 0" + cos (93) 6>, WP=6,

(3.234)
{I;;} = diag (11, I, I3) = —d1ag < (”B*“\/gﬁ*,e_(’ﬂ*_%@ﬁ*,élsinh2 <2\/§5_>) .
The momenta p; conjugate to the 6 are given by
e3a
P = N [II COS (63) wh 4 Lsin (03) wﬂ = COS (93) f{ 4+ sin (93) ly
3a
Py = % [—Il sin (03) w! + I, cos (93) wﬂ = —sin (03) {1 + cos (03) ly (3.235)
e3a 5
b3 = Wf:sw =3,

where the angular momentum variables ¢; = ;, I;;w’ are found to obey the Poisson bracket
algebra

{gl,gg} =0 s {61,63} = —62 and {Eg,gg} = 61 . (3236)

This is in accordance with the results from section 2.1.3. The three dimensional Ricci scalar

obtained from (2.61) is given by
3) L 90 88
R = —ge e . (3.237)

The constraints now take the form

e3a

£2 €2 62 e—6a
= [ —p? 2_Z _ BR
Ho 5 ( pa+p++p +[1+I2+[3 G ) ,

H, = cos (93) {y — sin (93) ly, Ho =sin (493) {1 + cos (93) ly .

(3.238)

The third momentum constraint is trivially satisfied, that is, H3 = 0. The two momentum
constraints effectively account to ¢; ~ 0 and ¢, ~ 0. This is expected since /;/, are the
phase space generators of inner automorphisms. Furthermore, we find that the three Poisson
brackets {l3,H,}, where pr =0, 1,2, all vanish. Accordingly /3 is a constant of motion. This

is expected as well since /3 is the generator of an outer automorphism by construction.
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Classical and Quantum Cosmology

We will focus on the diagonal vacuum case from now on.

Diagonal case

Our main aim in this section is to study the bounce from the curvature potential wall. For
that purpose we reduce to the diagonal case, that is, we fix the generalized angles 6 to be
zero. The momentum constraints are then trivially satisfied and the gravitational Lagrangian

becomes ' _ )
—a2 + ﬁi + B2 B Ne8(5a+ﬁ+)

= — (3.239)

L =

where we have performed a rescaling of the lapse N +— N = Neé3®, The curvature potential
thus presents an exponentially steep moving wall and we expect it to lead to a transition
between two Kasner type solutions. The problem of solving the equations of motion is now
equivalent to a relativistic scattering problem on a flat 1 + 2 dimensional background. In
order to expose an additional symmetry, we perform a Lorentz boost with velocity —% in

Bi-direction via the change of variables

2 1 2 1

Thus we obtain

L:T

~ (3.241)

_T2 + X2 + YQ B Eeél\/gx
2 24

The symmetries of the system are now exposed. Variation with respect to N gives the

Hamiltonian constraint i - Y
T+ X
2 24

(3.242)

where we have chosen the quasi-Gaussian gauge N=1 (N = e3). Since in the Lagrangian

both T" and Y are cyclic variables their conjugate momenta are constants of motion, i.e.
pr=—T =const. and py =Y = const. (3.243)

The Hamiltonian constraint gives a differential equation for the variable X:

: 1
X = :l:\/p% —p? - EeMX : (3.244)
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We choose the plus sign in the following. We see that we require p2 — p2- > 0 in order to
obtain real solutions. After solving the differential equation we obtain a family of trajectories

of the universe point parametrized by ¢

X(t) :% log <12[p?r —pyl [1 — tanh® (2\/m[t a td)D (3.245)

T(t) :—pT(t—t0>+CT R Y(t) :py(t—to)—f—CY y

where ty, C7,Cy € R are integration constants. The inverse Lorentz transformation back to

the Misner variables yields the solution

a(t) = —= <T(t) - %X(t)) , Be(t) = % (X(t) — %T(t)) . B_(t)=Y(t) . (3.246)

We now study the asymptotic limits when t — 4+o00. Without the loss of generality we
can set Cr = Cy = tg = 0. First, we have to take a closer look at the functional form of

X(t). An asymptotic expansion of the expression yields that

1

43

when || is large. In the following we choose pr > 0. This choice leads to a scale factor

X(t) = —\/p% — pi|t| + log (48[p7 — p3]) (3.247)

a = e® that decreases with ¢, i.e. the universe hits the singularity when ¢t — oo. In the limit

t — —oo the Misner variables can then be approximated by

at) = — /10?hin +p2,7in t—C
Bi(t) =piimt+C,  B-(t)=p-imt with (3.248)

2 2
bt — Dy pr
in — + 5 —,in —
D+, 3 2\/5 p Py

and C' = log (48[p% — p¥]) /12 is an irrelevant constant that can be absorbed into the

coordinates. In the limit ¢ — 400 we obtain

Oé(t) - = \/ pi,out + pz—,out t— C

Be(t) =promt +C,  B(t) =p_out +V3C with (3.249)
2 2
P — Dy pr
out — — + ) —out —
p+, t 3 2\/§ p ,out Py

2,2
Note that \/ Pi,in + piin — \/ D% out + P2 ous = 2 %. Therefore the momentum of the
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universe point in the (a, By, f_)-coordinates decreases when it is scattered from the potential

wall while moving towards the singularity.

With the help of some computer algebra, we can compute the Weyl squared scalar. The
expression is lengthy and we refer to appendix C.2. We find that

CoroeCH? — 00 ast — 0o, 3.250
o

independent of the values of pr, py and C'r. Hence the universe indeed encounters a curvature

singularity as t — oo.

Let us now turn to the corresponding quantum model. The Hamiltonian constraint is

given by

e3a

—6a
Ho =~ <—pi R (3)R) : (3.251)

The Wheeler-DeWitt equation in conformal ordering is given by

0? 0? 0? 1 8( Lt ~
_ _ —3(0484) | = 3.252

[6042 08,7 052 12 } (3:252)
where we performed a conformal transformation to switch to the representation that corresponds
to the gauge N = e3*. The DeWitt metric is flat in this representation. The Lorentz boost
(3.240) yields

o2 2 92 64\/5)(
- - ¥=0 3.253
o~ ox® oy 12 (3.253)
This equation is readily solved by the mode functions
+ + 62‘/3)( o T —iny Y .
DT DY (T) X7 Y) — cpTpr[il p%ip%/ 12 epT e PY Wlth
3V 5
(3.254)

2 2 : 2 2
+ o T [P — Dy 1 /P — Py
CpTva = exp (ZFZ T) r <1 + 5 T) .

For the same reason as in the Kantowski-Sachs case, we choose to construct wave packets

from the MacDonald function, that is, we consider wave packets of the form

UTXY) = [ dprdpy Alprpy)n (T.X,Y)
R
2vEx (3.255)
eipTTe—ipyy .

where . (T, X,Y) =K 5 (
TPy it 12

The amplitude A should be chosen such that its support lies in the region where p2 > p?.
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In the region of minisuperspace where X — —oo the asymptotics of the mode functions are

PT,PY PT,PY )

. e ; p%_p%/ (3.256)
where de,py:24 2 ERNN j:§ — |-

The asymptotic expansion allows us to identify an ingoing and outgoing part of the wave

Ypppy (T, X,Y) = 1 <d+ eI X - ein2T_p2YX> eP1T e iryY

packet ¥ = W, 4+ W, which we choose to write as

BT, X¥) % [ dprapy Bl )T VIR s

R? (3.257)
\Ilout (T7 X7 Y) ~ / dede e2ié(pT7PY)B<pT7 pY>eipTTeJri p%ip%XeiipYY )
R2

where the rescaled amplitude B(pr, py) and the phase shift (pr, py) are defined by

B(pr,py) :== %d;T py.A(pT,py)e_iV Pr = 1 los (48[ —pY])
| — (3.258)
e2i5(pT,pY) = d- /d+ ei P%—P%ﬁlog(%[p%—p%,]) ‘

pr.py ! Ypr.py
Since both the incoming and outgoing waves are Kasner like we expect a spreading of the
wave packets on both sides, that is, before and after the bounce from the curvature potential
wall. However, the ingoing and outgoing wave might not be peaked about their corresponding

classical trajectories due to the complicated behavior of the phase shift é(pr, py). For large
values of \/p2 — p?. we can approximate

4V3

/P2 13 —1/2
Q20T pY) oy o i |:]og<48[p%—p§/])+o([p%_p%/] )] , (3.259)
That is if B(pr, py ) has support only over large values of \/p% — p¥, the outgoing wave packet

can be approximated as

Vot (T, X, Y) ~ / dprdpy ¢ B(pr, py e etV (X mg sttt ] omy
R2 (3.260)
where ¢ € R varies only slowly in \/M when compared to the other functions. Consequent-
ly such wave packets are expected to be sharply peaked (apart from spreading) around the
classical trajectories whose asymptotics were given by (3.247). We conclude that wave packets

constructed with amplitudes B(pr, py) that have only support in the region where /p2 — p?.
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is large behave “more classically”.? It seems that the bounce from the potential will not have
a big effect on the spreading of wave packets in the sense that it neither enhances nor weakens
the spreading.

So far we have only considered the diagonal case. The quantization of the non-diagonal
Bianchi II model is particularly interesting because the model possesses inner and outer
automorphisms. Since it is not clear how to construct a factor ordering for this situation the

investigation is left for future research.

3.4 Bianchi IX

In view of the BKL conjecture the Bianchi types VIII and IX are certainly the most interesting
spatially homogeneous models. In this section we put focus on the latter. In particular by
assuming that the minisuperspace approximation has some informative value a quantum
avoidance of the singularity might be interpreted as a strong indication for the avoidance of
the general singularity in a full theory of Quantum Gravity.

The Bianchi IX model and the BKL conjecture have been subject to many studies.
Overviews can be found in the articles by Belinski [65] and the one by Heinzle and Uggla
[119].

Studies of the dynamics of the general Bianchi IX spacetime were first carried out by
BKL in the context of the BKL conjecture [66]. The dynamics of the diagonal Bianchi IX
model were independently studied by Misner [42, 43]. Misner intention, however, was the
search for a possible solution to the horizon problem via a process he called mixing. This
is how the diagonal Bianchi IX model received the synonymous name mixmaster universe.
It turned out later, however, that the mechanism suggested by Misner is not sufficient to
resolve the issue (see e.g. [64]). Ryan, who was a student of Misner, generalized the analysis
to the non-diagonal case [46, 47].

In contrast to the models we considered in the previous sections of this chapter the
approach to the singularity is in general not AVTD. This is because the curvature potential
plays a significant role in the vicinity of the singularity. Coupling a scalar field, however, can
change the situation both quantitatively and qualitatively: The approach to the singularity
becomes AVTD (see e.g. [64]). Similar results hold for spinor fields [120].

