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Abstract

Classical and quantum aspects of perturbations in Primordial Universe

Alice BOLDRIN

The quest for a comprehensive description of the initial stages of our Universe leads
through the understanding of quantum gravity. In this work, our aim is to obtain a
Hamiltonian formulation suitable for canonical quantization. Moreover, we assume
that the early Universe can be described with fewer initial symmetries, thus we aban-
don the isotropy assumption and instead explore anisotropic universes, beginning
with the simplest one, namely Bianchi I.

The presence of small initial fluctuations in the early universe can be well described
by perturbations around a homogeneous background. General relativity (GR) is
a constrained system, and we apply the so-called Dirac procedure for constrained
systems to derive a gauge-invariant Hamiltonian formulation suitable for quantiza-
tion. In this work, we present how this procedure can be extended to a generic
background and its relation to the Kuchar decomposition. Subsequently, we apply
this formulation to a Bianchi I universe, obtaining new and interesting results on
the gauge-invariant representation of matter and geometry perturbations. Contrary
to the Friedman-Lemaitre-Robertson-Walker (FLRW) case, in which all the modes
decouple, in Bianchi I we see that scalar and tensor modes do not decouple.

We show that new types of gauge-fixing conditions exit in this case. For instance,
a gravitational wave can be encoded into scalar modes, by introducing a new gauge
which is not valid in FLRW.

Furthermore, we make a first step towards a consistent and unified quantization of the
composite system made of a background mode and perturbation modes. Specifically,
we study tensor modes in a FLRW universe. We focus on the relation between the
choice of internal time of the universe and the quantum evolution it undergoes. Our
results indicate that the time reparametrization invariance in general relativity affects
the quantum evolution of the background and perturbation modes. However, in the
classical limit, i.e. for a large universe, the dynamics becomes unique. Thus, the
predictive power of the theory is maintained.
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Streszczenie

Classical and quantum aspects of perturbations in Primordial Universe

Alice BOLDRIN

Droga do kompleksowego opisu poczatkowych etapéw naszego Wszechswiata prowadzi
przez zrozumienie grawitacji kwantowej. W tej pracy naszym celem jest uzyskanie
sformutowania Hamiltonowskiego odpowiedniego do kanonicznej kwantyzacji. Za-
ktadamy ponadto, ze wczesny Wszechswiat mozna opisa¢ z mniejsza liczba poczatkowych
symetrii, dlatego rezygnujemy z zalozenia izotropii i zamiast tego badamy anizotropowe
wszech$wiaty, zaczynajac od najprostszego, mianowicie Bianchi I.

Obecnosé matych poczatkowych fluktuacji we wezesnym Wszechéwiecie mozna dobrze
opisaé za pomoca perturbacji wokdl jednorodnego tlta. Ogdlna teoria wzglednosci
(OTW) jest systemem z wiezami, i stosujemy tzw. procedure Diraca dla systeméw
z wiezami, aby wyprowadzi¢ sformutowanie Hamiltonowskie niezmiennicze wzgledem
cechowania, odpowiednie do kwantyzacji. W tej pracy pokazujemy, jak te procedure
mozna rozszerzy¢ na dowolne tto oraz jej zwiazek z dekompozycja Kuchara. Nastepnie
stosujemy to sformutowanie do wszechswiata Bianchi I, uzyskujac nowe i interesujace
wyniki dotyczace reprezentacji niezmienniczej wzgledem cechowania dla perturbacji
materii i geometrii. W przeciwienstwie do przypadku Friedman-Lemaitre-Robertson-
Walker (FLRW), w ktérym wszystkie mody sie wszech§wiata typu odsprzegaja sie, w
Bianchi I widzimy, ze mody skalarne i tensorowe si¢ nie odsprzegaja sie.

Pokazujemy, ze w tym przypadku istnieja nowe typy warunkow uniezgadniania ce-
chowania. Na przyklad fala grawitacyjna moze by¢ zakodowana w modach skalarnych,
poprzez wprowadzenie nowego cechowania, ktore nie jest wazne w FLRW.

Ponadto, wykonujemy pierwszy krok w kierunku spdjnej i catkowitej kwantyzacji
zlozonego systemu sktadajacego sie z modu tta i modéw perturbacyjnych. W szczegol-
noéci badamy mody tensorowe we wszechswiecie FLRW. Skupiamy si¢ na zwiazku
miedzy wyborem wewnetrznego czasu Wszech$wiata a jego kwantowa ewolucja. Nasze
wyniki wskazuja, ze niezmienno$¢ wzgledem przeksztalcen czasu w ogdlnej teorii
wzglednosci wplywa na kwantowa ewolucje modu tta i modéw perturbacyjnych. Jed-
nak w klasycznym limicie, tj. dla duzego wszech$wiata, dynamika staje si¢ unikalna.
Tym samym moc predykcyjna teorii jest zachowana.


HTTP://WWW.NCBJ.GOV.PL




xi

Acknowledgements

I would like to thank my supervisor Przemek for his guidance and for making my
PhD the most enjoyable time of my studies, and for allowing me to fulfil my dream of
working on the time problem. I also want to thank my second supervisor, Patrick, for
his help during my stay in Paris, and for the long talks we had during our meetings
which were very interesting and from which I learned a lot.

I also want to thank Monika, who patiently tried hard to teach me Polish (and its
horrible numbers) and who has always been of great support. Her wisdom has helped
make my life into what it is now.

Moreover, I want to thank my former office mate Anatolii, for his great humour and
for allowing me to share my cooking recipes with someone, as well as for the nice
discussions during our office time and after. I also wish to thank Ubaldo for the nice
moments spent together, and whose friendship made this journey more fun.

For my stay in Tartu I would like to thank Adam for suggesting me for the position,
and especially Maria. I truly enjoyed the time spent together both in the office and
outside.

I also want to thank my bachelor supervisor, Prof. Ansoldi, who has taught me a lot
and who has played a big part in achieving my dream.

A big thank goes also to Irene, who, despite the distance, has always been a great
friend ready to listen to my complains or useless ideas.

I would not have been able to apply for a PhD without the support of my parents,
my sister and my dog, who have always been my number one supporters and helped
me through ups and down during this long journey.

A special thanks goes to my partner, with whom I shared all my studies, who helped
me immensely, believing I could do it when I did not, and who stood by me regardless.
But my biggest thank you goes to our son, Levi, who made the writing of my thesis
harder (if not impossible) but immensely more pleasant.

Lastly, I want to thank Anna, who may not be able to enjoy the end of this journey
with me, but whose presence and teachings throughout my life have been essential in
allowing me to achieve everything I have always wanted.






xiii

Contents

Declaration of Authorship iii
Abstract vii
Streszczenie ix
Acknowledgements xi
Introduction 1
1 Constrained systems 3
1.1 ADM formalism . . . . . . . . . 3

1.2 Constraints and gauges . . . . . . ... .. oo 7
1.2.1  Geometrical description of constraints . . . . .. ... .. ... 7

1.2.2 Diracmethod . . . . .. .. .. ... ... . . ... .. 11

Dirac observables . . . . . . . ... Lo oo 17

1.3 Summary . . . ... 19

2 Constrained systems in perturbation theory 21
2.1 Hamiltonian formalism . . . . . . ... ... ... L oL, 22
2.1.1 Hamiltonian up to n-th order of perturbation . . . . .. .. .. 22

2.1.2  ADM Hamiltonian up to 2nd order of perturbation . . . . . . . 23
Othorder . . . .. . . .. . . . . .. e 24

Istorder . . . . . . . . . .. 25

2ndoorder . . . ... 27

2.1.3 Hamiltonian constraints and constraint algebra . . . . . . . .. 28

2.2 Dirac method in CPT . . . . . .. ... . . 29
2.2.1 Gauxe-fixing and reduced Hamiltonian . . . . . . . ... .. .. 29

2.2.2  Gauge-invariant Hamiltonian and Dirac observables . . . . .. 30

2.2.3 Physical Hamiltonian . . . .. ... ... ... ... ...... 31

2.2.4 Spacetime reconstruction . . . . ... ... ... ... 32

2.3 Kuchar decomposition . . . . . . .. ..o 33
2.3.1 Motivations . . . . .. ..o 33

2.3.2  Decomposition - how to build the new formalism . . .. .. .. 34

2.3.3  Gauge transformations . . . . . ... ... oL 36

2.3.4 Spacetime reconstruction . . . ... ..o 38

2.3.5 Partial gauge-fixing . . . .. ... L o oL 40

2.4 SUMMATY . . . v v vt e e e e e e e 42
2.5 Conclusions . . . . . . . . . e 42

3 Perturbation theory in anisotropic universes 45
3.1 Perturbative expansion of the canonical formalism . . ... ... ... 46

3.1.1 The anisotropic model . . . . . .. .. ... oL, 47



Xiv

3.1.2 First-order constraints . . . . .. .. ... oo, 49
3.1.3 Second-order Hamiltonian . . . . . .. ... ... ........ 50

3.2 Mode decomposition . . . . .. ... L o e 50
3.2.1 Zeroth-order revisited . . . . .. ... ... .. ... ... ... 52
3.2.2 First-order constraints revisited . . . . . .. ... ... L. 52
3.2.3 The Fermi-Walker basis . . . .. .. ... ... ... ...... 53

3.3 The physical Hamiltonian . . . . .. ... ... ... ... ....... 55
3.3.1 Gauge-fixing conditions . . . ... ... ... o 0oL, 55
3.3.2 Physical Hamiltonian . . . . .. ... ... ... ........ 57
3.3.3 Mukhanov-Sasaki variables . . . ... ... ... ... 58
3.3.4 Dirac observables . . . . .. .. ... o oo 59
3.3.5 Canonical isomorphism between gauge-fixing surfaces . . . . . 62
Uniform density gauge . . . . . . . .. ..o 63
Longitudinal gauge . . . . . . .. ... ... oL, 63

Scalar gravity-wave gauge . . . . . .. ... 64
Synchronous gauge . . . . . . . v v i e 65

3.3.6 Spacetime reconstruction . . .. ... ..o 66

3.4 Multi-field case . . . . . . ... 68
3.5 Summary ... Lo e 69
4 Time problem in perturbation theory 71
4.1 Introduction . . . . . . . . . . e e 71
4.2 Clock transformations in totally constrained systems . . . . . .. ... 72
4.2.1 Internal time . . .. .. .. ... ... 72

4.3 Canonical cosmological model . . . . . ... ... oL oL, 74
4.3.1 Perturbative Hamiltonian . . . . . .. ... ... ........ 75
4.3.2 Diracobservables . . . . ... .. Lo 76
4.3.3 Clock transformations . . . ... .. ... ... ... ...... 77

4.4 Quantization . . . . . . ... e 79
4.4.1 Semi-classical background . . . . . ... ... 0000, 79
4.4.2 Quantum perturbations . . . ... ... .. ... oL, 81

4.5 Quantum "clocks" . . . . ... 81
4.5.1 Clock choices and background . . . . . . .. ... ... .. ... 82
4.5.2 Clocks and perturbations . . . ... ... ... ......... 83

4.6 SUMMATY . . . v v v e e e e e e e e e e e 85
4.7 Conclusions . . . . . ... L 86
Discussion and future prospects 89
Bibliography 91
A Bianchi I in perturbation theory 97
A.1 Extra Hamiltonian . . . . . .. ... ... ... ... ... 97
A.2 Second-order constraint . . . . .. ... .. ... o 98
A.3 Geometric quantities . . . . . .. .. 99
A.4 Physical Hamiltonian . . . . . . . .. ... 99
A.5 Dynamics of the operator P . . . . . . ... ... ... ... 100
A.6 Final Hamiltonian in the M-S variables. . . . . . ... ... ... ... 100
A.7 Dirac observables . . . . . ... Lo o 101
A.8 Geometric expressions for the Dirac observables . . . . . .. ... ... 102
A.9 Comparison of metric decompositions . . . . .. ... ... ... ... 103



B Time problem
B.1 Alternative delay function

XV






1.1

1.2

1.3

1.4
1.5

1.6

1.7

2.1

2.2

2.3

2.4

3.1

4.1

4.2

xvii

List of Figures

Representation of the manifold M together with a vector belonging to
the vector field n normal to the subsurface 2o . . . . . . . . ... ...
Representation of 4-dimensional spacetime, with its evolution described
by the evolution of a fixed 3-dimensional hypersurface. . .. ... ..
Representation of the role of the lapse and shift function in the defini-
tion of coordinates system in the 4-dimensional spacetime. . . . . . . .
Representation of the constraint surface I'c on the manifold T.

Gauge orbits generated by d¢c in the constraint surface I'c. They give
rise to a natural projection to a lower dimension physical phase space
I'phys- Notice that the gauge-fixing surface, defined by the curved red
line, crosses the gauge orbits once and only once. . . . ... ... ..
Different gauge-fixing surfaces (yellow, red and green curves) are shown
crossing the gauge orbits 60C. . . . . . .. ...
Representation of the dynamics between subsurfaces, each at a fixed

Schematization of the role of the order of perturbation terms of the
Hamiltonian up to second order. . . . . ... ... ... ... .....
Illustration of the key concepts involved in the Dirac procedure: the
constraint surface, the gauge-fixing surface, the gauge orbit, the Dirac
space and the canonical isomorphism between different gauge-fixing
surfaces. . . . . . . e e e e
Thin sandwich of two spatial slices, one pictured in green and the other
with a white grid. The time bubble is denoted by a colour gradient. It
shows how the time is accounted for even when the spacetime slicing
choice is left arbitrary. . . . . . . . . .. ... o o
A displacement vector in the space of gauge-fixing conditions determines a
new gauge via a shift from the initial gauge at the point of origin. . . . . .

Classification of all the Bianchi universes. We will focus on the Bianchi
I universe, highlighted in purple. . . . . .. ... ... ... ......

The semi-classical potential Ve given by Eq. (4.26) as a function of
the conformal time 7 for various values of the inverse bounce duration
w. The potential has to be compared with the relevant value of k>
(k = 0.01), indicated as a straight line. The corresponding scale factor
time evolution is shown in the insert. . . . . . . . ... ... ... ...
The new time 7} as a function of the original one 7 for three different
shapes of delay functions Aj, Ay and Ajz defined through Eq. (4.30)
along the original fixed bouncing trajectory (4.25). The parameters
are chosen as A= B =D =1, C =4 and I = 2 for Ay, while we set
A=2 B=02,C=0.5D=3and E =4 for Ay, and finally the set
A=—-1,B=C=1,D=05and F=3definesAs. . ... ......

34

82



xviii

4.3

4.4

4.5

4.6

Al

A2

A3

A4

Semi-classical trajectories obtained in different clocks and mapped into
the initial reduced phase space (a@,p) to compare with the original
trajectory represented by the full black line. . . . . . ... ... ....

83

Evolution of the primordial gravity-wave QRe(fi) for two different wavenum-

bers, k = 0.1 (left panel) and k = 0.5 (right panel), and for different
clocks based on the first class of delay functions, Ai, Ay and Ag, rep-
resented by the dotted blue line, dashed red line and dashed-dotted
green line respectively. The original trajectory is represented by the
full black line. In Fig. A4 the same plot for the second class of delay
functions is depicted to show how the choice of delay function affects
the time of convergence. . . . . . . ... Lo
Evolution of the primordial gravity-wave Re(fix) plotted for 4 different
wavenumber k values. For each fixed k£ we changed the clock consider-
ing the family of delay functions A, whose value is the same as in Fig.
4.3, o e
Evolution of the real versus imaginary part of fip for a wavenumber
k = 0.5 and a bounce parameter w = 1. The initial circle represents
the initial vacuum state of the perturbation, while the ellipse shows
the final squeezed state, which happens, in the case at hand, to have a
slight phase shift with respect to the real axis. The transition between
these two asymptotic cases differs for the different delay functions Aq,
Ao and As, whose trajectories are represented by the dotted blue line,
dashed red line and dashed-dotted green line respectively, the original
trajectory being represented by the full black line. . . . ... ... ..

Evolution of the primordial gravitational amplitude for different clocks
obtained from the second class of delay function B.1. Convergence
happens at a latter time with respect to the first class of delay functions
(4.30), as can be seen by comparison with Fig. 4.5. . . . ... ... ..
Changes in the time variable n for the second family of delay functions

1, AL and Af§ given by Eq. (B.1) along a fixed bouncing trajectory,
with parameters chosen such that Ay = aeP*, Ay = ae’Pa/2 and A5 =
a€Pa. e
Semi-classical trajectories mapped into the initial reduced phase space
(a,p) for the second class of delay function Eq. (B.1), with the same
parameters as in Fig. A2. . . . ... ... ... ... .. .. .. ...,
Evolution of the real part of the primordial gravity-wave Re(fi) for two
different wavenumbers, k = 0.1 and £ = 0.5, and for different clocks
for the second class of delay functions, A}, A} and Aj, respectively
represented by the dotted blue line, dashed red line and dashed-dotted
green line. The original trajectory is represented by the full black line.

84

85

105

107



xix

To Anna and Levi, who sadly never met.






Introduction

The quest for quantum gravity aiming to deepen our understanding of spacetime,
overcome the current limitations, and achieve a unified description of the universe,
has been ongoing for more than 80 years [1-3]. Approaching quantum gravity means
deepening our understanding of quantum mechanics (QM) and general relativity
(GR). Quantum mechanics is very successful at explaining atomic-scale phenomena
but ignores gravity’s effects predicted by general relativity. These theories have rev-
olutionized our understanding of the universe, yet they turn out very incompatible
in attempts to describe such extreme phenomena as black holes or the origin of the
universe. A quantum gravity (QG) theory might help us go beyond the limits of GR
marked by singularities within black holes [4] and the puzzle of information loss in
black holes [5, 6], as well as the initial singularity in the early universe. By filling this
gap, QG promises us an enhanced understanding of spacetime and of the fundamental
nature of gravity.

The aim of this thesis is to introduce some necessary tools such as a Hamiltonian
description of a cosmological system for a more complete approach towards quantiza-
tion. We study the early universe, through cosmological perturbation theory, which
in turn allows us to study the small geometry and matter fluctuations present in the
early universe. These inhomogeneities eventually grew into the large-scale structures
we observe today, such as galaxies, clusters, and cosmic filaments [7]. In particular,
perturbation theory enables us to explain the slight temperature fluctuations in the
cosmic microwave background (CMB) across the sky [8]. These fluctuations carry in-
formation about the universe’s early conditions, including its composition, geometry,
and history of expansion. Most importantly, we are then able to make predictions
about observable quantities, such as the CMB power spectrum, galaxy clustering,
and gravitational lensing. By comparing these predictions with observational data
from experiments like the Planck satellite [9], we can test and refine our cosmological
models, shedding light on the initial state of the universe and its evolution. It is
also important to constantly refine and expand our theoretical framework to make
maximal use of forthcoming data from experiments, such as LiteBIRD, CMB S4 and
Cosmic Origins Explorer (CORE) [10-13].

The approach we take involves formulating a Hamiltonian description of GR in per-
turbation theory around generic homogeneous backgrounds. The fact that GR is a
constrained theory also holds in perturbation theory with the difference that now,
the latter is not a totally constrained system, as it includes both constraints and a
non-vanishing part. As such, we are able to apply the Dirac method for constrained
systems [14—16], which consists of identifying the primary constraints, constructing
the total Hamiltonian by adding these constraints to the initial Hamiltonian, and
deriving the secondary constraints through the Poisson brackets by imposing the con-
sistency of the constraints. This process is repeated iteratively until all constraints
are accounted for, thereby allowing for a consistent Hamiltonian formulation. Once
we find the Hamiltonian formulation, by using the Dirac observables, which are gauge
invariant variables commuting with the constraints, we obtain a physical description



2 Introduction

of our Hamiltonian without constraints. This procedure enables to separate the dy-
namical degrees of freedom from the unphysical ones that can be used to reconstruct
the spacetime. More simply, the obtained gauge-invariant Hamiltonian written in
terms of the Dirac observables allows us to explore different gauges with little effort
but still keeping the physical description invariant.

Once this formalism is established, we can apply it to specific backgrounds. Previ-
ously, it has been used for the Friedman-Lemaitre-Robertson-Walker (FLRW) back-
ground [17], which describes a homogeneous and isotropic universe. However, in this
work, we apply it to an anisotropic universe described by the Bianchi I background,
which is the simplest anisotropic cosmological models.

Although current observations indicate that the Universe today is well described by
isotropic and homogeneous backgrounds [9], this has been disputed (see, e.g. [18])
and may not have always been the case. It is widely believed that as we approach
the initial singularity, the conditions of the early universe could have been different,
because of unstable symmetries. The absence of symmetries would have played a
crucial role in the dynamics during those early stages.

By relaxing the strict symmetry assumptions, we aim to achieve a more nuanced and
realistic description of the primordial universe. The Bianchi I universe, which allows
for anisotropic expansion, is a good starting point for exploring these early conditions.
Understanding anisotropic effects is not only theoretically interesting but may also
be essential for constructing a more comprehensive picture of the universe’s evolution
from its inception to its current state [19]. The quantization of the Hamiltonian
formalism will serve as a starting point to deepen our understanding on this very
topic.

In order to better understand how to quantize the Hamiltonian in Bianchi I, we
decided to simplify our system. We quantize a FLRW background mode and pertur-
bations (tensor) modes in such a way as to obtain a bounce scenario, avoiding the
initial singularity and introducing clear quantum effects into the model. By using
the Dirac observables and their property of being non-dynamical quantities, we were
able to tackle one of the big conceptual problems encountered when trying to merge
QM and GR, i.e. the time problem [20]. This issue has been widely discussed, yet
with no widely accepted solution. Although many papers have been published on this
topic, our novel approach focus on the trajectories of both the background and per-
turbations in a semi-classical approximation leading to new and interesting results.
In particular, we find that the time problem is relevant only around the bounce and
disappears once we approach a classical domain. Hence, the theory is predictive for
this regime, where the classical approximation is valid.

The outline of this thesis is the following: In Ch. 1 we discuss the theory behind
constrained and gauge systems, in Ch. 2 we present our method for a generic back-
ground and in Ch. 3 we apply the method to a Bianchi I background. Finally, in Ch.
4, we tackle the time problem using the Dirac observables.



CHAPTER

Constrained systems

In this chapter we are going to introduce the mathematical background needed for
the understanding of the Dirac method, which is the fundamental tool used in the
other chapters. Some of the material and examples in the following sections have been
written following my personal notes of the lectures on "Advanced General Relativity"
given by Prof. J. Lewandowski at the University of Warsaw in the summer semester
of 2020.

1.1 ADM formalism

The ADM formalism [21] splits spacetime into a family of space-like 3-dimensional
hyper-surfaces {X;};cr, each of which is defined at an instant of time t, glob-
ally defined. More formally, a generic hypersurface ¥ € {%¥;};cr is said to be a
co-dimension 1 (i.e. dimension D) space-like subsurface in a (D + 1)-dimensional
pseudo-Riemannian manifold" (M, g). The coordinates on the hypersurfaces ¥ will
be denoted by x%, while the coordinates in the manifold M will be y*. We use Greek
indices for (D + 1)-dimensional quantities, and Latin indices for D-dimensional quan-
tities.

gwdy” dyy

Yabdz® da?

Figure 1.1: Representation of the manifold M together with a vector
belonging to the vector field n normal to the subsurface ¥ .

Since, by definition, these subsurfaces are chosen to be non-null, the intrinsic ge-
ometry ~ of X, which is the restriction of the total metric ¢ in the surface %, is

"'We denote the metric 2-form by g, that is g = gupdz”da*. We work with signature +2.




4 Chapter 1. Constrained systems

non-degenerate. In other words, the rank of the matrix form of ~ is the highest pos-
sible. This is important since a non-null surface allows us to define a vector field
n = n"0, normal to the surface ¥, which is also not tangent to X itself (Fig. 1.1).
The normalization of n at each point can be chosen to be? nkn, = £1. Physically
speaking, the existence of n ensures that a time-like or light-like path in this formal-
ism consists of a succession of points each one in a different hyper-surface, e.g. X,
Yitdt, and so on (Fig. 1.2a). Alternatively, the dynamics can be seen as each sheet
Y(t) representing a t-dependent embedding ¢; of a standard co-dimension 1 surface o
(Fig. 1.2b). From this point of view, all the points y* of M (the spacetime manifold)
are the images (under the embeddings) of the fixed point % on the standard surface
.

RSN St
<2

SIS
LB
LIRS
RN

(a) (b)

Figure 1.2: Representation of 4-dimensional spacetime, with its evo-
lution described by the evolution of a fixed 3-dimensional hypersurface.

The two approaches presented above are equivalent and each one of them is better
suited to different contexts. Unless otherwise stated, we will use the first approach.

The ADM formalism involves splitting spacetime into space-like hypersurfaces, or
sheets, each at a specific time coordinate. This approach allows for a clear separation
of spatial and temporal components. This implies that the usual quantities defined in
the manifold M should also be split in space-like and time-like components. It is
thus instructive to start by looking at the metric whose purpose is indeed to describe
the geometry of the spacetime. We need to introduce two ad hoc quantities, the so
called lapse function and shift vector (Fig. 1.3). The first one is the temporal
component of the normal vector describing how time evolves from one sheet to the
another, i.e. it describes how much time has passed for an observer travelling between
two neighbouring hypersurfaces. The latter is a 3-dimensional vector which describes
the shift from a point 2’ in the sheet ¥; to a point z* + da? in the sheet Y14t The
lapse and shift can be mathematically defined as

dr = Ndt;

C (1.1)
x2t+dt = $Zt — t.

