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ABSTRACT

In this work we analyze the theory of quantum cosmological perturbations around Bianchi I back-
ground models. We start by reviewing the basic aspects of the Standard Cosmological Model (A-
CDM) and pointing out its initial conditions problems. We proceed by considering extensions of the
Standard Model and tools proposed to solve them, which are: the Bianchi classification of homoge-
neous cosmologies, the inflationary and bouncing paradigms, and cosmological perturbation theory
around a homogeneous and isotropic background. We follow by discussing quantum field theory in
curved spacetime in order to properly quantize such perturbations and define an appropriate initial
physical state. Finally, we combine the previous concepts by investigating cosmological perturba-
tion theory for a homogeneous (but anisotropic) and flat Bianchi I background and proceed to their
quantization. We conclude by analyzing a simple inflationary model and showing that the usual vac-
uum prescriptions cannot be properly applied for quantum cosmological perturbations in a Bianchi I
background.

Keywords: Primordial Cosmology, Quantum Field Theory in Curved Spacetime, Cosmological Per-
turbation Theory, Homogeneous Cosmologies, Cosmic Microwave Background (CMB).



DEMETRIO, Luiz Felipe. Quantum perturbations in Bianchi Models 2023. 154. Dissertacio de
mestrado (Mestrado em Fisica) — Universidade Estadual de Londrina, Londrina, 2023.

RESUMO

Neste trabalho n6s analisamos a teoria de perturbacdes cosmoldgicas quanticas um modelos de fundo
do tipo Bianchi I. Comeg¢amos revendo os principais aspectos do Modelo Cosmolégico Padrdo (A-
CDM) e apontando seus problemas associados a condi¢des iniciais. Seguindo, nds discutimos exten-
soes do Modelo Padrao, que sdo: a classificagdo de Bianchi de cosmologias homogéneas, os paradig-
mas de inflacdo e de ricochete, e a teoria de perturbagcdes cosmoldgicas com um modelo de fundo
homogéneo e isotropico. Em seguida, discutimos teoria quantica de campos em espagos curvos para
quantizar tais perturbacdes e definir um estado fisico inicial apropriado. Por fim, combinamos os
conceitos anteriores e investigamos a teoria de perturbacdes cosmoldgicas para um modelo de fundo
plano e homogéneo (mas anisotrépico) do tipo Bianchi I, efetuando em seguida sua quantizagdo. Con-
cluimos com a anélise de um simples modelo inflaciondrio, e mostramos que as prescri¢des de vicuo
usuais ndo podem ser aplicadas para perturbacdes cosmoldgicas quinticas em um modelo de fundo
do tipo Bianchi L.

Palavras: Cosmologia Primordial, Teoria Quéntica de Campos em Espacos Curvos, Teoria de Per-
turbacdo Cosmoldgica, Cosmologias Homogéneas, Radiacdo Césmica de Fundo (CMB).



Contents

1 Standard Model of Cosmology

1.1 Cosmological Principle . . . . ... ... .. .. . e
1.2 Dynamics of a homogeneous and isotropic universe . . . . . . . .. . ... ... ....
1.3 Hypothesis and Predictions of the Standard Model . . . . . .. ... ... ........
1.4 Problems of the Standard Model . . . . ... ... ... ... .. ... .. ... .. ...
1.4.1 Flatness Problem . . ... ... ... ... .. .. ... .. ... . . ...
1.42 HorizonProblem . ... ... ... .. ... . ... . .
1.4.3 Origin of the Perturbations . . . . . . ... .. ... ... .............
1.4.4 The Singularity Problem . . . . . . ... ... .. ... . . ... . L

2 Extensions of the Standard Model

2.1 Homogenenous Cosmologies . . . . . .. .. ... ... . ..
2.1.1 Bianchi Classification . .. .. ... .. ... ... ... ...
2.1.2 Dynamics of Homogeneous Cosmologies . . . . ... ... ...........
2.2 Inflationary Paradigm . . . .. ... ... . ... ..
2.2.1 Qualitative Solution . . . . . . . . . ...
2.2.2  Quantitative Example: Quadratic Inflation V' (¢) = sm?¢? .. ... ... ...
2.3 Bouncing Paradigm . . . ... .. ... e
2.3.1 Qualitative Solution . . . . . . . . . ... e
2.3.2  Quantitative Example: Quantum Cosmology of a Single Fluid . . . . ... ..
2.4 Cosmological Perturbation Theory . . . . . . ... ... ... ... . ... .......

3 Quantum Field Theory in Curved Space-time

3.1 Canonical Quantization . . . . . . . . . . . . . i e e e e
3.2 Minkowski Spacetime . . . . . . . . ... e
3.2.1 Mode Expansion and Bogoliubov Transformations . . . . . ... ... ... ..
322 Minkowski Vacuum. . . . . . ...
323 Rindler Vacuum . . . . ... L
3.3 FLRW Spacetime. . . . . . . . . o e e e e e e
3.3.1 Minimum Energy Vacuum Prescription . . . ... ... ..... ... .....
3.3.2 Adiabatic Vacuum Prescription . . . ... ... Lo Lo oL

4 Bianchi I Perturbation Theory
4.1 Perturbative Parametrization . . .. ... ... .. .. ... ... e
4.1.1 Projection Operators . . . . . . . . v v v i ittt e e e

4.1.2 Gauge Invariant Quantities . . . . . . . . . . ...



4.2  Quantum Cosmology in the Bianchi I Minisuperspace . . ... ... ... .......

4.3 Bianchi I Inflationary Model . .
4.3.1 Background Dynamics .

4.3.2  Perturbative Dynamics .

4.3.3 Quantization of Perturbations and Predictions . . . . .. ... ..........

5 Conclusions and Future Perspectives

A Differential Geometry
A.1 General Definitions . . ... ..

A.2 (pseudo) Riemannian Geometry

Referéncias

138

141
141
144

149



FIGURE LIST

List of Figures

1.1  Homogeneity or Isotropy . . . . . .. .. . .. .. 16
1.2 Homogeneity and Isotropy . . . . . . . . .. .. . 17
1.3 Hubble UltraDeep Field . ... ... ... .. .. . ... . . .. . ... ... 17
1.4 Alexander Friedmann . . .. ... .. ... ... .. ... .. ... . . 26
1.5 Redshift and Blueshift . . . . . ... ... . L 27
1.7 Planck Temperature Map . . . . . . . . .. . e 30
1.6  Evolution of the Precision of CMB Observations . . ... ... ............. 30
1.8 Composition of the Universe . . . . . .. .. ... . ... ... 34
1.9 Horizon Problem . . . . . . . ... 38
1.10 Evolution of Perturbations . . .. .. .. ... ... . ... ... .. 39
2.1 Bianchi VII CMB Temperature Anisotropies . . . . . . . . .. ... ... ... .. .. 45
2.2 Planck Constraints on Inflation . . . . .. ... .. ... .. . . . o L. 57
2.3 Problem of Transplanckian Frequencies . . . . ... ......... ... ........ 58
24 Bouncing Scale Factor . . . . . . . . ... L 59
2.5 Pre-BigBangEra. . . .. ... ... 60
2.6 Hubble Radius on Bouncing Model . .. ... ... .. ... ... ... ... ... 60
3.1 Accelerated Observer’s Trajectory . . . . . . ... .. .. 91
3.2 Rindler Spacetime . . . . . . . . .. 94
3.3 WKB ApproxXimation . . . . . . . .t u vttt e e e e e e e e e 104
4.1 Numerical Solutions for the mean scale factor S(7) and inflaton ¢(7) in both FLRW

and Bianchi I backgrounds . . . ... ... ... ... ... ... . ... 122
4.2 FLRW and Bianchi I Quadratic Inflation Slow Roll Attractor . . . ... ... ..... 122
4.3 Time evolution of the couplings Ry, 2 for Bianchi I perturbations . . . ... ... ... 131
4.4  Validity of WKB for Bianchi I scalar perturbations . . . ................. 132
4.5 Validity of WKB for Bianchi I tensor perturbations . . . ... ... ........... 133
4.6 Numerical and WKB solutions for Bianchi I perturbations . . . ... ... ... .... 133
4.7 Wavevector evolution for Bianchi [universes . . . . ... ... ... ... .. ...... 134
4.8 Angular Averaged Spectra log [ fr (k)] and log [ f, (k)] for the curvature perturbations

R and the two gravitational wave polarizations +,x . . . .. ... .. ... ... .... 135
4.9 Mollweide projection of the percentual ratio between the Bianchi I and FLRW curva-

ture perturbation spectra Pr (k) . . . o o 136



List of Tables

1.1  Chronology of the universe

1.2 Composition of the universe

TABLE LIST



13

INTRODUCTION

Cosmology is a unique branch of Physics, since it describes the largest scales known to mankind:
the whole universe. Since we only have access to one and only universe, one does not have the free-
dom to impose initial conditions on the universe: they are fixed once and for all. This is a peculiarity
particular to cosmology since, in other areas of Physics, one usually can perform experiments by
varying the initial conditions of a system [1].

For instance, one may test Newtonian physics with a simple experiment: let an apple fall, and
vary its initial conditions (position and velocity). In cosmology, since the initial conditions are already
fixed, one does not (in general) perform experiments, but observations.?> Hence, the development of
cosmology is guided by such observations and the technologies that enable those to be performed.

Since in the beginning of the 20th century very few observations could be made, cosmology
started as a very modest discipline based on working assumptions only [2], mainly the Cosmological
Principle: in the largest scales, the universe looks roughly the same at every point (homogeneity) and
every direction (isotropy) [3]. However, throughout the 20th century, more and more observations

helped cosmology to grow and develop, for example:

* observations of galaxy redshifts by Hubble (1929) showed that the universe is dynamical and is
expanding [2];

* analysis of galaxy rotation curves indicated the existence of an yet unknown component of the

universe: dark matter [4];

* the discovery of the Cosmic Microwave Background Radiation (CMB) by Penzias and Wilson

(1965) opened a window with rich information about the primordial universe [2];

* more precise redshift measurements (1999) indicated the existence of dark energy, another

unknown component of the universe [5];

which, in combination with new theoretical and technological advances enabled cosmology to achieve
the status of a robust scientific discipline, thereby able to make solid predictions: it entered the period
known as precision cosmology [6-8].

The aforementioned developments culminated on the construction of the Standard Cosmologi-
cal model, also known as A-CDM model, which pictures a 13 billion years old, infinite and spatially
flat universe, presently composed mainly of baryonic matter (5%), dark matter (25%) and dark energy
(70%). Such model has been highly successful in predicting statistical properties of the universe such
as galaxy redshift and the abundance of light elements [2, 3, 9].

However, some problems remain, with the most famous of those being the yet unknown nature

of dark matter and dark energy. While such problem concerns Physics in general, due to the special

3This is somewhat alleviated since one usually assumes the universe to be statistically homogeneous, thus allowing
different portions of the universe to be treated as different realizations of a same "experiment".
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nature of cosmology, it also presents problems of a very different nature, which are linked to choices

of initial conditions. They are [1, 9]:
1. Flatness Problem;
2. Horizon Problem;
3. Origin of Perturbations Problem;
4. Singularity Problem.

They are associated to the fact that, to explain the highly homogeneous and isotropic cosmos that
we observe nowadays with our currently accepted theories, one must impose rather special initial
conditions on the past universe. Therefore, there are two options to deal with this problem: one may
search for a plausible explanation for the chosen initial conditions: a theory of initial conditions,
if you may, or modify our theories by proposing a mechanism that guarantees that generic initial
conditions evolve to the special state that we now observe [1].