The general solution cannot be given in a closed form and apart from a few particular

solutions no exact solutions are known. A series of approximations (see e.g. [66]), however,

3Supposing that pr > 0, we infer from (3.248) and (3.249) that for p% > p} we have that p; jn & ?pT
and py out & —5zpr while p_in = p_out = py-
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gives a clear picture of the Bianchi IX dynamics in the regime close to the singularity:
The approach to the singularity is characterized by an infinite series of oscillations of the
directional scale factors. The same picture is obtained by applying heuristic considerations
as done by Misner [42] and Ryan [45-47]. Furthermore, these oscillations give rise to a
chaotic character of the solutions [121]. Moreover, it is known that under the assumption
of general energy condition a recollapse always occurs. In other words, the universe starts
from an initial singularity, expands and then recollapses into a second singularity. This was
proven by Lin and Wald in [59]. It is expected that in the approach towards the singularity
the Kretschmann scalar becomes unbounded. This was proven by [122] in the case of the

mixmaster model. A proof for the general model does not exist up to my knowledge.

Our analysis concerns the BKL scenario and our main interest lies in the asymptotic
behavior of the general solutions close to the singularity. We begin by examining the
diagonal case and discuss the more complicated non-diagonal case afterwards. We will restrict
ourselves to qualitative and heuristic considerations which will be supported by numerical

simulations.

3.4.1 Kinematics of the general Bianchi IX model

Spatial hypersurfaces in the spacetime are regarded as topological S?, which can be parametri-
zed by using the Euler angles {9, o, 7]1} € [0,7] x [0,27] x [0,7]. We write the Bianchi IX

metric in a synchronous frame:
ds? = —N?dt* + h;j0' ® o’ (3.261)
where the basis 1-forms are given by

o' = cos(¢)de + sin(¢) sin(¢)do
o? = sin(tp)deé — cos(¢)) sin(p)df (3.262)
o3 = cos(¢)df + d) .
The isometry group of the metric is SO(3,R). The structure coefficients C]Z:,c = €4 are in
the standard diagonal form with n® = n® = n® = 1. The group SAut(g) coincides with

the isometry group SO(3,R) and hence it is convenient to use the special orthogonal group

for the diagonalization of the spatial metric, i.e. we set

hij = OO0, hyy | (3.263)
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where {O;”} € SO(3). We choose here a slightly common but slightly different route for
the parametrization of O;/ than the one discussed in section 2.1.3. More precisely we choose
O = {07} = 090,40, (i=rows, j=columns) to be the so-called Euler matrix which is

parametrized by a set of Euler angles , that is

cos(vp) sin(y)) 0 1 0 0
Oy =1 —sin(y) cos(®) 0 | , Op=1 0 cos(¢) sin(e)
0 0 1 0 —sin(f) cos(¢) (3.264)
cos(f) sin(d) 0
Op = | —sin(f) cos(d) 0
0 0 1

The Euler angles 0, ¢ and ¢ describe nutation, precession and pure rotation of the principal

axes, respectively.

3.4.2 Hamiltonian formulation

In the following we shall be concerned with deriving the Hamiltonian formulation of the
general Bianchi IX model. In order to keep track of the momentum constraints we insert the

shift functions and replace the metric (3.261) by the more general ansatz
ds* = —=N?dt* + hy; (N'dt + 0') ® (N'dt + 07) , where hy; =€**0;'O;%by . (3.265)

The Hamiltonian formulation of the non-diagonal was first derived in a series of papers by
Ryan. The so called symmetric/non-tumbling case which is obtained by constraining ¢ and
¢ to be constant but keeping 6 dynamical was discussed in [46]. The general case is discussed

in [47]. We now write the Einstein-Hilbert action in the ADM form,

1

Sen = 15— ot Ao Ao? / dt NVh [(R*h" — h9nM) KKy, + PR] (3.266)
Y

where K;; = ﬁ <hw —2D;N. J)) is the second fundamental form and D; denotes the covariant
derivative in the non-coordinate basis. We will again set 2 [0 Ao® Ac® = 1 for simplicity.

The three dimensional Ricci curvature scalar )R can be read off from (2.61) and is given by
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4o

=7 (e—85+ — 4e7 2P+ cosh <2x/§ﬁ_> + 2¢eMP+ [cosh (4\/§B_) - 1})

(S)R eGa
12 '

% a, By, B
| ) (3.267)

We will also make use of the variables that BKL used in their original analysis [66]. They

chose the set of variables I'; to parametrize the diagonal metric
{hij} = diag (I, T, T3) - (3.268)
The relation to the Misner variables is as follows:

[y = 22+ 2V38- | [y = 2020 -2V30- Ty = 2040 (3.269)

Let us now turn to the computation of the momentum constraints. We proceed as in section

2.1.3 and define the anti-symmetric angular velocity tensor w’; via the matrix equation

0 wlg —w31
w={w}=| —wy 0 WX |:=0%0. (3.270)
w31 —w23 0

An explicit calculation of the right hand side shows that

w?s = cos(¥)¢ + sin(v) sin(¢)f (3.271)
Wy =sin()¢ — cos(v) sin(¢p)f (3.272)
wly =1 + cos(¢)d . (3.273)

The Lagrangian in the gauge N = 0 then takes the form

—a*+ B2+ 82 + 1) (w?3)” + I (w*1)* + I3 (w's)°

L= Ne*
‘ 2N?

+®R/N2| (3.274)

where the moments of inertia are given by

31, = sinh? (35+ - \/55,) . 31, = sinh? (35+ n \/55,) . 3l = sinh? (2\/§ﬁ,) .
(3.275)
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Note in particular that the term 3 |I; (W23)° + I (wB)? + I (W12>2] would identically corre-
spond to the rotational energy of a rigid body if the moments of inertia were constant. The

canonical momenta conjugate to the Euler angles are given by

3o

Do = % [Il sin(v) sin(¢)w?s — I cos(1)) sin(@)w?®; + I COS(¢)W12:|
3o

Py = GW [ 11 cos()w?s + Iy sin(h)w’ ] . (3.276)
3o

Dy = eW Izw's

As in section 2.1.3 it is now convenient to introduce the (non-canonical) angular momentum

like variables

e3cx e3a e3a

51 = W11w23 s EQ = ngw?’l s 53 = WIE}WIQ . (3277)

The relation to the canonical momenta can be given explicitly via the equations

mﬁmwmwaﬂmmmww+mw&,ff{ﬂgm—mwm+wwm
Py = cos()ly + sin()ly by = —ZTEEZ)) [Py — cos(@)py] + sin(¥)pg -
Dy =/l

(3.278)
It is readily shown that the variables ¢; obey the Poisson bracket algebra {(;,¢;} = —ijék,
with C’fj being the structure constants of Bianchi IX. By performing the usual Legendre

transform we obtain the Hamiltonian constraint

efBa

2

42 g? £2 6
M- Qﬁ+ﬁ+ﬁ+i+ﬁ+é—i@@. (3.279)

L Iy I3 6

From (3.266) we obtain that the momentum constraints (OL/ON* = 0) can be written as

H; = 207 hep™ (3.280)

where p¥ = % (h““hﬂ — hi hkl) Ky is the ADM momentum. From this expression we can

finally compute the momentum constraints in terms of the angular momentum like variables

and obtain

H; = O/ (3.281)
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that is we can as usual identify the momentum constraints with a basis of the generators of

SO(3,R). The full gravitational Hamiltonian now reads
H=NH+NH, . (3.282)

From the form of the diffeomorphism constraints we conclude that in the vacuum case ¢; = 0
and no rotation is possible, that is, we obtain the diagonal case. If we want to obtain a
rotating Bianchi IX universe we are consequently forced to add matter to the system. A
formalism for obtaining equations of motion for general Bianchi class A models filled with
fluid matter was developed by Ryan [44]. The equations of motion for all Bianchi models
coupled to ideal fluids can also be found in [31]. For simplicity we will only consider the case
of dust here. If we were interested in the study of the Quantum Cosmology of this model it
would be desirable to couple a fundamental matter field instead. Usual scalar fields alone,
however, cannot make Bianchi IX rotate. The easiest way, to my knowledge, is to couple a
Dirac field as it has been done by the authors of [123]. We remark that the symmetries of
the model do not allow for the coupling of electromagnetic fields as implied by the hairy ball
theorem. We will use the formalism developed by Kuchai and Brown in [125] to couple dust
and then reduce the symmetry in the matter sector of the model. Before doing so let us,

however, have a look at the vacuum model, that is, the mixmaster universe.

3.4.3 Mixmaster dynamics

In the Taub gauge N = ¢3>* the universe point behaves like a particle moving in a time
dependent trapping potential. As with the other Bianchi models it is therefore instructive
to visualize the curvature potential V= —%(3)1% to get some qualitative insights concerning
the dynamics. The plot can be found in figure 3.15.

By using the analogy of a relativistic particle it is possible to explain some of the
main features of the dynamics by considering the form of the potential V. It consists of
three exponentially steep potential walls which form three valleys. When approaching the
singularity (& — —o0) the walls move away from the origin f, = 0 = (_, which allows
the universe to become more and more anisotropic. The universe point can enter any of the
three valleys of the potential. Thereby it oscillates between the potential walls that form
the valley.* In the asymptotic regime close to the singularity the walls become effectively

hard walls. Thus during the time between two successive bounces the potential is negligible

4This is true except for the special case when the universe point goes perfectly straight into one of the
valleys. This solution is known to be the Taub-NUT solution [45], which is a particular solution that can be
given in closed form.
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ﬁ//

Figure 3.15: Logarithmic contour plot of the mixmaster potential )7(&, By, B-) for fixed a.
When a becomes smaller the potential walls move away from the origin with speed 1/2 (when
a is viewed as time and [y as positions). The potential is form invariant under rotations in
the S+ plane by angles that are integer multiples of 27/3. The potential assumes negative
values in a region around the origin f, = 0 = [_. This is essential for the existence of a
rebounce.

and the dynamics can be well approximated by those of the Kasner model. The period
between two successive bounces is thus called a Kasner epoch. The period between entering
and exiting a valley is called a Kasner era. The approach towards the singularity consists of
an infinite sequence of Kasner eras which themselves consist of a finite sequence of Kasner
epochs. Note also that the potential Vis negative in a region around the origin S, =0 = [§_.
This essentially allows for the recollapse of the Bianchi IX model.