°The sign of the normalization of n depends on the choice of the metric signature. In our work,
considering signature +2, we have n*n, = —1.
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Sitat

Figure 1.3: Representation of the role of the lapse and shift function
in the definition of coordinates system in the 4-dimensional spacetime.

where 7 is the proper time. With the introduction of the lapse and shift, the metric
in this formalism can be defined as follows

ds? = — (Ndt)” + 55 (da’ + N'dt) (da? + Ndt) (1.2)

We can now study the dynamics in this formalism. To do so, as per usual, we just
need to vary the action S = [dPTlz £ with respect to the metric and study the
conditions for which 65 = 0. For simplicity, in what follows we consider the case in
which D 4+ 1 = 4. The Lagrangian density, up to some constant’, is

L=y=g YR, (1.3)

where W R is the Ricci scalar in the spacetime manifold. The first step is to write the
curvature of the spacetime manifold M in terms of the curvature of the 3-dimensional
hypersurface ¥ and the extrinsic curvature’ K;;. The extrinsic curvature is defined

as
1 )
K, = IN (Nisk + Nisi — Yik) (1.4)

where N, is defined by N;.,, = v Di N 7, and where Dy, is the 3-dimensional covariant
derivative calculated from ~;;. The quantity <;;, is the Lie derivative of the spatial

metric with respect to the time ¢, i.e. 4, = aai’“. The lapse and shift, which are non-
physical coordinates, are necessary in Eq. (1.4) to account for the non-orthogonality
of the time flow, as the hypersurfaces are curved differently. Thus, through Eq. (1.4),
we can consider the variation of the 3-metric ~;; from one sheet to another. After

some computations [22, 23] we find one of the so called Gauss-Codazzi equations

(4)Rmijk = (3)Rijkm + (n*n,,) (Kinkm - Kikij> ; (1.5)

3Considering G = ¢ = 1, one could usually introduce in the definition of the Lagrangian a factor
1 c
4The extrinsic curvature represents the curvature of an embedded subspace, i.e. in our case it is
the curvature of the hypersurface ¥; embedded in the manifold M.
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where (3)Rijkm represents the intrinsic curvature of the hypersurface ., which, along
with the extrinsic curvature, describes the curvature of the 4-geometry. Notice that,
when the extrinsic curvature vanishes, the curvature of the 3-geometry equates the
one in the 4-geometry. Contracting the indices of the Riemann tensor we can now
obtain the Ricci scalar

(1.6)

DR =R+ (whn,) [TK? — (TeK)?] + 2(nn,) DR,

where TrK = % K;j =K JJ and TrK? = K jmej . As previously mentioned, we want
to derive the equations of motion from 65 = 0, allowing us to ignore total divergences
in the Lagrangian. Therefore, the ADM Lagrangian is given by

Lopy = V=9 [VR+ (n-n) (TrK)* — TrK?)|. (1.7)

We can finally write the action as’

S = /£d4a3 - 1(;/@ (DR + () (TK)? - ToR?)| N ', (18)

The 4-metric density can be written using the 3-metric density and lapse function,
that is, we have /—g = /=7 N by using (1.2). For the sake of this section’s clarity,
we are ignoring the matter contribution to the action. We integrate Eq. (1.8) by
parts and ignore the surface terms, which, although they do not contribute to the
bulk dynamics, can still impose relevant boundary conditions. After performing the
necessary computations [22], we obtain the following result:

= 1é7r/ [’Nij"}/ij — NH, (Wij,'yij) — N/ (Wij,%j” d4;1:, (1.9)
where
Ho(n9, i) = 4~ 1/2 {Tr7r2 - % (Ter)} : (1.10)
is called the superhamiltonian, whereas
(', i) = =207, (1.11)
is called the supermomentum. The quantity

7 = 412 (gijTrK - Kij) (1.12)

is the canonical momentum which accounts for the extrinsic curvature contribu-
tion, and it is conjugate to the spatial metric ;;. Notice that the integrand in Eq. (1.9)
has the same form as the inverse Legendre transform of £. The Hamiltonian is thus
given by

ngavity = /(NHO + NZ/HZ)dg.T (113)

Eq. (1.13) can be written in a more compact way defining a vector C,, = (Ho, H;),
hence obtaining

ngavity = /d3xNMCu- (114)

According to the variational principle, 45 = 0 under infinitesimal variations §y and

5The coefficient in front of the integral comes from the use of natural units.
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F(;CF

Figure 1.4: Representation of the constraint surface I'c on the
manifold T'.

om around the physical solution, which represents the extremum of the action S.
As is known, variables with no time derivative in the equation of motion (eom) are
considered auxiliary variables. In Eq. (1.9) we see that both the lapse N and shift
N are auxiliary variables and take the form of Lagrange multipliers.

In particular, if we vary the action with respect to the lapse function N, we get
that Ho = 0, analogously by varying the shift vector N* we get H; = 0. This results
implies that the superhamiltonian H( and supermomentum A are constraints of our
system. This known result arises due to the general covariance of General Relativity,
i.e., the freedom to choose the spacetime coordinates.

1.2 Constraints and gauges

The study of constrained systems has been of great interest for a long time due to
the relevance that these systems have in physics. This is very much so in General
Relativity since, as seen in Sec. 1.1, the gravitational Hamiltonian is a constraint
of the theory. In this section, we will give a mathematical description of constraints
and gauges within the context of phase space. Our main goal is to offer readers a
geometric intuition, useful to better understand the Dirac method for constrained
systems. We will then focus on the concept of gauge transformations which usually
arise in constrained systems, and conclude with a discussion of physical observables,
known as Dirac observables, that can be derived from the theory.

1.2.1 Geometrical description of constraints

We start by considering a phase space described by a symplectic manifold (T, Q),
where I is an even dimensional manifold with an associated symplectic 2-form (), i.e.
a closed 2-form, where closed means d()} = 0. We are interested in understanding
what happens when the system is constrained to lie in a subset I'c of the phase space
(see Fig. 1.4), identified by the condition C' = 0, where C : T — R|C € C*(T).
By imposing the condition C' = 0, we are eliminating one of the dimensions of our
initial manifold I' obtaining I'c, a co-dimension 1 manifold. By definition, we thus
have that the space (I'c, Q¢) is not symplectic’. This also means that the associated
2-form Q)¢ might be degenerate, where a form is said to be non-degenerate iff X 1) =

61t is important to have a symplectic manifold for the Liouville’s theorem to hold.
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X, =0 & X = 0. In this context, the symbol _ denotes the contraction of a
vector field (X in this case) with a n-form () where n = 2). We notice that Q¢ is
degenerate with respect to the vector field ¢ defined by do1Q) = —dC, where d¢
is a vector tangent to I'c. Indeed, one can show that the vector field ¢ lies in the
C = 0 plane, since’

dc1dC = —bc(dca Q) = 0. (1.15)

Eq. (1.15) holds because Q) is antisymmetric, that is dc1 (62 Q) = =02 (002 Q).
From the linear property of the pullback obtained from  : I'c — T, it is easy to see
that®

dc1 Qe =0ca™ QA =9 (62 Q) =0, (1.16)

which proves the degeneracy of Q¢ along the direction d¢. From Eq. (1.15) we
conclude that moving along the directions generated by the vector field d¢, our system
does not change, i.e. d¢ generates a gauge transformation.

At this point, given that the subspace I'c is not physical, we need to find the physical
phase space I',,ys. Recalling that I'c is of odd dimension, it is natural to proceed
by getting rid of another dimension to be able to work with an even dimensional
space. Thus, a degree of freedom (dof) varying along d¢ seems to be a natural choice
since it represents a redundant dof anyway. We define the physical phase space I'ppys
by projecting-out, through a projection operator P, the redundant dof by setting a
gauge-fixing surface, which is a line crossing all the gauge orbits (see Fig. 1.5).
Once the physical phase space is obtained, we need to find the 2-form (), associated
with it. This can be done considering a theorem, which states that if there exists a
vector field d¢ such that

Ls.OQc =0,and 6caQc =0, (1.17)

where Ls,, is the Lie derivative with respect to dc, then there exists a 2-form O,y
over I'phys such that Q¢ = P*(),ys, where P is a "projection operator'’. In order
to apply this theorem we need to show that the hypothesis L5.Q¢ = 0 is satisfied.
This means that we need to prove that the vector field do, which defines the gauge
orbits, generates a symmetry

L5 = 6cadQ) + d((SC_IQ) = d(—dC) =0, (1.18)
—dC

where we used the fact that Q) is a closed 2-form and also d? = 0 by definition. In this
way we obtain the symplectic space (I'phys, Ophys) describing the physical system,
which only contains all the possible configurations of the physical system which are

not gauge equivalent'’. Let us consider some examples to better understand the role
of I', I'c and I'ppys.

7Intuitively7 one can think of dC' = 9,Cdz", where z* are generic coordinates in I'. The quantity
dc2dC can be understood as the scalar product between the vector field §o and the gradient of C.

8From Eq. (1.15) we know that the 1-form dC' = —0c 1) can be interpreted as being "orthogonal"
to ', so its pullback to ' is zero.

9Notice that we are actually embedding the gauge-fixing surface into the physical phase space.

O1ndeed from Fig.1.5 we see that the gauge fixing surface is cutting through all the gauge orbits
only once.
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I'cCl’

thys

Figure 1.5: Gauge orbits generated by d¢ in the constraint surface
T'c. They give rise to a natural projection to a lower dimension physical
phase space I'ppys. Notice that the gauge-fixing surface, defined by the
curved red line, crosses the gauge orbits once and only once.

Example 1

Let T = {(¢%,...,¢";p1,-.,pn)} be our initial phase space with the associated
symplectic form Q = 3" ; dp; A dg’. The constraint is given by C' = p,,, that is
we are removing the n-th momentum component. Applying the constraint C' we
find that the submanifold I'¢ is given by

Io= {(‘117 G5 P15, 0) .

The gauge generator dc can be found considering the condition o Q) = —dC,
which in this case reads §c1Q = §ca 3", dp; Adg' = —dp,,. This means that

0

oc = +—.
c o

Therefore, in this example, the gauge orbits are generated by a vector field (d¢)
directed along the ¢, axis. In other words, we are free to choose any ¢, since it
only represents a redundancy of our system. Using the projector P we find that
the physical phase space is

_ P _
{(¢"...,q" 1,q";p1,---,pn—1,0)}—>I{(q1,~-~7q” l;pl,---,pn—l)}l-
T

phys
It is easy to see that in this case, the physical symplectic form (s is given by

n—1
Qphys = Z dp; Adq'.
i=1
Hence, we have that, in this example, the constraint C' = p,, eliminates two dof:
(4", pn)-

We now want to study a new system, similar to Example 1, but with two constraints.
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Example 2

As in Example 1, we consider T = {(q¢', ..., ¢";p1, ..., pn)} and Q = 37, dp; A
dg¢’. The constraints of the system are now C; = p,, and Cy = p,_;. Therefore
we are removing 2 dof from our initial manifold I'. Notice that, in this case, the
submanifold I'¢ is even dimensional. Nonetheless it does not define a symplectic
manifold because Q¢ had two degenerate directions. Proceeding as before, we
find the submanifold I'c to be

FC = {(ql) Ea3) qn;plu ey Pn—2, 07 0)}
The gauge orbits are now generated by

0

and 502 = W

o0 = G

Finally, the physical phase space and the symplectic form are given by

n—2

1—‘phys = {(q17 cee )qn_Q;plv cee apan)}a Qphys = Z dpz /\dqZ

i=1

It is important to notice that the Poisson brackets between the two constraints
are

{pnfl ) pn72} =0.

This condition defines the first class constraints which will be discussed in detail
in Sec. 1.2.2.

Lastly, we look at an example in which the two constraints behave differently with
respect to Example 2.

Example 3

Let us consider the same initial phase space manifold as in Example 1 and
Example 2. The constraints of our system in this case are p, = ¢" = 0.
Therefore the reduction of the degrees of freedom will be different, because in
this example we do not have the residual freedom to move along any direction.
The submanifold I'c and the symplectic form associated are defined as follows

n—1

FC:{(q17"'7qn_150;p17"'7pn*1a0)} and QC: del/\dqz
i=1

Since there are no degenerate directions along which we can move, we simply
have I'c = I'phys and Q¢ = Oy because we cannot further project along any
non-trivial vector field. Once again, we look at the Poisson brackets between the
two constraints, which in this case reads

{QmPn} =1

Therefore the Poisson brackets are non vanishing, this relation defines the so
called second class constraints, which will also be discussed in Sec. 1.2.2.

In this section, we formally presented the constraints and the associated gauge free-
dom. In the following section we will see how constrained systems can be approached
using the so called Dirac method.
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1.2.2 Dirac method

We will now present a method to treat constrained Hamiltonian systems, which was
introduced by Dirac [24]. Intuitively speaking, as shown in Fig. 1.4, in a constrained
system, once the constraints are solved, a reduced phase space is obtained. The sys-
tem’s dynamics might not be well described by the Poisson brackets in the constraints
surface I'c. In order to deal with this issue we need to introduce a new set of brackets
that will take the constraints into consideration, these are usually referred to as Dirac
brackets. In what follows we will give a more formal representation of the method,
in particular when working with a Hamiltonian system.

We are interested in studying the constraints in a Hamiltonian theory [14]. In the
general framework we start from the action integral S = [ £(q%, %) dt, where L(q', ¢*)
is the Lagrangian of the system, and where ¢ and ¢ are respectively the canonical
positions and canonical velocities with ¢ = 1,...,N. We consider no explicit ¢-
dependence of the Lagrangian, which we also assume to be singular, i.e. £ satisfies
the necessary and sufficient condition [15]

oL
where H = -2£_ is called Hessian. This condition ensures the existence of gauge

847 8g’
degrees of freedom, which always imply a constrained Hamiltonian system [16].

To see why this is so, we notice that, for the action S to be stationary, i.e. for its
variation to vanish, the Euler-Lagrange equations

d <8£> oL (1.20)

dt \ 9g - aq’
must be satisfied, where i = 1,..., N. Solving Eq. (1.20) for the accelerations ¢, we
obtain a second order differential equation for the coordinates ¢*, which is

L PL oL 9L
Togag ~ og ! agoq

(1.21)

Notice that the accelerations ¢ cannot be entirely determined from the canonical
coordinates ¢* and the velocities ¢* if the Hessian is non-invertible. This means
that the solution of Eq. (1.21), ¢%, can be defined using arbitrary functions of time
which constitute gauge degrees of freedom. More precisely, when switching to the
Hamiltonian formalism, the canonical variables change from (¢‘, ¢’) in the Lagrangian

to (¢*, p;), where
oL

Pi= g (1.22)
The condition (1.19) implies the presence of primary constraints [25]
¢"(¢,p) =0, m=1,...M, (1.23)

whose name is due to the fact that it refers to relations between ¢ and p which holds
regardless of the use of the equations of motion.

Notice that the condition in Eq. (1.23) does not mean that the constraints vanish on
the phase space I'. Indeed, the constraints have non-zero Poisson bracket with the
canonical variables, as can be seen considering Example 1 presented in Sec. 1.2,
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Figure 1.6: Different gauge-fixing surfaces (yellow, red and green
curves) are shown crossing the gauge orbits §C.

where ¢ = p, and {¢’,p,} = .. Two functions F' and G are said to be weakly
equal if they coincide in the submanifold I'c where ¢ = 0. Mathematically we can
write [10]

F~G&F—-G=cp(qp)o™. (1.24)

In the same way, if two functions are equal in the whole phase space I', it is defined
as a strong equality. Therefore it is easy to see that the presence of the constraints
implies some sort of redundancy in our system since each quantity can be defined
up to a constraint. Indeed, the Hamiltonian obtained from the initial Lagrangian
through Eq. (1.22) is not unique since it now depends on the gauge fixing choice, as
we will see later in more details.

As pictured in Fig. 1.6, we can choose several gauge-fixing surfaces, each of which
crossing the gauge orbits in a different way, which tells us that the physical phase
space I'phys is not unique. Another way to see this, is to consider the mapping between
the (g, ¢)-space and (g, p)-space. The map that bring (g, ¢) to (¢,p) is not injective,
which means that more than one pair of (¢, ¢) are mapped to the same (g, p).

This is what makes the Hamiltonian interesting in this context. Indeed, the Hamil-
tonian, which is defined as the Legendre transformation of the Lagrangian, H =
¢'p; — L, is ¢-dependent only through p defined in Eq. (1.22). We have that the
Hamiltonian is well defined only in the constraint surface, since otherwise it would
not be uniquely defined, i.e.

H ="M+ cn(q,p)¢™, (1.25)

where ¢, are some functions of p and ¢ and ¢ are constraints. Notice that in the
physical phase space we cannot distinguish between # and # since the additional
term is zero in the constraints surface. Let us consider a system with N degrees of
freedom and M constraints, where M < 2N. It can be shown (Theorem 1.2 in [16])
that the Hamilton equations are then given by

i OH oo™

¢ =5, Tump =
Di Di (1.26)

. _OH S oo™

Pi = 9qi ™ g

where u,,, are the coordinates of the preimage of p of the transformation function
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defined by Eq. (1.22). Moreover, the u,, are introduced to make the Legendre
transformation invertible, which can be done by using Eq. (1.26) and Eq. (1.23).
It is interesting to notice that Eq. (1.26) can be derived from the variation of the
action 05 = 5[;;1 (¢'pi — H — um@™) dt, where the coefficients w,, assume the role
of Lagrange multipliers. Considering Eq. (1.25) and Eq. (1.26), the evolution for

a generic function g, can be described using the Poisson brackets {f, g} = gT{- ggi -
of o
Op; 8qgi as
99 99
g dg; qi + 3p¢p2 {g }+ um{g ¢ } ( )

Recalling that the coefficients u,, are not functions of p and ¢ but of ¢ and ¢, their
Poisson brackets are not well defined. However we can still use all the properties
(linearity, antisymmetry, product law and Jacobi identity) to prove that, knowing
that ¢™ ~ 0, we can write the equation of motion for g as [14]

g=A{9.H+uno™}. (1.28)
Thus we can define the total Hamiltonian as
Hiot = H + umo™. (1.29)

It is important to notice the difference between Eq. (1.25) and Eq. (1.29). The first
one is a transformation which leaves the system unchanged, while the second one is a
formulation of the Hamiltonian which gives us the equations of motion equivalent to
the ones obtained from the Lagrangian (Euler-Lagrange equations). Using the total
Hamiltonian (1.29) we can also compute the dynamics of the constraints ¢™, simply
by considering Eq. (1.27) for the special case in which g = ¢". Self-consistency
requires

{¢", H} + um{¢", 9™} = ¢" = 0, (1.30)

where the index m runs though all the possible constraints of the system. The above
equations give rise to different possibilities:

a) If we have 0 = 0 it means that we have no new information and the primary
constraints directly satisfy the identity;

b) If the LHS is not identically equal to zero, we can have two additional possi-
bilities:

i) Tt can depend on the u,,’s, in which case it turns into a system of equations
in which the u,,’s are the unknown which we need to find;

it) It is independent from the w,,’s and from the primary constraints. This
means that we find ourself with an equation similar to Eq. (1.23). Thus
we need to introduce another constraint which is usually called [14-16]
secondary constraint x(¢,p). Notice that these constraints, contrary
to the primary ones, make use of the equations of motion. Once these
constraints are found, the procedure is the same as the one presented
before, where now the consistency equation is defined as

X", H} +un{X" 0"} =x" = 0. (1.31)

Point a) is trivial, and point #7) bring us back to the two other possibilities since the
study of the secondary constraints proceed analogously to the one for the primary
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constraints. Therefore we are left studying point 7). Indeed, the study of Eq. (1.30)
can give us further information on the coefficients u,, [14, 16]. In particular we notice
that Eq. (1.30) is of the form A + u,, B = 0 which is a system of linear equations
in the unknowns w,,. First we can solve the system as it is, obtaining the so called
general inohomeneous solution (Up,). If we now solve the equation assuming
the term A = 0, we obtain the so called associated homogeneous solution (V).
Therefore once added to the general inhomogeneous one, we find a complete general
solution for u,,. The full set of solutions for the coefficients u,, is given by

tm = U + 1aVC, (1.32)

where a is an index for all the possible homogeneous solutions and v, is a set of
arbitrary coefficients. Using Eq. (1.32) we can write the total Hamiltonian (1.29) in
terms of the U,,’s and V,;,’s

Hiot = H+Und™ + v Vo™
H/
= Ut o, ViO™ (1.33)
(z)a
=H + v,0".

From this we get that the eom can now be defined as

g% {Q,Htot} (134)

It might seem like Egs. (1.25), (1.29) and (1.33) are trivially the same. This is however
not the case, and it gives us a chance to summarize and clarify what we obtained
up until now. In Eq. (1.25), as explained, we defined a Hamiltonian transformation
that leaves the dynamics invariant, with the coefficients ¢,, depend on (g,p). We
then introduced a different Hamiltonian transformation such that the eom are the
same as those obtained from the Lagrangian. This can be obtained by using the total
Hamiltonian (1.29) where the coefficients w,, are functions of (q,¢). It is important
to note that the coefficients ¢, and w,, must satisfy certain consistency equations,
meaning they cannot be chosen arbitrarily.

However, using the constraint’s evolution, we are able to separate the coefficients
Uy, in two parts, an arbitrary one and one dependent of the consistency equations.
Therefore we are able to find a set of arbitrary coefficients v, with which to define
a new total Hamiltonian (1.33). This defines a formulation of the Hamiltonian which
makes the presence of gauge freedom manifest, as well as their generators. Indeed,
the arbitrariness of the v,’s implies that they can also be chosen as being arbitrary
time dependent function while still satisfying the consistency requirements [14]. In
particular it implies that, although for fixed (g,p) we can define the dynamics of the
system, the inverse is not true, i.e. from the dynamics we can not infer the value of
all the phase space variables, which means that not all the (¢q,p) are physical. This
can explicitly be shown [16] by choosing v,(t1) = 74(t1) and va(t2) # a(t2), such
that for ¢; < t < to we have dv, = (vq — U,), which means that there will be two
possible evolutions of a dynamical variable R at any time ¢, such that:

SR = dv.{R, ¢"}. (1.35)

In this section we introduced primary and secondary constraints. However, these
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separation is not of fundamental importance. Instead, it is useful to introduce a new
classification of the constraints. In the literature [14], a variable is said to be first or
second class when it satisfies the following properties:

i) A first class dynamical variable R has zero Poisson brackets with the con-
straints ¢, i.e.
{R,¢™} =~ 0. (1.36)

It is important to notice that the Poisson brackets of two first class variables
are still first class. To prove that we can use the Jacobi identity {{A, B},C} =
{A,{B,C}} — {B,{A,C}} for two first class variables R and F such that
{R,¢"} = r"¢" and {F,¢p™} = f"¢™. Therefore we have

{{Rr, F}, 0"} ={RAF,¢"}} —{F . {R,¢"}}
=A{R, f'¢"} = {F,r;'¢"}
=A{R, fi'}o" + [ {R, ¢"} —{F,r}¢" —r{F, 6"} (1.37)
=A{R, fi'}o" + frlrnt " —{F, vy " — it "
=~ 0.

it) A second class dynamical variable R satisfies

{R,¢™} 20, (1.38)

that is a variable whose Poisson brackets are not weakly zero for at least one
of the constraints.

It is important to notice that both H’ and ¢® in Eq. (1.33) are first class, and we will
now prove it. Let us start with the constraints ¢®, whose interesting feature is that,
by definition, they are the only independent weakly vanishing quantities. Considering
the definition of ¢* = V2¢™ if we take the Poisson bracket with another constraint
@", we obtain
(Vo™ 0"} = Vip{o™, ¢"} +{Vin, 9" o™
~ Va{e™ 6" =0,
where the last equality comes from the definition of the coefficients V% which are
defined to satisfy the homogeneous equation V,,{¢™, ¢"} = 0. To prove that also H’
is first class we use the definition H' = H + U,,¢™, from which we obtain

{(H,¢"} = {H +Unoé™, ¢"}
~A{H, 9"} + Un{o™, ¢"}
= O,

(1.39)

(1.40)

where the last step is due to the fact that the coefficients U,,, are defined as the solution
of the inhomogeneous equation. Therefore Eq. (1.33) gives the total Hamiltonian in
terms of a first order Hamiltonian and first order primary constraints ¢®.

We are interested in removing redundant variables from the formulation of a con-
strained system, in particular this means that we need to introduce new brackets
defined on the constraints surface, since Poisson brackets are not necessarily well de-
fined in this context. To do so we start by arranging our initial constraints in linear
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{Fv'}

(a) (b)

Figure 1.7: Representation of the dynamics between subsurfaces,
each at a fixed time t.

combinations that are first class, i.e. V2¢™. The remaining independent combina-
tions are the second class constraints. Following Dirac’s notation, we denote these
second class constraints as ys where s = 1,...,.§ with S the number of remaining sec-
ond class constraints. It can be proven [14] that the determinant of the matrix formed
by the Poisson brackets taken between these constraints, is strongly non vanishing,
i.e. these second class constraints form a nonsingular S x S matrix of commutations,
ie. Cij = {xi,x;j} - Notice that, a key part of the proof, is the assumption that the
dimension of the second class vector is the smallest possible. Due to the antisym-
metry of the Poisson brackets we have that Cj; is also antisymmetric, and therefore
even dimensional''. Thank to this matrix we are now able to define a new set of
brackets, called Dirac brackets which allow to eliminate second class constraints.
Since Det(Cj;) # 0 we know that the matrix is invertible. We define a new set of
brackets {A, B} p between two quantities A and B by

{A, B}D = {A, B} - {A,Xi}(oij)_l{xj', B} (141)

It is possible to prove [14] that the Dirac brackets satisfy the same properties of the
Poisson brackets. An important feature is that the new brackets between a general
variable A and any second class constraint vanish, i.e.

{A,xs¥p = {A xs} — {4, x) (i) Hxg xs) =0 (1.42)
51

Therefore, substituting all the Poisson brackets with Dirac brackets allows to reduce
the number of variables by solving the second class constraints.

We now want to give a geometrical intuition of the Dirac brackets. Let us consider
the vector field given by ¥ = {F,-} for a generic function F(q,p) of the phase space
(See. Fig. (1.7a)). Notice that, if ¥(g) = {F,g} = 0, then g is constant along the
trajectories defined by the vector field ¥. Therefore op = {F, -} p defines a vector field
tangent to the surface x" = const, where x"* are second class constraints. Indeed, we
know that, by definition, the Dirac brackets between F' and second class constraints

HTt is known that the determinant of an odd-dimensional antisymmetric matrix must vanish.
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are {F,x™}p = 0, which means that x" are constant along the vector field ¥p. In
Fig.( 1.7b) only one of these surfaces is pictured.

Dirac observables

Considering what we discussed until now, each constraint can be categorized as either
first-class or second-class, and, in turn, they can be further classified as primary or
secondary constraints. The classification into primary and secondary constraints is
not important once we go from the Lagrangian to the Hamiltonian formalism as it
is mainly related to the Lagrangian. Since the first class constraints can modify
the dynamics of a constraint system without affecting its physical properties, they
are generators of gauge transformations, i.e. transformations which leave the
physical system invariant as shown in Eq. (1.35).

By definition GR is a diffeomorphism invariant theory, which reflects the fact that
each observer can choose a different reference frame. The diffeomorphisms of a space-
time (M, g) form the group Diff(M). More precisely, the freedom of choosing the
slicing of spacetime is generated by the scalar Hamiltonian H, while the freedom
of choosing the coordinates in each slices is generated by the vector Hamiltonian
H;. This gauge freedom, although useful, can be a problem if we aim to eventually
quantise our theory since, as we know, in quantum mechanics physical variables are
defined by operators. Thus, there is the need to find some gauge invariant variables
which represents our observables [26]. Generally speaking these variables, in the con-
text of constrained systems, are known as Dirac observables D, which are defined
as those variables which commute'? with the total Hamiltonian (1.33). In particular,
we can define [27] the so called strong Dirac observable as

{D,Cy,} =0,Vm (1.43)

where C,,, are the constraints of the system. We can also define weak Dirac observ-
ables as
{D,Cy} ~0,Ym. (1.44)

Therefore the strong Dirac observables are quantities that strongly commute with
the constraints, while the weak Dirac observables commute only on the constraints
surface. In our specific case in which the system’s constraint is the Hamiltonian, the
definition of Dirac observables implies a conditions on their evolution. In particular,
in full GR, the Dirac observables are constants of motion. This is a known problem
since all the observables of our theory would be non dynamical. This issue has been
addressed several times in the literature (see e.g. [28]).

An important property of the Dirac observables is that they form a closed algebra,
ie.