The aforementioned problems can be partially solved by considering two different paradigms:
the inflationary and the bouncing one. In the first, one considers an inflationary period of quasi-
exponential expansion on the early universe [2, 10-12], usually driven by a scalar field. In the later,
one considers that the universe underwent a period of contraction followed by a bounce [6, 13, 14],
usually driven by quantum gravitational effects or exotic matter.* Such mechanisms force somewhat
general initial conditions to evolve into a highly homogeneous and isotropic state, and hence alleviate
the initial conditions problems [1].

The proposed paradigms also presented an interesting explanation for the origin of the uni-
verse’s large scale structure, such as galaxies and galaxy clusters. In this picture, quantum vacuum
fluctuations of the matter fields generated (quantum) cosmological perturbations on spacetime, which
were then amplified by inflation/bounce to generate large scale structure. Therefore, such vacuum
fluctuations are essentially the "seeds" of our universe’s large scale structure. Such picture is consis-
tent with observations of the Cosmic Microwave Background Radiation (CMB), which is compatible
with a slightly red, almost scale invariant Gaussian spectrum of curvature perturbations [6, 9]. One
then notes the interesting fact that quantum field theory (in curved spacetime) can also make predic-
tions for the primordial universe through the quantum fluctuations picture [11, 12], being not limited
only to the Physics of the very small, e.g. particle physics.

This work comes as a response to both the initial conditions problems in cosmology as well the
quantum fluctuations paradigm. Since in both inflationary and bouncing models one usually considers
homogeneous and isotropic backgrounds where perturbations evolve, in this work we consider more
general initial conditions by analyzing the case of a flat homogeneous (but not necessarily isotropic)

universe, known as a Bianchi I universe.

*To be more specific, one may consider Canonical Quantum Gravity [1, 15], Loop Quantum Gravity [16-18], or
classical bounces [6].
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For such model to explain the universe that we observe nowadays, one must first show that, by
considering such initial condition, the universe evolves to the highly isotropic and homogeneous state
that we now observe. Then, one must also show that the observed CMB spectrum is consistent with
the one predicted by quantum cosmological perturbations in a Bianchi I background. It should be
noted that, since one assumes that the cosmological perturbations were described by a vacuum state
in the far past, one needs to properly define such vacuum state in order to make predictions. However,
the task of defining a vacuum state is not trivial on general curved backgrounds, since one in general
has less symmetry than in flat Minkowski spacetime.’

The first task was accomplished by Wald [19], who showed that a period of semi-exponential
expansion isotropizes an initial Bianchi background to a highly isotropic state [20]. Perturbations
were also studied in [21-23], where it was shown that cosmological perturbations in Bianchi I back-
grounds do not admit the usual prescription known as an adiabatic vacuum state® in the far past,
which happens due to the violation of the WKB approximation. This work was then elaborated to be
a literature review of the aforementioned results, aiming to describe the quantization of cosmological
perturbations in a Bianchi I background.

To achieve our goals, this work is structured as follows. In chapter 1, we make a very brief
review of the main hypotheses of the Standard Cosmological Model, and we conclude by properly
discussing its initial conditions problems. We follow in chapter 2 by discussing extensions to the
Standard Model developed to deal with such problems: homogeneous cosmologies, the inflationary
and bouncing paradigms, and conclude with cosmological perturbation theory. In chapter 3, we make
a self-contained introduction to Quantum Field Theory in Curved Spacetime in order to properly
quantize cosmological perturbations. Finally, in chapter 4, we combine the previous mentioned tools
by exploring cosmological perturbation theory in a Bianchi I background and their application on an

inflationary model, and discuss the determination of a vacuum state for cosmological perturbations.

5In particular, a well defined prescription to define vacuum states is available for spacetimes with a timelike Killing
vector field.
®This concept is discussed in detail in section 3.3.
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1 STANDARD MODEL OF COSMOLOGY

In this chapter, we present a brief review of the Standard Model of Cosmology. We begin by
introducing the cosmological principle and the FLRW metric (1.21) in section 1.1. We follow by
studying the dynamics of such universes with the Friedmann equations in section 1.2. In section 1.3,
we make a brief historical review of the evolution of cosmology, emphasizing the key observations
and assumptions of the cosmological models and culminating in the A-CDM model. We discuss the
mathematical formalism before history and observations in order to make the discussion more fluid.

We conclude by analyzing some problems of the A-CDM model in section 1.4.

1.1 COSMOLOGICAL PRINCIPLE

Cosmology is the branch of Physics that studies the behaviour of our universe in the largest
scales known to mankind [24][25]. Of course, to deal with such a complicated system as the whole
universe in all of its details would be virtually impossible. Hence, some simplifying assumptions
must be made in order for cosmology to make scientific predictions.

Since the time of Copernicus, the place of Earth and mankind has been removed from its special
importance as the center of the universe. We now assume that Earth is just an ordinary planet orbiting

an ordinary star in an ordinary galaxy.

a b

Figure 1.1: The figure on the left is homogenous since it looks roughly the same on every point, but it is not
isotropic: there is a preferred direction. The one on the right is isotropic around the center, since all directions
look the same, but is not homogeneous: the central point is different from the others [26].

The idea that the place we occupy in the cosmos is not special is implemented by assuming
a set of hypothesis which are known as Cosmological Principle. It assumes that the universe is
homogeneous and isotropic in large scales, which, respectively, means that it "looks roughly the
same" in every point and every direction that we look at.! The two separate cases can be visualized in

Figure 1.1, and the combination in Figure 1.2.

I"This concept can be formalized in terms of statistical means. For instance, Figure 1.2 is homogeneous and isotropic
in terms of average color on scales that are larger than the dots. Also, note that this hypothesis implicitly assumes that the
universe has trivial topology.
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Figure 1.2: This figure is homogeneous and isotropic. Note that this applies just to large scales: in smaller ones,
there are tiny dots. The same happens for our universe, with the galaxies taking the role of the dots. Source:

Adobe Stock.

The Cosmological Principle is consistent with observations: from a naive point of view, when
we look at the night sky with a naked eye, we see roughly the same in every direction: stars and more
stars. The same is true for more rigorous observations, like the Hubble Ultra Deep Field (Figure 1.3),
which shows homogeneity and isotropy on scales that are larger than galaxies. Such observations
reveal that the Cosmological Principle is indeed satisfied for scales that are higher than 100Mpc?
[3][27]. Cosmology is interested in describing such scales, which are denoted thereafter as cosmo-

logical scales [25].

Figure 1.3: Hubble Ultra Deep Field. Each dot is a galaxy, and not a star. Source: ESA/ HUBBLE.

To describe the evolution of the universe in cosmological scales, one needs to consider what
physical effects should be relevant in such regime. From the four fundamental interactions known by

men, only gravity is relevant to describe the largest scales®. Since gravity is described by Einstein’s

21Mpc = 3,086 x 10*°km = 3,26 x 10° light-years is an astronomical unity.
3The two nuclear interactions are short ranged, and the electromagnetic interaction is irrelevant due to the assumption
of matter large scale matter being electrically neutral.


https://stock.adobe.com/ca/171106145
https://esahubble.org/images/heic0611b/
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General Relativity, we shall use such theory to make predictions in cosmology. Hence, we should
formulate the Cosmological Principle in the language of General Relativity, which is Differential
Geometry. The main definitions and notations are introduced in Appendix A.

We now proceed to construct homogeneous and isotropic cosmologies in a formal way. How-
ever, if the reader is satisfied only with the intuitive description of such symmetries, he/she can skip
directly to the final form of the metric, Equation 1.21.

In General Relativity, one assumes that spacetime geometry is coupled to matter through the
Einstein field equations (A.31). Since, as we have discussed, the large scale matter distribution of our
universe follows the Cosmological Principle, in a reference frame adapted to observers that follow
such large scale matter distribution, one can write its stress-energy tensor in a perfect fluid form [28],

which in the abstract index notation becomes

Tab = (p +p) UqUp + PYGab (11)

where u, is the fluid’s four velocity field, p is the energy density and p is the pressure. Due to
homogeneity, both p and p are assumed to be functions of time only, and they are also assumed to be
the same in every direction due to isotropy.

As for geometry, since the matter distribution is assumed to be homogeneous and isotropic, it
follows that spacetime is also homogeneous and isotropic. In General Relativity spacetime is de-
scribed by a pair (M, g4 ), where M is a manifold and g, is a Lorentzian metric defined on it. We
assume a foliation (X;,n%) on M, which induces a natural Riemannian metric h,, on the spatial
sections >;, defined by

hab = Gab + MaMp - (1.2)

The Cosmological Principle is implemented on spacetime geometry by assuming that the hypersur-

faces >.; satisfy:

1. Homogeneity: for all p,q € ¥, there exists an isometry curve of the induced metric h,;, that

connects p and ¢;

2. Isotropy: for all points p € 3, and any pair of vectors u,v € T,,%;, there exists an isometry* of

hqp that leaves p invariant and also maps u to v.

Condition 1. expresses in mathematical terms the notion of "points being equivalent", and
Condition 2. does the same for directions around a point, which are described by vectors in the
tangent space. In cosmology, the normal vector field n® is taken to be the four-velocity field u®
of the large distribution of galaxies, which defines a set of observers that perceive the universe as
homogeneous and isotropic.

The Cosmological Principle fixes the form of the metric tensor g, as follows [29]. Consider

the Riemann tensor (3)Rabcd in XJ; associated with h,;, and covariant derivative D,,, associated with its

“More precisely, the isometry ¢ induces a push-forward ¢, : T,%¢ — TpX; that maps the two vectors.
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induced Levi-Civita connection. Note that, by raising an index

(S)R bcd = hee (3)R d

abe

— (3)R[abi:d = (B)Rade-
Now, consider a 2-form w,;, in ;. Due to this property, we have that

fab = Ry e, (1.3)

is also a 2-form, hence, (3)Rab6d is a linear operator in the 2-forms space of >;. Isotropy means that no
direction in 3, is privileged, which implies that, if we diagonalize such operator, all of its eigenvalues
are equal. If they were not, one could define a privileged direction: that of higher eigenvalue. This

means that, in diagonalized form, it should be proportional to the identity operator §° [aéd b’

(S)Ral;:d o< 0° [addb] )
= (S)Rade = Ko* [aédb] )

or, by lowering the indexes:
® Rapea = KChefahisya (1.4)

The only eigenvalue K is known as the curvature of >J;. The condition of homogeneity implies
that /C is a constant: if it was not, one could define privileged points of space where it is a maximum
[29].

It should also be pointed out that isotropy at all points (Condition 2.) actually implies that the
curvature K is a constant. To see this, substitute (1.4) in the Bianchi identities:

D[eRab]cd =0, (1.5)
= (DK) higahyja =0. (1.6)

In a manifold of dimension 3 or greater, (1.5) will only be satisfied if D.K = 0, which means that the
manifold is also homogeneous [29]. We then see that isotropy at all points is a stronger requirement
than homogeneity. We shall relax the isotropy assumption when we study the Bianchi Classification
of homogeneous cosmologies in chapter 2.

We showed that, in order for >2; to be homogeneous and isotropic, it must be a space of constant
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curvature K. Up to topology?, the only possibilities for such spaces in 3 spatial dimensions are

>0 for a spherical space S?,
K{=0 for aplane space R?, (1.7)
<0 for a hyperbolic space H? .

It can be shown that any two spaces of constant curvature and same metric signature are locally
isometric [29]. We also have that only the sign of K matters, because spaces with /C of same sign but
different values differ only by a scaling diffeomorphism®.