Furthermore, we remark that in the vacuum case the Lagrangian (3.274) transforms as

L — ¢2L under the rescaling
a— a+log(c), and N — N (3.283)

for all constants ¢ > 0. This means that the equations of motions are unaffected by the
transformation. Consequently (3.283) maps solutions into solutions. The transformation

(3.283) is equivalent to the transformation

o — a+log(c), and t—c't. (3.284)

Numerical analysis

Numerical simulations of the Bianchi IX dynamics were already carried out in the late 1980’s
and early 1990’s (see e.g. [127, 128]). Recall that the evolution of Bianchi IX towards the

singularity is characterized by an infinite number of bounces from the potential wall. The
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universe then hits the singularity in a finite comoving time. In order to resolve the bounces

in the temporal evolution it is practical to work in the quasi-Gaussian gauge N = e3*. In
this time gauge the singularities lie at ¢t = 4 inf.
In terms of the variables I'; as defined by (3.269) the constraint reads
0=—(ogl) (logly) — (logI's) (log'y)” — (logI'y) (log ')’ (3.285)

+ T2 4+T5 + T3 — 20Ty + T3y + Tols)

while the equations of motion are given by

(logT3)" = ('} —=Iy)* = T3 .
(3.286)

With given initial conditions (obeying the constraint H = 0) the system can now be integrated

(logTy) = (Te—T3)* =I5, (logly) = (I3 —T1)*—T3,

by using a suitable shooting method, e.g. Runge-Kutta. In this work we employ the
MATLAB R2016b solver odel13 [126]. This code is an implementation of a linear multistep
method, the so called Adams-Bashforth-Moulton method. It turned out to lead to better
results when compared with the other MATLAB solvers. The relative error tolerance of the
solver was chosen of the order 1074, A numerical vacuum solution obtained by the method

is plotted in the figures 3.16.
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Figure 3.16: Numerical solution of the mixmaster model. The plots show a typical Kasner
era where the solution bounces around in one of the potential valleys. The black dotted lines
in the left figure represent the potential valleys.

A major problem in numerical relativity is that the Hamiltonian constraint is usually not
preserved exactly by the numerical procedure. Similar to [127, 128] we find that the error

in the Hamiltonian constraint varies most significantly right after starting the simulation.



148 CHAPTER 3. MODELS

Furthermore, it varies very strongly when the evolution of the universe is close to the point of
maximal expansion. While approaching the singularity the error settles down and approaches
an approximately constant value. Therefore we minimize the error when we choose the
initial conditions such that we start the simulations further away from the point of maximal
expansion. Moreover, it turned out that the error can be further reduced when we constrain
the solvers maximally allowed time step size from above. This size should, however, not be
too small since this can drive the propagation of round off errors. By manually fine tuning
the initial conditions and the maximally allowed time step size it was possible to get the order
of the error as low as 107'8. In most of the simulations, however, the error was smaller than
of the order of 107!, which turned out to be sufficient for short time simulations. Another

check is obtained by plotting the value of the expression

2 2
= () s () 27

This is nothing but the velocity of the universe point in the g-plane as measured in a-time.

Since in the asymptotic regime close to the singularity the hard wall approximation becomes
valid we expect the universe point to spend much time close to the Kasner circle K°, that is,
the set in momentum space where |p,|~14/p% + p> = 1. If this ceases to be true it indicates
a breakdown of the validity of the numerical method due to an increasing relevance of the

error in the Hamiltonian constraint when approaching the singularity.
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Figure 3.17: Plot of the error in the Hamiltonian constraint and the velocity in the S-plane
corresponding to Figure 3.16.
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3.4.4 Wheeler-DeWitt equation of the mixmaster universe

We include some heuristic considerations regarding the solutions to the conformally covariant
Wheeler-DeWitt equation of the vacuum mixmaster model. The Bianchi IX model is also
suitable for checking the factor ordering proposals. Some other aspect of the Wheeler-DeWitt
Quantum Cosmology have been studied before [43, 124].

We start from the Hamiltonian constraint (3.279) and implement the momentum constraints

(3.281). This yields the Hamiltonian constraint of the mixmaster universe

e

3a 6
- (—p§+pi+4ﬁ-%;ﬁﬁ) | (3.288)

2

Implementing the momentum constraints (3.281) reduced the dimension of minisuperspace

effectively to d = 3. We now quantize the system using the conformal ordering to obtain

[ o 0? 0?

- - WU =0. 3.289
ga? 95,7 05,7 ] (3.289)

Note that we already switched to the Wheeler-DeWitt equation in the representation that
corresponds to the Taub gauge N = e3* by performing a conformal transformation with
Q) = e3/4,

I conjecture on the avoidance of the BKL singularity by spreading of the wave packet
accompanied by a decay of its amplitude. This conjecture is can be rooted on the BKL
scenario: Classical solutions are made up of an infinite sequence of Kasner eras which
themselves consist of epochs. Our considerations on the Quantum Kasner solution in the
previous section show that wave packets spread during Kasner epochs. During bounces from
one epoch into another the solutions effectively behave like solutions to Bianchi II which we
discussed in section 3.3. In a particular bounces from the Bianchi II potential wall did not
seem to have a noticeable effect on the spreading. The author of [130] employed numerical
techniques to solve the Wheeler-DeWitt equation by using a hard wall approximation. His
findings support our conjecture on the spreading of wave packets. It might, however, be
desirable to make this statement mathematically more precise. A possible way to do this is
the application of decay rate estimates for the classical wave equation with a time dependent
trapping potential. Up to my knowledge there are so far no results which are directly
applicable to the situation in question.

Let us now turn to a discussion of the factor ordering. The Wheeler-DeWitt equation
(3.289) of the vacuum mixmaster universe was obtained by first implementing the momemen-

tum constraints and a subsequent quantization of the 3-dimensional reduced system. In view
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of the full theory, however, it might be desirable to first quantize the full system and then
implement the momentum constraints at the quantum level. One might expect that after a
successful quantization it should somehow be possible to relate the resulting Wheeler-DeWitt
equation back to the one of the mixmaster universe (3.289). We illustrate that this is not

the case if we employ the naive conformal factor ordering.

We transform the momentum constraints H; — H; = (O=hHJ H; = {;. For brevity we
skip the bar from here on and simply write H; = ¢;. The Poisson bracket algebra of the
constraints is then given by

3a k éj n
{Ho Hi} =267 CELl, = ChH,
J

1) .
e (3.290)

{Hi H;} = —Cljle = CiHy, -

Consequently the non-vanishing components of the structure function of the constraint

algebra read
/.
Coy =2 Cji7t . and Cf=—C. (3.201)
j J

Note that A; = 0. The minisuperspace is M = R?® x SO(3,R) and it is equipped with the
conformal DeWitt metric [dS?]. As was already pointed out by Misner [42] a representation

of the conformal DeWitt metric is given by

3
dS? = —da® +dB? +dp% + ) L(B') (3.292)

=1

where

B' = sin(¢) sin(¢)dd + cos(v)d¢
B? = — cos(v)) sin(¢)df + sin(¢))de (3.293)
B? = cos(¢)df + d .

Note that in this representation the DeWitt metric is singular on the three lines in the

(B4, B_)-plane where _ = 0, f_ = ++/35,. The Ricci scalar is given by R = —90 and the

volume element reads

*1 =/ L I3sin(p)da AdBy AdB_ AdOAdep Ady . (3.294)
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We shall define angular momentum operators via

by = St lio — cos(0)pu] + cos(u)
0y = :;EZ)) (Do — cos(®)py] + sin(w)ps * (3.295)
U3 = Py

where py = —i0y etc.

We now quantize the system. We make first use of the naive conformal factor ordering
H = —3(0—¢&R) + V. Since the dimension of the minisuperspace is d = 6 the wave
function carries the conformal weight w(¥) = —2. This is different from the case where we
first implemented the momentum constraints and then quantized the resulting 3 dimensional
1

system. In that case the conformal weight of the wave function was w(¥) = —3.

We obtain the Wheeler-DeWitt equation

H\IJ Y _80./2 + 8/8+2 + aﬂ_Q ]1 ]2 ]3
10log (I 1215) O 10log (1 1213) O |~
T2 es, a5, 2 op  op ]

1[ 2 o o - B -
(3.296)

We already wrote the Wheeler-DeWitt equation in the representation that corresponds to

the Taub gauge. Note that the factor ordering generated friction terms of the form

310g (11]2]3) 0 8log (]1]2]3) 0 ~
AB _
0, (\/1112130 )anp 5 ( et ar e )Y (G297

In addition to the Wheeler-DeWitt equation we have quantum diffeomorphism constraints.

According to the discussion in section 2.2.7, we implement them as

~ ~

WU =00 =0. (3.298)

It is readily shown that they satisfy the commutation relations [H;, 7-1]](1} = 16'57:@{1} Further-

more,

(1, H;] = 2% Z ck ]J Uk (3.299)

Hence the quantum system of equations is Dirac consistent. Since in this gauge the Wheeler-

DeWitt equation still contains friction terms we perform a conformal transformation with

O = 1,15 , i.e. we transform U — U := Q2U. The Wheeler-DeWitt equation then
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becomes
92 02 o2 S B NS
——————— V4+90§-UIT=0. 3.300
80&2 + 85+2 + 8/6_2 Il IQ ]3 + 5 ( )
where Y = 12 — 1_11 — % — % If we now implement the constraints 0;¥ = 0 we do not

obtain the Wheeler-DeWitt equation (3.289) that we got by implementing the momentum
constraints before quantization. This is because of the presence of the additional potential
term U. The presence of this term spoils the Kasner like behavior in between two successive
bounces. In this sense we interpret its presence as a failure of the naive conformal ordering.
If we use the modified ordering defined by (2.216), the above mentioned problem is absent.
The reduced Wheeler-DeWitt equation is then given by

1[ 02 0? 0?

ﬁv(r)N
U = — —_ _
Tto 2 00 05,2 0B,

S 20U =0, (3.301)

which coincides with (3.288). The constraint algebra obeys the same relations as in the case

of the naive ordering. The undesired potential terms, however, are absent.

3.4.5 The dust filled Bianchi IX spacetime

We now add pressure less matter to the system. This is rather straightforward when
considering comoving dust. In order to make the Bianchi IX universe rotate, however, we
require the dust velocities to have non-vanishing spatial components. In order to obtain
equations of motion for this system we use the formalism developed by Ryan (to be found
in [44, 46, 47] and for other Bianchi models in [31]). This formalism, however, has the
disadvantage that it is not quite canonical. It is therefore not suitable for quantization

without employing additional approximations.