{{Di ,D;},Cn} = {DiD;,Cp} —{D;D;,Cp,}
= Di{Dj,Cp} +{Di, Cpi } D;
— Dj{D;,Cr} —{Dj,Crn} D;
~ 0,

(1.45)

where the last weak equality is substituted by a strong equality in case of strong Dirac
observables. Eq. (1.45) shows that, by definition of Dirac observables, i.e. a quantity
which commutes with the constraints, the Poisson bracket of two Dirac observables
commutes with the constraints. This means that {D;, D;} oc Dy which proves the

12T hese commutation is intended with Poisson brackets.



18 Chapter 1. Constrained systems

algebra is closed. This makes them good candidates for quantization, see for example
[29]. Moreover, the algebra is still closed when computed using the Poisson Brackets,
as the Dirac observables commutes with the second class constraints making the
second term in the RHS of Eq. (1.41) zero,

{DiaDj}D ~ {D,L,Dj} (146)

It is also straightforward to see that the definition of Dirac observables does not
depend on the particular choice of the representatives as they all must differ by a
constraint and

{DZ‘—FOémem,Dj} ~ {Di,Dj}, (1.47)
for any ™.

The number of (independent) Dirac observables is equivalent to the number of re-
duced variables in the constraints parametrizing any gauge-fixing surface. Using these
observables we can write the Hamiltonian in a gauge-invariant way, see Ch. 2 for
details.

In the explicit case in which the second class constraints are defined by the gauge-
fixing functions and the first class constraints given by the Hamiltonian, defining the
invertible matrix Cj; = {g¢;, H;}, we have that any physical variable in the gauge-fixing
surface must be equal to a Dirac observable modulo a combination of constraints and
gauge-fixing conditions, see 2.2.2. This implies that there must exist D; such that

P = D, + B, (1.48)
for some . Eq. (1.48) is equivalent to the mapping

0c,=0 ’
and implies that there exists a canonical isomorphism between the physical vari-
ables in any gauge-fixing surface and the Dirac observables due to the invariance of
the Dirac brackets under second class constraints, i.e.

(o™ WPy ~ {D; , Dj}p

(1.50)

9:=0

Since this mapping is a canonical isomorphism this means that from the physical
space I'phys we can pull-back to the space of Dirac observables, which we call Dirac
space D, see Fig. 2.2. This means that the Dirac observables parametrize a unique
phase space where the dynamics are generated by a unique Hamiltonian that is
a function of the Dirac observables. Note that if we choose the representatives of the
Dirac observables in such a way that they commute with a given set of gauge-fixing
conditions,

{6Di,g;} =0, (1.51)
for all j’s, then the Dirac bracket (1.42) can be equivalently expressed as
{A,B}p = {A,0D;}{6D;,6D;} *{6D;, B}, (1.52)

for any A and B. The above formula shows how any variable inserted into the Dirac
bracket is first unambiguously associated with a Dirac observable (1.44) which coin-
cides with that variable in a given gauge-fixing surface. Next, the resulting observable
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is computed in accordance with the commutation rule of Eq. (1.46) and yields a Dirac
observable that is again given in the representation (1.51).

1.3 Summary

In this chapter, we introduced the concept of constraints and constraint surface.
In particular, we discussed how by solving the constraints, i.e., going from the full
phase-space to the subspace defined by imposing the constraints, we are left with some
redundant degrees of freedom which represent the gauge freedom of our system. We
also introduced different classifications of constraints, like the definition of primary
and secondary constraints associated with the equations of motion of our system.

Additionally, we provided the more useful definitions of first and second-class con-
straints, which do or do not commute with the remaining constraints, respectively.
This latter distinction is more fundamental, as it is related to the nature of the
symmetries involved in our system and plays an important role in the quantization.
Moreover, through the introduction of second-class constraints, we were able to in-
troduce the Dirac bracket, which acts as a generalization of the Poisson brackets in
constrained systems.

Finally, we introduced the concept of Dirac observables, which are defined as quanti-
ties which (weakly) commute with the constraints and, as such, in general relativity
they are not dynamical. These observables are good candidates for quantization as
they are gauge-invariant quantities and their algebra is closed. They will play an
essential role in the physical interpretation of the results obtained in Ch. 3.
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CHAPTER

Constrained systems in perturbation
theory

In Ch. 1, we introduced the theory of constrained Hamiltonian systems in the ADM
formalism, which can be studied using the Dirac method as presented in Sec. 1.2.2.
In the current chapter, we will use the notions presented in Ch. 1, focusing on the
theory of perturbations around any spatially homogeneous spacetime. Cosmological
Perturbation Theory (CPT) is widely accepted as a model for understanding the
behaviour of gravity on large cosmological scales and at early times. It allows to
describe primordial density fluctuations which gave rise to the large-scale structures
we observe today, such as galaxies and galaxy clusters. As such, it plays an important
role in the development of quantum theories that aim to explain the origin of the
primordial structure of the universe.

In this chapter we will keep our considerations general without specifying any par-
ticular background model. We will then study the complete Hamiltonian formalism,
focusing on the gauge-independent description of cosmological perturbations, as well
as on the issues of gauge-fixing, gauge transformations and spacetime reconstruction
by the use of the Dirac method. Next, we will introduce a new parametrization of the
spacetime based on the Kuchar decomposition, which will provide us a better under-
standing of the gauge-fixing procedure and spacetime reconstruction. This procedure
paves an ideal route towards gravity quantization, and the approach to cosmological
perturbation theory follows essentially the same path. However, there are also dif-
ferences between the non-perturbative and perturbative approaches that should be
noted. The most striking difference is that, in non-perturbative canonical gravity,
Dirac observables are constants of motion, as the Hamiltonian itself is a constraint.
Consequently, the dynamical variables cannot be expressed exclusively in terms of
Dirac observables, and an extra variable, the internal clock, is needed. It is assumed
that the internal clock commutes with all the Dirac observables. This assumption
makes the symplectic structure of the physical phase space depend on the choice
of internal clock, giving rise to the so-called multiple choice time problem. [30-34].
On the other hand, in the perturbative approach the second-order Hamiltonian is
not a constraint, and the respective Dirac observables are, in general, dynamical.
The reason for this to happen is that the first-order gauge transformations keep the
background “time" fixed whereas the true dynamics of perturbations occurs in the
evolving background. Hence, the multiple choice problem is confined to zeroth order.
Nonetheless, if one is to quantize both the background and the perturbations, the
choice of the background clock has to be made and it will affect the dynamics of
perturbations [35].
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The Hamiltonian formulation in CPT has been derived before in simple background
spacetime such as the Friedmann universe [17, 36-40] or the Bianchi Type I model
[19, 41, 42] (See Ch. 3).

The following work has been presented in [43].

2.1 Hamiltonian formalism

We start this chapter by introducing the Hamiltonian formalism in perturbation the-
ory. We will first present its form up to n-th order of perturbation from which we
will then restrict our attention to the Hamiltonian up to second order.

2.1.1 Hamiltonian up to n-th order of perturbation

In this section we aim to present a general form of the perturbed Hamiltonian up to
the n-th order of perturbation, subsequently we are going to restrict to the case n = 2.
To understand the form of the perturbed Hamiltonian, we need to first consider its full
form. In particular, from Eq.(1.13) we know that the Hamiltonian is linear in both
the lapse function and shift vector. This means that in the perturbative expansion of
H, there can not be more than one derivative with respect to N#. Furthermore we
can assume the Hamiltonian to be at most second order in the momenta (this allows
us to obtain the canonical kinetic term), which implies that we can not have more
than the second derivative with respect to the momentum p.

To obtain a perturbative expansion of H we need to write its Taylor expansion. We
start by writing the expansion of the variables N#, p and ¢. The expansion will be in
the form €"(3, + ¢ (n)g ), where € is a bookkeeping parameter ultimately set to 1, while
f3,, is the homogeneous part of the contribution and §() 3 is the inhomogeneous
one. So we have

N# = N#(e) = Njf + e (NI + 8N") + & (N§ +00N") +.; (2.1)
' =p(e) = ph+e(pi+3Mp") + ¢ (ph+0@p') + . (22)
@ = a;(€) = gjo + ¢ (45 +0Vg;) + € (qj, +0@g;) + . (2.3)

As previously mentioned, the two variables N* and p are perturbed up to first and
second order respectively, while the position ¢ has no order restriction. The total
Taylor expansion of the Hamiltonian reads

; > 1 0°H . 1 0“HOH
i (a) il il (a)
H(N. 2" 45) H°+Z al g’ q+o;a! dag on VO
. 1 0°HOH . 10°H O0H
(o) 10%H OH ) o
2 araeg ap PTG oyt NP
1 9°H 0*°H 1 190*H 93H
- (@) g82p + = 277 T s@asNs?
Z al 0%q Opdp °P 2 azz:l al 0%q ONOIpdp ¢ P

(2.4)
where we are using the notation %O;I; = 8(11-?&%[(11.& , where the sum over « is a place-

holder for >>>°, >°"_,, and we are using Egs. (2.1), (2.2), (2.3). The general form
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of the Hamiltonian at 2n-th order is given by

HC =¥ (pf, 4+ 607 (9l + 5™ p7) + D (i + 60 4,) (45,0 + 6T ;)

+ 0 (g + 6™ (i, + 50 p7) + T (p, + 6 (2.5)

A" (G + 0 g5) + CU (N, + 6N

() A

where ¥\7, ¥ 0%, are time-dependent background coefficients and I1; i

7,] ’ 1] ) ] ’
depends on lower order variables as well as background ones, while C™) is a term
which contributes only to the constraint equations. The Hamiltonian (2.5) is obtained

from the expansion of the Hamilton equations in €, order by order.

Remember that N is a vector containing both the shift vector and lapse function.

2.1.2 ADM Hamiltonian up to 2nd order of perturbation

Let us now consider the Hamiltonian in the ADM formalism given in Eq. (1.13)
ngavity = / (NHO + NZHZ) de’ (26)

where [22, 23]
Ho = /q [—SR + q_l(ﬂéwg S )} (2.7)

and

H' = —2,/qD; (7\2) . (2.8)

The covariant derivative is defined as
D't = 9;m' + Fikjﬂkl + lejﬂik. (2.9)

In the following we will perturb the Hamiltonian (2.6) up to second order. We
consider a spatially homogeneous background with fixed spatial coordinates, such
that the background shift vector components N vanish [44], while the background
lapse is left unspecified. Also, the diffeomorphism constraints of the background
model HH® = 0 must vanish trivially if the metric does not explicitly depend on
spatial coordinates. The total Hamiltonian will have the form

H = / (NHO + NH® 4 6N16H,,) dz, (2.10)

where N is the zeroth order lapse function, SN# = (§N,§N?) are the first order
lapse and shift functions, HO) and H?) are respectively the zeroth order constraint
and the second order scalar Hamiltonian, and d#,, are linearized scalar and diffeo-
morphism constraints. Notice that there are no linear terms in the perturbations
as they all average to zero when integrated over all space. This Hamiltonian is a
function of the homogeneous three-metric g;; and three-momentum 7 and the pure
inhomogeneous perturbations of the three-metric and three-momentum given
by

5q,~j = Qij — Gyj» ot = 7t — 7, (2.11)

The total canonical structure can be shown to be the sum of the homogeneous and
inhomogeneous canonical structures.
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Figure 2.1: Schematization of the role of the order of perturbation
terms of the Hamiltonian up to second order.

The interpretation of the terms in Eq. (2.10) is as follows. The zeroth-order con-
straint H(©) generates time transformations in the homogenecous background space-
time while keeping the inhomogeneous fields fixed. The first-order constraints 6H,
generate linearized transformations of the inhomogeneous spacetime while keeping
the homogeneous background fixed. The second-order Hamiltonian H(?) generates
the dynamics of perturbations that must occur simultaneously with the dynamics of
the homogeneous background generated by H(?).

In what follows, we will calculate the terms of the perturbed Hamiltonian within the
framework of linear metric perturbation, extending the computation up to the
second order.

Oth order

We start by computing the form of the Hamiltonian at zeroth order. In particular
we want to find "
HO = N#H© + Nwi . (2.12)

The components of Eq. (2.7) and Eq. (2.8) depend on the specific metric chosen. In
[17], an application to the Friedman-Lemaitre-Robertson-Walker metric is shown. In
Chapter 3, we will explore the application to an anisotropic model, the Bianchi I
universe, which represents one of the original contributions of this thesis. From Eq.
(2.7) we have

o 1 _

HO(O) =7 1/2 (T‘_Zj,n_]i _ 27T2) _ \/a 3R, (213)
where all overlined quantities are considered at the background level. The Einstein
summation convention is assumed throughout. For completeness, we will now ex-
plicitly write the zeroth-order components of Eq. (2.13). The trace of the conjugate
momentum square can be written

g—l/2ﬁijﬁji _ Tl/zﬁikgkﬁjnqm (2.14)

The trace square of the conjugate momenta reads

T =T = T, (2.15)
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The Ricci scalar in Eq. (2.13) is defined as
"R ="Ring" = ¢"OT"; — ¢" 00T " — ¢ T Ty + 4T, T (2.16)

The Christoffel symbols are defined by

: 1 .
rzmn = iqm((lkm,n + dkn,m — an,lc)v (217)
where g, , denotes the spatial derivative with respect to gy, i.e. qrmn = 8(3;;”. Note
that Eq. (2.17) contains only spatial derivatives of the metric. For any homogeneous
background metric, which we will assume moving forward, all spatial derivatives are
zero. Therefore, the zeroth-order term of the Ricci scalar vanishes.

Let us now make some considerations for the vector part of the background Hamil-
tonian,

Vi

Since the Christoffel symbols vanish when computed with a homogeneous background
metric, the covariant derivative can be substituted with a normal derivative at zeroth
order, D; — 0;. Analogously, the conjugate momenta at zeroth order would only be
time dependent, which would make the total contribution of Eq.(2.18), null.

(0) AN
H: :—2\/§Dj<> . (2.18)

1st order

We want to compute 8V and SO, Starting with the vector component, we
want to obtain

i\ ii\10
Q)qyi — _ (0) (T _ (1) (T
o ()] s p

The second term on the RHS of Eq. (2.19) vanishes, thus we simply need to compute
the spatial derivative of the conjugate momenta 7% at the background. We are
interested in linear perturbation of the metric, hence there will not be second
order perturbations of the metric but just products of first order ones. In other
words, in all our further perturbations, we will have equations proportional to dg;;
and d7"" or their products (for second order perturbations). The first term on the
RHS of Eq. (2.19) is obtained by computing the perturbation of both the covariant
derivative D; and the conjugate momenta 7;;, that is

.. (1)
[Dj (7:/5)] =g 29;0m 4 ¢ T Oonl

- - (2.20)
+ 7 I/QFka(O)éﬂ_k +fljaj(q_1/2>(l)

+ q—l/Ql—'ikj(l)ﬁkj + q—l/2rjkj(1)ﬁik’

where the two boxed terms vanish. The first order terms I” kj(l) and (¢=*/2)(V) are
easily computed following the same reasoning showed for the zeroth order, obtaining

, 1.
I, = §qll (Oaqur; + 0qj e — Oqrjy) , (2.21)
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where we used the perturbation of the contravariant form of the metric, i.e.
Y = 0qy5 g, (2.22)

as well as !
(Vo) = 53"%7"" 5 qum. (2.23)

In a similar fashion to Eq. (2.23), we have

179\ (D) L1720
(q 1/2) =37 20 54,5 (2.24)

Let us now compute the first order for the scalar part of the Hamiltonian, i.e.

1)
(5(1)7-[0: { Va 3R+q 1/2 (7r37rl éwzﬂ

_ _\/@(0) 3p() _ \/{I(l) 3 p(0)
BN 1 90
1/2 ) j .2

+ (q—1/2)(0) [257r T — % (WQ)(l)} )

where, as before, the boxed term vanishes. Notice that in the last line the term 2577?7{
is multiplied by a factor 2 taking into account the symmetry.

(2.25)

From the definition of the Ricci scalar in Eq. (2.16) we know that we need to
compute products of first and zeroth order for both the metric and the Christof-
fel symbols. Once again, the equation can be largely simplified for a homogeneous
background metric, obtaining

. . . ‘ 1
SRW = (qlhglrlm’ - qlhahrkm' - qmrmzz’rlhm + qZhrmhirllm>( )
i (1) _g (1)
=7 ih (alrlhi) ih <8hrkkz)

As we can see, in order to compute the first order of the Ricci scalar we just need
to use Eq. (2.22) and Eq. (2.21) for different sets of indices. Lastly, we need the
first order of the trace of the square and the square of the trace of the conjugate
momentum. The trace of the conjugate momentum square is

(2.26)

6_1/2571'2‘]'%' 1/257T1kq 7T]n(]m+q 1/2 ZkéQk 77] anv (2'27)

and the square of the trace reads
or? = 2 (on'* gl + T hoqumq, ) (2.28)
where the factor 2 accounts for symmetrization.

The steps showed up to this point allow one to write the Hamiltonian at first order.

In the same manner, we now proceed to show how we can obtain the second order
perturbation.
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2nd order

At second order, we only need to compute the perturbation of the scalar Hamiltonian
(2.7). This is so because the Hamiltonian (2.6) at second order does not include a

term such as N; (’Hi)@), where N; = 0 as explained below Eq. (2.9).

In the following, we will briefly showcase how to compute the Hamiltonian at second
order. The steps will follow from the previous order; however, it is interesting to
note how this initially tedious computation can be later simplified by introducing the
scalar-vector-tensor (SVT) decomposition.

Once again, since we are expanding up to first order in the dynamics, we are only
considering terms such as dgdq or d7dm, and ignoring terms like 62 g or 6.

The second order perturbed scalar Hamiltonian is

o (2)
sy = [—\/5 SR+ /2 (W;Wf- — ;WQH
=—(va)” *r? - (yg)) *r"
()" ((sﬂ;:aﬁg - %57rf67r§ 25 iz 5<2>7T;:7r;i) (2.29)
+ (q_l/Q)( (257@?{ — 5#1??;)

Most of the terms in Eq.(2.29) are products of the previously shown equations (2.21),
(2.24), (2.16), (2.28), (2.27); therefore we are left with the task of computing the
second order of the Ricci scalar, the metric and conjugate momentum. At first order
we know that §¢ = ¢q*dq;;, therefore we find

1

5P g 12 = g V2(q6qi5)? + g 264 5quj, (2.30)

=
)

where we used Eq. (2.24). The second order in perturbation of the conjugate mo-
mentum, using Eq. (2.28), is given by

7T§~(2) = (ﬂikqjk)@) = o1'%8q;p.. (2.31)

Finally, the last term needed to compute Eq. (2.29) is the Ricci scalar

3p(2) :qih(o)al (rzhi)@) _ qih(o)ah(l—vkki)(Z) 4 qih(l)al(rlhi)(l) _ qih(l)ah(l—vkki)(l)
— (@) @) M () + (¢") O™, M (T,) M,

(2.32)
where Eq. (2.21) and (2.22) are needed to obtain the final form of the second order.
We also need to compute the second order perturbation of the Christoffel symbols,
ie. )

1
Flm'( = §5qlk(5%h,i + 0qrih — 0qni k), (2.33)

while the Christoffel symbols with contracted indices can be simplified as

2 1
rkik( ) = §5qkh5%k,i- (2.34)
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Once Eqgs. (2.14), (2.23), (2.24), (2.26), (2.28), (2.30), (2.31) and (2.32) are sub-
stituted into Eq. (2.29), after some straightforward but tedious computations, we
obtain

1 . . .
5 H, =§q1/ 2 <5q’hq”" Sqrnir — 04" " Squr in — 2464 ™ Sqpm 1 + 24" qu(qln(Sin)(Sth,km)

+q /2 l(dﬂiijk + Wikdq]'k) (57rjIQiz - 7le5qil)

— 5 ((57TZink + WZk(Sqik) (57r]lqu + 7T]l5q]'l) + 257rlk5qjk7rﬂqil — (57T2k5qikﬂ']lq]'l]

1 . . . . , .
— 51 L2 4m § G, [2 (57leij + Wlk(Sij) mitgy — (57TZink + WZk(SQik) W]lqul

111 _1/9 .. 2 1 _1/2¢ @i i i 1 i il
+3 [4(1 P (¢76ai) + 50?007 8qi; | (7" apn?'an — Sr*annan )
(2.35)

where the coefficients for each term follow from the expansion in Eq. (2.4) and we
omitted the bar over background quantities.

Notice that for the above computations a universe with no matter content is assumed.
Were there to be matter, the related Hamiltonian should be perturbed too. In Ch. 3
we will apply this formalism to a Bianchi I universe filled with a scalar field as matter
content.

2.1.3 Hamiltonian constraints and constraint algebra

As discussed in Chapter 1, the Hamiltonian in GR is a constraint, therefore we expect
this property to persist in perturbation theory. The existence of constraints within
our theory gives rise to gauge freedom. In the context of CPT, the gauge-fixing must
happen at each order of perturbation. At zeroth order our constraint, defined by H,
provides one degree of freedom to be chosen which corresponds to the freedom in
fixing our time. We can set our time to be any parameter suitable to describe the
dynamics of our system, like the position of a moving particle in a mechanical system.

The Hamiltonian (2.10) defines a gauge system if the constraints are truncated at
first order. This is due to the fact that the constraints 04, are first-class at first
order, which means that they (weakly) commute at first order. Specifically, at each
spatial point, the algebra of the linearized constraints reads

{57‘[2, (YHJ} ~ 0, {5Hj, (57‘[0} ~ O, (2-36)

where we used the weak equality since the commutators can be proportional to the ze-
roth order Hamiltonian which is a constraint. We note that the linearized constraints
commute strongly at first order and thus the group of gauge transformations that
they generate for each spatial point must be abelian. This is true independently from
any particular choice of background spacetime model. Moreover, Eq. (2.36), holds
for perturbation theory around any homogenous background, since the homogeneous
and inhomogeneous variables commute with each other.
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The constraints are dynamically stable on the constraint surface, namely,

§Ho = {/(H(O) +7—l(2)),57-[0(x)} = —6H' ;(z) ~ 0,
(2.37)
SH; = {/(’H(O) + H@)),m(x)} =0

where dH'(x) = q6H,;(x), and the dot represents a derivative with respect to ¢.

Egs (2.36) and (2.37) are a linearized version of the algebra of hypersurface defor-
mations of canonical relativity [45]. The full deformation algebra, and hence its
linearization, are universal in the sense that they do not depend on any particular
theory of gravity [46]. It is worth noting that the algebra can abelianize naturally for
spherically symmetric hypersurface deformations [47, 48].

2.2 Dirac method in CPT

The Dirac method introduced in Sec. 1.2.2, provides a powerful tool for setting valid
gauges and for reconstructing the spacetime metric from gauge-invariant variables in
the Hamiltonian formalism. In the following we will apply the Dirac method to CPT,
while still maintaining a generic background. This will give us an idea of the practical
and useful applications of this method. For an explicit application see [17] and Ch.
3.

2.2.1 Gauxe-fixing and reduced Hamiltonian

In order to remove the gauge freedom generated by solving the constraints 0H,,, we
choose 4 gauge-fixing! conditions, denoted by dc,, = 0, such that the commutation
relations between the gauge-fixing functions and the linear constraints form an in-
vertible matrix, that is,

Det{dc,,0H,} # 0. (2.38)

This condition is essential for transitioning from a constrained system to an uncon-
strained one. In particular, the invertibility of the matrix ensures that the chosen
gauge-fixing conditions remove all and only the unphysical degrees of freedom, es-
tablishing a consistent and reduced description of the system. The physical variables
describing the system are obtained from the reduction of the formalism by solving
both the gauge-fixing conditions dc, = 0 and the constraints H,. More specifically
the set of 12 ADM perturbation variables (Jg;;,d7m"), after solving the gauge-fixing
conditions and the constraints, are replaced by a reduced set of 4 physical variables
denoted by ((5q})hys, (57Téhys), where I = 1,2. This reduction is explicitly performed in
Ch. 3 for different gauges. The physical variables can be chosen in such a way as
to form a canonical coordinate system on the submanifold in the kinematical phase
space, on which the gauge-fixing functions and the constraints vanish. We call this
submanifold the physical phase space. The canonical structure of the physical phase
space is encoded in the Dirac bracket,

{A, B}p = {A, B} — {A,6¢,}{0¢y, 6, } {80y, B}, (2.39)

where 0¢, € (6H1,...,0Ha,dc1,...,0cq) and where {d¢,,, §¢,} ! is the inverse matrix
with regards to the indices. Note that the Dirac bracket depends on the choice of the

I There are as many gauge-fixing conditions as constraints.
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gauge-fixing conditions (dcy,...,dcq). Writing the Hamiltonian in terms of the new
reduced variables gives the reduced Hamiltonian:

= N’Hfz()i(éq?hys, Ol s)- (2.40)

2
(N/H( ) + 5Nu57-[“) e, =0=5H, phys

As a consequence we also find the reduced Hamilton equations defined in terms of
the reduced set of variables, the reduced Hamiltonian, and the Dirac bracket:

%6(]?}1}’5 — {5(]?}1}’87/ (NH(O) + NHEgé)dgﬂf}D,

(2.41)
d 2
adﬂéhys = {57T£hysv/ (NH(O) + NHEeBi) dgx}D'

Note that the term [N H () generates the dynamics of the background coefficients,

which are typically present in the definitions of 5q§)hy ® and 57rrf)hys.

2.2.2 Gauge-invariant Hamiltonian and Dirac observables

The reduced Hamiltonian is obtained by fixing the gauge, this means that one par-
ticular choice of gauge must be made. Although obtained from a particular choice of
gauge-fixing conditions, the reduced Hamiltonian and the physical variables in fact
encode the gauge-independent dynamics of the model. This can be shown with the
help of the Dirac observables presented in Sec. 1.2.2. In the context of perturbation
theory, considering the constraints C), = dH,, the definition of the Dirac observables
in Eq. (1.44), now denoted by dDj, becomes:

{6D;,0H,} =0 for all . (2.42)

As discussed, by definition, Dirac observables commute with the 4 constraints dH,
and are understood as functions on the constraint surface. Hence, the number of
independent Dirac observables must be equal to the number of reduced ADM
perturbation variables, which is equivalent to the number of physical variables
(6q§3hys,57réhys). The Dirac observables provide a parametrization of the space of
the gauge orbits in the constraint surface whereas the physical variables provide a
parametrization of a particular gauge-fixing surface that crosses each gauge orbit once
and only once as depicted in Fig. 2.2. Therefore, as shown in Sec. 1.2.2 for the full
GR case, there exists a one-to-one correspondence between the Dirac observables
and the physical variables. Specifically, for any Dirac observable d D there must exist
one and only one physical variable 50§hys such that Eq. (1.48) with the new notation
becomes

SDy + E¥dc,, + CHoH, = S0P (5P™S | 6 phys ), (2.43)

for some background coefficients &/ and (/. Notice that, in CPT, Eq. (1.46), up to
first order in perturbation, now reads

{(6D;,6D;} = {6D;,5D}p. (2.44)
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Analogously, substituting Eq. (2.43) into (2.44) we find again Eq. (1.50), i.e. a
canonical isomorphism between Dirac observables and physical variables:

{(5D[, (SDJ} = {5DI, 6DJ}D
= {0D; +&dc, + oM, 6Dy + Ede, + (oM b (2.45)
= {60PY5 §0PMY5y g,

Hence, we are able to define gauge-invariant Hamilton equation using the reduced
Hamiltonian and the Dirac bracket, as

%w[ = {6Dy, / (NHO + NH) o} p, (2.46)
where the reduced Hamiltonian is now understood as a function of the Dirac ob-
servables, Hii()i = HE?&((SD). The presence of the zeroth-order constraint in (2.46),
expressed as {0D;, [ NH(©d3z}, arises from the fact that the Dirac observables dD;
are linear combinations of the ADM perturbation variables (§qup, d7%) with time-
dependent background coefficients. The dynamics of these coefficients must also be
taken into account. In the following Section we see how this comes into play in our
theory.