Now, since we are be interested in describing the dynamics of homogeneous and isotropic
universes using the Einstein Equations, it will be useful to find an explicit coordinate expression for
the metric. To obtain the form of g, at a fixed time ¢, we embed ¥, in a fiducial’ R*. The three sphere

S3, when embedded, is described in terms of the global cartesian coordinates of R* as [3]
2?2 +y? + 22wt =92, (1.8)
where S is its radius. In global cartesian coordinates, the line element in R* is given by
di? = da? + dy? + d2?% + dw?. (1.9)

However, since S? is characterized by the constraint (1.8), the four coordinates (x,y,z,w) are not
independent, and one of them can be eliminated in terms of the others, such as w = w(x,y,z). In

differential form, the constraint (1.8), becomes®
—wdw = zdx + ydy + zdz . (1.10)
We can also introduce the usual spherical coordinates to express
da? + dy? + d2? = dr? + r2dQ?,
in particular, the differential form of 72 = 22 + 32 + 22 is given by

rdr = xdx + ydy + zdz (1.11)

SThis is due to the fact that the metric does not completely fixes the topology, since the metric is a local property, while
topology is a global one.

®This is implemented by rescaling the radial coordinate as » — ' = r/y/(|K[) in (1.15) and absorbing |K| on the
definition of a(¢) in (1.21) .

"We emphasize that such R* is fiducial, since the manifolds R,

H3,S?

can be analyzed intrinsically. However, this simplifies our discussion.
$More formally, this expression can be obtained by evaluating the exterior derivative of the constraint (1.8)
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and, from (1.8), we see that
w? =82 -r%. (1.12)

Substituting (1.11) and (1.12) in (1.10), we get

duw? = (1)2 dr® (1.13)

2
/1%

from which follows that (1.9) restricted to S? by taking S = const. is given by

2 2
di? = dr? + 12d02 + (1) - (1.14)
S/ 1-5
and after some algebra, we get
d 2
di? = 1_—12(1702 +r2d0? (1.15)

where K = 1/52, which can be shown to be the only eigenvalue of (B)Rabcd by direct calculation.
The same construction could be done for R? and H? by considering S? — oo and negative values® of
S2, respectively. Hence, (1.15) describes the most general metric of a constant curvature 3-surface in
spherical coordinates.

Now that we have obtained the metric on the spatial hypersurfaces, we need to obtain the metric
on spacetime. To do so, we first define the symmetric extrinsic curvature tensor for a geodesic flow,
Ky, by

Ku = %.Zuhab, (1.16)

which, using the identity

hab = UgUp + Gab

and the fact that the fundamental observers follow geodesics, u®V,u’ = 0, can also be expressed as
Kay = Vauy, (1.17)

and this shows that such tensor is purely spatial, since K ,,u® = 0.

Now, consider the extrinsic curvature in mixed form, K> = g**K,.. Since K/ is a geometric
spatial tensor, it follows that, due to isotropy on >, all of its eigenvalues must be equal, just like
the Riemann tensor. Hence, once diagonalized, K,? = H(t) (6,> + uq,ub) = H(t)h?, which is just the
identity element on the tangent bundle of ¥, and H (¢) = K /3 is a function that depends only on time
due to homogeneity.

Now, consider (1.16) in a coordinate system adapted to the fundamental observers with coordi-

nate vector fields {u®, (X;)*}. Here the {(X;)*} are spatial vectors tangent to X; and orthogonal to

“Formaly, this would make w? < 0 in (1.12). Taking w? — —¢? turns (1.8) into a hyperboloid.
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u® by construction, u,(X;)® = 0. In this coordinate system, we have

goo = gapu'u’ = -1, (1.18a)
Gio = gar(Xi)"u’ =0, (1.18b)
9ij = gab(Xi)a(Xj)b = hab(Xi)a(Xj)b = hyj, (1.18¢)

where we defined h;; = hqp(X;)*(X;)b. Expressing (1.16) in our coordinate system, we obtain!®:

10

here we used that K, = H(t)hap, Ohi;j [0t = Lyhij, and L, (hap(X:)*(X;)?) = (ZLuhay) (Xi)*(X;)0,
since .Z,(X;)? = 0 due to the fact that {u®, (X;)?} are coordinate vector fields.
Relation (1.19) is a differential equation for h;; with general solution

hij:exp{ZfH(t)dt} h (o)

Here, the h;;(t) are arbitrary integration functions that depend only on the spatial coordinates, which
can be fixed by demanding that the metric reduces to (1.15) at t = ¢y3. In our coordinates, the line

element then becomes:
ds? = —dt? + a®(t)dI?, (1.21)

where a(t) = age/ 74t is known as the scale factor and carries all information regarding the dynam-
ics of the universe. The function H(t) = a/a is known as the Hubble function, and dI? is the metric
of X, given by (1.15). Here, due to our choice of coordinates (1.18), ¢ is the proper time measured by
clocks that follow the fundamental observers in the Hubble flow. The metric (1.21) describes a homo-
geneous and isotropic universe and is known as the FLRW (Friedmann-Lemaitre-Robertson-Walker)
metric.

To conclude, for some applications, it is also useful to express the FLRW metric in the confor-

mal time coordinate 7):
ds? = a(t)* (-dn? + di?) , (1.22)

where dn = dt/a(t). Note that in this coordinates the metric is explicitly conformal to the Minkowski

metric, g, = a*(7)n,., and hence the name.

1.2 DYNAMICS OF A HOMOGENEOUS AND ISOTROPIC UNIVERSE

Now we are in position to study the dynamics of a FLRW geometry by imposing the Einstein

equations (A.31). By direct substitution of the metric (1.21) and the stress-energy tensor of a perfect

10The 00 and 0i equations are trivial because hgg = hig = 0.
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fluid (1.1) in the definitions of the Christoffel Symbols and the curvature tensors, the 00 field equation
and trace R = -7 imply

a\? K & A

ay A _ro A 12

(a)+a2 Spe s, (1.232)
a K A
—=—Z(p+3p)+= 1.23b
- 6(p+ p)+3, ( )

which are known as Friedmann equations. They can also be expressed in terms of the Hubble function
H(t) = ala as:

K &k A
H2+ = -2 . 1.24
T2 T3y (1.242)
. A
H+H? = —g(p+3p) = (1.24b)

It should be noted that the cosmological constant A can also be described by a perfect fluid
stress-energy tensor. To see this, take the cosmological term to the right side of the Einstein equations
(A.31) and define

I —%Agab, (1.25)

which is a perfect fluid stress energy tensor with p = —A/k and p = —p. From here on, we group the
cosmological term within the remaining energy densities and pressures describing the other fluids.

It should also be noted that (1.23) also describes systems of n non-interacting perfect fluids with

p=Y piandp= ) p;.
i=1 i=1
The conservation of energy-momentum V,7% = ( leads to the continuity equation, which in a
FLRW geometry is given by

%+3H(p+p)20. (1.26)

It can be shown that such equation is not independent of (1.23): only two out of the three can be used
to study dynamics.

The first Friedmann equation (1.24a) can also be rewritten by introducing the critical density p.

K
P —— 1.27
Pe = 3773 (1.27)

and the relative densities
0= (1.282)

Pe
0= Z Q;, (1.28b)
K

= (1.28¢)
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which, after substitution in (1.23a), leads to
Q+Qc=1, (1.29)

which means that, for a flat universe with /C = 0, we have € = 1.

To solve the Friedmann equations explicitly, one needs to obtain a(t), p(t) and p(¢). However,
since we only have two independent equations of motion, one needs to suplement then with an equa-
tion of state that relates p and p, such as p = p(p, a,t). From here on, we assume that the fluids are

barotropic: they satisfy an equation of state of the form

p(p) = wp, (1.30)

where w is an dimensionless constant. The most relevant cases are

0 for matter/dust,

w=4 5 forradiation, (1.31)

-1 for a cosmological constant.

For a fluid satisfying the equation of state (1.30), the continuity equation (1.26) can be integrated
explicitly for p(a):
p(a) = a3+, (1.32)

where py is an integration constant. In each case:

0 = p(a) =poa3 for matter/dust,

w=4y 3 = p(a)=poa~* for radiation, (1.33)

-1 = p(a) =po for a cosmological constant.

Assuming a flat universe such that K = 0 and substituting (1.32) in the first Friedmann equation

(1.23a), one can find the scale factor a(t) explicitly:

2
t \3 T+w
a(t)=(—)3<1 " (1.34)
to
where we have chosen coordinates such that a(¢y) = 1, and
o=/ — (1.35)
is the age of the universe since a(0) = 0 for this class of models.

Solution (1.34) gives the evolution of the scale factor for a flat universe with a barotropic perfect

fluid that satisfies the Cosmological Principle in General Relativity. Note that the presence of matter
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(the fluid) explicitly makes the geometry dynamic. In each case'!, we have:
P y g ydy

0 = a(t) =ag (%)2/3 for matter/dust,

w=1 1 = a(t) = ao(%)m for radiation, (1.36)

-1 = a(t) = aper(t-t0)  for a cosmological constant,

To conclude this section, we note that the same construction could be made using the FLRW

metric in conformal time 7, (1.22). In this case, the Friedmann equations become

H k= gpa2 , (1.37a)
, A
" =—g(p+3p)+§, (1.37b)

where f’ = df/dn and H = a’/a is the conformal Hubble parameter. The continuity equation is

formally the same:

9 33 (p+p) =0, (1.38)
dn

and (1.37a) can be solved to find a(n). We get:

0 = a(n) < n? for matter/dust,

w=4y 1 = a(n) =y for radiation, (1.39)

1 .
-1 = a(n) < -z foracosmological constant.

1.3 HYPOTHESIS AND PREDICTIONS OF THE STANDARD MODEL

To construct a scientific cosmological model, one first needs assumptions from which predic-
tions can be made. Then, the model can be implemented according to the observed data. In Standard

Cosmology, the main assumptions about the universe are [25]:

1. Cosmological Principle: the universe is roughly homogeneous and isotropic in cosmological

scales [3];

2. The laws of Physics are the same everywhere in the universe and in every epoch. Without this

assumption, it wouldn’t be possible to make a scientific study of the universe [25];

3. The local laws of Physics are the same laws that determine the dynamics of the universe in
cosmological scales. That is, there is not a "cosmological Physics" that applies only to large
scales. In particular, it implies that gravity is described by classical General Relativity and
matter is described by the Standard Model of Particle Physics.

"'The presented a(t) for a cosmological constant cannot be achieved by taking w — —1 in (1.34), but equation (1.23a)
can be solved anyway. Hy = A/3 is a constant in this case.
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Such assumptions are of very general nature and can be used to make predictions where they
can be tested. Then, one can fix the model parameters and make more precise predictions. We now
proceed to do a brief historical review of the observations that motivated the next assumptions [5]. A
complete succinct timeline can be found in [30], while a more detailed account can be found in [2].

Physical Cosmology as we know it started with Einstein’s seminal work Cosmological Consid-
erations in the General Theory of Relativity [31], where Einstein, after proposing the three classical
tests'? of General Relativity, applied his theory to the universe as a whole using the Cosmological
Principle. At the time, even if the field equations enabled a dust filled dynamical universe, Einstein
proposed a static model where a(t) was constant by introducing a negative cosmological constant A.
Einstein’s model resulted in a static closed universe, which was later shown to be unstable. It should
be emphasized that, at the time of Einstein, it was natural to assume that the universe was static, since
no observation indicated that it was dynamic, which would be a true change of paradigm. For an
interesting review, see [32].

Einstein’s work was improved by Alexander Friedmann (1922) [33]
who considered dynamic universe models with IC # 0, and wrote the com-
plete Friedmann equations (1.23) for the first time. At this point, it was
clear that General Relativity predicted that universes filled with ordinary
matter would be dynamical, but Friedmann did not provide any methods to
test such prediction.