The energy momentum tensor for dust reads 7),, = p wu,u,, where p is the rest mass
density of the dust field. As it is well known, the local energy conservation V, 7" = 0
leads to a geodesic equation for the positions of the dust particles. Let us start therefore by
considering the geodesic equation for a single dust particle, whose four-velocity we express

in the non-coordinate frame via the Pfaffian form

u = updt + w0t with (u,u) = —1. (3.302)
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We partially fixed the gauge by setting N* = 0. The normalization condition implies

Uy = —N\/ 14 h"juiuj . (3303)

We chose the minus sign because it ensures that the dust time 7" runs in the same direction as
the coordinate time ¢. The geodesic equation for the spatial components of the four velocity

can then be written as
u®(Opu;) — C’fjukuj =0. (3.304)

The geodesic equation implies the existence of an additional constant of motion. To see

this explicitly we compute the expression > wu;u; under the employment of the geodesic
i=1,2,3
equation and convince ourselves that it vanishes identically. Thus the euclidean sum

C? = (uy)? + (u2)? + (u3)? (3.305)

is a constant of motion and we are left with 2 degrees of freedom. When we now define

—

@ = (u1, us, uz)? the geodesic equation (3.304) can be re-written in the vector notation

o Ne=2 [ii x (Ob~0)]
u =
! V1 + e 22qT0b-10T4

, (3.306)

where “x” denotes the usual cross product on three dimensional euclidean space. It is now
convenient to define ¥ := OT4@/C. This vector is normalized in the sense that (vy)? + (v9)? +

(v3)? = 1 and the geodesic equation simplifies to®

NCe 2 [7 x (b))
V14 C2e—20¢Th-15

O +w)T = (3.307)

eda I Ix? I3

therefore be possible to eliminate w from the geodesic equation by using the diffeomorphism

A T
Note that we can also write wi = ' x @ where & = {w'} = 2% (K—l £ Ki) o It will

constraints. We now couple the dust to the system by using the Kuchat and Brown formalism

[125]. The full Hamiltonian of the Bianchi IX universe coupled to dust reads

H=N(H+H™)+ N (Hz + Hl(m)> ,  where
(3.308)

H = \/ ph+ hOHVHT and M = —pru

®Note that our result here differs from Ryan’s by a factor 1/2.
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The Hamiltonian constraint and diffeomorphism constraints read

H+H(m)_e_3a ORI 2+ﬁ+_%+§_ecl(3)R+Qe3a /1 4+ hidwu;
I R e P A ARG b o

Hi + Hl(m) = Oij (gj — CpTUj) .

(3.309)
The parameter pr > 0 is the momentum conjugate to the dust proper time 7. Since the
Hamiltonian does not explicitly depend on 7' the momentum pr is a constant of motion.

Moreover, pr controls the dust density which is given by

—3a
p=—2L° (3.310)

The formalism we derived is not quite canonical in the sense that it must be supplemented
with the geodesic equation for the dust particles (3.304). The fact that ¢2 + 3+ (3 commutes
with H implies that 2 + (3 + (2 = (Cpr)? is a conserved quantity. This is consistent with the
fact that (u;)*+ (ug)?+ (uz)? = C? which itself now follows from the canonical description. In
addition to the curvature potential —‘f—;(S)R we have two additional “potentials”. The term
e30‘pT\/W can be interpreted as three rotational potential walls. These potentials
are rather unimportant close to the singularity since they move away from the origin S+ =0
with speed 1. The term % + % + % can be interpreted as three centrifugal potential walls.
Asymptotically these walls are expected to become static. In general, however, all potential
walls are dynamical and change in a complicated manner dictated by the motion of the dust
particles. The centrifugal walls prevent the universe point from penetrating certain regions
of the configuration space (see figure 3.18). Ryan [46, 47] employed these facts to obtain

approximate solutions in a diagrammatic form.

For numerical purposes it is convenient to write the equations of motion using the variables
I';. Furthermore, we shall pick the gauges N = e3* = /T T'sI'3s and N? = 0. The Hamiltonian

constraint then becomes

— (logI'1) (logI's)" — (log I'z) (log I')” — (log I'y ) (log I'3)’
+ T3+ 15+ T35 —2(I'1 Ty + [0y + Dol) (3.311)
o2 op

+ 24 ]— -+ ]_2 + [_ —+ 2|pT‘\/F1F2F3 + C2 <F2F3U% + Flrg’l}% + FIFQU:%) = 0
1 2 3

where the moments of inertia are

(I's —Ty)? (I'y —T5)? (I'y —Ty)?
! 1250, = 2 12r, 0, = 0 121, T, ( )
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(a) General case. (b) Non-tumbling case

Figure 3.18: When rotating dust is coupled the potential becomes modified. The dashed red
lines represent the singular centrifugal walls which might appear and disappear during the
temporal evolution. The dotted blue lines represent the exponentially steep rotation walls
which move outwards with speed 1 when approaching the singularity. These walls might
open and close again during the temporal evolution of the universe. The rotation walls are
rather unimportant in the study of the dynamics towards the singularity since they cannot
be reached by the universe point. They are only relevant for the dynamics in the vicinity of
the rebounce.

The diffeomorphism constraints read ¢; = prCv; and can be used to eliminate the angular
momentum variables from the equations of motion. The equations of motion can then be

written as

[ 03Ty +T3)v2 Ty + Do)
(logrl).. :(FQ—Fg)Q—F%+2p¥CQ{ 1 3( 1+ 3)1}2 1 2( 1+ 2)1}3]

(I'y —I3)? (Iy —Iy)?
pr(T1Dols + 2C%07T, )
VI1laly + C2 (Dal's0? + Ty Tav2 + T Th02)
[ Dy(Ty + To)v3  Tol'3(Ty + T'3)v?
Iy —I)? ([y —1T'5)? }
pip(T1T09T'3 4 2C%03T 1 T'3)
V/I1ilals + C2 (Dol'30? + Ty Tav2 + Ty Tyv2)
[105(Ty 4+ Ta)vs  Tsla(T3 + Ty)v?
(I's = I'1)? (I's = I'z)? }
(T T2l + 2C203T Ty)
VTl + C2 (Tol30? + T Tgvd + Ty To02)

(logTy) =(T'3 — I'y)? — T2 + 2p2C? {
(3.313)

(log Fg) :(Fl — F2)2 — Fg + 2p//12102 |:

where we have introduced p/. := 12py for brevity. We use the diffeomorphism constraints to
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eliminate & from the geodesic equation (3.307). This yields

NC eab—l 1 1 1
O = — ¥ % — dia T, T v . 3.314
T eda (L/l T CPe Bgth iy e ([1 Iy [3)} ) 331

If expressed in the gauge N = e3“ it can conveniently be written as

¥ =C¥x (M?) where M € R>® is given by
dlag (FQFg, F1F3, Fle)

M=
VI1TaTs + C2 (Tol30} + T T503 + I Do) (3.315)
. oI I3 'y
+ pldiag ( , , ) ]
! [Ty — T3)*" [0 — T'y)*" Iy — To)?

Together with the constraint v? +v3 +v2 = 1 this is all we need for the numerical integration.
Note that we have eliminated all dependence on the Euler angles and their momenta from
the equations of motion (3.313,3.315). After giving arbitrary initial conditions the time

dependence of the Euler angles can be obtained by integrating the equations

0 sin(v)/ sin(¢) —cos(¢)/sin(¢) 0 v/l
o | =prC cos(1)) sin(1)) 0 v/l | . (3.316)
o —cos(¥) sin(1p)/sin(¢)  cos®(¢)/sin(¢) 1 vs/ I3

The time evolution of the dust time T is obtained by integrating the equation

T = esa\/ 1 + Uiui = \/F1F2F3 —+ C2 (FQFgU% —+ Fngvg -+ F1F2U§) . (3317)

The lifetime of the universe in terms of the dust proper time is expected to be finite.

Non-tumbling case

Before a further discussion of the general case let us have a short glance at the more simple
non-tumbling case. This case is obtained if we choose for example the initial conditions
v;1 = 0 = vg and v3 = 1. The geodesic equation (3.315) implies now that the velocities
stay constant in time. This implies ¢; = 0 = {5 and {3 = py = prC. Furthermore, we set
0 = /2, ¢ = 0 initially. With this choice only 1 stays dynamical. The potential contains
now in addition to the curvature induced potential only one exponentially steep rotation wall
and one centrifugal wall. The centrifugal wall is singular and hence prevents the universe
point from crossing the line f_ = 0. The rotation wall becomes irrelevant in the approach

towards the singularity. The time dependence of the remaining Euler angle () is obtained
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Py
e

changes significantly during bounces from the centrifugal wall. The calculations of Belinskii,

by integrating the equation ¢ = From this expression it is clear that the angle only
Khalatnikov and Ryan [132], furthermore, suggest that the Euler angles assume constant
values while the universe approaches the singularity. We shall check this claim using the

numerical methods. Plots are shown on the next page in Figure 3.19.
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Figure 3.19: Plots of a numerical solution of equations 3.313 for the non tumbling case
(v3 =1, v = 0 = vy). All plots belong to the same solution (pr = 1/2, p, = 100). We
chose the initial conditions such that we obtain bounces between the curvature wall and the
centrifugal wall. The Euler angle ¢ changes significantly only during bounces of the universe
point from the centrifugal wall. Furthermore, it appears to assume a constant value as t
grows.

General case

The potential for the general case is depicted in figure 3.18. In contrast to the non-tumbling

case the centrifugal walls are not static and change in a complicated manner dictated by the
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geodesic equation (3.315). Note that the centrifugal walls can in principle be crossed by the
universe point. This is clear since we can set up the initial conditions such that we obtain
this case. We can integrate the equations of motion together with the geodesic equation to
obtain a numerical solution to the system. We set up initial conditions at ¢t = 0. From here
we evolve the solution backwards (figure 3.20) in time towards the rebounce and forwards in
time towards the final singularity (figure 3.21). We remark that the validity of the numerical
method broke down at some time ¢ ~ 1.8 x 10°. This was indicated by the fact that the
expression in (3.287) stopped to be close to unity during Kasner epochs. We view this as a
sign that the numerical method we employ is too naive to deal with the problem in its full
complexity. For the regime we are interested in, however, the method seems to be sufficient.
We provide plots of the two ratios I'y/T';, I'3/T'y and the velocities ¥ in order to provide a
check of the approximation we will perform later on. In addition we plotted the dust time
T in figure 3.20. The plot indicates that the dust time assumes constant values as t — 400
and changes most significantly close to the rebounce as expected.

The simulation plotted in Fig. 3.20 and 3.21 were performed for the tumbling case, that

is, the v; are all chosen to be non-zero initially.

—
—

U3

Figure 3.20: The plots show a numerical solution of the dust filled Bianchi IX universe. We
chose to plot the solution against the dust proper time which allows to resolve the oscillations
close to the rebounce.

Special classes of solutions

Before a discussion of the asymptotic regime close to the singularity, we comment on particular
classes of solutions: One class of solutions is obtained if we choose, for example, the initial

conditions v; = 0 = vy and v3 = 1. The geodesic equation (3.315) implies now that the
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velocities stay constant in time. This implies that at all times ¢; = 0 = {5 and {3 = py, = prC.
This class of solutions is known as the non-tumbling case. Furthermore, there are classes of
solutions which are rotating versions of the Taub solution. These solutions should be divided
into two sub classes: one class that oscillates between the centrifugal walls and the curvature

potential and one class that runs through the valley straight into the singularity. We set
1
e 0 and p_=0. (3.318)

For the I'; variables it means that I'; = e*®e?#+ =Ty and I'; = e**e~*%+. With this choice we
obtain I3 = 0 and 3I; = 31, = sinh? (33,). Most importantly the geodesic equation (3.315)
is trivially satisfied, that is, v; = vo = 1/2 and v3 = 0 for all times.