2.2.3 Physical Hamiltonian

With the Dirac observables d D; and the physical variables ((5q?hys, 57Téhys) at our dis-
posal, it is advantageous to rewrite the Hamiltonian as a function of either of these
variables. Both sets of variables are given by time-dependent combinations of the
initial ADM perturbation variables. Hence, the new parametrizations are obtained
through time-dependent canonical transformations. We shall use the Dirac observ-
ables 0 Dy as basic canonical variables. As mentioned, those variables are linear
combinations of time-dependent background variables, as such, when performing a
time dependent canonical transformation, the initial Hamiltonian written in the new
coordinates acquires new terms responsible for the dynamics of the time-dependent
coefficients. When computing the symplectic form, the additional term from this
transformation, called the extra Hamiltonian density Hg(%, is added. The new
Hamiltonian density, in terms of the new canonical variables, is the sum of the reduced
Hamiltonian and the extra Hamiltonian.

o = Hyen + i (2.47)
This is referred to as the physical Hamiltonian density. With this choice of
canonical variables, the Hamilton equations (2.46) are modified to read

d _ (2) 33
6D = {51)1, / NHE) 4 x}D (2.48)

Indeed, with such a choice of canonical variables the dynamics of the perturbations is
now given purely by the second-order physical Hamiltonian. The Dirac bracket

{A,BYp ={A,6D;}{6D;,6D;} " {6D;, B} (2.49)

can now be expressed in terms of the Poisson bracket and the Dirac observables
instead of the gauge-fixing functions. Although the gauge-fixing functions 6C), are not
explicitly defined in the formulation of the Dirac brackets (2.49), there is an implicit
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Figure 2.2: Illustration of the key concepts involved in the Dirac
procedure: the constraint surface, the gauge-fixing surface, the gauge
orbit, the Dirac space and the canonical isomorphism between different
gauge-fixing surfaces.

dependence based on the assumption that the Dirac observables (2.42) commute with
the gauge-fixing functions, i.e., {dDr,dc,}p = 0. This can always be achieved given
the ambiguous definition of 0Dy, i.e. Eq. (2.43).

2.2.4 Spacetime reconstruction

We have seen that the dynamics can be obtained from a gauge-invariant description,
i.e., we can write the Hamilton equations in terms of the physical Hamiltonian. The
physical interpretation of the obtained dynamics depends on the gauge-fixing con-
ditions. Thus, the physical interpretation can be considered independently from the
dynamical equations.

Eq. (2.38) implies the existence of a one-to-one map between the values of the
gauge-fixing functions, the constraint functions and the Dirac observables on one
hand, and the values of the ADM perturbation variables on the other, i.e.

(6H,,0¢,,0D1) < (8qap, 7).

As a consequence, the geometry of the spatial leaf in terms of the ADM perturbation
variables, is unambiguously determined by fixing dH, = 0 and dc, = 0, from the
values of §Dj.

To have a full description of the entire spacetime, it is crucial not only to understand
the geometry of the spatial slices but also to determine the values of the first-order
lapse function and the shift vector.This is what we refer to as spacetime recon-
struction, i.e. (6¢,,6D;) — (8qap, 97, N, N*). In order to obtain the values of the
lapse and shift we use the fact that the gauge-fixing dynamics must be preserved in
the kinematical phase-space. Mathematically this means that the Poisson brackets
between the gauge-fixing conditions and the total Hamiltonian must vanish, i.e.

{dcy,H} =~ 0. (2.50)
Substituting the integrand of Eq. (2.10) and solving for 6 N* we obtain
"
5% ~ {0y, 01,y ({8en HOY + (e, HO)Y). (2.51)
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The above equation is physically meaningful only in the constraint surface, that is,
it holds weakly.

Finally, with Eq. (2.51) and Eq. (2.47), we conclude the overview of the Dirac method
in perturbation theory. This method allows us to obtain a gauge-invariant reduced
formulation of the Hamiltonian as well as the spacetime reconstruction. However the
spacetime reconstruction can only be obtained using the full Hamiltonian, which can
be cumbersome as the relation between the full and reduced Hamiltonian is hidden.
Moreover, as we will see in the next section, using the Dirac method it is not clear
how to define the so called partial gauge-fixing (see Sec. 2.3.5).

As such, it is interesting and useful to introduce a new parametrization of the kine-
matical phase space, which can simplify the spacetime reconstruction and the choice
of gauge-fixing conditions.

2.3 Kuchar decomposition

In the present section we revisit the procedure outlined above by means of the so-
called Kuchar decomposition that is a special parametrization of the kinematical
phase space with constraints encoded into canonical variables [49, 50]. The existence
of such a parametrization should become obvious as we proceed, nevertheless a general
proof, valid beyond perturbation theory, can be found in [51]. As we will see in Sec.
2.3.3 using the Kuchar decomposition, the gauge transformations form an abelian
group of translations, G = R” (at each spacetime point). The space of all valid
gauges becomes explicit, and the distinction between complete and partial gauge-
fixing is very clear and analogous to electrodynamics.

2.3.1 Motivations

Recalling briefly the common issue that leads us to use the Dirac method for con-
strained systems, in GR we start with 12 initial degrees of freedom, then we solve 4
constraints and we apply 4 gauge-fixing conditions which leave us with 4 physical
degrees of freedom, i.e. two pairs of conjugate physical variables. In the previous
section we treated the problem of the redundant degrees of freedom applying what
we called Dirac method. Although, as explained, the method gives good results by
providing the physical Hamiltonian expressed in terms of the Dirac observables, the
issue with this method is that true dynamical variables are mixed with the variables
defining the spacetime coordinates [49]. This mixing would constitute a problem
in the quantum case in which the separation between variables of different types is
essential for their quantization.

The solution proposed by Kuchaf in [49] is to perform a canonical transformation
which separates the true dynamical variables and then solve the constraints. In
particular, this decomposition is defined by splitting the 12 ADM variables into three
sets of coordinates. Two of these sets are internal variables as they come from the
geometrical properties of the hypersurfaces, while the third and last set is given
by variables defining the true dynamical degrees of freedom of the system. The
important step which makes this decomposition interesting is the arbitrariness of the
spacetime slicing. In the ADM formalism, usually each slice has a fixed coordinates
system as the time change is usually defined as the change from one slice ¥; to another
>t 1dt, which means that the variable ¢ is assigned to the entire hypersurface. In this
new decomposition the time can be locally changed, leading to two hypersurfaces



34 Chapter 2. Constrained systems in perturbation theory

B 7740265
e OSSN
IIII"':“":.“‘:“‘\\\\

Figure 2.3: Thin sandwich of two spatial slices, one pictured in green
and the other with a white grid. The time bubble is denoted by a
colour gradient. It shows how the time is accounted for even when the
spacetime slicing choice is left arbitrary.

which are only locally different. The time change will thus create a sort of bubble
deformation (see Fig. 2.3), as Kuchaf calls it in his paper [49], and from which the
new formalism takes the name of bubble-time canonical formalism.

2.3.2 Decomposition - how to build the new formalism

We now introduce the new variables. To do so we will closely follow the arguments
presented in [49]. As previously explained, 4 of the ADM variables (g;;, 7)), are non-
dynamical variables and they are given by the first-class constraints of the system.
They will represent the first group of canonical variables for the kinematical phase
space in this new parametrization. The second group is given by the variables
canonically conjugate to the first ones. As explained in Sec. 1.2.1, this is the set
of variables playing the role of the gauge-fixing conditions, and, as for the variables
of the first group, those are non-dynamical too. The third group is given by the
Dirac observables which, by definition, are gauge-invariant variables undergoing the
physical dynamics of the system. Let us now apply this formalism to redefine the
system described in Sec. 2.2. More explicitly, the procedure will be as follows:

1. We introduce new canonical variables in the kinematical (ADM) phase space.
As mentioned, we need to define two sets of canonical pairs, the first one
given by the constraints §#,, which, at first order, strongly commute between
themselves (2.36), and the second one given by the 4 gauge-fixing functions §C*.
We now have the set of canonical pairs (6H,, 6C*).

2. We define the so-called strong Dirac observables §D; that are uniquely
determined by the requirement that they strongly commute with the constraint
functions and the gauge-fixing functions, see Eq. (1.43). Their Poisson algebra
is closed and they form canonical pairs which we shall denote by (6Q7, sP! ).

3. After finding the variables for the first, second and third group, we have that
the new set of canonical variables in the kinematical phase space are:

(6H,,, 6C*, 5Qr, 5 PT).

The algebra of these new variables, up to first order, is

{57‘(#(%), 5cy(y)} = 5;53(1_ - y)’ {5QI($)75PJ(y)} = 6IJ53(1' - y)? (2'52)
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with all the remaining basic commutation relations vanishing. This new parametriza-
tion arises from the canonical transformation

R'Z 3 (8qqap, 07%) = (6H,,,6C*,5Q1,6PT) € R12. (2.53)

This transformation is time-dependent as the Kuchar variables are linear combina-
tions of the ADM perturbation variables with time-dependent zeroth-order coeffi-
cients. Hence the Hamiltonian in the new parametrization Hg, will be

H— Hy = H+K,

where K is the extra Hamiltonian needed to compensate for the dynamics of the
zeroth-order coefficients present in the definition of the new canonical variables. Ac-
cording to the theorem in [52] we know that Poisson brackets are invariant under
canonical transformations. Therefore the Poisson brackets expressed in terms of the
ADM variables and the Kuchar variables are equivalent.

In the Kuchaf parametrization the total Hamiltonian is given by
Hy — / [NHO) + N(H® + K@) + 6N16H,,] dP, (2.54)

where [N K@ d3z = K. It generates the following Hamilton equations:

) (2) (2) , (2) (2)
5Q1=Nu spPl = _Na(H + k%)

aspT 26Q; (2.55)
. GOHB k@) L P + k) y '

It is interesting to note how, through logical steps and consistency checks within the
theory, it is possible to simplify the form of the total Hamiltonian IH g using Hamilton
equations (2.55). In the following steps, we will outline the logical procedures for this
reduction.

— The constraints’ dynamics is conserved in the constraints, surface, this means
that @ @
O(H K
Q6CH

Therefore, the terms o 6CY6CH, x §Q;6C*, and x §PISC* must not be
present in the total Hamiltonian Hy, as their presence would result in non-
vanishing terms in 6H,. Notice that the absence of terms such as oc §Q6C*
and o« dPI6C* can also be understood by examining the dynamics of Dirac
observables, which are expected to be independent of the gauge choice.

§H, =N

— Notice that the Hamiltonian density H2) + K@) must be weakly equal to the
Hamiltonian density Hl([i)ys of Eq. (2.47), more specifically, HP) ~ Hg()i and
K@) ~ 32

ext*

The total Hamiltonian Hg is the sum of a physical part (2.47) and a weakly
vanishing part. Thus, in the Kuchar parametrization the total Hamiltonian Hx
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reads:
o (2) I ul 7 I pv I v, ONH 3
Hyig =N thys(5Q175P )+ (N70Qr + A5, 0P + Mg 0H, + N, 0CY + N JOH,, |d°x,
—_— —

physical part weakly vanishing part
(2.56)
where, in general, the zeroth-order coefficients A1, A9 and A3 depend on the particular
choice of gauge-fixing functions 6C*. Computing Eq. (2.51) obtained from Eq.(2.55)
we obtain an equation for the lapse function and shift vector which depends on \;

and A9 as

SNH
 ~ —NT5Qp — NPT (2.57)

Given that the lapse and shift are gauge-dependent quantities, while the Dirac observ-
ables 6Q and 0 P! are not by definition, it is evident that A\; and Ay must be gauge-
dependent quantities. In contrast, the value of \4 is gauge-invariant, meaning
it does not depend on the particular gauge-fixing functions used. Indeed, from Eq.
(2.56) we have that

N OH, = {0H,, Hi} = {6H,, / (HO + 1)), (2.58)
that is, the matrix A4 is fixed unambiguously by the algebra of hypersurface defor-
mations (2.37).

The value of A3 is irrelevant for the physical content of the theory.

2.3.3 Gauge transformations

The variables defined by the Kuchal parametrization depend on the gauge-fixing
conditions §C),; therefore, for each choice of gauge, a new reparametrization is defined.

We define a new set of gauge-fixing functions with 6C*. The full gauge transfor-
mation is given by the canonical map G:

G: (6H,,0C",5Qr,6P") = (6H,,5C",5Qr,6PT). (2.59)
Notice that the constraint functions are preserved in the transformation, i.e. 57LL =
OH -

We assume the new gauge-fixing functions 6C* to be canonically conjugate to the
constraints 67, i.e., {6H,(x),6C"(y)} = 6,/6*(x —y). This assumption is justified,
as any set of gauge-fixing functions, 6C%;, can be transformed into the canonical
form, 6C¢,y,, as follows:

5Ch (@) = [ M )6Ch () d%, (260

where M* (z,y) = {§H,(z),6C4;(y)} . Therefore, the difference between any two

ini
sets of canonical gauge-fixing functions should satisfy

{6H,,6C" — 5C*} =0,

from which we find that the most general form of gauge-fixing functions can be written
as
SCH = §CH + o 6 PT + B 5Qr 4 4" 6H,. (2.61)
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The parameters o', B and v* are background-dependent with the index I
running from 1 to half of the number of basic Dirac observables for a given system.
Thus, in the vacuum case I € {1, 2} labels two polarization modes of the gravitational
wave. The first two parameters o, and B are 4 x 2 matrices, whereas Y is
a 4 x 4 matrix. Since gauge-fixing conditions are physically relevant only in the
constraint surface, where §H, = 0, it follows that the only independent parameters
involved in the gauge transformation (2.61) must be o, and $#!. In other words, the
space of gauge-fixring conditions for any fixed label p is the affine space of dimension
equal to the number of Dirac observables in the system. The background-dependent
parameters can in principle depend on time; their explicit formulation can be obtained
with the following formulas

oy = {bar, [oer—scm},

gl — {/(56’# _som), 5Pf} . (202

The change in the class of gauge-fixing functions implies that the symplectic form,
Q = déQr AdSP! + dsH,, A dsCH, (2.63)

can now be reformulated in an equivalent form for any («, 3) as
Q = d(6Qr—a",0H,) Ad (5P" 561, )
+ doH, A d [50# +a" 6P+ B 5Qr + % (a”lﬂl’l - a”,B“I) 5%] (2.64)
+dtAd [aﬂ,é?{u(spf + B 6M,6Q + % (a*,8" = at,8T) 5?{#5%,,} .
Thus, the new Kuchar variables are

6Qr = 6Qr — oM 6H,,
JP" = 6P + M 5H,,
0Hy = 0Hy, (2.65)

~ 1 » »
5O = 5CH + a4 5P + pr16Qs + 5 (o487 —a”iB) o,

giad

Notice that the matrix v** is determined entirely by the parameters o/, and BHL
thus completely defining a gauge transformation. The extra Hamiltonian density
coming from the time-dependent coordinates transformation is given by:

KC) = — [ 5H, 8P+ 354,001 + 1 (a8 — "3 (mu(my} . (2.66)

By substituting Eq. (2.66) into Eq. (2.54), we obtain the new Hamiltonian that we
shall denote by IHz. We note that the extra Hamiltonian is weakly zero as it must be
in order for the dynamical equations (2.55) for the Dirac observables to be preserved
in the constraint surface. The gauge transformation does not affect the definition
of the Dirac observables, as their definition in Eq. (2.66) has the parameters o
and S* multiplied by the constraints 0H,, which is zero in the constraint surface.

Nevertheless, the gauge transformation does modify the Dirac observables in their
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extension beyond the constraint surface, which, however, is not physically relevant.

From Egs. (2.65), we can see that the local space of gauge-fixing conditions is defined
by the parameters o/, and B This defines a space without an origin, as our system
is invariant under gauge parametrization, meaning no gauge is preferred over another.
Therefore, we conclude that the local space of gauge-fixing conditions is an affine
space of dimension n, and the local gauge group is the space of displacement vectors
in this affine space, G = R"™, where n is the number of o/,’s and BH e, the number
of Dirac observables times the number of gauge-fixing conditions. Hence, the group
of canonical transformations (2.59) is abelian.

Ga,ﬁ (@] Ga/75/ = Ga+a’,ﬂ+ﬂ" (267)

The physical part of the Hamiltonian (2.56), is transformed according to the fol-
lowing replacement:

(6Qr,6P") — H'D. (6Q;,5P1),

phys phys

i.e., as we would expect, it is gauge-invariant. The transformation of the weakly
vanishing part of the Hamiltonian (2.56) together with Eqgs. (2.65) must also take
into consideration the transformation of the \’s coefficient, which go as follows:

, , , 2 (i) 82H(h)
0 Nl pl _ ppl A\ popgul phys ,uJ phys M
6 W W W 5 = 5500007 T 350,000,
_ anH( )S 827'[( )s
AL R = N G — M o phys _ . p phys _ gJu

0P195Q,; "7~ asPlasp’

v I pUV v 1 . 1 AUV 1 K QU vV QK
MY o X = g (@87 - ol BT) 4 N (e —aB) (268)
827'[( )

A g v, V-2 71311375 B oavd

AL 27" = 50,0007 1P

24,(2) 24,(2)

4 1 0 Hphys b 1%5ulﬁw

200Q100Q ¢ 285P186PJ

7 I M
>‘41/ - )‘41/ — )‘41/’

i.e., A1, A2 and A3 are gauge-dependent, whereas )\, is gauge-invariant, see end
of Sec. 2.3.2.

2.3.4 Spacetime reconstruction

As done in Sec. 2.2.4 for the Dirac method, we will discuss the spacetime reconstruc-
tion in the Kuchar parametrization.

The gauge stability condition 6C” = 0 is a dynamical equation, defined as the
Poisson bracket between the gauge-fixing condition and the Hamiltonian. Therefore,
it is important to specify the particular parametrization used in the definition of the
Poisson bracket to ensure the appropriate Hamiltonian is employed. We denote the
Poisson bracket in the Kuchaf parametrization as {-,-}x. Thus, the gauge stability
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condition reads:
{0C" , Hk}x = 0. (2.69)

Making use of Eq. (2.54) and Eq. (2.69), we find a formula for the computation of
the lapse and shift functions:

SNH O(HP + k@)

Rl (2.70)

The above formula involves only the weakly vanishing part of the Hamiltonian
(2.56) as the lapse and shift are pure gauge-dependent quantities. Notice, however,
that the difference between the lapse and shift computed in two different gauges
depends only on the gauge-independent part of the Hamiltonian (2.56), which
simplifies the task of spacetime reconstruction. Indeed, after substituting Eqs. (2.68)
into Eq. (2.57) we find that in the constraint surface the different values of dN*
computed in different gauges reads

Nn NH . 2H? 21
% - % ~ )\Zy/ﬁyl—i_ﬁul‘i_ rg;};}ﬁ“‘]_ 8571)}%0/{] 5@]
5Cr=0 SCH=0 Qr QrI6Q

24/(2) 24/(2)
9 thys H aﬁ"'[phys 5“‘] spl

+ (AZV‘“VI + & 55p1050," 7 T 95PTos P

(2.71)
From Eq. (2.71) it is straightforward to see that the difference between the lapse
and shift in any two gauges is completely determined by the physical part of the
Hamiltonian Hﬁ)ys and the gauge-invariant coefficient A4. As explained at the
end of Sec. 2.3.2, the value of A4 can easily be obtained from the algebra of the
hypersurface deformations [46]. Once the lapse and shift has been found for one
gauge-fixing condition, they can easily be found for any other gauge without using

the full Hamiltonian.

Let us now see how the three-geometries transform under the gauge transforma-
tions. Consider the following linear map between the Kuchat and the ADM variables:

OH
50;1 5Q(1b
=M , (2.72)
0Qr Sorab
Y=

where M is a matrix of the background coefficients computed for the preferred gauge-
fixing functions dC*. Then the physical three-surface is obtained from the van-
ishing of 6C*:

5Qab L 8
Mab =M 0, (2.73)

§P!
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From Eq. (2.65) we find that the physical three-surface in any gauge 6C* = 0 reads

) 0

0\ Mot | P = 860 (2.74)

§aab B 0Qr | |
sp!

and is a linear function of the coefficients o', and BHI

Thus, we found a map allowing us to change from one parametrization to the other
in any possible gauge. See 3.3.5 for an application in the context of a Bianchi I
background.

2.3.5 Partial gauge-fixing

To conclude this section on the Kuchar parametrization, we explore the possibility
of fixing a gauge in other ways than by explicitly setting the gauge-fixing conditions
dC* = 0. For instance, we may impose the synchronous gauge [53, 54], which
consists of specifying the spacetime coordinate system by means of conditions on the
lapse and shift functions. More generally, we may replace only some of the gauge-
fixing conditions with conditions on the lapse and shift functions. Nevertheless, we
find it sufficient to restrict our attention to the case of 4 conditions on the lapse and
shift functions. We shall call this method "partial gauge-fixing" to distinguish it
from the method used in the previous subsection.

Let us first observe an interesting analogy with the well-known gauge theory in elec-
trodynamics (see e.g. [55], [56]). In electrodynamics, the Coulomb gauge, VA = 0,
is an example of a gauge-fixing condition on the kinematical phase space made of the
spatial components of the four-potential and their conjugate momenta (ff, 7). On the
other hand, the Lorenz gauge, 0,A4" = 0, is an example of a partial gauge-fixing
condition on the temporal component of the four potential A°. The latter plays a
role of the Lagrange multiplier analogously to the lapse and shift in gravity, and mul-
tiplies the only constraint of electrodynamics, the Gauss constraint. As we will
see below, the partial gauge-fixing in the present theory respects a limited amount of
covariance, which is a clear counterpart of the Lorentz-invariance of the Lorenz gauge
in electrodynamics.

Let us first study the subspace of gauge transformations that preserve the lapse and

shift functions, i.e., ‘WTH 3 — 5%“
6CH=0 dCH=0

gauge freedom associated with this method of gauge-fixing. Using Eq. (2.71), we find

the ambiguity in the choice of the respective gauge-fixing conditions, expressed here

in terms of o/} and B . These parameters satisfy the following dynamical equations

= 0. This will determine the residual

(for each perturbation mode, k):

2/(2) 24/(2)
b pud d thys H 9 %phys RV PN
&'y = —p +a"; Ny, @,
O6PIos P! 00Q ;00 P1 9 75
ﬂ,ul — 7[3#] phys 1Y phys XZVIBVI’

2597060, T 7 950,000,

where the second-order partial derivatives yield the background coefficients of the
physical Hamiltonian. Note that the solution of Eq. (2.75) does not depend on the
particular choice of the lapse and shift. Once o/, and B are set at an initial time for
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Figure 2.4: A displacement vector in the space of gauge-fixing con-
ditions determines a new gauge via a shift from the initial gauge at
the point of origin.

all I = 1,2 and u = 0, 1,2, 3, a unique solution ¢ — (a';(t), B*(t)) exists. Hence, at
the initial time o we have complete freedom in defining the gauge-fixing functions,

SC*(tg) ~ §C*(to) + o (to)S P! + B (t0)6Q1, (2.76)

where 6C*(to) lies at the point of origin of the gauge frame and §C*(ty) are arbitrary
gauge-fixing functions. Once the choice is made, Eq. (2.75) determines the gauge-
fixing functions at all other times. There is a very clear spacetime picture associated
with this ambiguity (see Fig. 2.4): once 6C*(to) are chosen, the initial three-surface
with coordinates on it is fixed. If the initial values of the gauge-invariant variables
(6Q1(to), 0P (ty)) are known, then the initial three-surface may be reconstructed
explicitly in terms of the ADM perturbation variables.

Furthermore, the evolution of the three-surface with its coordinates is uniquely de-
termined via the evolution of JC*(t) and the independent evolution of the gauge-
invariant variables (6Qz(t),6P(t)). Hence the full spacetime geometry is recon-
structed. Note the very important feature that the spacetime coordinate system
is introduced in a way that is independent of the evolution of the gauge-invariant
variables (6Q;(t),6P1(t)).

Now let us consider the case in which the LHS of Eq. (2.71) is non-vanishing. Then
G - N is an arbitrary linear combination of Dirac observables. In

N lscr=0 sCr=0
this case Eq. (2.71) implies

(2) (2) N
ot = _BuJ 82/thys + o 62thys VN 0 ONH —§NH
I D6 P96 P! T95Q 00PT ~ "1 gspI N ; -
(2) (2) 5 :
BMI — _BMJ 6Q,HIJhyS 4t aszhys O\ ,BVI _ 0 ONF — NH
I6P795Q 196Q;06Q; 96Q N '

where a particular solution can be obtained by initially assuming o, (ty) =
pHe (to)) = 0. The complete space of solutions is then constructed by combining
it with the solutions of Eq. (2.75).
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2.4 Summary

In this chapter we discussed how to perturb the Hamiltonian up to n-th order in
perturbation while only considering terms linear in the perturbation of the metric,
i.e. (0q)". We used this result to obtain the second order perturbation of the metric,
we saw that the 0-th and 1-st order are constraints, while the second, and last, order is
non-zero. This allows us to work with a constraint system, although, contrary to the
full GR case, the total Hamiltonian is non-vanishing. Using the notion gathered in Ch.
1, we were able to study our perturbed system using the Dirac method. This allowed
us to reduce our Hamiltonian from the full phase-space, in which redundant degrees
of freedom are present, to the constraints surface by solving the constraints. The
Hamiltonian in the constraints surface is yet non-physical and has a gauge freedom,
which allows us to set the most convenient gauge based on our needs. Once the gauge
is fixed, we do get a new Hamiltonian in terms of the ADM variables. The form of
this Hamiltonian will then change based on the gauge-fixing chosen. To overcome this
issue we introduce the Dirac observables which are defined as those variables which
commute with the constraints. These new variables allow us to write our Hamiltonian
in a gauge-independent way and thus determine the final physical Hamiltonian.
The final issue to be addressed is the spacetime reconstruction, i.e. finding the value
of the lapse and shift, whose values do depend on the gauge choice. This is easily
done by considering the Poisson brackets between the gauge-fixing conditions and the
total Hamiltonian, which are zero as the gauge-fixing conditions must be dynamically
preserved.