Later, Georges Lemaitre (1927) [34] showed that, by considering a
dynamic universe, galaxies that are very distant from us should recede with
an apparent!'? velocity that depends linearly on the galaxy’s distance. Such
law can be obtained from the FLRW metric alone. Considering a fixed
instant of time ¢ in (1.21), the spatial distance between two galaxies is given
by
Figure 1.4: Alexander Fried- ds = a(t)dl, (1.40)

mann (1888-1925), the

first physicist to consider assuming a flat universe!4, we can set dl = dx and, after integrating, we get:
dynamical universes.

l=a(t)Az. (1.41)

From (1.41), we see that objects that are separated by a fixed coordinate amount'> Ax in ¥; have a
varying physical distance [ due to a(t). Differentiating with respect to time:
di. d

P (a(t)Az)

12They are: the anomalous Mercury perihelion precession, the deflection of light by the sun, and gravitational redshift.

13The velocity is apparent because the objects seem to be receding due to the expansion of the universe. Such apparent
velocity can even be higher than c, as one can check in (1.43).

“The same could be done for the general case using comoving coordinates, which was not done for simplicity.

SDue to this, Az is called comoving distance, while [ is called physical distance. Objects with constant comoving
distance are said to be part of the Hubble Flow.
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Figure 1.5: Redshift and blueshift of an atomic spectral line, respectively. Source: Science ABC.
= aAw,
where it was used that ¢ and = are independent coordinates. Using the velocity v = dl/dt:'¢
v = g (aAz) . (1.42)
and, for the present time, we have Hy = do/ao and ag = 1. Hence:
v =Hyl. (1.43)

The velocity law (1.43) implies that, due to an apparent Doppler effect, light from distant galax-
ies would suffer a redshift if the universe were expanding (H, > 0, receding galaxies) or a blueshift if
it were contracting (H, < 0, approaching galaxies). See Figure 1.5. Redshifted patterns were observed
by Vesto Sliher (1912) in the spectral lines of atomic elements of distant galaxies, and such observa-
tions were improved by Edwin Hubble (1929), who found that the velocities of galaxies obey a linear
relation to distance and estimated H,. It was then established that the universe is expanding'’, which
was the first prediction of modern cosmology. Equation (1.43) is nowadays called Hubble-Lemaitre
law, and H| the Hubble-Leamitre constant.

Two decades later, in 1948, George Gamow, Ralph Alpher, and Robert Herman (GRR) [35]
used the discovered expansion of the universe to explain the formation of chemical elements. At the
time, it was established that heavier elements (from carbon to iron) are produced in stars by a process
known as stellar nucleosynthesis. However, to create such elements, the stars use light elements, such
as hydrogen and helium, as fuel. Those elements are very abundant in the universe, comprising ~ 75%

and ~ 25% of all elements, respectively. Hence, most of the chemical elements of the universe had an

®Here, we insist, such velocity is only apparent: distant objects seem to be receding due to the expansion of the
universe, but are actually stationary with respect to the Hubble flow.

171t should be emphasized that, while recessional velocities were expected for distant galaxies, those were expected to
be random, and an isotropic linear relation with the distance was quite unexpected and hard to account in a static universe.


https://www.scienceabc.com/nature/universe/doppler-effect-distant-galaxies-redshift-blueshift.html
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unknown origin.

GRR’s idea was that due to (1.32), the energy densities of radiation and density scale as p,qq =
proa~* and p,, = pmoa3, which means that radiation should have been the dominating form of energy
in the past. This implies that, in earlier times, the universe was much hotter than in the present. To
see this, consider that radiation obeys a Planckian blackbody distribution'®. Equating the radiation

energy density with the Stefan-Boltzmann law, we get:

proa™t = oT?, (1.44a)

Ty
= T(t) = —— 1.44b
)=y (1.44b)

where Ty = (p,0/c)"/*. This relation shows explicitly that, in the past, when a(t) was smaller, the
temperature 7' was much higher, which means that the universe was composed by very hot radiation.

Gamow and his coworkers proposal was that, since the energy density of radiation was higher
in the past, it should have had energy to split atoms into their constituent particles, only allowing their
existence after the universe cooled down to a certain value. As for the photons of such radiation, since

the universe is expanding, their wavelength varies with time by:
A(t) = a(t)o, (1.45)

which means that, compared to the past, their wavelength must have suffered a redshift z, which is
defined by

Mo — A
2(t) = —OA(t)(t) : (1.46a)
1
— 2(a) = o 1, (1.46b)
= a(z) = i, ) (1.46¢)

Since the universe is expanding, a(t) is a monotonic function of ¢, which means that z contains the
same information as the scale factor, and can be used as a measure of time.

We now proceed to estimate the redshift of such photons at the time that the universe was cold
enough to permit the formation of hydrogen. Since by hypothesis radiation follows a blackbody

distribution, the wavelength with most energy contribution is given by Wien’s law:

b
Amaz = 7 » 1.47
T (1.47)

'8 This is justified by the fact that relativistic massless bosons in a FLRW spacetime tend to an equilibrium state
described by such distribution.
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which has an associated energy according to the Planck law:

h
Ema:c )\mzm ) (1483)
_ (%)T (1.48b)
Combining (1.46¢), (1.44), and (1.48) we see that
he\ Eonoz
1 == 1.49
ae=(5) 2 (1.49)

hence, by equating F,,,. with the bonding energy of hydrogen, it is possible to find the redshift z,.
for such period, provided that we got the temperature of such radiation at present time, 7j. Since the
value of 7j, was unknown, and GRR could only estimate it using other arguments, obtaining 7j ~ 5K.
For a more detailed account, see [2].

In 1965, a faint light signal was detected by Arno Penzias and Robert Wilson, two workers
of Bell Telephone Laboratories. Such signal was in the microwave region of the electromagnetic
spectrum, and appeared to come from all directions of the sky. It was then discovered that it was
constituted of primordial radiation, the same predicted by Gamow and his coworkers [2].

Such radiation was named Cosmic Microwave Background (CMB) radiation. It is extremely
isotropic, coming from all sides of the sky with a mean temperature of 7 = 2, 76K, which is very
close to GRR’s estimate. It also presents a black body espectrum, being the most perfect black body
to be observed in nature.

Using 7T, ~ 1K, we can estimate the redshift z,. of the time of formation of light elements.
Since bonding to the ground state of the hydrogen atom is inefficient [36][2], we use the energy of
the first excited state, Fmax ~ 1e.V.. Using b ~ 1072mK, ¢ ~ 108m/s, h ~ 10~1¢.V.s, we get

Zage ~ 103, (1.50)

which, if combined with (1.46¢), (1.44) and assuming a radiation dominated scale factor a(t) =
(t/to)'? gives
teg ~ 10° years (1.51)

which is approximately'® 100 thousand years after a = 0.

Such event is called recombination, where light nuclei of hydrogen, lithium and helium were
formed in abundance. The redshift is identified as z,. because, at that time, radiation and energy had
the same energy density (that of the hydrogen atom) and, after recombination, due to the expansion
of the universe, radiation lost energy and matter became the dominant form of energy: matter and

radiation decoupled at that time, which resulted in a cooling of the universe. Using (1.44) and (1.46¢),

“More precise estimations give z4. ~ 1100 and ¢4, ~ 300 thousand years.
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Figure 1.7: A Planck data CMB temperature map made using the COMMANDER software. Source: Wiki Cos-
mos.

we see that, at such time
T.,~10°K, (1.52)

which is a very high temperature. Due to this, the paradigm that the universe evolved from a very hot

and dense state from which atoms formed is called hot Big Bang model®.

COBE WMAP

Figure 1.6: Evolution of the precision of the CMB observations. The hotter colors means a higher temperature. Source: NASA Photojournal.

The CMB existence and observation is one of the greatest achievements of the hot Big Bang
Model, because it was predicted before observation and needed for a model with an expanding ho-

mogeneous and isotropic universe to be consistent while also enabling it to explain the abundance of

20The name Big Bang was proposed in a mocking way by Fred Hoyle, a proponent of a rival model, that of the Steady
State Model. Such model was discard mainly because with was incompatible with the existence of the CMB.


https://wiki.cosmos.esa.int/planck-legacy-archive/index.php/CMB_maps
https://wiki.cosmos.esa.int/planck-legacy-archive/index.php/CMB_maps
https://photojournal.jpl.nasa.gov/catalog/PIA16874
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light elements?!. Since it’s discovery, more surveys were done to examine the CMB, like COBE??
(1989-1990), WMAP?3 (2001-2010), and Planck (2009-2013) [30]. See Figure 1.6. In particular, the
recent Planck mission has imposed several constraints on the cosmological parameters [37] and on
the background geometry [38]. Planck’s observational data of the CMB is consistent with a flat L = 0
universe, with some constraints on its topology?>*.

Apart from such predictions, there are other features of our universe that are not explained by
the hot Big Bang model, but need to be assumed to explain some phenomena. They are the existence
of dark matter and dark energy.

Dark matter was first postulated by Fritz Zwicky (1933) and then by Vera Rubin (1985) to ex-
plain galaxy rotation curves. The velocities of the spiraling motion of galaxies could not be explained
by the mass of visible matter alone, so the existence of an unseen "dark" component was assumed.
This kind of matter is "dark" in the sense that it seems to interact very weakly with electromagnetic
radiation, and only its gravitational effects seem to be relevant.

Apart from galaxy rotation curves, Dark Matter is also needed to explain the formation of
structure in our universe. In particular, it is needed that Dark Matter moves in slow velocities (non-
relativistic) to account for the formation of the observed structures (hot dark matter would wipe out all
but the largest initial fluctuations by free streaming) [25]. This kind of dark matter is known as Cold
Dark Matter (CDM), in contrast to Hot Dark Matter (relativistic). Hence, this component is included
in the standard model. Other solid evidences for dark matter are observations of gravitational lensing,
cluster dynamics and collisions, cluster gas in x-rays and constraints from the CMB?3 [4].

Finally, with improving technology, more detalied redshift surveys could be performed, which
showed that the Cosmological Principle is indeed a valid approximation for the universe in scales
higher than 100Mpc. This confirmed a crucial assumption of Standard Cosmology, which remained a
wild guess until the second half of the XX century [3][7]. The redshift measurements also showed an

unexpected result. Consider the Taylor expansion [40] of a(t) around ¢ = tg:

1d?a
J’_ [ —
2 dt?

(I(t) X ag+ d—a

At
dt

t=t0

A2+ .., (1.53)

t=to

where At =t —t,. Using ag = 1, and introducing the Hubble constant Hy = a/ao and the deceleration
parameter q = —da/H?:
1
a(t) ~ 1+ HyAt - ngquﬁ T (1.54)

where qo = q(to).
By analyzing higher order contributions in redshift surveys, one can obtain observational con-

straints on both H and qy. In 1992, a survey was realized on supernovae of type 1A [41], whose data

2Precise calculations can be done to obtain the abundance of each element [3], but this is beyond the scope of this
work.

22 Cosmic Microwave Background Explorer.

BWilkinson Microwave Anisotropy Probe.

24For a review on the topic, see [39].

25This constraint in particular indicates that such dark component must be non-barionic.
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determined that gy < 0 <= dao > 0, which implies an accelerating universe expansion. This is in
conflict with single barotropic fluid models (1.34) for w > -1/3.

Consider the second Friedmann equation (1.23b). In the present epoch, the universe has matter
abundance, but that by itself cannot describe the observed accelerated expansion g > (. Assuming
that, at the present time, the universe is dominated by matter and an unknown barotropic fluid known
as Dark Energy with py; = pproa2(1+%e) and rewriting (1.23b) in terms of the relative densities:

dp 1

Fg = _5 [QmO + (1 + 3wDE) QDEO] (1.55)

which, in terms of the deceleration parameter gy = —do/ Hg becomes:
1

The fact that ¢y < 0 can be described by assuming that Dark Energy is a cosmological constant

with wp; = —1, which implies that

1
QO:§Qm_QA7

q0<0 —> QA>ZQm,

which can be combined with observations of €,, and evidence for a flat universe in the CMB to fix
24. We then see that the assumption of A > 0 can describe the accelerated expansion of the universe.