Such as in the case of Bianchi I no isotropic expansion is possible without the addition
of matter. The dust filled closed Friedmann universe is obtained by setting both anisotropy
factors Sy, their velocities and the dust velocities u; to zero (or alternatively simply by putting
C = 0). The three curvature then reduces to ®R = % This corresponds to a FLRW line

element with k£ = 3/2. The Hamiltonian constraint becomes the second Friedmann equation

1
&a* = N? (a;e?’a — ZeQQ) : (3.319)

where a,, = 2pr. The solution in the conformal gauge N = a = e reads

t—1
a(t) = 4a> sin® < 1 0) : (3.320)
where ty is an arbitrary constant.

The asymptotic regime close to the singularity

A numerical solution to the equations of motion for the general case is plotted in figure 3.21.
We regards this part of this solution to be not quite in the asymptotic regime but rather at

the transition into the asymptotic regime.
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Figure 3.21: The plots show a numerical solution; a typical Kasner epoch in which the
universe point bounces around between the curvature and the centrifugal walls of the
potential.

In order to simplify the dynamics of the general case, BKL made two assumptions based
on qualitative considerations of the equations of motion. The first assumption states that

anisotropy of space grows without bound. This means that the solution enters the regime
>y > (3.321)

The ordering of indices is irrelevant. In fact there are six possible orderings of indices which
each correspond to the universe point being constrained to one of the six regions bounded by
the rotation and centrifugal walls sketched in Fig. 3.18. The region I'y > I's > I'; corresponds
to the right region above the line f_ = 0 in figure 3.18. More precisely, the inequality (3.321)
means that

/)Ty =0 and T'3/Ty —0. (3.322)

Our numerical simulations support the validity of this assumption (see the plot of the ratios
FQ/Fl and F3/F2 in Flg 322)

The second assumption made by BKL states that the Euler angles assume constant values:

(0,0,v) — (0o, o, v0) , (3.323)

that is, the rotation of the principal axes stops for all practical purposes and the metric
becomes effectively diagonal. The analysis of BKL [131] supports the consistency of making
both assumptions at the same time. Similar heuristic considerations can possibly be applied

to other Bianchi models as well [31]. In the dust model under consideration, this assumption
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is equivalent to the statement that the dust velocities ¥ assume constant values v — (9.

Our numerical results indicate that this is in fact true (see Fig. 3.22).
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Figure 3.22: The plots show the relevant ratios of the I'; variables and the dust velocities v;
obtained from the numerical solution plotted in 3.21.

BKL then arrive at the simplified effective set of equations. Let us now carry out the
approximation and apply it to our equations of motion. The kinetic term stays untouched
during the approximation. The first step in the approximation is to ignore the rotational
potential. In view of the strong inequality (3.321), we approximate the curvature potential
via

[+ 05+ T35 — 20Ty + T3y + Tol3) &~ T7 . (3.324)

Furthermore, we approximate the centrifugal potential by

£y

G o r 2 T 2
24 2oz |2 (o) + 2 (o) ] (3.325)
L L T

T, Iy

Note that one centrifugal wall was ignored completely. Having Fig. 3.18 in mind, this
approximation is well motivated since only two of the centrifugal walls are expected to have

a significant influence on the dynamics of the universe point. After defining the new variables

2 2
a=T,, b=2p2C? <v§°>> Ty, = 4pict <v§0>v§“)) T, (3.326)

we arrive at a simplified Hamiltonian constraint and equations of motion,

(loga) (logb) + (loga) (log ¢)’ + (log b) (log )’ = a* + b/a + /b,

(3.327)
(loga)” =b/a—a*, (logh)” =a*>—b/a+c/b, (logec) = a®— c/b,
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which coincides with the asymptotic form of equations obtained in [131]. Equations (3.327)
can now be treated by the numerical methods which we have used in the previous sections.
One must ensure that initial conditions are chosen such that the simulation starts close to

the asymptotic regime (3.321).

The numerical simulations indicate that the non-diagonal Bianchi IX solutions, with tilted
dust, evolve into the regime where I'y > I's > I's and v; = const. The results motivate us

to formulate the conjecture:

Given a tumbling solution to the general Bianchi IX model filled with pressure less tilted
matter, there exists tg € R such that the solution is well approximated by a solution to the

asymptotic equations of motion for all times t > ty describing the vicinity of the singularity.

To make the notion of “approximation” mathematically more precise, a suitable measure
of the “distance” on the set of solutions is needed. For this purpose, we propose to use the

following simple measure:

At) = \/(1og Iy (t) —loga(t))? + (log s (t) — log l_)(t))2 + (logT5(t) —log &(t))?,  (3.328)

where {I'},T'9, '3} denotes the numerical solution to the exact equations of motion (3.313)—
(3.315), and

2 _

2
a=a, b=2rC? <v§0)> b, c=4prCct <v§0)0§0)> ¢ (3.329)
denote the numerical solution to the asymptotic equations of motion (3.327).

We have evolved the exact system of equations from ¢ = 0 forward in time until t = 3 x 10°.
There we used the same initial conditions as the ones we used to obtain the solution shown in
Fig. 3.21. We then took the final state at ¢ = 3x 10° as an initial condition for the asymptotic

system of equations and evolved it backwards in time towards the re-bounce until ¢ = —980.

Fig. 3.23 presents the measure (3.328) as a function of time. We can see fast decrease
of A with increasing time (evolution towards the singularity) and fast increase of A with

decreasing time (evolution away from the singularity).

Our numerical simulations give strong support to the conjecture concerning the asymptotic
dynamics of the general Bianchi X spacetime put forward long ago by Belinski, Khalatnikov,
and Ryan [131].

The approximation discussed in this section were used for a discussion of the singularity
avoidance within the framework of affine coherent states quantization [97]. It might also
be interesting to do the same within the Wheeler-DeWitt framework. One might, however,

argue that the same considerations as in section 3.4.4 can be applied here as well.
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Figure 3.23: The difference between the exact and the asymptotic solutions: (a) evolution
towards the singularity, (b) evolution away from the singularity towards the rebounce.

Temporal evolution of curvature invariants in the general dust filled Bianchi IX

universe

In the following we consider the Kretschamnn scalar for the general Bianchi IX model filled
with dust. The calculation and the resulting expression of the Kretschmann scalar are rather
involved and can be found in the Appendix C.3. The final expression is readily manipulated

for a numerical evaluation.

We focus now again on the asymptotic regime close to the singularity. According to the
phrase “matter does not matter” we expect the matter terms in the Kretschmann scalar to
be negligible in the asymptotic regime, that is, the Weyl part should dominate over the Ricci
part.

During Kasner epochs (i.e. between two successive bounces in the asymptotic regime) we
expect the most relevant term to be the term in the first two lines of (C.43) right after the

equals sign. We therefore assume now that the Kretschmann scalar can be approximated by

Rypo R % ([(logT'1) (log Ta)]* + [(log I'1) (log I's) ]* + [(log I's) (log I's) °

+(logT'y) (logT'2) (log ') [(log 1) + (logTa)” + (logT'3)]) -

(3.330)

This claim is confirmed by our numerical simulations. We remark that this term corresponds
exactly to the Weyl squared scalar of the Bianchi I model. The Weyl tensor of the Bianchi

I model has only an electric part, and the magnetic part vanishes (in the quasi-Gaussian
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gauge).
During Kasner epochs the time evolution can be parameterized using the Lifshitz -
Khalatnikov parameter u following the considerations in [131]. Doing so and using the

assumption (3.330) we obtain that the Hubble-normalized Kretschmann scalar can be approximated

by
16u?(1 + u)?

Russ 7 | 2 S

during Kasner epochs. (3.331)

Consequently the Kretschmann scalar blows up like the expansion K*; to the power 4 during
Kasner eras. In order to understand the temporal evolution of the Kretschmann scalar over
the course of one epoch we have plotted the expression on the right hand side of (3.331) as

a function of u in Fig. 3.24. It is important that the function has a maximum in v = 1. ©

25

05

Figure 3.24: The plot shows the function on the right hand side of equation (3.331).

BKL refer to bounces from the curvature potential as transformations of the first kind
while they call bounces from centrifugal walls transformations of the second kind. Transforma-
tions of the first kind change the Lifshitz-Khalatnikov parameter according to u Lou—1.
Transformations of the second kind interchange the values of the velocities according to
(logT1)" 2 (logTy)", (logTy)” = (logT:) and leave the value of u unchanged, i.c. u — w.
It follows that — changes the value of the Hubble normalized Kretschmann scalar (3.331)
while 2 does not. According to the analysis in [131] a typical Kasner era can be expressed
as a sequence of n Kasner epochs which starts with an epoch that has a maximum wu-value
larger than 1 when evolving towards the singularity. The value of u decreases with each

transformation of the first kind and ends with the epoch for which u becomes smaller than

6This maximum implies an upper bound for the Hubble normalized Kretschmann scalar during Kasner
eras given by 64/27.
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1 for the first time, e.g.
1 2 1 2 1 2 1
1 < Ul = Upmax — Uz —> Uz —> Ug —> Us —> ... —> Up_] — Uy = Umin < 1 . (3.332)

It should be remarked at this point that the u-map was found to be asymptotically exact
for particular cases (for a collection of rigorous results concerning the u-map see [49, 119]).
A solution of the discrete mixmaster map and a detailed study of its chaotic nature for the
vacuum Bianchi IX case can be found in [133].

We are now in the position to provide a picture of the behavior of the Kretschmann
scalar over the course of one Kasner era: According to the formula (3.331) plotted in Fig.
3.24 and the u-map (3.332) we expect the Hubble normalized Kretschmann scalar to increase
its value with each transformation of the first kind before it hits the value u,;, < 1 for which
it decreases again. This is apart from the behavior in the vicinity of the bounces precisely
what we observe in the numerically evaluated Hubble normalized scalar plotted in Fig. 3.21.

Consequently during Kasner epochs, R, ro RM27 increases like the expansion to the power
four. Over the course of a single Kasner era the value of the Hubble normalized Kretschmann
scalar increases until it drops down to a finite value when it ends. This process will repeat
itself infinitely often with the beginning of the next Kasner era until the system approaches

the singularity.