We then introduced an alternative parametrization based on the Kuchaif decom-
position, allowing the separation of variables defining the hypersurface and those
defining the coordinates. The new phase space variables are given as two types of
canonical pairs: one defined by the Dirac observables and the other by the gauge-
fixing functions and Hamiltonian constraints.

When deriving spacetime solutions for arbitrary gauges, we establish a gauge frame
by placing a chosen gauge at the point of origin. The respective full spacetime metric
for that particular gauge is computed, as explained in Section 2.2.4. The usual and
convenient choice for the point of origin is the spatially flat (or spatially uniform)
gauge. Subsequently, we construct other gauges conveniently by making arbitrary
choices of the parameters o/} and A within a fixed gauge frame. As demonstrated,
these choices completely determine the new full spacetime metric: (i) they determine
the lapse function and the shift vector on the three-surfaces through the stability
equation (2.71); and (ii) they define the metric of the three-surfaces via Eq. (2.74).

2.5 Conclusions

The purpose of this work was to develop a complete Hamiltonian approach to CPT.
The basic property of our approach is the separation of the gauge-independent dy-
namics of perturbations from the problem of gauge-fixing and spacetime reconstruc-
tion. We use the Dirac procedure for constrained systems to derive the dynamics of
gauge-dependent perturbations and to rewrite it in terms of gauge-independent quan-
tities, the Dirac observables. A key element of our approach is the reconstruction of
spacetime based on gauge-fixing conditions.
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Similar work in which the problem of gauge-fixing is addressed like in [36, 54, 57],
do not offer a methodological choice of gauge-fixing conditions. Although some com-
monly used gauges, their validity and, in some cases, their residual freedom are stud-
ied in the mentioned references, no general method for defining a valid gauge and its
residual freedom is provided. As such, no clear exposition of the connection between
the residual freedom, the lapse and the shift, and the choice of the initial three-surface
is presented. To overcome this problem, we introduced the Kuchar decomposition
for the ADM perturbation phase space. The space of all the possible gauge-fixing
conditions and the gauge transformations induced by the linear diffeomorphisms of
three-surfaces are made explicit via this decomposition. Moreover, it makes the trans-
formations of the lapse and shift manifestly dependent on purely gauge-independent
terms of the full Hamiltonian. This simplifies the problem of spacetime reconstruction
and provides a tool for studying partial gauge-fixing.

The possible applications of the presented Hamiltonian formalism include address-
ing key conceptual problems in quantum cosmology such as:

— The time problem (see Ch. 4);
— The semiclassical spacetime reconstruction;
< The relation between the kinematical and reduced phase space quantization.

The full clarification of the Hamiltonian formalism and its structure is essential for
understanding these and similar issues.
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CHAPTER

Perturbation theory in anisotropic
universes

The goal of this chapter is to apply the Hamiltonian formalism presented in Ch. 2 to
cosmological perturbations within the context of an anisotropic background, specif-
ically the Bianchi I universe. Our result agrees with [19], where the standard
configuration space approach is used. However, we express the physical Hamiltonian
in a form that is better suited for the (affine or canonical) quantization of both the
background and the perturbations in a consistent manner. We provide full canoni-
cal expressions for gauge-invariant variables, including the canonical definition of a
gravitational wave, which differs from the isotropic case. We utilize the Dirac proce-
dure to test various gauge-fixing conditions and their isotropic limits. Furthermore,
we discuss the reconstruction of the full spacetime metric in terms of physical phase
space variables and illustrate it with an example.

The study of anisotropic backgrounds presents many interesting differences compared
to isotropic ones. In particular, the dynamics of cosmological perturbations in ani-
sotropic backgrounds exhibit new and fascinating phenomena, such as couplings
between two modes of a gravitational wave or between gravitational waves and scalar
fields [19, 58]. Moreover, the definition of polarization modes becomes ambiguous
in these scenarios [58]. Our method relies on Fermi-Walker-propagated vectors
tangent to the wavefronts, offering a more comprehensive framework for understand-
ing polarization in anisotropic backgrounds. Although this definition may not be
optimal for quantization purposes, it provides the simplest form of the dynamics and
aligns with the prescription given in [19]. Another interesting difference arises from
the admissible gauge-fixing conditions, which can differ from those in isotropic space-
times. Indeed, we provide an example of a valid gauge that does not exist within
the isotropic limit. Furthermore, the expression of Dirac observables in kinematical
phase space variables becomes more intricate due to the mixing of scalar, vector, and
tensor modes. This mixing introduces a complexity such that gravitational waves
can no longer be unequivocally associated with the transverse and traceless metric
perturbations. As a result, the geometrical meaning of physical variables can vary
significantly when switching from one gauge-fixing surface to another.

We approach the issue of spacetime reconstruction using both the Dirac method
and Kuchar decomposition. With the Dirac method, once a gauge choice has been
made, it is necessary to return to the kinematical phase space to determine the values
of the Lagrange multipliers, SN and §N*. This issue has been discussed in [17] in the
context of isotropic spacetimes. The spacetime reconstruction can be simplified by
using the Kuchar decomposition, as discussed in Ch. 2.
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For the most part, we consider a minimally coupled canonical scalar field as the
only matter component. However, in Sec. 3.4, the formalism is extended to the case
of any number of minimally coupled scalar fields in an arbitrary potential.

The canonical formalism obtained in this chapter serves as a starting point for the
quantization of all gravitational degrees of freedom, not only for tensor modes, but
also scalar ones. The quantization of a perturbed anisotropic universe provides a
framework for testing the hypothesis of a primordial anisotropic universe, in which
quantum gravity effects play an essential role. These quantum gravity effects, such as
singularity resolution, spread, interference, and entanglement, may offer a physically
rich and viable alternative, or complement, to the inflationary paradigm models. For
a more comprehensive understanding of the quantum cosmological dynamics up to
first order, refer to the detailed explanation provided in [59], particularly Eq. (17).
It must be noted that presently available analogous quantum frameworks (see e.g.
[60]) are much simpler as they usually assume primordial isotropy and neglect the
quantum spread or entanglement. They also generically predict (slightly) blue-tilted
primordial amplitude spectrum of density perturbations (scalar modes) in tension
with the cosmic microwave background (CMB) data [61].

The primary motivation behind this work is the need for new frameworks which
include fewer primordial symmetries but still cover all the important quantum ef-
fects. This idea is supported both theoretically and by what has been observed.
For instance, when data from the CMB is examined, statistical anomalies emerge
that standard theories struggle to explain. Hence, exploring anisotropic inflationary
models can result in an effort to explain them [62].

For earlier works on the cosmological perturbations in a Bianchi I universe, apart
from the already mentioned [19], see earlier discussions of linearized Einstein’s equa-
tions in [58, 63], where some approximate solutions were derived. The solutions for
the vacuum case (i.e. for the perturbed Kasner universe) were also studied in [64].
Recently, an interesting canonical analysis of the theory, by another method, was
also considered in [41]. It is worth noting that similarly the perturbation theory of
anisotropically curved cosmologies, the Bianchi III and the Kantowski-Sachs models,
is found to lead to interesting physical effects [65].

3.1 Perturbative expansion of the canonical formalism

We start by assuming the spacetime topology given by M ~ T3 x R in order to have
a spatially compact universe. This choice allows us to avoid the ambiguity in the
definition of the symplectic structure for background (homogeneous) variables and to
avoid the introduction of a boundary term known as the Gibbons—Hawking—York
boundary term [66-68]. Notice that the choice of any 3D compact space gives us
discrete eigenvalues for the Laplace operator. This means that, when going to the
Fourier space (see Sec. 3.2), the wave numbers k are discrete. We choose a torus as
it is the simplest 3D compact space.

For any compact 3D space, the wave numbers are discrete. This is a result of the com-
pactness of the space, which imposes boundary conditions that quantize the possible
wavelengths, leading to discrete eigenvalues for the Laplace operator. This quanti-
zation reflects the fact that only certain modes of vibration (or wave numbers) can
exist in a finite, bounded space.
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The line element in the ADM formalism is given in Eq. (1.2). The spacetime is filled
with a real scalar field ¢ in a potential V(¢). The phase space of this model
includes the ADM variables. In the geometry sector, these variables include the
three-metric ¢;; and the three-momenta 7/ (defined in Eq. (1.12)). In the matter
sector, we have the scalar field ¢ and its momentum 7y. These variables satisfy the
following canonical equations:

{a(@). (@)} = 0,5 V8 (@ — o), {o(a),mo(a)} = Fla—a).  (31)

The dynamics is generated by the Hamiltonian in Eq. (1.13), which we rewrite here
for convenience with a slight change of notation as,

H= / (N#Ho + NH;) d*. (3.2)
The above Hamiltonian comprises the gravity and matter parts:

H() = ,Hg,(] + Hm,Oy Hz = Hg,i + Hm,i ) (33)

with Ho and H,; defined in Eq. (2.7) and Eq. (2.8) respectively. The matter
Hamiltonian is defined as follows

Hm,o = V4 %q_lﬂi + %CIWQS,NSJ + V()| Hmi=Tpdi - (3.4)
We expand the above canonical formalism in perturbations around a Bianchi 1
background, where the three-metric and the three-momentum perturbations are given
in Eq. (2.11). The lapse and the shift are perturbed as per Eq. (2.1), which at
first order reads, N + N + 6N and N’ — N’ 4+ N, where N and N! are now
understood as zero-order quantities. The total Hamiltonian expanded up to second
order was defined in Eq. (2.10). By considering [ys d3z = 1 and separating the vector
and the scalar parts of the first-order Hamiltonian, we can write

H=N#Y + / 3 <NH52) + ONSHo + 5Ni57{i> d3z. (3.5)
T

Recall that 7{(()0) is zeroth order, dHg, 0H; are first order and 7{(()2) is second order
in perturbation. The expansion is defined around a non-tilted Bianchi I spacetime,
meaning that the flow of the scalar field is orthogonal to the spatial hypersurfaces at
any time, and thus ’HEO) = 0, as seen in Sec. 2.1.2. Moreover, we can simplify our
formalism by choosing the simplest value for the shift vector N, i.e. N' = 0. As
explained in [69], fixing both the values of N and N generally equates to selecting a

particular set of coordinates, which is usually avoided.

3.1.1 The anisotropic model

In this work, we perturb around the Bianchi I universe, which is one of the possible
solutions of the Einstein equations obtained by relaxing the assumption of isotropy
while maintaining homogeneity in the Universe. In this section we will briefly in-
troduce the Bianchi Universes [70, 71] and then focus on the particular case of the
Bianchi I solution.

Following the approach presented in [53], we define a triad, or frame, for describ-
ing spacetime. We introduce the triad vectors e;, which are differential operators
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independent of the coordinates and provide tangent vectors to the three-surface at
each point in the manifold. The operators 0, are basis vectors, meaning they are
linearly independent, and every vector field e; can be uniquely expressed as a linear
combination of the 0,. We can thus define a linear differential operator such that
0
P i

e =€ 5 o (3.6)
The Latin indices label the frame vectors, while the Greek indices label the spacetime
coordinates. The line element in this new basis reads

ds? = 'yijegeédxo‘dxﬁ (3.7)
which describes a non-Euclidean homogeneous space.

A generic set of vector fields e; forms a non-coordinate basis if [e;,e;] # 0. The
commutator is also defined as the Lie derivative of e; with respect to e;, denoted as
[23, 53]

Leej = [ei,ej] = Ckijek (3.8)

where C’kij are the structure constants' of the basis e;, representing the torsion
of the vector field [69]. Eq. (3.8) represents the required conditions for space homo-
geneity, Introducing the quantities C'* defined by the relation

Ck

ij == eilelk, (39)
we can have an object behaving like a tensor under linear transformation of the frame
vectors. As such, by using tensor-like properties we are able to determine all the non-
equivalent structure constants. This allows us to obtain a classification of all the
3-parameter homogeneous spaces. We can write C'* as the sum of symmetric
and antisymmetric components, i.e., using the notation in [53],

O = n'* 4 kig,, (3.10)
where n'* is the symmetric part and €% a; the antisymmetric one. We can finally
introduce the Bianchi classification using the eigenvalues of n!*, namely n;, ny and
ns, and considering, without loss of generality [53], the simpler case in which the
antisymmetric part is ay = (a,0,0). The full list of possible combinations is given in
Table 3.1 We are interested in the case in which a = 0, n; = no = ng = 0 describing
an Euclidean space (invariant under commuting translations) as all the curvature
components vanish and we are left with a flat anisotropic spacetime which we will
consider as background for our model.

Let us now focus on the Bianchi I background metric, which reads:

ds® = —df® + )" a?(da')’, @ = (araza3)3, (3.11)

where a is the average scale factor and we assume the coordinates® (x!, 22 23) €
[0,1)3. We will now use the computation presented in Sec. 2.1.2 to obtain the zeroth,
first and second order of the Hamiltonian in the BI universe. From (2.13), setting
the background variables to ¢;; = a?8;; and 79 = p6"/ | we have that the background

LFor a more detailed derivation of Eq. (3.8), refer to [53].
2This assumption is due to our initial choice of spacelike hypersurfaces (see the beginning of the
current section) which we assume to be a torus.
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I | o || v | V|Vl | VL |VI|VIL | VIIT | IX

n2 0 0 1 0 0 -1 1 1 1 1 1

n3 0 0 -1 1 0 0 -1 0 1 -1 1

Figure 3.1: Classification of all the Bianchi universes. We will focus
on the Bianchi I universe, highlighted in purple.

Hamiltonian is

(1 ; TN | . 4

H(()O) =a 3<2 Z(a?p )2 - Za?p agp] + ipé + CLGV)? {a127pj} - 52']’ {¢ap¢} =1,
i i>j

(3.12)

while (2.18) is zero as discussed in Ch. 2. The equations of motion generated by Eq.

(3.12) are,

i 1 i i 2 j
i = (<a$p 2o a2 agpwaﬁv),

a’a; i#() (3.13)
= (ati = X i)
3#(1)
and
Py = —a3V7¢, b= a_3p¢, (3.14)
where the dynamics is confined in the constraint surface, 7—[[()0) = 0. Finding the

solution to the above equations in general can be difficult, see [72-77] for some results
on the Bianchi I dynamics.

3.1.2 First-order constraints
The canonical perturbation variables of Eq. (2.11) are expressed as follows:

8qi; = qij — a2y, om = 7w — pigi,

and satisfy the following Poisson brackets

(3.15)

{66(2),6ms(2))} = 8*(x — 2'), {0gij(z),on" (2')} = 5(f<5j§53(a: —1). (3.16)
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We obtain that the first-order scalar constraint from Eq. (2.25), is now given by

1 .. 1 A
—a”? [2(1” (WMTFM - (Wkk)2> — T+ 57”#16 0qi;

2 (3.17)
-3
.. . a Yy
— a7 (8qin 1 — 0aijja) + 0~ *pydmy — Tpiqw&lij
+ 5V og; + a*V 40¢.
The first-order vector constraint, given in Eq. (2.19), reads
OH' = -2 <57T?]J~ + QZ](SC]/W‘,Z?M — 2q”5qkl7j7Tkl> +37py00; (3.18)

where d¢% is given in Eq. (2.22), and ém;; := 57rkl§ki§lj.

3.1.3 Second-order Hamiltonian

The second-order scalar Hamiltonian (2.29) is found to read

H = o [Mz‘jéﬂij - %(57Ti¢)2 + 4677, 7T 8q,; — T (57 6gi) — ' (7 54i5)
= (0m735) (001597 ) + 575071001507 ) + 77" 64in
1 =tj 2 —ij —n =ml 1y —ij _ij
= 5 (770qi5)" = (794ij) (™", ™) + 571, (64353 ) (647"

1

8
1 o 1 -

+ Za3(5q1;ﬁ”)(Tjﬁkltsqij,kz) + Za3(5qqul) (20Qikj1 — 0Gij kil — 20Gkii5)

a8 | S0 + 5 Gasde?)| | (7m) - 5 (7)) (319)

1 _ Y 1 _ .. 1 _ Y 1 _
+15¢ *(04i77)?p5 + 3¢ *(64"84i5)p3 — 5a 3 (04i577 )pysbms + ¢ 3 (6mp)?

1 4 . 1 1 ij
+ 5070766, 5 + 50°V,59(30)" + 5a° (50577 )V,606

1 g 1 y
+ ga?’(éqiﬁ”)z‘/ — Zag(éqijéq”)v.

3.2 Mode decomposition

It is useful to introduce the rescaled spatial metric tensor v;; = a_QQZj. From now
on, we shall use v to define the duals of spatial tensors. In particular, the indices
of the basic perturbation variables (3.15) are raised and lowered with v = (y~1)¥
and 7;;, respectively.

Let us consider the Fourier transform of a perturbation variable, denoted by 6 X,

5X (k) = / 5X (T)e i P, (3.20)
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and its inverse .
X(@) = s [ 0X ()™ &k,
5% () (%)3/5 (k) 43k

The components k; of a fixed spatial co-vector k determine the respective Fourier
mode by introducing wavefronts into the coordinate space. The components of the
dual vector k read k' = k:j’yji. Note that k* are in general time-dependent as v%
evolves. It can be shown by using the integral representation of Kronecker delta, that
the Fourier transform of the basic perturbation variables (3.15) yields the following
expression for the Poisson brackets (3.16),

{00(k), 070 (K)} = by, {8605 (k), 65 (K)} = 616,70,y (3:21)

The Kronecker delta arises as a consequence of the compact (toroidal) topology of the
spatial sheet ¥ ~ T3, for which we have that k; = 27n;, where n; € Z. We introduce
an orthonormal spatial triad consisting of the normalized vector k =%/k, where
k = \/kik;~¥, along with the remaining vectors denoted as ¢ and ©@. We postpone

the discussion regarding the ambiguity in defining the vectors ¢ and % for a given k&
to Sec. 3.2.3. Note that the components of ¢ and @ are in general time-dependent
due to the presence of the metric in their definition.

The introduced fixed triad (l%, 0,1), can be used to decompose any spatial symmetric
2-rank covariant tensor in the y-orthogonal basis (A!, A% A3 A4 A5 AS) [38], where

O |
Al =ij,  Af = kikj — 3Yid>
3= oy 40 ), AL = = (B, + aoih
17 - \/5 (] vy 9 1] - \/§ (2l vy 9 (322)

1 R R A A A A
Afj = ﬁ(viwj +win)a A?j = V2 (W}j - wiwi)'

The dual basis (Ay, A, A3, Ay, A5, Ag) is defined such that AQA?} = 0. The new
basis splits the perturbations into scalar (A', A2), vector (43, A*) and tensor (A5,
AS) modes. Note that both Aj’s and A%J’s are in general time-dependent as v;; and
(i, 9s,40;) evolve. The perturbations of the three-metric and the three-momentum
may be expressed via the following time-dependent linear transformations,
Oqn = 04 A, on™ = 5% A, (3.23)
which define the new basis (3¢, d7™). Using the orthonormality of the triad (k, 0, %),
and the properties of the metric 7, it can be shown that the Poisson brackets (3.21)

now read
{00(k), 0% (K')} = 6 _pr, {6an(k),on™(K')} = 67'0p - (3.24)

As previously discussed, the presence of a time-dependent transformation introduces
an additional term in the Hamiltonian. In Section 3.2.3, we will explore how the
transformations in Eq. (3.23) contribute an extra term to the second-order Hamilto-
nian.

The variables dgs and d¢g describe the transverse-traceless metric perturbations.
As we will discuss in Sec. 3.3.4, it is important to note that they are not gauge-
invariant quantities. This lack of gauge invariance led to difficulties in defining gravi-
tational waves solely as transverse and traceless metric perturbations [58]. In isotropic
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universes, the transverse-traceless metric perturbations are commonly referred to as
tensor modes and are associated with gravitational waves. However, as shown in [19],
in anisotropic universes, it is also possible to define tensor modes as certain linear
combinations of transverse-traceless (dgs, dgs) and scalar trace and traceless
(g1, 0g2) metric perturbations that are gauge-invariant.

3.2.1 Zeroth-order revisited

Let us define a mapping P : TZ — TZ in the space of spatial vectors,

! —ik = 2 -
Pli= 7%y = a7y

We make use of the introduced frame to define the components of P such as
P, = ﬁiPijm] = a’7p, i1 = = q? Zp My, (3.25)

where 7, € (k,0,%). Using Eq. (1.12), one can show that P is related to the shear
tensor as follows

P = a20nm — 26*H6pm, (3.26)
where H = —#TrP is the mean conformal Hubble rate. The shear is defined
as Opm = az-jﬁirhj, where

1d (a2 a?

o = 2dn<a;> bij = a;<Hi —7'(> dijs (3.27)

and H; = a; 1%‘” are the directional conformal Hubble rates. Using the new
frame, the Hamiltonian constraint (3.12) becomes

7—[(()0) =q3 [(TrPQ) — %(TrP)2 + %p?i, + a6V} :

The isotropic limit is obtained by taking Pir = Py = Pyw = TrP , and Py, =
Piy = Py = 0, from which we obtain (TrP?) = %, in agreement W1th [17].

3.2.2 First-order constraints revisited

We express first-order constraints in the new basis (3.23). The gravity scalar con-
straint (3.17) can thus we written as follows

1
Hgo = —ga_l(TrP)&rl +a ' [3Py, — (TrP)] 672 + a~'2v/2 Py, 67°
+ a7 '2V2 P, 07t + a7 2v2P,, 07 4 a7 /2(Pyy — Py )07
1 1
+ 5a—5[(T1uD2) - §(TrP)2]5q1
1
+ 50" { —2(TeP?) + 6(Pf + Y, + P,) — (TtP) [3Pi — (TeP)] }og,
+ \fa_5 [2P/€w vw + Pro ( vu wa) + PkkPk;'u] 0q3

+ \/>CL [2ka vw Pkw (va - wa) + Pkk:Pkw] 5(]4
+ \/ﬁa_ [2kapkw - 2Pk:kaw + (TI‘P)va] 5Q5

1
+ 50 [2(P2, = PE,) = 2P (Paw = Puw) + (TeP) (Poy — Puu)| 04
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1
—2a" k2 <5q1 — 35q2> , (3.28)

and the gravity vector constraint (3.18):

_ 1 1
OH, = — 2ikk' [35# +on? +at (Pkk - 2(TI"P)> 0q1
a4 a? a*P,,—P
+ — (Pyr, + (TrP)) 6qg2 — —= Powdqs — —s 0
6 ( kk ( I )) qs \/i q5 \/i 9 de

11 1 —4
— 2¢k0" [ﬂ&rg +a 1P, (5q1 — 35qQ> + (L—Pkkéq:’,

4 CL_4

.
+ = Prwdqs + — Py
—4

|1 1 a
— 2ik | —=on? ‘4Pw(6 — =0 > — Pid
lwl\/iW—HL k 91 = 5962 +\@ka4
4 4

a a
+ 8 Pbgs — —— Pruwdgs |- 3.29
vz s T g %] (3.29)

The matter scalar and vector constraints read

3 3
OHm,o = a_3p¢57r¢ - Za_5pi5q1 + EaV(Sql + a3V¢5¢,

OH., = ia 2k'pydo.

(3.30)

We make use of the identity I?:"l%j + @iﬁj + wiwj = 5ij to introduce
My = oM ki + 0H}, ki,
§Hy = 6H, 0 + 6H;, s, (3.31)
SHuw = OH i + 0H 15,

as well as N
SNF = 5Nk,
SNV = 6N;0',
SNY = §N;b".

3.2.3 The Fermi-Walker basis

The frame (l?:, 0,1) can be rotated around the k-axis, making its definition ambiguous.
Moreover, the pair (0,w) determines the definitions of the polarization modes for
vector and tensor perturbations. In an isotropic universe, such as Minkowski
spacetime, the definition of the two polarization modes is naturally guided by the
requirement that the modes must dynamically decouple from each other. However,
decoupling is generally not possible in an anisotropic universe. Nonetheless, we
can still aim to find the simplest possible form of dynamical law.

The Fourier transform (3.20) fixes a foliation of the spatial coordinate space (x!, 2%, x3)

with the wavefronts of plane waves. In the physical space, due to the anisotropic dy-
namics, the wavefronts are not fixed but are being continuously tilted and anisotrop-
ically contracted or expanded. To address this issue, the natural choice is to assume
that the vectors (0,1) are Fermi-Walker-transported along the future-oriented
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null vector field p. The spatial component of p is dual to the wavefront k of the
gravitational wave, that is,
= k; + ‘k‘a"] ’

where V;p' = 0 and we work with ds? = —dn? + %-jdxidmj. Note that p'may be identi-
fied with a tangent to a bundle of null geodesics that in the eikonal approximation,
i.e., for large wavenumbers, are associated with rays of gravitational waves. This con-
struction is the so-called Sachs basis [78] that, in the context of the propagation
of light in the Bianchi I universe, was also considered in [79]. A Fermi-Walker-
propagated vector field E is defined by V~E =0,

dE° . . dEJ L
—— = ko, F’, —— = —|k|o’.E",

dA " dA Ikl

where \ is an affine parameter. Even if E initially lies within the plane (9,®), it
will eventually develop longitudinal and temporal components. Therefore, we project
the covariant derivative onto the plane. We assume LVﬁE = 0, where * denotes the
orthogonal projection onto the plane (9, ),

dEI S .
— =0 E'+KoE,
dn
where the right-hand side® is projected onto the plane and the affine parameter is
replaced with conformal time via the relation |k|d\ = d7n. Let us assume that (9, ®)
form a pair of Fermi-Walker-propagated vectors. Then making use of the fact that
(k,0,1) is an orthogonal spatial basis we obtain,
doI v o dwd L N
din = —O-U’UUJ — O'waja d?’] = _waw] - O"vaJ- (332)
The above equations can be rewritten using Eq. (3.26) and using the relation between
cosmic and conformal time dn = adt, which leads to:

dod 1 . .
d% — g3 (Pm, - STrP) & — a3 Py
dod 1 . .
d—uz =—q3 (wa — 3TrP) W — a3 P, 07,

(3.33)

The derivatives of the dual vectors 9; and @; are easily determined from the time
derivatives of the metric components ~;; used to lower and raise the indices.

Equations (3.33) are necessary to derive the extra Hamiltonian resulting from the
time-dependent canonical transformations (3.23), used to express the Hamiltonian
from coordinate-based to triad-based perturbation variables. The symplectic form
in the new variables reads:

g dAr
dgij Adx = dég, Adom" +dt Ad ((h”A%cSqn&Tm) . (3.34)
leading to the extra Hamiltonian Hexy = ——g AY 5g,6m™. The full expression

SWe identify op; = I%jaji. Analogously defined are the quantities oy, ovw, etc.
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for Hey and its reduced form in the flat slicing gauge® are given in Appendix A.1l.
The full second-order Hamiltonian (3.19) written in terms of (8¢, d7™), n =1,...,6,
is given in Appendix A.2. In the following computation we will not need the full
expression, as we intend to impose gauge-fixing conditions that considerably simplify
Eq. (3.19).