This ends our historical review. The cited observations impose constraints on the cosmological
parameters, and also needed some additional assumptions to be explained. Hence, in addition to the

previous cosmological hypothesis, the Standard Cosmological model also assumes that [25]

* Presently, H, > 0, which means that the universe is expanding;

* The existence of dark matter, a non-baryonic matter component that is not described by the
Standard Model of Particle Physics, whose only relevant interaction with baryonic matter is

gravity;

* The large scale structure of the universe forms in a hierarchical, bottom-up way by gravitational

collapse modulated by cold dark matter [5];
* The spatial sections of the universe are plane, admitting spatial curvature C = 0 + 10~ [38];
 The topology of the spatial sections of the universe is trivial, that is, it is simply connected?®;

* Dark energy is described by General Relativity with a A > 0 cosmological constant, which

implies an acceleration of the expansion of the universe.

26Tt means that it has no "holes", or, in more formal terms, that every closed loop can be continuosly deformed to a
point.
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Table 1.1: Chronology of the universe

. Scale Factor Time
Epoch Dominant form of energy a(t) Events ( years)
Beginning Unknown 0 Singularity t=0

. 1 \1/2 Nucleosynthesis

Hot plasma Radiation ( = ) and Recombination 300 thousand
Visible Universe | (dark) Matter (%)2/3 Formation of structure | 1 Billion
Present agd Cosmological Constant ella(t=to) Accelerated Expansion | 13,8 billion
future Universe

Table 1.2: Composition of the universe

Component Evidence Symbol | Value (today)

Radiation CMB Temperature Q, 2.47 x107°
Nucleosynthesis predictions

Baryons and the CMB Qp 0.05

Cold Dark ) )

Matter CMB Anisotropies Qnn, 0.27

Cosmological

Constant Type 1A Supernovae Qp 0.68

Curvature CMB Anisotropies Qx 0+10-°

This set of hypothesis constitutes the Standard Model of Cosmology, also know as A-CDM
model, due to the presence of both the cosmological constant A and Cold Dark Matter (CDM). It is
also known as the Concordance Model due to it is great conformity with observations, and we shall
use such nomenclatures interchangeably. The main epochs of the universe according to such model
are organized in Table 1.1.

The Standard Model parameters are fixed by observations, in particular of the CMB [37].
The relevant density parameters are organized in Table 1.2. Other important parameters are H, =
67.36km/s/Mpc and Tj = 2.72K. It should be noted that, although, in this section we used estimates
for the sake of simplicity, the large amount of data?’ in cosmology makes it possible to fix the param-
eters with great precision. Due to this, it is common to denote contemporary cosmology as Precision

Cosmology [7].

1.4 PROBLEMS OF THE STANDARD MODEL

As pointed in the previous section, the A-CDM Model is highly successful in describing various
aspects of our universe. However, as any scientific theory, there are some phenomena that the Standard
Model cannot satisfactorily. For instance, when we look at the assumed composition of our universe
(Figure 1.8), we see that most of it (95%) is a dark sector composed of dark matter and dark energy,
both of we know very little about and are postulated to exist.

2Tt should be emphasized that observations are analyzed by assuming certain statistical and physical hypothesis, while
also depending on cross relations of observations. In short, analysing cosmological data is highly non-trivial.
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Figure 1.8: Composition of the universe according to the A-CDM model. Source: vickycowcroft.github.io.

Apart from the unexplained dark sector, the Standard Model has other problems of an entirely
different nature. They are a direct consequence of the fact that cosmology, by definition, is an obser-
vational discipline, and not an experimental one.

In most branches of Physics, one is allowed to create and perform experiments, which are then
compared to the predictions of the theory. The crucial difference is that, in experiments, one has the
freedom to choose the experimental setup and hence the initial conditions of the system. However,
since in cosmology there is only one universe, we do not have the freedom to vary its initial conditions:
they are fixed once and for all.

Due to this fact, cosmology is based entirely on observations, which means that careful data
analyses must be done in order to prevent possible biases in the conclusions. Eventually, this can
lead to systematic errors. In particular, contemporary cosmology suffers from two "tensions": the H|
tension and the og tension. The term “tension” is used to describe results that appear to be discrepant
between different observations. For a complete review, see [42].

In this work, we will focus on yet another kind of problem. Since we cannot "create universes",
the initial conditions are fixed, and cosmology is not completed by just specifying the dynamics of the
universe: it must also give a plausible explanation for the chosen initial conditions. Here "plausible”
means that we should not choose special initial conditions as such to describe observations, but should
derive those from first principles, which introduces a rather subjective step in our models.

We now focus our attention to 4 important problems of the Standard Model associated to initial
conditions. We will see that present day observations can be explained, but only by choosing very

specific and non-natural initial conditions.


https://vickyscowcroft.github.io/PH40112_rmd/ch-obs-techs-cmb.html##sec:cmb-interpretation
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1.4.1 Flatness Problem

As we have seen, present observations are in agreement with X = 0 and a trivial topology [38].
This implies that, at the present time
5 (1.57)

with a precision of ~ 10~2 [38]. However, the initial conditions necessary to explain this observation

need some fine tuning. Remembering Qi = —C/a? H?, we can rewrite (1.29) as:
(Q-1)aH? = |K]|. (1.58)

For fluid dominated universes ((1.15)), we have that @ < 0, which means that matter slows the
expansion. In particular, it means that @ = Ha is always decreasing, hence, introducing A = | - 1|

we have that

K]
a*(t)’

which means that, if the energy density {2 of the universe is close to 1 in the present time, it must have

A(t) =

(1.59)

been even closer at earlier times. We now proceed to make an estimation of the order of A at the time
of equivalence between matter and radiation.

Since K is a constant, we can use (1.58) to compare different instants of time ¢; and +:

AH?a? = AyH2a? . (1.60)
Assuming ?; = t., and 13 = £
Aeqﬂfqagq = AgHZa? (1.61)

In the present epoch, the universe is roughly dominated by the cosmological constant. Hence, due to

the Friedmann equations (1.23a):

KR
ArQp=—
A 3H02p/\7
2 I

and in the time of the formation of the CMB, it was dominated by radiation

K
Ow~ Qr = PA
3H?
KR
s Hezq ~ _pT07

3

now, using pa = pao, Pr = Proa”%, we get

HO QAO 2
= 1.62
(H ) QTO aeq ’ ( )

€q
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finally, using (1 + z) = 1/a, Qxo/o ~ 10 we get

104

Aey = s
T (1 20g)?

Ay . (1.63)
Since Ag ~ 1072 and z,, ~ 103, we see that A, ~ 1074, which is a fine-tuning of 4 decimal places.
The obtained value is just an upper bound for the initial value of the relative density of the
universe. The situation is even worse if we assume this to be valid until the Planck scale: then
|A| < 10799, which would constitute a hard fine tuning of 60 decimal places. Hence, an explanation

for why the universe looks so flat nowadays is needed.

1.4.2 Horizon Problem

Consider the comoving distance Yy traveled by a CMB photon since the time of recombination
until the presenting time. Since photons follow null geodesics, their trajectories are obtained by
considering ds? = 0 in the FLRW metric (1.21), hence:

todt
= o
B f“o da
- acMmB G/QH(CL) .

Using the approximation that the universe has been roughly dominated by matter w = 0 since the

formation of the CMB, we have

o-(2)"
— H(H-57.

and Yy can be obtained explicitly:

B fao 1 da
XCMB - aous CL2 (Hoa_3/2) 9
1 / w1
= — a '*da,
HO acMB
2
= F (\/ ap —+/ a’CMB) s
0
using ag = 1 and acyp = (1 + zevs) ™! ~ 1073, we obtain e ~ 2/ Hy, which means that the photons of
the CMB encompassed a comoving volume of Vi ~ R‘;’q, where Ry = 1/H is the Hubble radius.

By a similar calculation, we can estimate the maximum comoving distance traveled by a photon

since the "beginning of time", t =0 = a(0) = 0 until the formation of the CMB. In such period,
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the universe was radiation dominated, hence:

()"

11
= H(t):§Z>

= H(a) = Hya 2,

from which we obtain

Qeme 1 da
Xcausul :f _2—_27
0 a? (Hpa™2)

1
= Gemp
H, ’

%5 x 107 Xoun ,

hence, there were no time for all the photons of the last scattering surface to get into causal contact
and then thermal equilibrium. In particular, if we evaluate the comoving volume V¢ traveled by the

CMB to the comoving volume of a casually connected region V,,,,, identified with a sphere of radius

Xcausal D) we get

3
Vows (X_M) ~ 1012 (1.64)
‘/;ausal X

which means that the CMB photons come from 10'? causally disconnected regions.

The horizon problem is the observation that, since we observe the CMB at all directions of the
sky with the same average temperature of 2.76K, that must mean that all regions started with the
same temperature, since they had not enough time to enter into causal contact and thermalize. This is
a problem of initial conditions: the initial temperature of 10'2 regions must be calibrated by hand to

be consistent with observations.

1.4.3 Origin of the Perturbations

It is clear from observations that, although the universe is highly homogeneous and isotropic in
cosmological scales, that is not the case in smaller ones, where we have structures such as galaxies
and clusters that contribute to the geometry of spacetime. To describe the evolution of the universe as

a whole, one should consider perturbations around a FLRW background geometry, that is

FLRW

Gab ™ Gop -+ 0Gab , (1.65)
with?® small dg,;, or, in terms of the conformal line element (1.22):

ds? = —a?(n) [~ (1 +24) dn? + 2Bida’dn + (hi; +7;;) da*dad ] | (1.66)

28This condition will be rigorously defined when we discuss perturbation theory in the next chapter.
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Figure 1.9: Illustration of the horizon problem. Photons from opposite sides of the sky have the same temperature, but never had causal contact. Source:
PNGwing

which will be thoroughly discussed on chapter 2.

When we analyze the perturbed Einstein equations for an FLRW background, we see that the
perturbations Fourier modes ¢, decouple between themselves. To see this, let’s consider an specific
model. Consider that the universe is filled by a scalar field ¢(%,t) = ¢o(t) + 0¢(Z,t), where ¢o(t) is
the unperturbed background field, and §¢(Z,t) is its perturbation. The dynamics in physical time ¢

for each Fourier mode ¢y, are then described by equations of the form [9]

. . E\?
5gbk+3H5gbk+(—) 0, =0, (1.67)
a
and one can see that the expansion of the universe, which enter the dynamics as H, acts as a damping
term proportional to the Hubble function.
Equations of the form (1.67) have two important limits depending on the relation of the wave-
length Ay = k/a of the perturbation to the Hubble radius Ry = 1/H:

1. Sub-Hubble: \;, < Ry,
.1
Sy, + Fé(bk =0,
k

= ¢y = %exp{ﬂ'f ﬂ} ;
a )\k

2. Super-Hubble: A\ > Ry

. 3 .
1) —00r =0
¢k+RH ¢ =0,
dt

- 5¢k=Ak+kaa3—(t);


https://www.pngwing.com/en/free-png-irtdi
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Figure 1.10: Evolution of perturbations and the Hubble radius [9]. Note that today’s observable scales started well
outside the Hubble horizon.

and we see that sub-Hubble perturbations tend to oscillate and decay with the scale factor, while
super-Hubble perturbations rapidly approach a constant value, staying "frozen" until reentering the
Hubble horizon. it is important to note that such sub-Hubble and super-Hubble behavior is quite
general for the perturbations amplitudes.

We can also compare the evolution of the perturbations wavelength with respect to the Hubble

radius Ry

A(t) = Aoa(t); (1.68a)
a(t).
a(t)’

and we see that, for a decelerating universe, since a(t) tends to get smaller, the Hubble radius expands

Ry(t) = (1.68b)

faster than the perturbations wavelength. Hence, we see that perturbations that are inside the Hubble
horizon decay with the scale factor, while those that are out of the Hubble horizon stay "frozen" until
they enter the horizon and start to decay [43].