Ryz/)\aRMV/\U/|Kii|4

0 1 2 3 4 0 1 2 3 4
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Figure 3.25: The plots show the temporal evolution of the Hubble normalized Kretschmann
scalar obtained from the numerical solution plotted in 3.21.
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Chapter 4
Conclusion and outlook

Conformal covariance in minisuperspace requires a rethinking about the criteria for singularity
avoidance. We proposed three criteria which are compatible with the conformal covariance
and applied them to specific models. The mechanism by which the singularity is resolved is
mostly the same in all models. The spreading of wave packets leads to a decreasing amplitude.
As a result singularities can in principle be avoided by all three criteria. Spreading of wave
packets can occur if the dimension of minisuperspace is sufficiently large (d > 3) and if the
approach towards the singularity is AVITD. The prototype of a model with such features
is the Bianchi type I universe which we extensively studied in this thesis. The criteria for
singularity avoidance not only predicted an avoidance of the initial singularity but also an
avoidance of the late stages of the universe due to the spreading of the wave packets in
the vacuum case. We found that matter can in principle stabilize wave packets in the late
stages of the universe. We have also studied the Bianchi I model with a minimally coupled
electromagnetic field where we found that the situation was similar to the vacuum case.
In contrast to scalar fields, electromagnetic fields apparently do not enhance the spreading
of wave packets. Indeed the effect of electromagnetic fields is negligible in the asymptotic
regime close to the singularity. We expect these results to be representative for other types
of models. This could be seen in the case of the Kantowski-Sachs and the Bianchi IT model
where the approach towards the singularity was AVTD as well. The situation, however, is
not so clear when the approach to the singularity is not AVTD. This is, for example, the
case for the vacuum Bianchi type VIII and IX models. One might nevertheless expect a
spreading of wave packets based on the fact that between two consecutive bounces from the
curvature potential the dynamics of these models are Kasner—like. The numerical results in
[130] support this conjecture. It would, nevertheless, be desirable to have a more rigorous

result at hand. Furthermore, it should also be interesting to investigate how decoherence

167
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affects the spreading of wave packets.

In this thesis we only considered minisuperspace models within Einstein’s theory and we
have restricted ourselves to the discussion of minimally coupled matter fields. It is desirable
to extend the discussion to minisuperspace models with non-minimally coupled matter fields
or models that result from applying the symmetry reduction to alternative theories of gravity
[134] as for example the Brans-Dicke theory. Furthermore, we mostly studied Big Bang type
singularities in this thesis. One might extend this work to more exotic types of singularities
such as the Big Brake and Big Rip in anisotropic models. The latter type was already studied
in [T3]. The authors found that the singularity was only avoided by criterion 2.

Furthermore, it would be exciting to study minisuperspace models and their quantization
within the Einstein-Cartan theory or more generally within the Poincaré gauge theories with
minimally coupled Fermion fields [135]. We can expect here that we would have to deal with

quite different structures in the constraint equations than the ones discussed in this thesis.

An interesting next step would be to investigate singularity avoidance within midisuper-
space models. Candidates for an examination are for example the LTB spacetime or more
generally the silent universe model. Apart from these it would also be interesting to explore
singularity avoidance in Gowdy models [69] and gravitational wave spacetimes. The Gowdy
spacetimes are particularly appealing as they display BKL behavior when approaching the
singularity [70]. One might also discuss the validity of the minisuperspace approximation
within the midisuperspace models (e.g. Friedmann in LTB or homogeneous models within

the Gowdy spacetimes [69]).

Moreover, we initiated an investigation of the factor ordering problem. The factor ordering
is deeply connected with the other problems of Quantum Cosmology and in particular it
appears to have some deep connection with the problem of time. Our discussion of the
generalized setup in section 2.1.5 and 2.2.7 revealed some interesting structures which can be
found in minisuperspace models and seem to lie at the interface between foliation theory and
conformal differential geometry. Singularity avoidance also strongly depends on the factor
ordering ambiguities. This issue is not exclusive to the Wheeler-DeWitt approach but was
also argued to be relevant in [13, 85, 93]. The factor ordering problem also prevented us
from investigating singularity avoidance in the case of non-diagonal Bianchi models (e.g.
Bianchi I and IT). A big part of the factor ordering problem is the question of the conformal
weight of the wave function. In particular our criteria for singularity avoidance are partially
not applicable if the conformal weight of the wave function is unknown. For the above
mentioned reasons I believe that it is worthwhile to investigate further into this direction.

It appears that the factor ordering problem in Wheeler-DeWitt Quantum Cosmology can be
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approached in a systematic way. One of the main motivations to study Quantum Cosmology
is to provide us with toy models. The final goal, however, is to gain insights into full theory,
possibly by applying what one learned from the toy models. Thus one of the main questions
is how to convert the idea of conformal ordering to the full Wheeler-DeWitt equation and if

this idea can harmonize with any of the regularization approaches.
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Appendix A

Partial differential equations

A.1 Existence of solutions to hyperbolic partial differen-

tial equations

Consider an initial value problem in d = 1 + n dimensions of the form

[M;wia _|_a,ui+b]q):0’ {xu}:<x0:t7w:{xi})eR+XRn

oxk dxv oxH

(q)ﬂa&q)) |t=0 = (fa g)

(A.1)

where { M} is a real symmetric d x d matrix with the properties that M < 0 and {M%¥} is
positive definite. Theorem 8.6 in Ringstréms book [136] can be specialized to this situation.
It implies the global existence and uniqueness of solutions ® € C°°(R¢,R) provided that
M™  a* and b are smooth functions R? — R and f and ¢ are smooth functions R® — R.

The theorem is thus applicable to a wide class of minisuperspace Wheeler-DeWitt equations.

A.2 Frobenius theorem

We formulate here a very simple version of the Frobenius theorem suited for the application
to PDE systems. See [75] for a geometric formulation and generalizations of the theorem.
Let f;(x) = fi(x)04 be r < n linearly independent vector fields on R™ such that the

coefficients are at least C*(R™,R). Consider the system of partial differential equations
A (2)0au(z) =0 . (A.2)

where u € C?(R",R). One seeks for a set of solutions u1, ..., u,_, such that the differentials
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duq,...,du,_, are linearly independent. The theorem states that such solutions exist locally
if and only if

where ij are functions of z.

In the following let us consider a generalized system of equations of the form
Lyu(x) = fi1(x)(9a + Aa(@))u(z) = 0. (A.4)

We suppose in the following that f,(x) satisfies (A.3). Furthermore, the differential form

A = Mgdz? is closed. It follows now that
Ly, LjJu = C Ly, (A.5)

Moreover, the Poincaré lemma implies that there exists a function ® such that Ay = 0,9P.

®u and we obtain from (A.2) that @ satisfies the following PDE system

Now set 4 :=¢
fi(@)dati(z) = 0, (A.6)

to which we can readily apply the Frobenius theorem.

A.3 Local decay rate estimate for the classical wave

equation

Let ® be a solution to the classical wave equation in d = 1 + n dimensions

[5_;‘2%]@20’ {s"} = (t,e = {2'}) € Ry x R"
i=1

((b?aaq)) |t=0 = (fa g)

| (A7)
where f and ¢ are any smooth functions with compact support. It is well known (see e.g.
[107]) that in d > 3 dimensions there exist constants C /o > 0 such that

B(t,2)| < Cilt|F (A.8)
10,0(t, )| < Colt|~ %" . (A.9)
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The positive constants C/, are determined from certain Sobolev norms of f and g. Their

precise form is irrelevant for our discussion but can be found in [107].
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Appendix B
Conformal geometry

Let (M, dS?) be a pseudo-Riemannian manifold with metric signature (—, 4+, +,...). A Weyl

or conformal rescaling of the metric is the transformation
dS8? — dS8? = 0%dS? | (B.1)

where 2 : M — R,. Weyl rescalings define an equivalence relation. The resulting
equivalence class [dS?] is referred to as conformal metric and we shall refer to (M, [dS?]) as
a conformal manifold. Length and volume are not a well defined concept on such a manifold
without imposing additional structures. Since angles are preserved by Weyl rescalings,

however, the light cone structure is also preserved.

Particular interest lies on scale covariant tensors (or more generally tensor densities), i.e.

all tensors 7 that transform as
T —T =0 forsomekeR, (B.2)

under the transformation (B.1). We call k the conformal weight of the tensor 7 and denote
it by k¥ = w(T). By definition w(dS?) = 2. The most popular conformally invariant tensor
is certainly the Weyl tensor W4 gop with w(WABCD) = (0. The Weyl squared scalar W? :=

WABCDW) \ pep is conformally covariant with w(W?) = —4.

B.1 Transformation laws

Now let M be parametrized by the coordinates ¢*. Let us pick a representative of the

conformal metric dS§? € [dS?]. The components of the Levi-Civita connection compatible
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with dS? transform according to
T80 Th. = T80 + (0500 + 6504 — GacGPPp) log Q . (B.3)

From this one can derive the transformation laws for the Riemannian curvatures. Formulas
for the Riemann tensor are quite involved but can be found in [137]. The Ricci scalar

transforms like

040052

R R =072 R—Q(d—1)D—Q—(d—1)(d—4)gAB 0

5 (B.4)

For a conformally covariant differential form w of degree deg(w) and with conformal weight
w(w) it holds that
wrw) = w(w) + d — 2deg(w) . (B.5)

B.2 Yamabe problem

The Yamabe problem [138] is an important problem in conformal differential geometry. It
was partially solved with the following result: Given a compact manifold M with dimension
d > 3 equipped with a conformal equivalence class of Riemannian metrics [dS?] there erists
a gauge dS? € [dS?| in which the Ricci curvature scalar is constant. The non-compact and
Lorentzian cases, however, remain to be some of the major open problems in the field of

conformal differential geometry.

B.3 Weylian geometry

A conformal manifold lacks the notion of a scale. Consequently there is no conformally
invariant notion of parallel transport of tensor fields. However, the introduction of an
additional structure, namely, the so-called Weyl vector allows for the construction of a
conformally invariant connection. This, furthermore, allows for the definition of conformally
covariant curvature tensors and conformally covariant differentation. The articles [139, 140]
served as guidelines for this section of the appendix. The paper [139] offers historical

perspective and [140] gives a formulation within the language of exterior calculus.

Weyl metric

A Weylian manifold (M, [dS?, ¢]) consists of a manifold equipped with a Weylian metric

[dS?, ¢], i.e. an equivalence class of pairs, where dS? = G4 pdg? ® dq” is in our case a
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Lorentzian metric and ¢ = @ ,dg” is called the Weyl one-form (or often simply Weyl vector).

The equivalence relation between pairs is defined via

(AS%, @) ~ (dS%,p) = I MR, (i) dS2=0%dS (i) @=¢ —dlog®.

(B.6)
The transformation () is called conformal rescaling and (i7) is called a scale gauge transforma-
tion. Together they form what is called a Weyl transformation in this context.! If ¢ is closed
we speak of an integrable Weyl structure and if ¢ is exact the Weyl structure is referred
to as trivial. With some abuse of terminology we shall refer to choosing a representative

(dS?%, ) € [dS?, ] as fixing the gauge.