3.3 The physical Hamiltonian

In deriving the physical Hamiltonian we shall follow the Dirac procedure for con-
strained systems in perturbation theory, presented in Sec. 2.2. Let us briefly recall
the main steps in this procedure:

— We set 4 gauge-fixing conditions. In this case we have dc; = 0, dcy =
0, c3 = 0, dcy = 0. Together with the initial 4 first-class constraints
0Ho = 0, 6H = 0, 0H, = 0, dH, = 0, these form a set of 8 second-
class constraints. We denote them collectively by 6C, = 0, where 6C, =
{(561, (502, 563, (504, 57‘[0, 57'[197 57‘[1,, 5Hw} .

— Provided that Eq. (2.38), here written as
Det{dC,,dC,} # 0, (3.35)
is satisfied, we introduce the Dirac bracket (2.39):

{A,B}p = {A, B} — {A,5C,}{6C,,6C,} 1 {6C,, B}. (3.36)

— We obtain the physical Hamiltonian by strongly imposing the second-class
constraints on the second-order Hamiltonian, which is done by removing the
redundant dynamical variables. This yields the physical Hamiltonian,

Hynys = (NH + ONOHy + SN*6H, + IN"6H, + SN"6H,,

2Co=0" (3.37)

— NH

5C,=0

The Hamilton equations in the gauge-fixing surface for any basic observable O are
generated by the physical Hamiltonian via the Dirac bracket,

O = {O,NH(()Z)’ } . (3.38)
5Cy=0 p
The basic property of the above dynamics is that 6C, = 0 for all p.

3.3.1 Gauge-fixing conditions

In what follows we impose a set of gauge-fixing conditions called the spatially flat
slicing gauge [54],

0ci :=0q1, Oco:=0qy, Ocs3:=0dq3, O0cq:= 0qy. (3.39)

4This is the gauge that we will use in the next section, i.e., dg1 = dga = dg3 = dg4 = 0 (see Sec.
3.3.1).
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Considering the perturbation of the three-curvature §(®R), as given in Eq. (A.4) in
Appendix A.3, it becomes evident that in the above gauge, 6(*R) = 0 on constant-
time slices. As discussed in Sec. 1.2.1, once the gauge conditions are fixed, we have
the flexibility to decide which degrees of freedom to remove. In this case, the best
choice is to solve the constraints for the conjugate momenta to the variables in Eq.
(3.39). This is accomplished using the first-class constraints (3.31), from which we
obtain:

2 2va 2P’UU_P’U)1U
orl = V2 om° + V2( >57T6
Py, Py,
fa“‘
va[(TfP) — Pii| — 2Py Prw | 905
P \2
a* TP 7
-+ 7_*Pkk va_wa _2P2v_P2w 5QG
a5 )( ) - 2(FE, — PR,)
+ P757'lm 0+ Z ik P [3Pr — (TrP)}0Hm
2V2P, V2
52__7W55_7va_wa56
" 3Py : 3Pkk( )om
V2a4 TrP
— —— — 2P | Pow — 2Puy P | 6
a—4

TP
— — 2Pt | (Pyy — Puw) — 2(P2, — P2 )6
3\[Pkk [( kk>( ) ( kv kw)] g6

3P
omd = —a” Pkw5q§) —a” le&les :
o1t = —a " Ppydgs + a* Prydgs (3.40)

where Py, # 0. Therefore, imposing the 8 second-class constraints, §C, = 0, nat-
urally leads to the removal of 4 canonical pairs (6q1, 07!, 6q2, 072, dq3, 073, dqy, d74)
from the phase space. The remaining variables (dgs, 67°, 8gs, 676, 6¢, 67?) are con-
sidered physical, see Sec. 2.2. It is easy to see that they must form 3 canonical pairs
with respect to the Dirac bracket (2.39).

As mentioned in Ch. 2, the above procedure shares similarities with the Kuchar
decomposition discussed in Sec. 2.3. In the Kuchai decomposition, one selects
four scalar fields from the kinematical variables to linearize the canonical conjugate
momenta of the four constraints, effectively serving as internal spacetime coor-
dinates with respect to which the unconstrained, "physical" degrees of freedom and
their dynamics are expressed. The Brown-Kuchai dust model serves as a well-known
example [80]. However, this decomposition becomes impossible when the spacetime
model possesses spatial symmetries or approximate spatial symmetries, as discussed
in [81].

In cosmology, where no internal spatial coordinates exist, the role of gauge-fixing
conditions differs slightly. Rather than setting internal coordinates, the first-order
gauge-fixing conditions determine the embedding of the fixed background spacetime
in the perturbed spacetime. This is known as "gauge-fixing of the second kind'
[82, 83]. These conditions implicitly determine the embedding by imposing con-
straints on the difference between the perturbed and background spacetime, using
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the three-metric and three-momentum components. In this way the space and time
coordinates for the perturbed spacetime are unambiguously provided by the space
and time coordinates of the background spacetime. The time coordinate of the back-
ground model is an internal variable made of the kinematical background variables
such as the scalar field or the scale factor, whereas the spatial coordinates of the back-
ground model are external. The latter come from a natural parametrization of the
homogeneous three-space. For instance, in a toroidal Bianchi I universe, the spatial
coordinates are determined only up to a constant spatial shift, that is, modulo the
action of the given homogeneity group, if the condition fSZ_ dz’ = 1 holds for all i.

A more general notion than the gauge-fixing of second kind is that of covariant gauge-
fixing [50], which is a coordinate-independent notion. It involves identifying space-
time points belonging to different spacetime solutions and assumes an underlying
background manifold with no preferred coordinates. The covariant gauge-fixing is in-
variant with respect to the group of diffeomorphisms of the background manifold. The
arbitrary choice of particular coordinates on the background manifold is called the
gauge-fixing of first kind. Both the point-by-point identification and the background
coordinates are provided by the Kuchar decomposition. In the case of perturbation
theory, two extra restrictions hold. First, both space and time coordinates are al-
ready fixed (modulo the spatial shifts) on the background manifold. Second, the
identification of the spacetime points belonging to different spacetime solutions has
to respect the condition of the smallness of the three-metric and three-momentum
perturbations.

3.3.2 Physical Hamiltonian

The physical Hamiltonian (3.37) is obtained from the second-order Hamilto-
nian (3.19) by:

i) Expressing the perturbation variables in the Fermi-Walker-propagated basis;

ii) Adding the extra Hamiltonian (A.2) yielded by the time-dependent basis trans-
formation;

iii) Reducing it into the flat slicing gauge (3.39), and introducing the Dirac bracket.

The explicit formula for the physical Hamiltonian is, thus, found to read:

2
T
Hppys = Tﬁ + adm? + adnd

ka -~ 9 k2 ~ 9 k2 ~ 9
+ <2+U¢> 0p° + (46L3+U5> 5q5+ @"}-U(j (5q6
+ Cpp0p0Ty + Cs50q50m5 + Ce0q6076
1

2

+ C5¢ (\/ia 57‘(‘55(}5 + W5Q557T¢)
2 ].

+ C@¢ (\/ia omgd + 7\/§a2 5q657r¢

+ Cs6 (8g50m6 + 0gs0s) + C18g5096 + C20¢dqs + C50¢dgs,

(3.41)

where the zero-order coefficients are given in Appendix A.4. The formula for the
full, unconstrained second-order Hamiltonian in the Fermi-Walker basis is provided
in Appendix A.2.
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3.3.3 Mukhanov-Sasaki variables

By Mukhanov-Sasaki variables, [84, 85] we mean gauge-invariant perturbation vari-
ables that, in the limit of a flat spacetime, satisfy the equation of motion for the
harmonic oscillator. The physical Hamiltonian (3.41) can be written as a quasi-
harmonic oscillator by considering an adequate change of coordinates. In particular,
we rescale the kinetic terms and perform a linear canonical transformation on
the momenta to decouple them from the positions. From Eq. (3.41) it is easy to see
that the rescaling should read:

3 1 3
5q56 — 0G50 = —=0Gs6, 056 — 0sg = V2adms 6,

V2a (3.42)
5¢p — 8d = ado, o0my — 0Tty = a71677¢.

As a time-dependent transformation, it produces an extra term in the Hamiltonian:

TP /.. .. " en 7o
Hext = 4 (5q55ﬂ5 + 5076 — 5¢57r) . (3.43)
The canonical transformation that removes the momentum-position couplings
follows from the general prescription. Given the Hamiltonian,

11
= (Z o+ Cigpit + - > Cij = Cji, (3.44)

,J
the transformation
pi — Pi = pi + Cijq; (3.45)

leads to the new form

1

1_ a .
H:a<z2p?—22@jqz’qﬂ'+...>, (3.46)
i iy

where * denotes the derivative with respect to cosmological time. The second term
in (3.46) arises from the time dependence of the transformation (3.45). We apply
this transformation to the Hamiltonian (3.41) for which the coefficients C;; are given
in Eq. (A.7). The complete form of the Hamiltonian (3.46) is obtained using the
background variables (3.13), which are also needed for the components of P in the
new basis, which are given in Appendix A.5.

We arrive at the final Hamiltonian expressed in terms of the anisotropic Mukhanov-
Sasaki variables:

Hp: :% 073 + 073 + 073 + (K + Uy ) 08 + (K2 + Us ) 08 + (K* + Us) %

+ C18G50Gs + C26d560 + 03556&4 ,

(3.47)
where the coefficients are given in Appendix A.6. Notice that in Eq. (3.47), the
tensor modes are coupled to each other with the coupling C. These modes decouple
when the shear of the wavefront vanishes. Analogously, the scalar field is coupled to
the tensor modes with the couplings Cs and Cs. In this case, decoupling can happen
with the vanishing of the shear of the wavefront and of the planes perpendicular to it,
given by the normal k x © or k x . The isotropic limit can be obtained as described
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at the end of Sec. 3.2.1. As expected, in this limit Cy = Cy = C3 = 0, and the two
polarization modes of the gravitational wave and the scalar mode all decouple from
each other, giving the results obtained in [17].

The coefficients in (3.47) are combinations of the background phase space variables
and the vectors ¥ and w. To make the Hamiltonian suitable for quantization, the vec-
tors should be expressed in terms of the background phase space variables. This can be
achieved by solving the dynamical equations (3.32) or, equivalently, Eqs (3.33), which
can be very difficult. Alternatively, it is also possible to fix ¢ and @ explicitly. How-
ever, in general, this procedure yields vectors that are not Fermi-Walker-propagated
and therefore results in a correction to the Hamiltonian (A.2). For instance, we can

define: '
. UZ . . AL
D= —— ., W= eljkﬁjk , (3.48)

\/Yivtod
where v* is a constant such that v’k; = 0, and €;jk is a totally antisymmetric tensor.
We find the extra Hamiltonian to read:

iy, = 2072 Puyy (G507° - 6359%°) (3.49)

Now the vectors © and @ are given explicitly in terms of the phase space variables,
and the Hamiltonian (3.47) supplemented with the above term can now be quantized.

3.3.4 Dirac observables

The Dirac observables first defined in Sec. 1.2.2 and Sec. 2.2.2, are defined to be
first-order kinematical phase space observables, which weakly commute with
the first-class constraints,

Vser {5DZ~ , / 5§P5Hp} ~ 0. (3.50)

We denote the complete set of solutions to Eq. (3.50) in the kinematical phase
space by dD;, where i = 1,...,10. The explicit formulae are given in Appendix A.7.
There are 10 independent solutions in the kinematical phase space. Hence there
must be six independent Dirac observables in the constraint surface. To choose them
conveniently it is useful to impose the flat slicing gauge-fixing conditions. that is
0q1 = 0qo = 6q3 = 6qq4 = 0, which largely simplifies the expressions for d D;:

5D1‘GF = 5Q5, (5D2‘GF = 5(]6, (5D3’GF = 571’1, 5D4‘GF = 57‘(’2,

5D5‘GF = dmg, 5D6‘GF = 0my, 5D7‘GF = 0ms, (5D8’ = dmg, (3.51)
GF

6D9‘GF — 5, wm\cF = by,

where the label |, means “in the gauge-fixing surface". It follows from Eq. (3.40) that
the observables dDs| ., 0D4|gp, 0Ds5|op, 0Dg|,p are not independent and may be
expressed in terms of the remaining solutions. Hence we discard them. On the other
hand, 0D1].p, 0D2|ops 0D7|opy 0D8|op, 0Dg|.p and 0D1p|,, can be easily related
to the tilded variables used in the final Hamiltonian (3.47). Since any combination
of Dirac observables is a Dirac observable, we introduce a new basis in the space of
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Dirac observables,

1 1
5Q1 = — 6Dy, §Qy = ——0Dy, Qs = adD,
Q1 T30 Q2 732002 Q3 = adDy
Css + £ Cse

6P = \/2a6D7 + 6Dy + —=6Ds + Cssa*8 Dy,

V2 V2

Cs6 Ces + &
0Py = v2a6Dg + —= 6Dy + —— 0=
2 8 NG 1 NG

Cos Cos TP, ,

—0D1+ —=D Cyp — —=)a“dD

\/5 1 + \/§ 2 + ( ot} 6&3 )CL 9

where we used the coefficients of the Hamiltonian (3.41). It can be verified that in
the spatially flat slicing gauge the following identifications hold:

(3.52)
0Ds + Cﬁ¢a25Dg,

5P3 = CL_15D10 +

5Qu|
oP|

=035, 0Q2| =0ds, 0Qs| =00,

F F

— §7s, (5P2‘G — 57, 5P3‘ = 67ty

GF F GF

Making use of the respective Dirac bracket we find the canonical commutation rela-
tions,

{6Qi(k), 0P (D)} p = 0k, 1.

Finally, we pull-back the Hamiltonian (3.47) to the space of Dirac observables with
the mapping (1.49) and obtain

N
Hpr =5 0P} + 0P + 0P3 + (K + Uy ) 6Q3 + (K + Us ) 0Q3 + (K + Us) Q3
+ C16Q10Q2 + C20Q10Q3 + C35Q2(5Q31 : (3.53)

The coefficients are given in Appendix A.G.

The above Hamiltonian generates dynamical equations for all Fourier modes. Any
solution is uniquely determined by specifying the positions, which describe the three-
surface, and the momenta, which describe the extrinsic curvature, at the initial mo-
ment of time. Alternatively, any solution can be determined by specifying only the
positions, i.e., the three-surfaces, at any two fixed moments of time and fixing the
gauge at the boundary. This follows from the fact that we can derive the respective
reduced Lagrangian (and the respective action) from the Hamiltonian (3.53), allowing
us to obtain any solution from the principle of least action. This is in complete
agreement with the full GR case [86]. The choice of the gauge at the intermedi-
ate three-surfaces is arbitrary and so is the coordinate system of the intermediate
spacetime.

The basic Dirac observables expressed in terms of the kinematical phase space vari-
ables read

2P,
aPkk

1 1
0Q1 = \/§a6q5 + (0q1 — §5Q2)7

PU'U_wa

1
Sqp — =0
o (0@ 3 a),

1
0Q2 = 75,00 +
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0Qs = a0+ —— P » (0q1 — §5q2) ,
5(TrP) — P
5P1 = \/50,(571'5 + W(5Q5
a

- \/;?;kk (Pw _2wa 0q6 + va5q5)
+ F (Pow, ProPra) <5q1 - ;5612)
afP (3Pkk5Q1 +a p¢5¢>) \/f (Prwoqs + Prpdqa) ,
5Py = V2adme + Wd%
- o (P P 4 P

Pyy — Py PE — P2, ( 1 >
+f< 5 T 3 0q1 — 5002

va - P \/§
T T owdhy. (3Pkk:5ql +a p¢5¢) —5 (Drodas = Prudqa)
1 (TrP) Py, + 3p¢ 3p¢
5Py = ~0my— o,
3 a e 6aPkk (]5 a

_|_

2(TrP) Prapg — 6a° PV — 3p3 <5 1L )
6@3P]3k q1 q2

P,, — P,
. P¢ ( vV . ww5q6+va5Q5>

V2a3 Py,
2 2
D¢ {(va — Pyu)” + 4va} 1
- dq1 — =06 3.54
S (31— o). (3.54)
where
2
ey L 4[P§w+(P””2wa> }‘FP;—QPkk(Pkk"f—TgP)X
( ’ ) - a3Pkk B agngk '

The boxed terms are also present in isotropic spacetimes, whereas the remaining
ones are peculiar to anisotropic spacetimes. In Appendix A.8 we give the geometric
meaning of the Dirac observables, which can be used when imposing gauge-fixing
conditions on geometrical quantities.

Let us make a few observations:

i) Given a rotation Rj(#) around the k = ¢ x  axis by the angle 6, we have that
the observables 6Q1, 0Q2, 6 P, d P> transform as

Ri(0)0Q1 = cos(20)0Q1 — sin(20)6Q2,
R (0)0 Py = cos(20)d P, — sin(20)6 Ps,
R (0)0Q2 = cos(20)0Q2 + sin(20)dQ1,
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R (0)0P, = cos(20)d P, + sin(20)0P;.

That is they transform as tensors and are thus considered to be tensor modes.
In contrast, the observables Q3, d P3 transform as scalars under rotation, there-
fore are considered to be scalar modes .

ii) In the isotropic limit only the boxed terms are surviving. In this limit the
number of background variables is reduced: P,, — Pyw = 0, Py = 0, Prp =
0, P = 0, 3Py, = TrP. The tensor perturbations of the metric and its
momentum become gauge-invariant, unambiguously describing the gravitational
waves. Similarly, the scalar Dirac observables, Q)3 and 0 P3, exclusively consist
of scalar perturbations of the field, its momentum, and the metric.

iii) In the anisotropic case, the tensor modes 0Q1, 0Q2, 0P;, and P, consist
of traceless-transverse perturbations of the metric and its momentum, along
with vector and scalar perturbations of the metric. Consequently, the traceless-
transverse perturbations of the metric and momentum alone lose their gauge-
invariance. The tensorial nature of the "new" terms arises from the zeroth-
order coefficients, which can themselves transform as scalars, vectors, or tensors.
Specifically, vector perturbations are combined with the vector zeroth-order coef-
ficients to yield tensors, while scalar perturbations are simply multiplied by tensor
zeroth-order coefficients. Additionally, tensor perturbations may be multiplied
by tensor zeroth-order coefficients to yield scalars, which are again multiplied by
tensor zeroth-order coefficients. These various contributions to the tensor modes
were not emphasized in [19], where different definitions were used. In Appendix
A.9, we compare the two formalisms.

iv) In the anisotropic case the scalar Dirac observable § P; contains tensor metric
perturbations that are contracted with tensorial zeroth-order coefficients to yield
a scalar quantity.

To summarize, in anisotropic models with various matter contents, the Dirac observ-
ables are generally defined as a combination of scalar, vector, and tensor three-metric
and three-momentum perturbations, as well as scalar, vector, and tensor zeroth-order
coefficients. The introduction of the A-basis (3.22) is convenient for both the per-
turbations and the background quantities. In this basis, we can define a background
contravariant tensor as X, = X% A?j and the perturbation of a covariant tensor as
Y, = (5YZ-jAf{, where n = 1,...,6. The quadratic scalar quantities arise as prod-
ucts of scalar quantities, such as X;Y7, X 1Yo, and X5Y5, as well as norms of vector
quantities like X3Y3 and X4Y}, or norms of tensor quantities, such as X5Y5 and XgYs.
Quadratic vector quantities emerge as products of scalar and vector quantities, for
example, X3Y5, X1Ys, XoY3, and XoYy, or products of vector and tensor quantities
like X3Y5, X3Ys, X4Y5, and X,Ys. Quadratic tensor quantities manifest as prod-
ucts of vector quantities, such as X3Y; and X3Y3 — X4Y}, or products of scalar and
tensor quantities like X1Ys5, X1Ys, XoYs, and XoYs. The ordering of these products
and whether the factors are zeroth-order, first-order, or both do not matter. These
rules extend straightforwardly to cubic and higher-order products.

3.3.5 Canonical isomorphism between gauge-fixing surfaces

In the previous section, the Hamiltonian was computed using a specific gauge choice
which allowed us to write it in terms of Dirac observables (§Q;, dFP;), thus facilitating
the physical interpretation of the dynamical variables. In the following we present
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other choices of gauge-fixing conditions by making use of the canonical isomorphism
(1.49). Tt is useful to notice that the condition (3.35) for the validity of any gauge
can be reduced to the following:

Det A # 0, where A, = {0c,,0H,}. (3.55)

In order to get a deeper understanding, we will use physical and geometrical quantities
given in Appendix A.3 to define particular gauges.

Uniform density gauge

As a first example let us consider a gauge known in the isotropic limit as the uniform
density gauge. This gauge assumes the vanishing of the metric density, the
energy density (defined in Appendix A.3), and the vector metric perturbations.
The gauge conditions are as follows:

dci :=0q1, Oco:=0p, dcg:=0dq3, Ocq := dqq. (3.56)

The determinant of the Poisson brackets (3.55) is non-vanishing for non-zero scalar

field momentum py # 0,

Qikzpi(TrP)
3a? ’

proving the validity of the gauge. The physical variables, corresponding to the

Mukhanov-Sasaki variables and its conjugate, read:

Det A = — (3.57)

6Qa| =adp— b dg,

3aPy
vap(b (P’UU - wa)qu
oP = — 0qs — 0
S‘GF Va2 dd By
(TTP)p¢Pkk + 3])3) + 6a6Pka¢
_ 5¢
6ap¢Pkk
| TP P, + 605 PikV.g + 305 [ (Pou — Pu)” + 4P2, + 1] .
18a3 P2, 2
(3.58)

In the anisotropic universe they contain tensor modes whereas in the isotropic universe
they are combinations of the scalar field and the transverse scalar metric perturba-
tions.

Longitudinal gauge

In this example, we consider the longitudinal gauge, another well-known gauge in
the isotropic case. This gauge assumes the absence of a scalar shear perturbation
(defined in Appendix A.3) and requires that the shift vector vanishes. The first
condition reads:

—4 —4
a TrP 2v2a
cr = 6m* + —— | Pt — —— |0qn — LPM&B
2 3 9 (3.59)
2v/2a~* 4y/2a=4 2v/2a~4 .
- T-Pkwéqél - TvaéqL’) - T (va - wa) 5Q6-
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In the isotropic limit this condition simply reads dc; = én%. We fix the second
condition in agreement with the isotropic limit [54], i.e.,

dcg 1= 0ga. (3.60)
When combined with dcs := dgs and ¢y := dqq, this set of conditions yields:

2 [6a'k? + 9P, +18 (PR, + PR,) + (Pow — Pun)” +4P2, ]

Det A = —2ik>
9ab

(3.61)

—15PyTrP + 3(TrP)?
+ = :
9a

which proves it to be a valid gauge.

Scalar gravity-wave gauge

Our final example is chosen to demonstrate that anisotropic spacetimes can accom-
modate gauges that do not exist in isotropic spacetimes. We shall call it the scalar
gravity-wave gauge. It assumes the vanishing of a scalar, a vector and a tensor
metric perturbation:

0c1 = 0qa, Oco :=0dq3, dcg:=0dqq, dcy := dgs. (3.62)
The determinant of the Poisson brackets (3.55) reads:

8iv2k2P,

Det A — — SV2F Pow (3.63)
a

The determinant is non-vanishing as long as P,, # 0, i.e. the As-component of

the wavefront shear does not vanish®. It is clear that this is not a valid gauge in

the isotropic limit, where P,,, — 0. Notice that in this gauge one of the polarization

modes of the gravitational wave is entirely carried by the metric density perturbation:

2P,
) = 6q1. 3.64
Ql GF (IPkk g ( )

This gauge corresponds to a coordinate system in which a given tensor metric per-
turbation vanishes, and the gravity wave is induced by a scalar perturbation that
perturbs the wavefronts with non-vanishing shear. It demonstrates that the trans-
verse and traceless metric perturbations cannot be unambiguously identified with
gravitational waves.

We will now apply the Kuchat decomposition of Sec. 2.3 within this gauge. To make
use of the gauge frame based on the flat slicing gauge (FS) we cast both sets of
gauge-fixing functions into canonical form (2.60). For the flat slicing gauge we have

a(36q1 — dg2)

0Cpg =
FS 3Pkk )

5The reasoning remains valid if we were to choose dcq := dqg. However, in this scenario, Det A =
—w, that is the Ag-component of the wavefront shear is assumed not to vanish. It is
worth noting that the simultaneous vanishing of both tensor metric perturbations is impossible, as

it would result in Det A =0
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{ [(Pv'u + wa) (35(]1 - 5(]2) - Pk:k (65(]1 + 5(12)]

6P ’
i (12ka5(h — 4Py,6q2 + 3\/§Pkkf5QS>
6 Py, ’
L (12Pkw5(I1 — 4Pgwoq2 + 3\/§Pkk5(I4) } (3.65)
6 Py, ’ '

while for the scalar gravity-wave gauge (SG) we find:

g [4pw,5q2 + V2 (TtP — 3P,) 5q5}
0Csa =4 — 5 -

V2P’ 8Puu |
i (Powda3 — Prudgs) i (Pow6ds — Prudds) (3.66)
V2P, V2P | |

The difference between those two gauge-fixing conditions expressed in terms of o and
B, defined in Eq. (2.62), reads:

2

a
" 2Py 0
i(3 Py —TrP) 0
4a P,
b =0, gl = | AP . (3.67)
ZPk'v 0
aPyw
1 Pl
aPyyw 0

Furthermore, we find A, defined at the end of Sec. 2.3.2, in Eq. (2.58), to be

0 0 0 0
ia~2k L3P 0 0
M= . (3.68)
0 2P, TrP—3P,y _ Puw
a3 3a3 a3
0 _ 2Py _Pow TrP—3Pyw
a3 a3 3a3

Hence, using Eq. (2.71), the lapse and shift transform as follows:

N

N

. 1
~ ()\ZVBVI + 6“1) 6@1 + %6M16P1. (369)

oM _—o

B
- 501 4=0

To reconstruct the three-surfaces we apply the formula (2.74) with the matrix M~!
which maps the ADM pertrubation variables into the constraint functions (3.28),
(3.29), the gauge-fixing functions in the spatially flat slicing gauge (3.39) and the
Dirac observables (3.54).

Synchronous gauge

The synchronous gauge is given by partial gauge-fixing, §N* = 0. The gauge-
fixing conditions for the synchronous gauge are obtained in terms of o, and B as
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solutions to Eqgs (2.77). In the gauge frame based on SF, we find:

1 o (6N
B ppd FS
©r=g,0 +85P1< N )

(3.70)

: g0 [oNE
=t ety -+ (),

i
where 6]\1[\1;5 are given by Eqs (3.76). The choice of the initial data o/, (to), 8! (to)
determines unambiguously the synchronous gauge-fixing conditions. Then the three-
surfaces can be reconstructed with the use of the matrix M as in the previous example.