A more quantitative analysis may be made by assuming a(t) = aot™, n € R, which is valid for

universes dominated by a single perfect fluid. By taking the natural logarithm:

In(A) =In(Ng) +nln(t), (1.69a)
In(Ry) = -In(n) +In(t), (1.69b)

which can be seen in Figure 1.10. It was assumed that n = %ﬁ <1< w > -1/3, which is valid for
all types of ordinary matter.

Analyzing the behavior (1.69) one sees that physical scales A grow faster than the Hubble radius
in this class of models. Hence, most of the physical scales A that we observe nowadays must have
been in the super-Hubble regime in the past, which makes it impossible to give a dynamic explanation

for the observed spectrum. That is, this model does not provide a causal structure for the origin of
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perturbations around a homogeneous and isotropic background.

It is also an observable fact that the temperature anisotropy spectrum of the CMB is well de-
scribed with very high precision by the temperature fluctuations resulting from the evolution of initial
curvature perturbations with an almost scale invariant gaussian spectrum with a small red tilt [9]. Any
theory that attempts to explain the origin of perturbations should also describe its observed statistical
properties. In particular, this means that the initial conditions Ay, B, must be calibrated in order to
generate a gaussian spectrum, which can be done, but demands a large fine tuning. Therefore, one
sees that perturbations in the Standard Model cannot satisfactorily describe structure formation in the

universe, nor the fluctuations of order 10~° in the CMB power spectrum.

1.4.4 The Singularity Problem

Note that, for the single fluid solution (1.34), we have

1
(w+1)

. . t
il})l&a(t) = hm(—) ,

t—0 tO

wln

=0.

which means that a homogeneous and isotropic universe filled by a perfect fluid admits an instant of
time ¢ = 0 where, in a certain sense "the whole space collapses down to a point", at a past time ¢
(Equation 1.35) as registered by clocks that are stationary with the Hubble flow. This is satisfied for
every fluid with w > —1/3, condition that is valid by all known ordinary matter®.

This concept is known as a singularity: spacetime itself is not defined at ¢ = 0. In general, we
state that a spacetime has singularities if timelike (or lightlike) curves cannot be extended up to a
finite value of its affine parameter (like ¢, for the Hubble flow observers) [29]. This is associated with
pathological behaviour, such as the divergence of observable properties of space time. For instance,

the Ricci scalar of an FLRW metric (1.21) is given by:

R:%(da+a2+lc), (1.70)
and one can see that it diverges when a — 0, if one assumes that the universe is filled by a barotropic
perfect fluid with scale factor (1.34). The same happens for other observables such as the redshift z,
which diverges for a — 0, as can be seen in (1.46¢). In practice, this means that General Relativity
cannot make testable predictions on singularities, for spacetime itself becomes ill-defined. More in-
depth discussions can be found in [13], [29] and [44].

Of course, a single perfect fluid universe is a highly idealized model. However, it can be shown

that a singularity occurs in more realistic models, like the A-CDM. Rewriting the first Friedmann

2The condition is violated by a cosmological constant, but its contribution in the early universe was very small.
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equation (1.23a) in terms of the present relative densities:

() -

LI
s 22

M=

Il
—_

Qiga_3(1+wi) + Q]C()CL_2 .

or

~
Il
—_

Considering contributions from matter, radiation, a cosmological constant, and also using H = é

Wwe can express:
1 da

dt = — .
Hy \/97\0 +Qat + Q0072 + Qo

Integrating from a = 0 to a = 1, we obtain the time ¢, since the universe was in a singular state:

to 1 1 da
to= [ dt=— f . (1.72)
0 HO 0 \/QA0a2 + Qmoa_l + Qroa_z + QICO
Using the approximated values for the A-CDM model (Table 1.2), we find that
to ~ 13.7billion years , (1.73)

which means that a singularity is predicted at a finite time in the past, as measured by the fundamental
observers. Hence, the Standard Cosmological model cannot make predictions for the universe at
earlier times.

One could argue that this effect occurs due to the great simplifications assumed by Standard
Cosmology, like the Cosmological Principle, as discussed in section 1.3. However, it was shown by
Hawking [29][44], that a past singularity is predicted by General Relativity if, for all timelike vector
field £, matter satisfies the Strong Energy Condition (SEC)

Rabgagb 2 0’
1
- Tabgafb 2 _§Ta

= p+3p20,

1
— wz—g if p(p) =wp.

This means that a singularity is a generic prediction of General Relativity coupled to ordinary
matter?, and not restrained to high symmetry solutions. Hence, one needs to extend the Standard
Model by including non-ordinary types of matter or modifying General Relativity to deal with the
Singularity Problem.

9By "ordinary", we mean matter and radiation.
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2 EXTENSIONS OF THE STANDARD MODEL

In this chapter, we explore some extensions of the Standard Model of Cosmology. We begin
by relaxing the Cosmological Principle disconsidering isotropy and considering only homogeneous
cosmologies in section 2.1. The next modifications are introduced in order to solve the Standard
Model puzzles, which are the Inflationary Paradigm in section 2.2 and the Bouncing Paradigm in
section 2.3. We conclude with Cosmological Perturbation Theory in section 2.4, which relax the
homogeneity hypothesis by considering small perturbations around a FLRW background. In the
next chapters, we shall combine such modifications in order to consider quantum perturbations of

inflationary/bouncing models in a Bianchi I background.

2.1 HOMOGENENOUS COSMOLOGIES

In section 1.1, we saw that isotropy at all points imply homogeneity, so isotropy is a much more
restrictive condition on space-time. In this section, we relax the isotropy condition by demanding
that space-time is only homogeneous. In subsection 2.1.1, we implement the homogeneity symmetry
using Lie Groups and classify! homogeneous cosmologies, while their dynamics are explored in

subsection 2.1.2.

2.1.1 Bianchi Classification

A Lie Group is a differentiable manifold G equipped with an internal operation that enables one
to take products between the manifold points [45]. More formally, a Lie Group is a differentiable

manifold equipped with maps

w:GxG -G,

(91,92) = G192,

and

l:G-G@G,

g9,

that are smooth with respect to G’’s differential structure, and the map p must satisfy the usual group
axioms?.
Lie Groups can then be used to model symmetries on a manifold M. This is done by defining

the concept of action of a group on a manifold. We define the left action of a group on a manifold as

'If the reader is interested only in the applications to Bianchi I universes, he/she can skip directly to subsection 2.1.1,
more precisely, to Equation 2.9.
The group operation must be internal, associative, admit a neutral element e and an inverse element g~* .
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a map between the group G and the group Perm(M) of bijections of M onto itself:

v : G - Perm(M),

9= g
that is also a group homomorphism, that is
L ye(p) =p, Vpe M ;

2. ’791 ° ’792 = 79192 vglaQQ € G 5

We now restrict ourselves to the case of actions such that, for all p, ¢ € M, there exists one and
only one g € G such that g(p) = ¢. If such condition is satisfied, we say that the group acts transitively

on M. In this case, by choosing an arbitrary p € M we can construct a map [ : G - M such that

I,: G- M,
g gp,
which can be shown to be a bijection. Since the isometries of space-times with spatial homogene-
ity can be described by Lie Groups, we then have that M = G, that is: the spatial sections %; of
homogeneous cosmologies admit one to one maps to Lie Groups [29].

One can then classify 3-dimensional homogeneous cosmologies using Lie Groups, since they

are equivalent. To accomplish such task, we start by defining, for each h € (G, a map L, such that

Ly:G-G,
g~ hg,

which translates the element g € G by h and is hence called a left translation®. Such maps induce a
pushforward L. on T,G. We then say that a vector field v* is left invariant if it is preserved by left

translations, that is
Ly« (v%g) = 0%, ) YV hgeG.

An interesting property of left invariant vector fields is that, since Ly (e) = h, they can be completely

defined in the entire manifold by their respective vector at the identity element v¢|.:
V= Lps (V) (2.1)

hence, the tangent space at the identity element e, 7., completely characterizes all left invariant

vector fields on G due to the class of bijections Ly,..

30ne can also define right translations Ry, in a totaly analogous way.
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We also have that the commutator [v,w] between two left invariant vector fields is preserved

by left translations, that is:
L. [Uv w] = [Lh*(v)v Lh*(w)] )

so that the commutator [, | between left invariant vector fields v, w can be used to define an analogous
operation on 7. G
[U|€vw|e] = Lh;l ([U, h]|h) heG,

which is bilinear, antisymmetric and satisfies the usual Jacobi Identity. Hence, the vector space 1.G
is a Lie Algebra. We then say that the space 7, is the Lie Algebra* associated to G.

The advantage of analyzing the Lie Algebra of GG instead of G itself is twofold. First, a vector
space has more structure than a manifold. Second, there exists an interesting result that expresses that
a Lie Algebra completely characterizes a Lie Group, provided that the group is simply connected.
This is a reasonable assumption® for physical space-time, and also exhausts® the possibilities in three
dimensions.

Now, consider two left invariant vectors fields v, w. Since [v,w] is also a left invariant vector
field, and the commutator [, ] is a bilinear map, we can represent the commutator in terms of a tensor
as

[v,w]® = C% 00w, (2.2)

and, in the case of Lie Group, C_ is called the structure constant tensor of the Lie Group. It is
a well known result that if two Lie Algebras have the same structure constant tensor, then they are
isomorphic. So, the 3-dimensional Lie Algebras can be completely classified if we classify their
possible structure constant tensors.

From Equation 2.2 and the Jacobi identity, it follows directly that
1. %, = C"’fcb] ;
2. C%, 0% =0;

we can then define the following tensors

A, =C, (2.3a)
e (C 0 -6LAq) (2.3b)

and it can be readily seen that M[2] = (). By direct substitution of this parametrization, we have that

abc = MCdEdab + 5[2Ab] s (24)

4Such Lie Algebra is also the space of translational Killing fields of spacetime.

3Tt is reasonable in the sense that we have yet no observational evidence for non-trivial topologies for space-time.

The only exception is the Kantowski-Sachs space-time, which is homogeneous and has the topology S? x R (a "three
cylinder) and Lie Group SO(3) x R, which is not simply connnected and does not act transitively on the manifold.


https://en.wikipedia.org/wiki/Kantowski%E2%80%93Sachs_metric
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and one can see that a tensor that satisfies C’[ag] = 0 can be parametrized by a choice of a vector 4,
and a symmetric matrix M. One can then obtain all possible structure constant tensors by studying
the possible eigenvalues of M and the vector A,. Since one can always adapt a coordinate system
to A, and/or the eigenvectors, then one sees that the absolute values of the eigenvalues are irrelevant:
only the signature of M@ is of interest.” The Bianchi Classification is completed by analyzing the

above possibilities, which are:
Class A (A, =0) ClassB (A, #0)

Bianchi I: (0,0,0) Bianchi III: (+,-,0)

Bianchi II: (+,0,0) Bianchi IV: (+,0,0)

Bianchi VIy: (+,-,0)
Bianchi V: (+,+,+)

Bianchi VIIy: (+,+,0)

Bianchi VIII: (+,+,-) Bianchi VI,: (+,-,0)

Bianchi IX: (+,+,+) Bianchi VII;: (+,+,0)

Q,=0.24,0,=0.76
Concordance

x=0.2

x=0.6

x=1.0

x=10.0

Type VIl

Figure 2.1: The temperature patterns in the cosmic microwave background expected in a Bianchi VII universe which was close to isotropy at early
times. Source [46].