The conformal connection and the scale covariant derivative

Recall that our main interest lies in conformally covariant tensor fields. In particular, we
want to differentiate such fields without spoiling the conformal symmetry. In order to do so

we define the (torsion—free and linear) conformal connection I' via its components
Fijk = grj-k + 5;901@ + 5;@% - ijsoi ) (B.7)

where gI"j; are the Christoffel symbols of the Levi-Civita connection compatible with dS>.
We will use in this section the left subscript g( . ) to indicate that an object is a Riemannian
object constructed in a particular gauge. The conformal connection is constructed in such a

way that under a Weyl transformation
Ise = Tpe =Tge (B.8)

that is, the conformal connection is invariant under Weyl transformations. For later convenience

we also introduce the tensor Cag& := d5308 + 6208 — GpcGAP . We can then define
Ise = glse +Crawn - (B.9)
The scale covariant derivative of a tensor field 7T is then defined by

DT :=VT +w(T)eT , (B.10)

!Note that in the main body of the thesis we sloppily refer to both conformal rescalings and Weyl
transformations as conformal transformations.
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where V is the covariant derivative defined by the conformal connection I'. By construction
we now have that for a tensor field T of type (2) the tensor field DT is of type (Sil) and

w(DT) = w(T). The components of a vector field for example are differentiated as
DuT? = 04T? + T TC + w(T)paT? . (B.11)
The divergence of a vector field is consequently given by
DaT? = gVaTA +[d+w(T)]paT . (B.12)

Since the left hand side of this equation is conformally covariant can conclude that the
divergence ¢V 4T* is conformally covariant if and only if w(7T) = —d. Moreover, the scale

covariant exterior derivative acting on differential forms is
DO :=dd+ w(P)p AP . (B.13)

Most importantly it holds that D (dS?) = 0 or equivalently DcGap = 0. One says that the
conformal connection is weakly compatible with the metric. The conventions here lead to a
non-metricity Qcap := —VeGap = 20cGap.

Conformal curvatures

Now let v = v40,4 be a vector field of arbitrary weight. We can define the conformal curvature

tensor via
[Dp, Da] v =: REpapv” . (B.14)

It can be expressed in terms of the conformal connection:
R pap = 0alGp — 0TG4 + TG4 — TGl D4 - (B.15)
Other curvature tensors can now be defined such as in Riemannian geometry, for example
Rap :=Ricp and R:=R*, . (B.16)

They have the following properties:

e The curvature tensors are conformally covariant. In particular w(R¢pap) = 0, w(Rap) =
0 and w(R) = —2.

c c
e R¥pap = —R"pan -
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e The first Bianchi identity RC[D 4p] = 0 holds. This is a consequence of the absence of

torsion.
e The second Bianchi identity V| ARC g pje = 0 holds.

e Rapcp + Rpacp = —Fcep Gap and thus Rap — Rpa = 2Rap = —%Fap. This
is a consequence of the non-metricity of the Weylian connection. The conformally
invariant curvature tensor Fap := dapp — 04 is an analogue of the electromagnetic
field strength tensor. F4p vanishes if and only if ¢ is closed, i.e. the Weyl structure is

integrable.

Denoting now the curvatures of the Riemannian manifold equipped with the metric G45 by

gRC app and so on we obtain the following relations

oy

Rpas = ¢R pas +2 ¢Via (Cohve) + (CH5CHA — CouChh) erec (B.17)
Rap = gRap — (d— 1)Fap — Gap ¢Veop© + (d—2) (vaps — ¢Vpa — Gepyec) |

(B.18)
(

o ™

R =gR—2(d—1) gVap" — (d—2)(d - 1)p?p, . 19)

Trivial Weyl structure: Let & be a is strictly positive conformally covariant scalar of

conformal weight £ # 0 . We can then define a Weyl 1-form via

1
p = —Edloqu . (B.20)

The resulting Weylian metric is referred to as trivial since we can gauge the Weyl vector
away. This can be seen from the following: We can find a conformal transformation such
that ® = QF® =1 by setting Q = ®~/*. This implies that

(@=2/%dS%,0) € [dS%, ¢ . (B.21)

In this gauge the conformal connection is metric compatible and the curvatures are equal to
the Riemannian curvatures. In this sense Weylian geometry can be regarded as a generalization

of Riemannian geometry. One usually refers to the gauge (B.21) as the Riemann gauge.

The operator D? and the Yamabe operator

Consider first the Laplace-Beltrami type operator

D2V := DD,V | (B.22)
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where W is a scalar field of weight w(¥) = k. Since it maps conformally covariant scalar
fields of weight w(¥) to conformally covariant scalar fields of weight w(D?*¥) = w(¥) — 2
one says that the operator D? has conformal bi-weight (w(¥) —2,w(¥)). We can express the

operator in terms of the Weyl 1-form as
DV = [gO+ (2k +d — 2) (9”04 + ko) + k (6Vap™ — kopa)] O | (B.23)

where gl := \/%3,4 (\/ —GGgAB 33) is the usual Laplace-Beltrami operator on the Riemannian
manifold (M, dS?). Using equation (B.19) we can eliminate gV 4¢* from the equation and

obtain

k k
DAY — gD + (Qk +d— 2) (@AaA + §Q0AQOA> + m (gR — R) U . (B.24)

It now follows that when restricting ourselves to the weight k = 2%‘1 we obtain

[D* —€R] T =[O0~ ¢GRI, (B.25)

where & = %. Hence D? — ¢R coincides with the conformal Yamabe operator acting on
d—2

scalar fields W of weight w(¥) = —%=. The expression (B.25) is completely independent

of the Weyl 1-form. Since it maps scalars of conformal weight —% to scalars of conformal

weight — %42 the operator D? — {R has conformal bi-weight (—%2, —42).
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Auxiliary calculations

C.1 Dirac consistency of naive conformal ordering

In this part of the appendix we provide auxiliary calculations for section 2.2.7. Recall that

KAB = vVMAAB) + \,GAB. Furthermore, it helps to keep in mind that

pABBBi =0 s AiBPBA =0 s and VAPBC = —VAPBC . (Cl)
The commutator [7:10, 7:[1} splits into the following parts

§a

[HOH] U=i G [0, Ai%84] + @ O.M) =5 (R, A*04] — [V, A/‘@A}) U, (C2)

The commutators that appear on the right hand side of the expression can be written as

[0, 4204] = 2VA APV 405 + (04" + APRE™) 04
[0, \] = O\ + 2647 (04)) OB

(C.3)
[V, AiAaA} - —AZ‘AaAV — —2)\7,1)
[R,A404] = —A,"0aR .
It holds that
VAAPV 4050 = —\OU + KAPV 4057 (C.4)
Recall that the K/P are conformally covariant with weight w(K;A%) = —2. Recall also that
for the closure of the classical constraint algebra we required that
KAPCpgP =0 . (C.5)
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This implies that we can rewrite (C.4) by using that
K{'PV 405V = K7 (Po” + 2Pc") Bp? AV 405V . (C.6)

A careful inspection of the commutator (C.2) and a comparison with equation (2.209) then
yields the three equations according to the strategy for the computation that we lined out in

section 2.2.7 :
e 15 equation
74 = —-K{PBp! (Po* + 2Pc*) . (C.7)

This equation followed from the inspection of the terms in front of the operator V 405.

Note that the above expression yields that w(Z/4) = —2 as expected.

e 2" cquation
. . . 1
(274 4+ 2] AP + w(V)N, 218 = -5 (04,7 + APRp™ + 2w(¥)GP204N) . (C.8)

This equation follows from an inspection of the terms in front of the operator 04. We
will split the equation into two equations: One by projecting it with Pg“ and one by

projecting it with Pg4.

e 3" equation

wiy)

w(0) (27404 + 2]) Ay = - 5

O — & (A4 — M) R . (C.9)
This equation followed from an inspection of the remaining scalar part.

We consider the 2" equation (C.8) and contract it with Bp’ (this is equivalent to a
projection with Pg4). The resulting equation can be solved for the scalars zf as anticipated.

We obtain

. 1 ,
= 5 (04,7 + A*RAP + 20(0)VEN) + ZFAV LA + w(0)ZP N | B . (C.10)
Let us try to bring this expression into the form (2.208). We first note that

OVAKAP = 0AP + AR AP + VPV A + 2654040

P o B (C.11)
and VA" = K; —d)\; where K;:=G K" .
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Hence we can replace the following term
OA + AARAP + 2w(W)VEN = 2V KAP — VPK; . (C.12)

This yields that

7

) 1 )
2l = | =V KM + §VBKZ~ — ZFAV 4 A —w(0) ZFP N, | B . (C.13)

We note that w(K;) = 0. Thus the scalars (VBK;)Bg’ are conformally covariant with
w(VPK;) = —2 and we will not manipulate this term any further. The divergence of Z74

can be written as
VaZl* = —2(VAKMP)Bp? — 2KPV (4Bpy + V(A K (C.14)

where we defined the scalars K7* := KCPBpi B for brevity. Solving for —(V 4K/ P)Bp?
yields
1 , -1 ;
—(VAKP)Bp? = §vAng + K{*’V (4Bpy’ — §VA(AkAKf]) . (C.15)

Furthermore, we note that
Z¥BN\.Bp = —K7* ), . (C.16)

We can now write

1 a1 o1 j '
o =5 VaZlt + S (VUKD Byl — | SVa(K] A — w(D)KT*

2 (C.17)
— ZFNV 4 AxP)Bp? + K{*PV (4 Bpy .
Now note that the term inside the brackets, that is,
1 . :
§VA(AkAKfJ) —w(W)K7F )\, (C.18)

is conformally covariant with weight —2. The first term in the second row of (C.17) can be

written as

ZiM(VaA) By’ = K"V B/ - 21 APV By (C.19)

Finally we can write

. 1 . 1 . 1 . . .
ol = SVaZl" + S(VAK) By — | SVa(K] A — w(D) K N | + 27 APV By
(C.20)
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Also the last term is now manifestly conformally covariant with weight -2. It can also be

written as

21 AVPIN By = = 2K Bt APV 14 By

R J (C.21)
= — KA°BP BV 4 AP + K% (K — dNy)

In the following we shall attempt to bring the consistency conditions into a form that is
manifestly conformally covariant and invariant under transformations of the shift. Let us

now contract the second equation with Pz“. We obtain

1

(ZI4V 4 A5 + w(W)N,; ZIP) Pp© = 5

(OAP + APRE + 20(V)VEN) Pg¢  (C.22)
By Using equation (C.12) we get
A , 1 _
(ZgAVAAjB +w(W)NZIE + VA KAP — 5vBKi) P =0. (C.23)

Now note that

ZI4 (VaA;P) P = —KEP (68 + Pc?) (VaPp®) Pg® (C24)
7P Pp¢ = —2KPP B P .
Therefore the condition becomes
_ 1 _
(VAK{‘B — KEP (68 + Pc?) (VaPp®) — 2w(W) KP4, — §VBKZ-) Pz =0. (C.25)

Which can be written as

_ 1 _
(VAK;“B — KPP (VaPp®) — K/ (VaPp®) — 2w(W) KA\ 4 — §VBKZ-> Pg©=0.
(C.26)

Now consider
0=Vg (K PPAPp?) = [VpK{” — Vg (KEPPpP)] Po + KPP PpPV P . (C.27)
We can rewrite the last term by noticing that