3.3.6 Spacetime reconstruction

In this section we proceed as discussed in Sec. 2.2.4, in order to obtain a complete
spacetime picture as in Eq. (1.2). We need to determine the values of SN, SN* NV
and dN" from the consistency equations (2.50), where H is the full Hamiltonian of
Eq. (3.5). For each mode k and each index p, we obtain a linear algebraic equation,

N {oc,, HY +HE b+ 0N A, ~ 0, (3.71)

where H((]Q) should include the extra Hamiltonian if the perturbation variables are
expressed in the A-basis. Given a complete set of gauge-fixing conditions, the above
equation is easily solved finding (2.51), which in this case reads

ONH

A (AT {dc,, 1y + 1D} (3.72)

For the particular case of the flat slicing gauge (3.39), the consistency equations in
the Fermi-Walker-propagated basis yield, in terms of the Dirac observables,

SN Py,

P,, — P, P
5O, — v twwen P s
N aPyr, @1 2a Py, @2 2a Py @3,

IN* :5Q1<va_2PkUPkw>+5 2( Pi, P +PW—PW>

N 2a? a? Py, a?Py,.  a?Py 4q?
atVy  pe(TrP)  3p, P, P, — P, D
5 o _ =L¢ YW Sp 4 — S sp) 4 20 5P
+0Qs ( 9P, 202Py " 4a2) T B0 T T apy, 2T 5p 0t
ON"Y 2Pk:vpvw 2Pk:w ka(va - wa) 2ka kaqu
= ) 1)
N @1 < a?k Py, + a?k 00y a?k Py, + a?k + a2k Py, @,

5Qs.
a2k Py, a2k @3

(3.73)

ONY 2Pkwpvw 2ka Pkw(va - wa) 2Pkw Pkwpq§
o 5
N Q1< kP | a?k ) - Q2< T 2kPy,

Note that both the lapse function N and the shift vector §N* are scalars under
rotations around k. This follows from the fact that the tensor Dirac observables
0Q1, 6Q2, 6P and 0P, suitably combined with the tensor zeroth-order coefficients
(i.e. forming the products X5Y5 and XgYs, see our discussion below (3.54)) become
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scalars. The shift vectors NV and N, under a rotation Rj(6) around E=oxw
by the angle 6, that is

R (0)0N? = cos(#)dN" + sin(0)oN"

3.74

Ri(0)ON" = cos(§)0N"™ —sin(6)dN", (3.74)
transform as vectors, as they include quadratic and cubic terms X3Y5, X3Y5, X4V5,
XaYe, X3Y525, X4Y527Z5, X3YsZs, X4Y6Z6.

The knowledge of %V, %, 5%v, ‘SNTW allows one to reconstruct the full spacetime

metric tensor of Eq. (1.2) as a function of Dirac observables. However, the metric
components (1.2) themselves are not Dirac observables as the above relations are tied
to the particular choice of gauge-fixing conditions, i.e. they depend on the employed
coordinate system.

An alternative approach to fixing gauge conditions is to begin by specifying ‘%V, %,

5%, and ‘WTM. Then, we solve the equation:

0 2 ONH
{6c,, HY + 1l = ~ A (3.75)
which is a first-order linear partial differential equation from which we find:
67N — _va 6@1— va_wa5Q27
N aPyy, 2a Py
1ON* 2Py,  2PwPrw | 2P, N Pyw(Pyy — Pyw)?
i N 3at a* Py, a*P2, 2a4 P2,
i 5va(P1:1v+wa) 5@1
6a* Py,
Pka _ PIEU +PUU_wa+5(P31w_P3U)
a*Py.  a*Pyy 3at 12a4 Py,
(va—wa)Pvzw (va_wa)3 5@
a*P?, 4a* P, 2
va 1 va - wa 2
0P ———0P
+ aQPkk + 2a2Pkk ’

10NV 2kapvw 2Pkw -ka(va _wa) 2ka
Z = 1) )
i N ( a4Pkk a4 Ql + i a4Pkk + a4 QQ,
1ON® _ (2PwPow | 2P | Pew(Pov — Puw)  2Phw
- = 1) — 00Q)s. 3.76
i N ( a* Py, t g @+ i at Py, o Q2 (3.76)

Note that the imaginary units in front of §N*, SNV, SN cancel out in Eq. (2.56)
when multiplied by the respective constraints (3.29).

Generally, there may not be a unique solution, leading to what is known as the
residual gauge freedom. Geometrically, choosing (SNTM uniquely fixes the coordi-
nates once the initial Cauchy surface is determined. Selecting a specific solution to
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this equation is equivalent to defining the initial Cauchy surface in the perturbed
spacetime.

3.4 Multi-field case

Particle physics models allow for the possible presence of more than one scalar field
in the primordial universe. The multi-field scenario offers new and attractive features
in particular to the theory of inflation [87-89]. It is quite straightforward to extend
the above single-field framework to the case when the matter is made of a collection
of scalar fields. The matter constraints read:

1 _ 1.
Hm,0:ﬁlz2q 17@1+Z2q9¢>{,¢{j+V(...,¢I,...)],
I 1
HWZ‘L:—Zde)IQS’Ii,
1

(3.77)

where the index I labels the real scalar fields. The Fourier components of the
linearized scalar and vector matter constraints (3.30), in the multi-field case, are
found to be:

3 3
_ -3 -5 2 3 I
57‘[77170 = Z |:a p¢167'['¢] — Za <p¢]) 6q1 + §CLV6q1 + a ‘/:d’légi) y
7 | | (3.78)
My, = ia P k'pgde’.
I

Repeating all the steps made in the single-field case, as well as setting the spatially
flat gauge-fixing conditions (3.39), we arrive at the following generalization of the
gauge-invariant Hamiltonian (3.47):

N
Hp; =5 SP} + 6P+ 0P34+ > (K> + Uy)dQ3; + (K + Us)sQ7 + (k* + Us) Q3
I I

+ C16Q16Q2 + > Cor0Q10Qsr + Y C316Q26Qs31 + >, Cr16Q316Q3 |,
i T I>J
(3.79)

where the coefficients are given in Appendix A.6. The Hamiltonian presented above
shares a similar structure with (3.47), but with the addition of more matter pertur-
bations denoted by dQs; and the inclusion of new coupling terms Cry. It is worth
noting that, under the spatially flat gauge, the following equivalences hold:

0Q1 =035, Q2 =0Gs, 0Q3r =3¢!, 6Py =075, 0Py =0fg and 6Py = 07y

The complete set of Dirac observables is given in Appendix A.7. The physical vari-
ables are related to them as follows:

1 Css Cs
0Q1 = —0Dy, 6P = 2a6D7 4+ —26D; + —=0D3 + Cs4ra0 Dy,
Q1 32D 1 ad D7 Jaa D1t 5,00 56700 Do s
1 Cse Cées
0Qo = —0Dy, 0P, =V2a6Dg+ ——6D1 + ——90Dy + C, 0Dy, 3.80
Q2 T3P ) = V2a6Dg Jaa P11 5,002+ CagradDos (3.80)

C
\/%ZéDg + C¢I¢JQ5D9J.

C
0Q31 = adDyy, §Psr = a~'6D1g; + —226Dy +
\/ia
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3.5 Summary

In the present work we have derived the physical phase space and the physical Hamil-
tonian for anisotropic cosmological theory by means of the Dirac procedure. We
introduced the Fermi-Walker-propagated basis in which we expressed the tensor
and vector modes and computed the extra Hamiltonian generated by the choice of
that basis, we also gave and alternative definition of the frame which is more suit-
able for quantization. We chose convenient gauge-fixing conditions and obtained the
physical Hamiltonian in terms of background and perturbation canonical variables.
We showed that the obtained result is valid in any gauge if the physical variables
are replaced by the respective Dirac observables. We also reconstructed the full
spacetime by means of canonical variables in the flat slicing gauge. Finally, we ex-
tended the obtained result to the multi-field case which may be relevant for models
of the primordial universe.

The Dirac method relies on the existence of the canonical isomorphism between
different gauge-fixing surfaces and provides a useful framework for studying gauge-
fixing conditions. We considered a few examples of gauge-fixing conditions, where
most were extensions of the gauge-fixing conditions used in isotropic spacetimes,
while one was specific to the anisotropic spacetime and does not constitute a valid
gauge in the isotropic spacetimes. For any choice of gauge-fixing conditions, the Dirac
observables acquire a distinct physical interpretation. In particular, it turns out that
a gravitational wave could be seen as a scalar perturbation of the metric. It is
worth mentioning that the scalar mode of gravitational waves is also predicted in
extended or modified GR theories [90]. However, it differs from our model’s "scalar"
wave, which maintains tensorial transformation properties due to induced anisotropy
in the wavefronts by the global dynamics.
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CHAPTER

Time problem in perturbation theory

In the previous chapters we presented the Dirac method to obtain the physical per-
turbed Hamiltonian. We applied this method in Chapter 3 to obtain the gauge-
invariant Hamiltonian in an anisotropic Bianchi I universe. The aim of this work is
to prepare for the quantization of our system. Although in this thesis we are not
going to quantize the obtained Hamiltonian (3.53), in the following chapter we are
going to make use, once again, of the Dirac observables in order to tackle one of the
main issues related to the quantization of relativistic systems, i.e. the time problem.

4.1 Introduction

The time problem present in quantum gravity models [20, 68, 91, 92] is due to
the different definitions of time in non-relativistic physics, in which an external and
absolute time exists, and in Einstein’s theory of gravity, where one has to rely
on largely arbitrary physical variables, known as internal time variables or internal
clocks, to follow changes occurring in gravitational systems. By virtue of the principle
of general relativity, the choice of internal time variable has no physical consequence
in the classical theory. Upon passing to quantum theory, however, different choices of
internal time variables are known to produce unitarily inequivalent quantum models
[31, 32, 93-98]. The problem of finding the correct interpretation of these non-
equivalent models is commonly referred to as the time problem.

In this chapter, we aim to find an interpretation for the non-equivalent clocks in these
models. For this purpose we consider the model of primordial gravitational waves
propagating across the Friedmann universe. It is important to note that similar
models were previously used for making physical predictions for the primordial am-
plitude spectrum of gravity waves and of density perturbations, and are constrained
by observations (see, e.g., Refs. [60, 99, 100]).

It was shown that dynamical observables defined in different clocks are unitary
inequivalent, see, for instance, Refs. [35, 101, 102]. In quantum gravity, only gauge-
invariant variables are measurable quantities [103, 104]. These variables are constants
of motion, yet they encode the so-called relational dynamics. From this perspec-
tive, dynamical quantities can be ambiguously expressed as one-parameter families
of gauge-invariant quantities, with each family representing motion with respect to a
specific internal time. Alternatively, the dynamical variables can be viewed as fun-
damental variables. The differences in their dynamics should be carefully studied
before proposing their physical interpretation. This interpretation would influence
the predictions derived from quantum gravity models.
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The cosmological system considered in this chapter, shows dynamical discrepancies
when based on different clocks, both in the background and perturbation variables.
This leads us to focus on the fundamental question: what are the dynamical predic-
tions of quantum cosmological models, which do not depend on the employed time
variable?

We address this question within the reduced phase space quantization. Namely,
we solve the Hamiltonian constraint and choose the internal time variable prior to
quantization. An alternative approach would be to first quantize and then solve the
constraint quantum mechanically while promoting one of the variables as internal
time. Both approaches lead to the same time problem [105] and therefore using the
technically less involved reduced phase approach seems well-justified. Most signifi-
cantly, within the reduced phase space approach, there exists a theory of clock trans-
formations, which is completely crucial for the purpose of this work [33]. Thanks to
these precisely defined transformations, we are able to explore all possible clocks and
quantize them with an assumption of fixed operator ordering. Hence, any quantum
ambiguities found, arise from the differences between clocks rather than the differ-
ences between quantization prescriptions.

4.2 Clock transformations in totally constrained systems

As discussed in Ch. 1, in canonical relativity the presence of the Hamiltonian con-
straint is a consequence of the fact that the dynamics of three-surfaces is generated by
infinitesimal time-like diffeomorphisms, and the latter leave the full four-dimensional
spacetime invariant. The Hamiltonian constraint dynamics is a feature of any canon-
ical relativistic theory of gravity, be it Einstein’s or any modified gravity theory,
although their dynamics differ. Canonical relativity assumes the lack of an absolute,
external time in which three-surfaces evolve, and replaces it with internal variables
that serve as clocks with which the dynamics of three-surfaces can be described.
None of the internal clocks can play a privileged role as the principle of relativity
states. This picture is certainly true in the classical theory. At the quantum level,
no spacetime exists and, as we will see later, the principle of relativity must take a
somewhat altered form. In order to find it, we need to extend the canonical formalism
by including clock transformations that transform a canonical description from one
internal clock to another; only then can we move to the quantum level where these
new transformations become a key to unlock the principle of quantum relativity.

4.2.1 Internal time

We will now select the internal variable which will serve as cock in our system. Let
us consider a system consisting of a set of N 4 1 canonical pairs {gn, p®}a=o0,.... v and
assume a Hamiltonian constraint

C(qa, ™) = 0.

Suppose that one of the positions, say ¢, varies monotonically with the evolution
generated by the constraint, i.e. Vqg,{qo,C}ps # 0. It is then possible to assign to
qo the role of an internal clock in which the evolution of the remaining variables
occurs. This evolution is then governed by a Hamiltonian that is not a constraint.
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At this stage, it may seem that the time variable is fixed once and for all, which would
contradict the principle of relativity; we discuss below in what sense this is not the
case.

Let us briefly recall how the reduced Hamiltonian formalism is obtained from
the initial symplectic form ¥ = dg, A dp® (Einstein convention assumed), evaluated
on the constraining surface, namely

Z)CZO — (qu Adp” + dgo A dpo) \

¢=0 (4.1)
=dgr Adp’ —dt AdH,

where I =1,--- ,N,and H = H (qo, qr,p’ ) is the nonvanishing reduced Hamiltonian

such that pg + H =~ 0. Note that both go (denoted by ¢ from now on to emphasize its

role as a time variable) and p° are removed from the phase space and the remaining

dynamical variables are no longer constrained, as seen in 1.2.1. Indeed, their dynamics

read

dgy _oH . dp'_ OH
dt — op! dt — Oqr’

which is entirely solved once an arbitrary initial condition (¢i™, pf;, ¢i) is provided.

In order to restore the principle of relativity, we need to allow for any clock, denoted
by #, which monotonically varies with the evolution generated by the constraint,
{t,C}ps # 0. This new clock must be a function of the old clock and the old canonical
variables, ¥ = #(q,p’,t). Thus, it must satisfy

df  of | Of oH  Of 0H

at ot T Pa0p’  opt da
{#,H}rs

(4.2)

For the new formalism to be canonical, the two-form® (4.1) induced on the constraint
surface C' = 0 in some new canonical variables must read:

z] | = dar ndp' —dindA,

This implies that there must exist an invertible map between the old and the new
variables:

t=1(qr,p",t), dr = dr(as,p’,t), ' = p'(q7,p”,1). (4.3)

These transformations in principle, and in all the relevant cases, are not canonical. It
can be shown that clock transformations form a group of generally noncanonical
transformations with canonical transformations as its normal subgroup [101]; find-
ing them is in general a difficult task. However, for an integrable dynamical system,
the problem can be reduced to that of solving a set of algebraic equations.

If a dynamical system is integrable, then we may find a complete set of canonical
constants of motion, denoted by Dj;. Let them be functions of the old internal time
and old canonical variables, D; = Dy(qy, p”’, t). Note that substituting back ¢t — qo,
they must commute with the original constraint, {Dy, C (¢a,p“)}ss = 0. They are
therefore genuine Dirac observables . The new internal time = #(qz, p’,t) and

1
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new canonical variables can then be found according to the algebraic relations

f:f(qfaplut)a DI(qJ7pJ7t) :DI(qJ7ﬁJ7£)7 (44)

where we formally substitute the canonical variables in the expressions for Dirac ob-
servables Dy, i.e., we assume the same functional dependence of Dy in both sets of
variables. As discussed in the previous chapters, the number of Dj is equal to the num-
ber of the new canonical variables G; and §”, and thus, leaving aside singular cases,
the above relations determine ¢y and 5’ completely. The result is a new canonical
formalism based on a new internal clock. Let us note that, by virtue of Eq. (4.4), if a

solution to the dynamics is known in one clock, i.e. t — [ql (Dy,t),p" (Dy, t)} , then it

is readily known for all other clocks and reads £ — |:(7] =q; (Dy,1),p' =p! (Dy, f)}

This makes the choice of the new canonical variables §; and ' via Eq. (4.4) very
convenient: the formal description of the system is the same in all clocks, only the
physical meaning of the clock and basic variables changes, which is emphasized by
the use of a tilde (™) over the variable names.

The use of Dirac observables in the derivation of clock transformations gives an invalu-
able advantage when passing to quantum theory. Our goal is to make a comparison
between quantum theories based on different internal clocks of a single physical sys-
tem. Therefore, it is of uttermost importance to make sure that the theories are
different only insofar as their clocks differ, and not due to other quantization ambi-
guities such as the well-known factor ordering. This state of affairs can be achieved
by fixing a quantum representation of the Dirac observables and then defining basic
and compound observables as functions of the quantum Dirac observables, both in
the original
ar=ar(Dy,t), ' =p'(Dy,t),

and the new variables

= i~

qr = QI(EJ:f)a p ZPI(EJ,Q-

These definitions imply that ¢; and p’ are promoted to the same operators as ¢ and
P!, respectively. We invert this reasoning and start by assuming the same operators
for q; and §; as well as p! and p’. This implies that the Dirac observables being the
same functions in both sets of basic variables are promoted to the same operators
irrespectively of the choice of clock. Hence, the quantum descriptions in different
clocks are formally the same, only the physical meaning of the basic operators changes
from one clock to another, which is emphasized by the use of tilde. Obviously, a unique
ordering prescription has to be used in all the above formulas. In principle, after this
step, any physically interesting aspect of the quantum theories can be compared. In
the following section, we introduce the model on which we discuss such comparisons.

4.3 Canonical cosmological model

We consider a flat Friedmann-Lemaitre-Robertson-Walker (FLRW) universe
filled with radiation and perturbed by gravitational waves; the line element of the
model reads (in units such that ¢ = 1)

ds? = —]\72(1‘,)(1152 + a2(t) [(5” + hij (.’B, t)] dz'da’.
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The matrix h;; represents the gravitational waves, which in FLRW are associated
to tensor perturbations; it satisfies hij(sij =0 and &’ hi; = 0. Finally, as in Ch. 3,
we assume a toroidal spatial topology with each comoving coordinate z* € [0, 1).
Setting N — a means one considers the conformal time which we denote by 7.

4.3.1 Perturbative Hamiltonian

Let us now build the canonical description of these gravitational waves in an FLRW
universe. The background variables, as in Ch. 3, are denoted by (q,7). For
the sake of a more coherent notation with the quantization in Sec. 4.4, we are
going to rename them as the scale factor § = a and its conjugate momentum
7T = pq. The tensor perturbations are represented by the gravitational wave
amplitude u()‘) = ah™ and its conjugate momentum 7N with A € {+, x} and
hij = >y h()‘)sijo\) (see, e.g., Refs. [106, 107] for details on the helicity expansion).

The matter component is assumed to be a radiation fluid with energy density
po conjugate to a timelike variable qy. The gravitational constraint is expanded to
second order through
Hiot = H® + ZH;(cp)v
k

where no boundary terms are present as the spatial sections are compact. The quan-
tity H®) is the background Hamiltonian and H ,(cp) is the perturbation Hamiltonian.
The background Hamiltonian is given by

H®) — LIRS 4.5

5Pa ~ Po- (4.5)

At this stage, one can identify the internal time ¢y with the conformal time 7 as it
reduces the zeroth order Hamiltonian into

Z’H(O):O = (da Adpa +dgo A dpo) ’H(b):O (46)
1 .
=daANdp, —dnAd (2p3> ,
leading to the physical zeroth-order Hamiltonian
0 _ 1>
H - ip(w (47)

while preserving the form of the perturbation Hamiltonian H ,gp) . The latter reads, at
second order ( - @)
2 2
Y -1 =- Y B (4.8)
A=+, X

9) 1 w2, 1 a” A
ML= 3P+ 3 (- )

)

with
2
, (4.9)

where a prime stands for a derivative with respect to the conformal time. Since

(A) )

the tensor perturbations are real, one has u; "~ = p2;. Moreover, since the back-
ground is isotropic, one can restrict attention to upward directed wavevectors k by

(2)

merely cancelling the factor % in H k2}\‘ This permits to write the final second-order
Hamiltonian as

"
1R =m0+ (1) (110)

a
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Note that for the radiation fluid we are concerned with here, the Hamiltonian (4.7)
yields as equations of motion p, = a’ and p], = 0, thus leading to a” = 0: the potential
for producing gravitational waves is indeed classically vanishing if the universe is
radiation dominated.

Determining the solution to the dynamics of gravitational waves is straightforward in
the radiation case. While it is possible to consider a general fluid with the barotropic
index w > 0 (this case can be solved analytically in terms of Bessel functions, see,
e.g., [36]), such consideration is not relevant to the objectives of this work as the
examined clock effects are not specific to any matter content but must be present
whenever quantum uncertainties in the background geometry are taken into account.

4.3.2 Dirac observables

Now we shall find the constants of motion that form canonical pairs. To this end, we
need to solve the partial differential equations
dD 9D

a_ o 0 L g@1 —
> = o +{D,H" + 1 }PB_O. (4.11)

At zeroth order, this is

b 9D _,
an P eq T

with solutions
D1 =a—pun and Dy = p,. (4.12)
At first order, Eq. (4.11) reads

00D 00D () 06D 5 (x) 96D

877 + Pa 7@@ = T aul(g)\) Mg, aw]E:A)’

(4.13)

where we considered the classical solution a” = 0. Since we are considering only first

(A)

order perturbations, we demand that dD be linear in the perturbation variables ji;

and 7T](c)\). The Lh.s. of Eq. (4.13) is greatly simplified if D depends only on the

variable y = 1+ a/pa, so we look for a solution of the form sDW = ,u,(c)‘)oz(y) +
M B(y), leading ¢
& B(y), leading to

da (A df_(a A A
Qd—y,u,(c ) + 2d—y7r,(c ) = onr,(c ) k:26,u,(c ),
Assuming independent variations of M;j) and 7r,(€>‘), one gets 2da/dy = —k?8 and

2dB/dy = a, and finally 4d?«/dy? = k%a, so that, setting
k

Qk =35 (77 + a) )

2 Pa

one gets two independent solutions for each polarization, or in other words four
first-order constants, reading

(5DS‘,2 = Vksin Q, u,(c/\) _ cosy 77,9),

sin ()

Ty 7.
\/% k

=

(4.14)
(5D§7>}2 = Vk cos Qy, ufc)‘) +
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In Eq. (4.14), the normalisation has been chosen so as to ensure that all these Dirac
observables indeed form canonical pairs, namely

A A
{D1, Do}y =1 and  {6D{, D)} = 6,5

From now on, we drop the index A and consider just a single polarization mode
(:ukvﬂ-k)‘

4.3.3 Clock transformations

Having set the full model, and before moving on to its quantum counterpart, let us
first consider a general clock transformation

n — 7 =n+Aa,pa,n), (4.15)

where A is a delay function that in general varies between the trajectories as well
as along them. At the background level, implementing the recipe given by Eq. (4.3),
i.e., D12(a,pa,n) = D12(a,pa,17) to the transformation (4.15), yields

a—pgn = a—Puf] and pg = Pa,

leading to
a=a+p,A and p, = Pq. (4.16)

In order that the clock transformation (4.15) actually defines a new and physically
acceptable clock, the delay function A must be subject to two conditions. The first
condition is that the new clock must run forward, that is

d_qdh_y 0h ) 0A
dn dn on Paga

> 0, (4.17)
where in the second equality we used the zeroth-order Hamiltonian H(®) given by
Eq. (4.7) and the associated equations of motion.

The second condition that a clock transformation must satisfy is that the ranges
of the basic variables a and p, must be preserved, thereby preventing the appearance
of non-trivial ranges that may induce new and potentially unsolvable quantization
issues. This second condition implies

palggoopa(a,pa,n) = Fo0, (4.18a)
a(a,pa,m)| _ =0, (4.18)

a=0

The first equality (4.18a) is trivially satisfied in the present case because of (4.16). For
A = A(a,p,), to which we shall restrict attention in what follows, the second equality
(4.18b) is identical to demanding that the delay function at vanishing scale factor
should also vanish, A(0, p,) = 0. This condition also ensures that the slow-gauge clock
is transformed into another slow-gauge clock, that is, the boundary is reached within
a finite amount of time (see Ref. [35]). Such a condition (4.18b), although irrelevant
in the classical theory, is crucial for the existence of a bounce at the quantum level
where the clock must smoothly connect contracting and expanding trajectories. Were
(4.18) violated, the clock transformations would break the bouncing trajectories.
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It turns out that the condition (4.17) is equivalent to the existence of a one-to-one
map between the reduced phase spaces (a,p,) and (@, pq), i.e. the determinant

%a  o%a

- da  Op,
0(a,pa) _ >0, (4.19)

dapa) | 95, Opa

Da Ipa

which is indeed Eq. (4.17) when 0A/90n = 0.
At first order, one must solve

6D1(a7paauk77rk) = 5D1(dvﬁa7ﬂkaﬂ-k)
and
5D2(a,pa,ﬂk,ﬂ'k) = 5D2(a7ﬁa7ﬁkaﬁk)

in order to determine the clock-transformed perturbation variables. Explicitly, using
(4.14), one gets

50 - s 0)
\/ESiIle,uk — C%Tkﬂ'k = \/%Sinﬂkﬂk - C%Tkﬁ'k,
- (4.20)
in Q) ~ in )
\/Ecosﬂk,uk%—sm kwk:\/lgcos()kﬂk-l—sm by

where Oy, = k(7 + a/Pa) = Qi + kA. The algebraic equations (4.20) can easily be
inverted to yield the new canonical perturbation variables, namely

fik coskA —sinkA e
- = - . (4.21)
Tk sinkA  coskA Tk
k k

It is important to note that the above are classical relations between canonical
variables belonging to distinct canonical frameworks based on distinct internal clocks.
Although they are canonically inequivalent, these two frameworks generate the same
physical dynamics of the system, which is required by the principle of relativity.

Finally, we observe that the clock transformations described in our framework pre-
serve the foliation of cosmological spacetimes by homogeneous spatial leaves with
small perturbations. Given that the initial clock 1 corresponds to the conformal
time, the new lapse function of the background foliation implied by the new clock 7
in Eq. (4.15), reads: .

N = ~ >0,

1+ pa%z
where OA/0n = 0 was assumed. Note, however, that the idea of clock transforma-
tion involves modifying temporal relations between events belonging also to different
spacetimes. This aspect of clock transformations is not reflected in the lapse function
N, which expresses the temporal relation between points within a single spacetime.
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4.4 Quantization

Having completed the classical treatment of our system, we now move to the investi-
gation of the possible differences between the respective quantum dynamics obtained
from the quantization of these two different frameworks.

4.4.1 Semi-classical background

Since, by definition, the scale factor is positive definite (a > 0), one needs to quantize
our previous system on the half line. Although the position operator @ = a is self-
adjoint on the half line, this is not the case for the momentum operator P = 1h0,,
so we instead use the symmetric dilation operator

~ ~ ~ 1l /an  Ax 1.

D={P.Q}=3 (PQ+QP) = 5ih (a0 +d,a).