"There are two exceptions: the Bianchi VI;, and Bianchi VII},, which are one parameter families of Bianchi cosmolo-
gies. This happens because a scalar h € R is determined by the formula A, Ay = hM*“M bde 1o€ab 7 [291.
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Here an important commentary is in order. Of all the Bianchi types, there are only five that
admit an isotropic limit. They are the Bianchi I and VII,, Bianchi IX, Bianchi V and Bianchi VII,,
whose spatial sections have the topology of R? (I and VII), S? (IX), H? (V and VII,,), respectively.
Hence, if one is interested in models of homogeneous (but anisotropic) cosmologies in the past, one
needs to consider only those three types, for they are the only ones that can evolve to an isotropic
universe. Furthermore, Planck Data [38] seems to disfavour a universe of type Bianchi VII;, which
can only fit the CMB spectrum with parameters that are incompatible with other observations®.

Due to the above reasons, in this work we shall focus on the Bianchi I model since it is one of
the only two Bianchi types which has both an isotropic limit and is compatible with Planck data in
the sense of having flat and simply connected spatial sections, and also has the simplest (trivial) Lie
Algebra: C, ¢ = 0. Now that we have completed our characterization of homogeneous cosmologies,

in the next section, we shall proceed to analyze their dynamics using Einstein’s field equations.

2.1.2 Dynamics of Homogeneous Cosmologies

To analyze the time evolution of the Bianchi universes, we start by facing a problem. Due to the
homogeneity symmetry, we have three spacelike Killing vector fields (£7),. However, due to the Lie
Algebras commutation relations (2.2), they do not commute in general. So, we cannot use our Killing
fields to construct a coordinate system adapted to the symmetries of such space-times [29].

Another option would be to write the metric spatial metric of >, in terms of a basis of left
invariant 1-forms {(o?),} associated to the Killing vector fields by (c?), = ga (£*)". In such basis,

the metric is given by

where the /;; are numerical coefficients. Such expression can then be extended to the whole spacetime
using "Lie Transport". This is implemented as follows. Take p € Xy, with n® being the unit normal to
>o. We then demand that

%, (O'i)a =0,

then, we define the 1-form in the whole space-time using the pullback:
(), ) =0 [(o"), (0]

where ¢, denotes the one-parameter family of diffeomorphisms generated by n®. Finally, we can

express the space-time metric as

3
Gab = =namp + 3 hij(t) (o), (07), >

ij=1

81t is interesting to point out that simulations of a Bianchi VII;, generate a spiral-like pattern in the CMB temperature
fluctuations map, which is due to its anisotropic behavior. See Figure 2.1.
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where the coefficients h;;(t) depend only on time due to homogeneity, and represent the metric on
each spatial hypersurface ;.

To obtain the explicit form of h;;(t), one must solve the Einstein field equations with the appro-
priate 7},; and boundary conditions. However, one must first obtain the explicit form of the curvature
tensors, which is a difficult task for all Bianchi types due to the fact that we cannot use a coordinate
system adapted to the Killing Vector Fields. However, this can be done by using a tetrad basis®. A

possible tetrad basis is

(€0)a = Ng (2.6)
3

(6i)a = Z Bij(t)(aj)a (27] = 17 27 3) ) (27)
j=1

which can be used to obtain explicit formulas for the Riemann and Ricci tensor in terms of B;; and
the structure constant tensor C,. For our purposes, we shall show the final result for the Einstein
equations, but omit the intermediary calculations. More details can be found in [29]. The relevant

Einstein and Ricci tensor components are:

1 1
2Ga(e0)* ()’ = K2 = Ky K® - C%,C°° - 5C@bcg b ZCabcCabC, (2.8a)
Gieh’ (e0) = K2C5, + KJC5, | (2.8b)

1
REhS Reg = Lo Koy + KKy — 2K, Kf + ZCachde , (2.8¢)

where K, = %Znhab is the extrinsic curvature of the spatial sections >.;, and all indices were lowered
or raised using the spatial metric h,,. Equation 2.8 then enables one to study the dynamics of the
Bianchi universes simply by inputting the structure constant tensor C'¢, for the chosen Bianchi type.

We now focus on the Bianchi I model. In this case, since the Killing fields commute, we
consider a set of three mutually orthogonal Killing fields {&,,&,,&.} to construct a global coordinate

system on the space-like hypersurface ¥ = R3. In such coordinate system, the metric is given by:
ds? = —dt? + X2(t)da? + Y2(t)dy? + Z2(t)d2?, (2.9)

and one cand readily see that such space-time is homogeneous, but anisotropic, since it expands at
different rates X;(¢) in each direction z;. We can also introduce quantities that are generalizations of

the Hubble parameter. To do so, we first define the mean scale expansion rate

S(t) = [X()Y () 2],

°A tetrad basis is a basis of vector fields {(e4)}, such that (e4)a(€5)® = 7)o, but do not necessary commute,
[€as eﬁ] + 0, that is, in such basis the metric coefficients are the same as the Minkowski metric, but it is not a coordinate
basis.
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from which we can rewrite the line element as
ds? = =dt* + S?(t)y;;da'da?

where
vij = exp [26;(t)] 0i; (2.10)

3
and the [3; satisfy the constraint Z B; =0 . We then define the directional scale factors as
i=1

a;(t) = % (2.11)

and the original directional expansion rates can be recovered using X;(¢) = a;(¢)S(t). The general-

izations of the Hubble function then are defined by

H= %, (2.12a)
X.

h: = =2 2.12b

5 (2.12b)

Bi=2t, (2.12¢)
a;

and we recover the usual Hubble function in the isotropic limit a,(t) = a,(t) = a.(t) = a(t). It is also
useful to introduce a quantity that measures the degree of anisotropy of our universe. We then define
the shear tensor as Ld

~ _ La%i
a(t)=5—2,

and we can see that, in the isotropic limit, since S(¢) - a(t), 0;; = 0.

(2.13)

The dynamics of a Bianchi I universe can then be studied using Einstein’s equations. This can
be done both by using standard coordinate methods with (2.9) or inputting C*, = 0 in (2.8). We now

couple the geometry with a generic fluid!? stress energy tensor.

Tap = (p+ D) gty + PYab + Tap (2.14)

where 7, 1s the anisotropic stress tensor such that w,,u® = 0,72 = 0. The Einstein equations then

imply

1
3H? = kp+ 552 , (2.152)
S K 1.
5= (Pr3p)- 502 , (2.15b)
%&@ = —3HG& + kAT, (2.15¢)

0We consider a generic fluid because the background is anisotropic. Hence, we should also consider anisotropic
contributions in Ty;.
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where 7;; = S%7;;. The usual Friedmann equations (1.23) are then recovered in the isotropic limit, for

which ¢;; = 0 => m;; = 0. They can also be expressed in terms of conformal time 7 (1.22) as [23]

1
3H? = ka’p + 502 , (2.16a)
2 1
W = —%aQ (p+3p) - 507, (2.16b)
d ; i ~i
%aj =-2Ho'; + /<;a27rj , (2.16¢)

where H = S’/S and 0;; = 7;;/2 is the conformal shear tensor.

As a final remark, we would like to point out that, since our universe presently satisfies the
Cosmological Principle with great accuracy, the universe is not described by a Bianchi mode nowa-
days. What one can ask, however, is if, by considering an initial Bianchi model, the universe can be
isotropized to acquire the state that we observe nowadays. If this is implemented, this can relax our
imposition of initial conditions, since we would not need to impose by hand that the universe "started"
at a highly isotropic state in the past. Of course, if one assumes anisotropic initial conditions, then one
must need a mechanism to isotropize the universe. This can be achieved both in inflationary models

and in bouncing models, as we shall discuss in the next sections.

2.2 INFLATIONARY PARADIGM

By considering the problems of the Standard Model section 1.4, one can see that they are asso-
ciated to the variation of the Hubble radius with respect to the scale factor [1]:
1 .
i :7(1—%) (2.17)
a

da a

which, for a decelerating expanding universe with a < 0, @ > 0, always satisfies dRy/da > 0. There-

fore, the Hubble radius grows faster than the scale factor and hence the physical scales of interest.
The main idea of inflation is that, by considering a period of accelerated expansion in the past

such that @ > 0,@ >0 = dRpy/da < 0, then such fine-tuning problems shall be alleviated. This is

implemented by considering a period of approximately exponential expansion
a(t) ~ eflt

which is achieved by adding a primordial field ¢ known as inflaton coupled to GR. The duration of

inflation is parametrized by the e-fold number

Nzln(ﬂ) - ft;f H(t)dt, (2.18)

Q;

which measures how much the universe expanded during such period. Usually, one fixes the duration

of inflation by demanding that the horizon and flatness problems are properly solved.



50

In general, one uses the slow roll approximation, which is characterized by a regime where the
field ¢ evolves slowly with respect to its potential V' (¢) and leads naturally to H ~ constant. For a

single scalar field model, such approximation is quantified by demanding that the slow roll parameters

¢ = —%, (2.19a)
¢

- _ 2 2.19b

o ( )

are first order quantities. Although generally one adds unknown fields to implement inflation, it has
the advantage that is able to make predictions that are quite independent of the inflationary mechanism
details, and are parametrized only by the slow roll parameters (2.19). For an interesting discussion,
see [47].

We now proceed to analyze how such considerations solve the problems of the Standard Model

in a qualitative way, then, we also introduce a quantitative example.

2.2.1 Qualitative Solution

1. Flatness Problem

If we turn to Equation 1.59, we see that

d

i
LA =22
da (t) as

where A(t) = |2 — 1| measures the deviation from a flat spatial section. Inflation then forces

such derivative to be negative, which implies that
A(t) -0,

that is, the flat universe becomes an attractor, and does not need an ad hoc initial condition to
be described. This alleviates the before mentioned problem of initial conditions is cosmology,

since arbitrary initial conditions on X; lead to the same prediction: a flat universe.

A more intuitive picture can be imagined as follows. Suppose that that we live in a curved
universe, but that physical scales underwent a massive quasi-exponential expansion. Then, the
radius of curvature would be so large that we would need to observe incredibly large scales to

probe it. Hence, we effectively see a flat universe.

2. Horizon Problem

The Horizon Problem is characterized by the fact that apparently causally disconnected re-
gions of the universe are in thermal equilibrium. However, if we consider a period of quasi-

exponential expansion, then the scales that we observe nowadays would be just a tiny causally
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connected region of our universe in the era before inflation. This solves the puzzle, for such

regions would have been in thermal equilibrium before the inflationary era.
3. Origin of Perturbations

For an inflationary period, we have that

dRy
da

<0,

which means that physical scales grow faster than the Hubble radius. Hence, initially sub-
Hubble!! perturbations are amplified by the inflationary period and cross the Hubble horizon,
where they stay "frozen" until they reenter the horizon much after inflation ends. The evolution

of the universe then changes into the usual decelerated expansion phase.

This is a feature of inflationary models that is very important, so it must be emphasized. The
inflaton is coupled to geometry, so that vacuum fluctuations of the inflaton generate small per-
turbations on the metric, which are then amplied to become large scale structure and leave its
imprint on the CMB spectrum. However, this is only possible because such physical scales
started sub-Hubble, then were amplified until they crossed the horizon. The perturbative
modes freeze when they cross the horizon, and would decay otherwise, and this allows for a

quantitative description of the CMB power spectrum [9].

It is also important to point out that, in addition to predicting the CMB power spectrum, it also
offers a causal explanation for the origin of perturbations: they were generated by vacuum
fluctuations of the metric, which were then inflated to cosmological scales due to the quasi-

exponential expansion. We shall discuss more about this when we quantize the inflaton.

4. Singularity Problem

In general, inflationary models do not address the singularity problem. Although quantum
scalar fields violate the weak energy condition, this is not enough to avoid a singularity, as
shown by Guth [48]. In general, classical models that violate energy conditions are plagued by

instabilities that lead to more singularities [1][6].