K{PPp” = KPPpPPy“ and 0= Vg(Pc”Pp?) = Vp(Po"”)Pp* + Po"VsPp" .
(C.28)
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It follows than that
[VoKIP — Vi (KFPPpP) — KFPPpPVpPs®] Pt = 0. (C.29)
Using this we can rewrite the condition to become
{VA (KPP Ppt) — K{*PV 4 Pp” — 20(0) KP4\, — %VBKZ} P =0. (C.30)
This can be written as
[2VA (K{J[APDB]) 4 2w(W)KPAN, + %VBKl} Pg¢ =0, (C.31)
or alternatively as
PC5 (VA —2w(U)\4] (Kf[APDB] + }lgABKi) 0. (C.32)

We can now convince ourselves that this condition is conformally covariant and that the
condition is covariant under the transformation A;4 — A;-A =LJ AjA. In other words: The

tensor

_ 1
OF := PC5 [V — 2w(V)\4] (KiD[APDm + Zg“m) (C.33)

is conformally covariant with weight w(OY) = —2. A lengthy calculation shows that it
transforms as O QA =L/ 03»4 as A4 — ﬁiA = LijAjA. This implies that the tensor
Oé =B BiOzA is invariant under the transformation A4;* — EZA = L7 AjA. Moreover, it is
traceless O4 = 0. In principle one should also be able to manipulate the third condition in
such a way that becomes manifestly covariant. The hope was that this process also makes
the conditions more transparent. This was not justified in the case of the first condition and

we decide to stop the computation at this point.
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C.2 Weyl squared scalar for diagonal Bianchi II

With the help of some computer algebra we obtain

o :g 18N (a(82+5) -2 N+5 B (Ao +602) + 4oB)

GNe-2a+15:) 5 IN? (Bi + 53>
N N3 + N6
3e2(a(t)+46+) (2@@ + 23, — 3162 + BE) (C.34)
N2
+% (9(a® (82 +62) +20 (=282 + B, (B +652) + 55
FABL B2 + B2+ 8B, BB + 4L + B2 (853 —~ 4B+> + 52+ 46%))
L ia )

_l_

For the vacuum solution discussed in section 3.3 we obtain

Clre CH2° :1—18sech6 (2\/515\ /3 — p%/)
X <—964‘/§(CTW) ((41p2T — 40p}.) cosh <4\/§t\ 3 — p%,) + p%)
x cosh? <2\/§t\ [ p3 — p%;)
+9e8V3(Crprt) (—4pT v (pr — py)(pr + py) sinh (4\/§tm>
x (18 (—7p4T + (pr — pv)(pr + pv) (PF + 28p} ) cosh (4\/§t\/p2T - p%)

+43p7py — 36py ) — 7e4V3(Cr—prt) (g (2\/§t\ [ p% — p%))

+9(pr — py)(pr + py) (95p7 — 228p7p% + 352py)

—36 (7p§, — 39p7p% — 16pZpy + 48p§’}) cosh <4\/§t\ [ p3 — p%)
+9 (5p?p + 95p7.p3. — 132p2p5 + 32p§’}) cosh (8\/515\ [ p% — pQY))
2 cosh® <2\/§t \/M>

p3—p}

_|_

(C.35)
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C.3 Calculation of the Bianchi IX Kretschmann scalar

In this part of the appendix we compute the Kretschmann scalar for the dust filled Bianchi
IX universe. The calculations can also be found in [T4]. The Kretschmann scalar can
be decomposed according to (2.82). For our purposes it is convenient to make use of the
constraints and the equations of motion to simplify the expressions such that they are suited
for a numerical evaluation. We will do so throughout the calculation in this section and
bring our expression into a form that is ready for a numerical evaluation. This means that
all expressions should only involve the variables log I';, (logI';) and wv; as well as the constant
parameters p = 12pr and C. Furthermore, we shall use the quasi-Gaussian gauge N* = (
while keeping the lapse N unspecified. We now proceed by calculating the terms on the
right-hand side of equation (2.82).

From the Einstein field equations R, — %Rg,w = k1, = Kpuyu, it follows that we can

write
R, R" = /<¢2TWT”” = k?p* and R = —kT", = kp . (C.36)

Recall that in the model under consideration

_ opre pr (37)
p= A+ hiww. 2 2 2 2y :
+ uluj \/F1F2F3 + C (F2F3UI + F1P3U2 + F1F2U3)

We conclude that the Ricci part 2R, R* — %RQ of the Kretschmann scalar blows up as
[[1T5T + C2 (TyT0? + Ty Tyg0l + Ty Ty0l)] ™ (C.38)

when approaching the singularity. The calculation of the Weyl part of the Kretschmann
scalar, however, is less trivial. The 341 split allows for a decomposition of the Weyl tensor

into electric and magnetic part (see e.g. [129]) according to

ChuraC*?? =8 (E;EY — ByjBY)  where

K 1 ,
Ey; = KyK* — K¥Kj + Ry — 5 |:Sij + ghij (4e = S%) | | (C.39)

R .
Bz’j = €kl [DkKjl - 555]1] y

with €;; being the Levi-Civita tensor. The other objects involved in the decomposition are
explained below. Now let P* = §* + n#n, denote the projector onto spatial hypersurfaces
orthogonal to the normal vector {n*} = (1/N,0,0,0), that is P = o!', P’ = 0. D, denotes
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the 3 dimensional covariant derivative on these hypersurfaces. The quantities involved in

equation (C.39) are
e =n'"n"T,, = p(1+u'y,) ,

Sij = PiMP](/T/W = puUu; , <C40)
ji = —P"n"T,, = pru'/Vh |
where €, S;; and j* are the energy density, the shear density and the momentum density as

measured by Eulerian observers (observers with four velocity n*).

A direct calculation yields

. . .2
T T T
1, Ty
I Ty Ty

AN®T\IoT3B;;BY = (T + T3 +T3)

L. I, Iy, T
+(F1+F2+P3)<P1+F2+F3> ek
I, T, Ty

(C.41)

1 » | T2 12 172 I, Iy, Ty
S AT+ ) [+ o+ = =3 —+ =+ —
+4(1+ 2+ I's) P§+rg+r§ r1+1“2+r3

N2C2pff (U1 + 1y +T)” U_%+§+§
2411500 L I, I3|

Let us now turn to the computation of E;; E¥, which can be written out as

EyE7 =K', K’} (KM K, — 2K* KY) + K K7 (KY)?
-9 (KilKlj _ KllKij) (3)Rij + (3)Rij(3)Rij
+6p (KK — KK — @RI yu, (C.42)
+p (8 + bupu?) [K' K7, — (KY)? — @R]

+ 7 [54 ()" + 96 g + 48]

We now evaluate the single terms. The term in the first line of (C.42) right after the equal
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sign can be written as
8N* [K'; K7y, (KM K'Y — 2K%KY) + K K7 (KY)? ] =

[(log 1) (log T2) 1> + [(log 1) (log T's) 1 + [(log T'2) (log '3 *
+ (logT') (log I's) (log I's) [(log ' )" + (log I'z)" 4 (log I's)']

LNt A 'Uil i v% i v§
P T2, —Ty)* T TR0, — Ty)* | T3(T, — Ty)!
20203
+ 2 2
My (T —T)" (T — Tg) (C.43)
2v3v3 20303
_'_ 2 2 + 2 2
F31_‘2 (FQ - Fl) (Pg - Fl) F1F3 (Fl — FQ) <P3 — FQ)
N2C%*pl2v? , _ . . . :
— =5 L(logTy) [(logI'y) + (log I'3)” — (log I'y) | + 2(log I'2) (log I' )|
[Ty —T)
N202 ’21}2 . . ' 4 . .
— P log Ty) [(log Ty) + (log T's) — (log Ts) ] + 2(log Ty ) (log T's) |
[o(y —Ty)

N % [(logI's) [(log I'2)" + (log I'1)” — (log I's) ] + 2(log I'z) (log I't ) ] -

We denote the three-dimensional Ricci tensor of the diagonal model by (3)}?,;]». The three-
dimensional Ricci tensor of the non-diagonal model can then obtained via rotation according

to O R;; = 0,20, ® Ry;. The only non-vanishing components of ) R;; are given by

_— r2 I, T

CR, =1 — —
n=Ator T, T ar,  on,
I? r r
G Ry =1 2 1 C.44
2=V orr, T ar,  on, (C44)
_ I? r r
®) Rg3 =1 s L _ 2
® = T onr, o, on
The first term in the second line of (C.42) reads
_9 (KilKlj _ Klle'j) (3)31’]’ _ (I'e + '3 — I't) (log I'y) (log I's)
2N2T5T
I''+T3—T%) (logl'y) (logI's) I'+Ty—T3) (log'y) (log'y)
L (AT 2)(%1)(g3)+(1 2 —I'3) (logI'1) (log I's) (C.45)
2N2I T3 2NN

C?ph? [(T1 =Ty —Ty)v?  (To—T1—T3)v,2 (T3 —T1 —To) vy

+
2F1F2F3 (Fg — F3)2 (Fl — F3)2 (Fl — Fg)z
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The three-dimensional Ricci squared scalar can be written as

(T2 — 121,T5T5)° + (12 — 120,10, T5)? + ([2 — 121,71,

(0= rap - 13 = R o) 06T + (g )] 23]

G R,;GRY = . (C.46)
4 (T ToTs)
The term in the third line of (C.42) becomes
6p (K" K" — K"K — @ RY) wu; =
3pC3phvivgug [(logTy)  (logTy) N (logT's)
F1F2F3 F3 — FQ Fl — Fg FQ — Fl
3pC’4p/T2 [ (FQ — F3)2U2’Ug
2 [olg(0y — T9)2(Ty — T'3)?
i (T — T3)*v103 i (I — T'y)*v1v5 }
[\ [5(0y — [3)2(Ts — )2 [iTa(Ts — I4)2(F5 — [y)? (C.47)
3pC? 2 o [1lal3 : : T\ Y
b | (= rap = 12 = B dogr) (ogT) + (og 1) 1
rrer v3
2 2 112l : : 2\ V3
(0= TP - 13- T g T [og ) + ogT)]) 12
2
r

We can use the Hamiltonian constraint equation to simplify

. 1+ w;ut
KUK, — (KY)? = O R = —ply [ — . C.48
] ( l) pT FlFQFg ( )

We therefore obtain a simple expression for the term in the fourth line of (C.42). Since we
have direct numerical access to the quantities in the fourth and fifth line of (C.42), we will
not manipulate them further.

It is well known that the Weyl squared scalar vanishes for the Friedmann models. The
dust filled closed Friedmann universe is included in the model under consideration as the
particular case for which I'y = I'y = '3 and C' = 0. As a consistency check of our calculation
we convinced ourselves that the Weyl squared scalar vanishes for these restrictions. We found

that B;; B and E,;F" vanish separately and hence C),,,C*"? = 0 as expected.
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