Classically the dilation variable is d = ap,, so that the Hamiltonian, expressed in

term of d, is H 0) = %pg = %dz/ a?, and one can define its quantum counterpart as a

symmetric ordering of %@_252. Expanding on the basis (@, ]3), this yields

. 102 WK
o__+9 A
H 2 da? + a?’

where the value of K > 0 depends on the ordering; fixing one ordering such that
K > 2 ensures H () is self-adjoint on the half line [108].

We can find some approximate solutions to the Schrédinger equation with a family
of coherent states (see, e.g., Refs. [109-111] for the specific case under study here).
We choose the coherent states to read

|a(n),pa(n)) = ePe M@/ he=ilnlamID/ ), (4.22)

where |€) is such that the expectation values of Q and P in |a(n), pa(n)) are respec-
tively a(n) and p,(n), and otherwise arbitrary (see also Ref. [112]).

The dynamics confined to the coherent states can be deduced from the quantum
action

Sa = [ {@'0pa(n) ~ Heem [on),pa ()]} d.

with the semiclassical Hamiltonian given by
Hsem = <a,pa‘ﬁ(0)|a,pa>,

from which one derives the ordinary Hamilton equations

OH.
a = B and pg =
Opa

- aHsem

> (4.23)

We find that the semiclassical background Hamiltonian reads [111]

1[5, N8
Hyermn = 5 (pa + (12> ) (4'24)
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sem [y,

Figure 4.1: The semi-classical potential Viem given by Eq. (4.26)
as a function of the conformal time 7 for various values of the inverse
bounce duration w. The potential has to be compared with the relevant
value of k2 (k = 0.01), indicated as a straight line. The corresponding
scale factor time evolution is shown in the insert.

where the new constant £ is positive (8 > 0). Its specific value is related with both
K and the fiducial state |£). We find the solution to (4.23) to read

a*(n) = ao +a1n + a*(n),

with agag — a?/4 = h2& > 0, so that the equation a(n) = 0 has no longer any real
solution; the singularity is indeed quantum mechanically avoided. Choosing the origin
of time such that @’ = 0 for 7 = 0 permits to rewrite this solution in full generality

a(n) = ag\/1+ (wn)2, (4.258)

2
dof 7 (4.25b)

pa(n) = m7

where atw? = h2R, which in turn implies Hyem = %a%w = %h\/ﬁ; it is clear that the
model contains one and only one free parameter, namely &. From now on, we assume
that the background evolution is given by Eqs. (4.25): this means the semi-classical
potential

" 2 2
‘/sem:a;: h4ﬁ: l ~ 2] ) (426)
a a 14 (wn)
shown in Fig. 4.1, never vanishes except in the large scale factor limit (a > 1 —
n > w™!). This is appropriate as this is also the classical limit for which a” —
0. A classical radiation-dominated universe begins or ends with a singularity and
produces no gravitational waves, whereas our quantum radiation-dominated universe
naturally connects the contracting and expanding phases through a bounce which
is subsequently responsible for a non-vacuum spectrum of tensor perturbations, to
which we now turn.
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4.4.2 Quantum perturbations

For a given mode k, the Hamiltonian H ,EQ) , given by Eq. (4.10), is easily quantized

using the usual prescriptions. We assume that the background follows the semi-
classical approximation described above, so that the potential for the perturbation
is given by Viem, defined in Eq. (4.26). The basic variables are replaced by a set of
operators

- hr ~
P > g = \/; [akﬂk(n) + aikﬂk(n)} ;
(4.27)

~ hr. o ~
me = =\ 5 [aeni () + i (n)]

where we assume the Wronskian normalization condition p) py — pgpy = 2i for the
complex mode functions pg. The creation aL and annihilation ag operators satisfy
the commutation relations [ak, 6;,] = 0y p stemming from the canonical ones between

the field operators [fig, T—p| = i R p.

In the Heisenberg picture, the equations of motion take the form

~

A

dn

i

i h
i n

= (B ] and inTE = [HD 7]

The above equations imply that the mode function py(n) satisfies

d? h2R
Py <k:2 _ a4> e = 0, (4.28)

dn?

where a(n) is given by the semi-classical solution (4.25a). Using (4.26), this trans-

forms into
d?uy, w 2
-+ k2 - —_ Uk = 07 4.29
dn? [1 + (wn)Ql (429

which can be integrated numerically once initial conditions are fixed. We assume
that far in the contracting branch, with 7y, < 0 and Viem (1ini) < k2, there was no
gravitational wave, so the field was in a vacuum state. This implies the mode function

satisfies pug (Nini) = e~ *Mni /\/2k and p) (i) = —iv/k/2 e hmni,

4.5 Quantum "clocks"

We study the effect of clocks on the quantum and semi-classical dynamics of selected
dynamical variables by considering the following steps:

1. First, we obtain the dynamical trajectories in the reduced phase space (a, p, ug, 7% )
that is associated with the initial clock 7; note that from that point on, since there
is no risk of confusion, we shall replace what was previously denoted as p, simply

by p.
2. Next, we choose a set of delay functions A(a,p) to define new clocks 7 and

obtain the new reduced phase spaces (@, p, fix, Tx) associated with the new clocks.

3. Then, we make use of Eqgs (4.15), (4.16) and (4.21) to transport the dynamical
trajectories to these new phase spaces. We assume that the latter admit a unique
physical interpretation, and so the trajectories can be meaningfully compared in
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Figure 4.2: The new time 7 as a function of the original one n
for three different shapes of delay functions Aj, Ao and Az defined
through Eq. (4.30) along the original fixed bouncing trajectory (4.25).
The parameters are chosen as A=B =D =1,C =4 and E =2 for
A1, while we set A =2, B=0.2,C =0.5, D =3 and E = 4 for Ag,
and finally the set A = -1, B=C =1, D = 0.5 and F = 3 defines
As.

these new variables. In other words, there are many clocks denoted by # and only
one denoted by 1. Note that for A = 0 the clocks n and 7j coincide. For this case,
we assume that 1 and (a,p, ug, 7;) are the variables of Sec. 4.2, which sets the
physical meaning of the phase space (@, p, fix, 7x) and the clock 7.

4.5.1 Clock choices and background

In order to illustrate the clock choice issue, we consider a family of delay functions,
namely

aB  sin(Ep)
(a+C)P?  p
where A, B, C, D and F, are arbitrary coefficients, whose values are limited to ensure
that the conditions presented in Sec. 4.3.3 hold. In Appendix B, we consider another

set of acceptable delay functions to show that our conclusions are not restricted to
the choice (4.30).

Aa,p) = A (4.30)

A few "clocks" corresponding to the delay function A(a,p) are represented along
a semi-classical dynamical trajectory for different choices of the free parameters in
Fig. 4.2. Tt shows that, contrary to the classical case where the condition (4.17) holds,
the new clocks, in general, are no longer monotonic due to quantum corrections.

Applying the clock transformation of Fig. 4.2 to the background solution (4.25) yields
Fig. 4.3 once mapped into the reduced phase space, with the original trajectory
superimposed for comparison. All the trajectories originate in the same classical
regime at large @ and negative P, i.e. at a time at which the universe is large and
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Figure 4.3: Semi-classical trajectories obtained in different clocks
and mapped into the initial reduced phase space (@,) to compare
with the original trajectory represented by the full black line.

contracting. Close to the @ = 0 boundary, where the quantum behavior dominates,
they all somehow bounce in the variables @ and p, diverging from one another and
providing different accounts of the bounce. Finally, they reach the region of large @
and positive p where they converge again to the unique classical behavior representing
a large and expanding universe.

Possible differences between the trajectories include the values of @ and p at which the
bounce occurs, the level of asymmetry between contracting and expanding branches,
or even the number of bounces. These semi-classical trajectories illustrate the non-
unitary relation between different clocks. Nevertheless, they all originate from a
unique contracting classical universe and end towards a similarly unique expanding
classical universe. Therefore, the semi-classical trajectories in different clocks yield
the same outcome for large and classical universes. Notice that the trajectories’
convergence before and after the bounce can be delayed as much as one wants by
making use of appropriate delay functions, such as that discussed in Appendix B,
i.e. Eq. (B.1), whose effects on both background and perturbation trajectories can
be seen in Appendix B.

Let us now move to the perturbation of these homogeneous solutions and compare
the different evolution that can result from using different clocks.

4.5.2 Clocks and perturbations

In Fig. 4.4, we plot the dynamics of the real part of the perturbation variable jij
against the delayed time 7} for the three different functions of Eq. (4.30) displayed in
Fig. 4.2, and for two values of the comoving wavenumber k. The figure illustrates
our general finding that the absolute clock effect is more or less equally strong and
lasting roughly equally long for all-wavelength perturbations. This is shown more
convincingly in Fig. 4.5 in which the evolution of 4 different modes is shown as a
close-up in the quantum-dominated bouncing region. This means that the larger the
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Figure 4.4: Evolution of the primordial gravity-wave Re(fi) for two
different wavenumbers, k = 0.1 (left panel) and k = 0.5 (right panel),
and for different clocks based on the first class of delay functions,
A1, Ay and As, represented by the dotted blue line, dashed red line
and dashed-dotted green line respectively. The original trajectory is
represented by the full black line. In Fig. A4 the same plot for the
second class of delay functions is depicted to show how the choice of
delay function affects the time of convergence.

wavelength of the perturbation, the larger the relative clock effect, and the longer it
lasts in units of its oscillation period. Thus, the clock effect is more important for
phenomena occurring at small timescales and over short distances. Moreover,
the evolving amplitude fig, in general, is not a function of the clock 7 due to quantum
effects that disrupt the monotonicity relation between quantized clocks.

Given that both the background and the perturbation modes evolve in such a way as
to reach a unique configuration, the primordial gravity-wave amplitude fiy/a, which
is the quantity one expects to measure in practice [107], also converges to a unique
solution, making the model predictive.

All the plots above illustrate the non-unitary relation between different clocks, as
well as the spoiling of the clock monotonicity at the quantum level, which is illustrated
in Fig. 4.2. Nevertheless, similarly to the semi-classical background trajectories, the
perturbation variable fRe(ji) visibly converges to a unique classical solution from
a well-defined asymptotic past initial condition to the asymptotic future. Therefore,
one can safely extend the background conclusion to the perturbations: the time
development of the mode PRe(fi) using different clocks yields the same predictions in
the large and classical universe regime. The delay of the convergence due to different
choices of delay functions can be seen in Fig. 4.5.

As a final illustration of the perturbation behavior through the quantum bounce, we
find it useful to inspect the phase space trajectories in the plane [Re(fix), Im(fix)]
as displayed in Fig. 4.6. The initial vacuum state is represented by a circle that is
squeezed into an ellipse during the contraction and bounce, squeezing that represents
the amplification of the amplitude of the perturbation. From the point of view of
the time problem, the initial circle and the final ellipse respectively represent the
asymptotic past and future of the amplitude: from the point of view of physical
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Figure 4.5: Evolution of the primordial gravity-wave Re (i) plotted
for 4 different wavenumber k values. For each fixed k we changed the
clock considering the family of delay functions A, whose value is the
same as in Fig. 4.3.

prediction, the indeterminacy occurring near the bounce as may develop through
various different times disappears in the asymptotic regimes, so that the existence of
a classical approximation in our trajectory approach ensures the standard procedure
of treating the perturbations leads to physically meaningful predictions.

4.6 Summary

In this chapter, we explored the time problem in the framework of quantum fields on
quantum spacetimes. We considered the specific example of primordial gravitational
waves propagating through a bouncing quantum Friedmann universe.

We showed that the dynamical variables, such as the scale factor or the amplitude of
a gravitational wave, obtained from different internal clocks, evolve differently when
compared in a clock-independent manner. These expectation values (background
evolution) and mode functions of operators (perturbations), irrespective of the clock
chosen, converge to a unique evolution for large classically-behaving universes. This
is the phase space domain in which unambiguous predictions can be made. Then we
showed that for different clocks, the dynamics converges to the classical behavior at
different times. In principle, there is no restriction on how far from the bounce the
system must be in order to display the classical behavior. In practice, however, all
the clocks considered were found to converge very quickly, allowing for unambiguous
predictions shortly after the bounce.
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Figure 4.6: Evolution of the real versus imaginary part of fi; for
a wavenumber k£ = 0.5 and a bounce parameter w = 1. The initial
circle represents the initial vacuum state of the perturbation, while the
ellipse shows the final squeezed state, which happens, in the case at
hand, to have a slight phase shift with respect to the real axis. The
transition between these two asymptotic cases differs for the different
delay functions Ay, As and As, whose trajectories are represented by
the dotted blue line, dashed red line and dashed-dotted green line
respectively, the original trajectory being represented by the full black
line.

4.7 Conclusions

Based on the above findings, we postulate that the physical predictions are only those
predictions provided by any clock, which are not altered upon the clock’s transfor-
mation. The fact that for large universes the semi-classical background dynamics
and the quantum perturbation dynamics do not depend on the clock, implies the
following: Despite the fact that the dynamical variables are not Dirac observables,
they provide physical predictions for large universes, which is precisely the regime in
which we observe the actual Universe.

Note, however, that the word large is never precisely defined. One could expect that,
at least in principle, some clocks require times larger than the present age of the
Universe to converge to the classical behavior. This, however, poses no problem to
our interpretation as we simply exclude such clocks and retain only those that behave
classically in the domain for which we make predictions. This may seem arbitrary and
unjustified. We must, however, remember that, as a matter of fact, any semi-classical
description of ordinary quantum mechanics is necessarily restricted to a limited set of
observables, usually the simple ones, while more compound observables often display
classically incompatible behavior (e.g. (x)? # (22)). For similar reasons, we are
allowed to choose only those clocks in which the dynamics of the relevant observables
is classically consistent.

On the one hand, we proved that the evolution of the expectation values of some
observables constitute physical predictions of quantum cosmological models. On the
other hand, the expectation values are not all that is measured in the large Universe.
In other words, not all objects are classical in the large Universe. For instance, the
position of an electron is a dynamical variable that can be measured in a lab. So, could
the outcomes of such a measurement also be unambiguously predicted by a quantum
cosmological model? The answer is affirmative. Note that the mode function puyg,
whose dynamics becomes unambiguous in large universe, determines the evolution
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of the operator fip via Eq. (4.27). This implies that the Heisenberg equation of
motion encoded in Eq. (4.29) becomes unambiguous too. Obviously, the evolution of
perturbation in the Schrodinger picture must consequently become unique as well.
Hence, ordinary quantum mechanics of perturbation modes is recovered in a large
universe. This conclusions must also apply to electrons and, in general, to all non-
gravitational degrees of freedom.

To better understand the origin of the emergence of ordinary quantum mechanics,
notice that any clock transformation (4.15) involves, by definition, only background
variables. If the latter behave classically, the clock transformation is completely
classical and amounts to a mere (in general, nonlinear) change of units of time. In
Ref. [97], it was demonstrated that the relational dynamics of a quantum variable in
a classical clock is unambiguous in the sense that switching to another classical clock
does not induce any clock effect.

Let us put to test our approach and our result by addressing a set of questions that
were proposed in Ref. [20] for assessing the completeness of any potential solution to
the time problem.

1. How should the notion of time be re-introduced into the quantum theory of gravity?

Our approach relies on evolving internal variables called clocks. We express the
dynamics of the dynamical variables in terms of these clocks.

2. In particular, should attempts to identify time be made at the classical level, i.e.,
before quantization, or should the theory be quantized first?

In our approach, we first reduce the Hamiltonian formalism based on a selected
clock, next we quantize the reduced formalism as if the clock was an external
and absolute time. However, it is neither external nor absolute. The instanta-
neous value of the clock determines the instantaneous physical state of the system.
Switching to another clock entails a change in the physical interpretation of the
clock and the entire state of the system.

3. Can "time" still be regarded as a fundamental concept in a quantum theory of
gravity, or is its status purely phenomenological? |...]

In our approach, there is no fundamental "time". The fundamental concept is
"change" or "evolution", meaning we merely need to assume that the 341 split of
the underlying geometry imposes an ordered set of hypersurfaces. As we showed
in this paper, extracting dynamical predictions from such a formalism is a subtle
issue. The clocks serve as tools for deriving the predictions. Once a class of clocks
converges to a unique dynamics, any one of them can be treated analogously
and deserves the qualification of "time", and any quantum dynamical variable
becomes described in them by a unique Schrodinger equation. This is how ordinary
quantum mechanics emerges.

4. If "time" is only an approximate concept, how reliable is the rest of the quantum-
mechanical formalism in those regimes where the mormal notion of time is not
applicable? In particular, how closely tied to the concept of time is the idea of
probability? [...]

The quantum-mechanical description in the regime where different clocks exhibit
different dynamics is an essential part of our theory. It describes the deterministic
evolution of the system. However, this regime does not seem to allow for any
meaningful dynamical interpretation in terms of relational change. Although we
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have not explicitly addressed this question in the present work, our approach
permits to do it.

To conclude, one can mention that the chosen "clock" degrees of freedom, although
perfectly acceptable as such in the classical framework of general relativity, are ar-
guably not in the quantum regime. They do not qualify as actual clock since, along
the quantum trajectory, they yield a non monotonic change of time variable, in other
words, they provide different hypersurface orderings. This might be cured by adding
to the classical clock transformation (4.15) a quantum term that need be identified.
One may also argue that we are insisting upon using a trajectory to define the back-
ground evolution, while some might insist upon the fact that there is no such thing
as a trajectory in quantum mechanics.

In any case, it is interesting to note that whichever of the possibilities above happens
to be valid, the critical point that is made here is that even though the quantum-
dominated phase is indeed ill-defined both at the background and perturbation levels
from the point of view of time development, the asymptotic regimes end up being
unique. As a result, setting well-motivated initial conditions in the classical past, one
gets unambiguous physical predictions for the classical future in which we happen
to perform the measurements. In other words, we have shown that the lack of pre-
dictability in the quantum regime does not exclude the fact that the theory permits
meaningful physical predictions that can be tested with observations.
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Discussion and future prospects

In this work, we studied in detail the applications of the Dirac method for constrained
systems. As explained in Ch. 3, this method allows us to choose an initial gauge,
usually one that simplifies our computations, and then compute the physical Hamilto-
nian. However, the spacetime reconstruction involves the full Hamiltonian, i.e. before
setting any gauge, thus leading to heavy computations. In Ch. 2 we were able to
refine this approach. We derive the full space of gauge-fixing conditions and formu-
lated a new and simpler method to reconstruct the spacetime for any gauge. This
technical result allows us to get a deeper physical insight into the relation between
the abstract gauge invariant quantities and the full spacetime.

For instance, the application of this method to cosmological perturbation theory
around the anisotropic Bianchi I universe, showed that, unlike in the isotropic uni-
verses where gravitational waves are unambiguously given by tensor modes, in ani-
sotropic settings, they can be given by scalar modes in some gauges. In the future
we would like to use this finding to rethink the nature of the gravitational waves in
broader terms. This could be of both theoretical and experimental interest.

This leads us to wonder what would happen if we were to apply this method to a
more involved metric such as a Bianchi IX universe. This metric, although still ho-
mogeneous and anisotropic, describes a curved spacetime with non-linear interactions
between the scale factors. The application to a Bianchi IX model presents technical
challenges, however could allow us to study promising new gauges and bring us in-
sight on both the system under investigation and the procedure. A first step towards
this would be to consider a Bianchi II universe, which constitutes a more complex
spacetime than Bianchi I by introducing a non-null torque, but still a far simpler
universe than Bianchi IX. We would like to pursue this research in the near future.

The next step is to quantize the obtained Hamiltonian for a perturbed Bianchi I
universe. This step seems to be even more intriguing considering the interesting
results obtained by the quantization of the Hamiltonian in a FLRW background. The
use of Dirac observables, combined with the fact that they are not dynamical, has
allowed us to study the evolution of both background and perturbation trajectories
for different clocks. This has been possible since the form of the Dirac observables
remains invariant for different clocks, allowing us to depict the behaviour of such
trajectories in different clocks. We found out that the discrepancies due to the change
of clocks are only present around the bounce, i.e. at a time in which the universe
is in a quantum regime. At the classical limit, i.e. for large scale factors, all the
trajectories were eventually converging.

Further analyses of this method can be done by assuming a full quantum background
instead of a semi-classical one [113]. It could be also interesting to see if there is any
relation between the quantum states and the clock, that is, studying if there are any
preferred internal clocks for a given quantum state. Also, we would like to investigate
if the matter content can affect the clock effect, e.g. if stiffer matter can suppress the
clock effect. Moreover it would be interesting to investigate the time of convergence
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of these trajectories, from which many questions arise naturally: Can the time of
convergence for the scale factor be arbitrarily large, or is there a limit? If there is
no limit, and we find that it is always possible to find a delay function such that
the convergence is infinitely delayed, does this mean that quantum behaviour persists
into the classical regime? If so, should we be able to detect such discrepancies in the
clocks with sufficient sensitivity?

Additionally, if the discrepancies due to the clock change are visible only in a quantum
regime, can we estimate at what value scale factor the universe transitions from being
quantum to classical?

The last question seems to have a possible answer as the limit between the two
regimes should be found around the Planck scale. This is indeed what was found
in [114], where, similarly, the Dirac observables were employed to construct a semi-
classical space which was consequently studied with numerical method. In this case
the authors considered a semi-classical state for large universes which was then evolved
back in time near the classical singularity, i.e. around the Planck regime where
the quantum effects dominate. They found that the semi-classical solution extends
beyond the singularity, meaning that the singularity is not a final stop for the physical
space. Similar interesting results have been obtained in the context of loop quantum
cosmology in [115, 116].

The model presented in [114] was a toy model based on minisuperspaces [3, 117] with
no matter content, aiming to prove that the singularity could be avoided. In our
case, the singularity has been avoided by assuming a bounce scenario. This implies
that, naturally, the background and perturbed trajectories are free to go from the
time before the bounce to the one after the bounce, i.e. from one classical regime to
another without encountering a singularity. Following [114], it could be interesting
to see if, by changing the potential in the work in Ch. 4 so as to include a singularity,
the trajectory were to still follow a path across the singularity, which would act like
"a bridge" between the two classical regimes, to cite the words used in [114].

The applications of the Dirac method and the quantization model introduced in this
context, therefore, offer numerous opportunities for gaining valuable insights into the
dynamics of the universe, particularly in the vicinity of singularities that one expects
to smooth out within the quantum gravity regime.
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APPENDIX

Bianchi I in perturbation theory

A.1 Extra Hamiltonian

Since the canonical transformation (3.23) depends on time through the new tensorial
basis (3.22), it generates an extra term in the full Hamiltonian (3.5). The extra term
depends on the gravitational variables only, that is, (dg,,d7"), n = 1,...,6, and
reads
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In the spatially flat slicing gauge, the extra Hamiltonian takes the form

2v/2 TrP
Hepr = —a 35gs (;)[vaéﬂl — V2P, 072 + 2Py 07 + 2P, 107 + ( g — Pkk> (5775)
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A.2 Second-order constraint

The second order constraint (3.19) expressed in the new tensorial basis (3.22) and supple-
mented with the extra term (A.1) generated by the corresponding time-dependent canonical
transformation reads
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A.3 Geometric quantities

The canonical perturbation variables can be used to express geometric quantities. The most
useful ones are the Ricci scalar,

1
S(R) = 2a7*k? (6q1 - 3(5q2> , (A.4)

the energy density of the scalar field,

Mmoo (1) B

Vi

and the two scalar modes of the shear,
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where K, = K, A% = a3 (ﬁabAgb — %(jabA%b(TrP)) are the components of the zeroth-order

extrinsic curvature.

A.4 Physical Hamiltonian

The coefficients in the physical Hamiltonian (3.41) read:
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A.5 Dynamics of the operator P

Making use of Egs (3.13) and (3.32) we find the dynamics of the components of the operator
P in the Fermi-Walker basis:
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(A.8)

A.6 Final Hamiltonian in the M-S variables

Below the coefficients in the final Hamiltonians (3.47), (3.53) and (3.79) are given. In case of
a single scalar field there is a unique field label I = J which is omitted in the Hamiltonian.
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A.7 Dirac observables

This is a complete set of solutions to Eq. (3.50). In case of a single scalar field the label I is
unique and can be omitted.
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A.8 Geometric expressions for the Dirac observables

The independent Dirac observables (3.54) may be also given in terms of geometric quantities,
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A.9 Comparison of metric decompositions
The perturbed metric decomposition used in [19] is given by
i
hij =20 (i + ﬁ) + 20,0, + 20, Ej) + 2Ey5, (A.22)
whereas our decomposition reads
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Expanding (A.22) in the A basis,
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and comparing with (A.23) we obtain the relation between the tensor modes:

1 a=? a=2(Pyy — Pyuw) 1
E —6 +a V2 ”“’(6 — =4 ) E::5>+””““”(6 -6 )
5 — g5 a kk q1 3 q2 6 2 g6 ﬁpkk q1 3 q2
(A.25)

which correspond to the gauge-invariant quantities §¢)1 and Q2 given in Eq. (3.54). For the
vector and scalar modes we find the following relations:
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APPENDIX

Time problem

B.1 Alternative delay function

In this appendix, we consider the alternative choice of a family of two-parameter delay func-

tions, namely
A'(a,p) = a*e®”, (B.1)

which define a new set of clocks plotted in Fig. A2 for a few relevant values of the parameters
A and B. Fig. A3 depicts the trajectories with different clocks obtained from A'(a,p) for
which the convergence happens much later than in the case discussed in the core of this
paper, as can be seen by comparing with Fig. 4.3. The extent to which this delay can be
increased, and how the matter content of the Universe can affect this limit, is not dealt with
in the present article and will be the subject of a future work.

One can note that the delay functions (A2) tend to diverge in time from one another, all
of them growing exponentially with the momentum, the phase space trajectories however do
converge to the undelayed one, but at scales that are increasingly larger with the amplitude
of the exponential behavior of the relevant delay function.

Moving to the perturbations, we performed the same analysis as in the core of this paper and
show the time development of the real part of the mode function for different values of the
wavenumber in Fig. A4, with a special emphasis at the near-bounce regime in Fig. Al. As
for the other family of delay functions, we find that whenever the classical approximation for
the background holds, one recovers a unique prediction.

60r

40r

Re(f)

20

Figure A1l: Evolution of the primordial gravitational amplitude for
different clocks obtained from the second class of delay function B.1.
Convergence happens at a latter time with respect to the first class of
delay functions (4.30), as can be seen by comparison with Fig. 4.5.
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Figure A2: Changes in the time variable n for the second family
of delay functions A}, Ay and A% given by Eq. (B.1) along a fixed
bouncing trajectory, with parameters chosen such that Ay = aePe,
Ay = ae3Pa’? and Az = qe?Pa,

1.0/

0.5}

'R, 0.0

Figure A3: Semi-classical trajectories mapped into the initial re-
duced phase space (a,p) for the second class of delay function Eq.
(B.1), with the same parameters as in Fig. A2.
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Figure A4: Evolution of the real part of the primordial gravity-wave
Re(fi) for two different wavenumbers, k¥ = 0.1 and k = 0.5, and for
different clocks for the second class of delay functions, A7, Aj and Af,
respectively represented by the dotted blue line, dashed red line and

dashed-dotted green line. The original trajectory is represented by the
full black line.
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