2.2.2 Quantitative Example: Quadratic Inflation V (¢) = 3m?¢?

In this section, we consider the model of Quadratic Inflation, which consists of a homogeneous
and isotropic Klein-Gordon field ¢(¢) in a FLRW background. In order to implement inflation and
derive the proper spectrum of the CMB, one needs to consider perturbations around such homoge-
neous state. This shall be done after we develop cosmological perturbation theory in section 2.4. For

now, this example gives a taste of the usual calculations on inflationary cosmology.

"n inflation, the scales that we observe nowadays start on the sub-Hubble regime and then are amplified, in contrast to
the Standard Model. This happens because initially super-Hubble scales are amplified during inflation, becoming larger
than the observable universe and hence unobservable.
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We start with the action of a minimally coupled scalar field [9]

Sp =~ f V-9 (%V%Wﬁ + V(fb)) d'z, (2.20)

and we couple such field to the usual field equations through the Einstein-Hilbert action. Considering
a homogeneous and isotropic universe, we have that ¢ = ¢(t). Its stress-energy tensor is then given
by
1
Ty = 0updyp - (anz@a%p + V) Guv-

The energy density and pressure of the field are then given by, respectively
1.,
ps =59 +V(9), (2.21a)

1.
ps =59 =V(9), (2.21b)

and, as we have seen in section 1.2, an equation of state w = —1 (cosmological constant) generates an
exponential expansion. In order to implement Inflation, we then demand that such condition should

be approximately satisfied, that is

wy =22 (2.22)
Pé
2 o
_ @ -2V(0) (2.23)
¢?*+2V(¢)
v -1, (2.24)
which is implemented if the condition .
#?
<1, (2.25)
V(9)

is satisfied. This means that the field "rolls slowly" through its potential, that it is, the potential energy
is dominant in the inflationary phase.

The Friedmann equations become, in terms of the Hubble factor H:

H? = 8¢ (%dﬁ + V(qs)) : (2.262)
. 4G (1 -
e = -T2 (55 (0))). (2.26b)

which shows that condition (2.25) is equivalent to the slow roll approximation (2.19). The continuity

equation'? takes the form

b+3Hop+ mZ% =0. (2.27)

Dividing the first Friedmann equation by the second, we see that (2.25) combined with the

12This is also the field equation for the scalar field ¢;
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Friedmann equations just gives the slow parameter e condition (2.19). Applying such conditions to

the first Friedmann equation and the continuity equation, we get

H » %;V (¢), (2.28)
A
—3Ho¢~ e (2.29)

where we used the slow roll condition (2.19), that is, § < 1.
We now focus in the Quadratic Inflation case, defined by V(¢) = m2¢?/2. The Friedmann

equations then assume the form

1 m

" V6 My,
-3Hp »m?¢, (2.31)

b, (2.30)

where we defined the reduced Planck mass, M, =1 /V/87G . Since H o« ¢, we can integrate the

second equation to obtain
2
o(t) ~ ¢ - mMpl\/;ta

where ¢; is an integration constant corresponding to the initial value of the field. Now, since H = a/a,

we obtain

a(t) ~ a; exp {M} :

e

which is an approximately exponential expansion, and solves the puzzles of the Standard Model
according to the previous arguments.

We now proceed to quantize the test field in order to introduce some concepts of later importance
and show how it can derive the CMB spectrum. For simplicity, we consider the approximation in
which the field does not influence the dynamics of the background. Hence, we consider the action
(3.73) in a De Sitter background, with a(t) = e, H = constant. The metric in conformal time is then
given explicitly by

ds* = a*(n) (-dn? +dI*) , (2.32)

where a(n) = - (Hn) ™", n € (~o0,0) and \/=g = a*(n).
Integrating (3.73) by parts and introducing

v(n) = ag(n), (2.33)
mgf = M (2.34)

H2772
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the action can be rewritten in canonical form:
1 "2 2,2
Szif[(v ) —mZpv ] , (2.35)
which has the following equation of motion in Fourier space:
v +wi(n)vy =0, (2.36)

where w(n) = k? - m? 1 1s the time-dependent frequency of the k-mode. This equation can be solved

explicitly. First, we introduce

9 m?
V2 = Z IR (238)
F=L (2.39)

s?-v) f=0, (2.40)

which can be readily solved in terms of Hankel functions. The general solution in terms of the original

variable can then be expressed by

ok(n) =Vl [ et S (k) + o HS (<) | (2.41)

Now, we need to fix the initial conditions. We do so by demanding that, in the low wavelength
limit & — oo, the solution tends to the usual plane waves e~**7/v/2k of Minkowski space. Using the

asymptotic limit of the Hankel functions

2
HSY) (255 1) wy [ —exp [ii (x - 12” - %)] , (2.42)
Tmr

we then see that our condition is implemented if we set the boundary conditions

¢ = %ei@“/”% , =0, (2.43)

which leads to the general normalized solution

=
vi() = Y5 D HD (<) (2.44)

With the general solution (3.27) we can quantize our field. By analyzing the action as S =
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[ Ld*x (2.35), we see that the canonical momentum of the field is given by
H(nvx) = % =v (U@)a (245)

so that the field can be quantized by promoting the field and its momentum to operators that satisfy
the usual algebra

[0(n,2),11(n,5)] = i6®)(z - ), (2.46)

and, if we express the quantized field and its momentum in Fourier space,

N = 1 A iked * At —iked 1.
o0, 7) = Gy [ [oemane™ + v (myafe 2] dck,

- =\ 1 ! A ikd %! ~f ikZ | 337
[I(n,7) = @y / [vk(n)ake + vy (n)aye ]d k,
one can see that the canonical commutation relation (2.46) implies the usual creation and anihilation

algebra
[ar,al,] = (2m)26 (k- k') (2.47)

We can now proceed to calculate correlation functions using our quantized field:

(0(2,m) 0 (Gn')) = (ulo (Z,7)0(G,n") |u) (2.48)

in the quantum state |u). Here, one needs to answer an important question: in which quantum state
|u) were the fields at the end of inflation?

The answer to this question is not definitive in literature. However, one may use some heuris-
tic arguments to select a particular state. Since inflation leads to an almost exponential period of

expansion, and the temperature falls as 7" o< 1/a(t)'3, then
T oc e Ht (2.49)

which means that the temperature of the universe decreases by an exponential factor during the infla-
tionary period. If we analyze the Bose-Einstein or Fermi-Dirac statistics, we see that the dominant
contribution for low temperatures is given by the vacuum'# (the peak is close to 0). This means that
the quantum state of the field is almost a vacuum state at the end of inflation. Hence, we shall evaluate

the correlation function in the vacuum state |0) such that

a;10)=0, Vk.

13This relation can be obtained by applying Kinetic Theory in curved spacetime [49].
“Intuitively, the dominant probability is that one finds no particles for such states.
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Actually, it is more useful to work with the Fourier transform of the correlation function, that is

B3k
(2m)*’

where G (k,n,n") = vi(n)ve(n'). We then define the power spectrum P, (k) in terms of the green

(000 (&m) 0 (7.1)10) = [ G (ko) D (250)

function at equal times n = n':

272 . ,
?Pv(k7n) = %l_{gl,G(kvnan ) = |Uk(7])|27 (251)

where 1* is the conformal time instant for which the modes cross the horizon.

Finally, we can evaluate the power spectrum for our simple model of a scalar field in De Sitter
spacetime. We shall use the modes {v;(n)} obtained from the field equation with the Minkowski
boundary condition (2.43). Since inflation increases the perturbations exponentially, we are interested

only in large wavelengths k£ — 0. Using the asymptotic limit of the Hankel functions H, 1.2) (z):

; - 2v=1 T'(v)
HY 1)~ (-1)7i=— v
(r<<1)=~( )z7T F(3/2)x ,
we then get the following power spectrum:
2
_ F(l/) H 2 3-92
k) =2%3 (—) -k Y 2.52
which has the form of a power-law:
Po(k) = Ask™ ™, (2.53)

where n; is called the spectral index, which measures the deviation of the spectrum from a constant
one. If ny < 1, we say that the spectrum has a red tilt, and a blue tilt if n, > 1, with the observed CMB
powerspectrum having a slight red tilt. In our case, ns; — 1 = 3 — 2v and, if we use the condition that

m/H < 1, we get

m2

Y3

so that a non-constant spectrum is a direct consequence of the mass of the field.

(2.54)

ng,—1

Equation 2.52 is a generic prediction of slow roll inflation, and also its greatest success. From
first principles, one can derive the power law (2.52) which was a prediction confirmed by CMB
observations.

But not everything works as it should: the observed spectrum of the CMB has a red tilt, while
(2.52) has a blue tilt. Furthermore, the CMB spectrum is associated to perturbations in the FLRW
geometry, which is a much longer calculation that we postpone to the section about Cosmological
Perturbation Theory. After developing such apparatus, one may calculate the power spectrum for both
scalar and tensor perturbations on a FLRW universe, which agrees to great accuracy with observations

of the CMB for a variety of inflationary models. Such observations can then be used to exclude models
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or constrain their parameters [50], as is illustrated in 2.2.
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Figure 2.2: Planck constraints on Inflation. The illustrated circular areas define regions of 68% and 95% confidence level in parameter space, respec-
tively. Source: Planck Collaboration.

Before we conclude this section, we shall do a brief recap of the main advantages and disad-
vantages of inflation. Firstly, it solves the fine tuning problems of the Standard Model by assuming
a phase of exponential expansion in the early universe. This also leads to a causal explanation for
structure formation and predictions about the CMB power spectrum. It should be emphasized that
inflation was the first explanation from first principles to such spectrum, and is quite independent on
the inflationary period’s details.

However, inflation demands one to include an unobserved quantum field (usually a scalar one),
to generate an almost exponential expansion and it also does not solve (does not even address) the
singularity problem. After inflation, it is customary to assume that the universe undergoes a period
known as reheating, where the energy of the inflaton is converted into particles of the Standard Model
of Particle Physics. However, the details of such period are not quite fully understood, and they are
difficult to constrain observationally [51] [52].

Another, maybe even more serious problem, is known as the trans-planckian problem. It
consists of the following: if we consider that inflation occured, then physical scales were much smaller
in the past: scales corresponding to galaxies were of the order of quantum fluctuations. This can be
visualized in Figure 2.3. The problem is that, since inflation amplifies such scales, some of the scales
that we observe nowadays were smaller than the Planck length /), = \/W/c?’ ~ 1073°m in the past.
This is a serious problem because, in such scales, one would expect quantum gravity effects, for which
we have no precise description yet. So, a large part of the physical scales that we observe were in a

kind of "region of ignorance" in the past, where quantum gravity effects should be dominant.


https://arxiv.org/pdf/1807.06211.pdf
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Figure 2.3: Problem of transplanckian frequencies. The vertical axis represents time, and the horizontal one represents physical scales. As one can see,
physical scales of interest nowadays were amplied due to inflation, and some of them started in the "region of ignorance" x < £,,;. Note that the Hubble
radius stays approximately constant during inflation. Source: [14].

In the next section, we shall analyze the bouncing paradigm and how it solves the problems of
the cosmological Standard Model, while also offering an explanation for the CMB power spectrum
and large scale structure of the universe, and has advantages and disadvantages in comparison with

the inflationary paradigm.

2.3 BOUNCING PARADIGM

As already mentioned in section 1.4, classical General Relativity coupled to ordinary matter
leads to a primordial singularity. Bouncing models were then studied in response to this problem!,
and their main idea is avoiding such singularity by introducing a previous contracting phase to our
universe. Such phase would end when the scale factor reaches a minimum (See Figure 2.4), from
where the usual expansion phase starts; it bounces. Due to the singularity theorems, this can only be
achieved either by modifying matter or the dynamics of gravity. For a pedagogical review, see [13].

The class of theories that suppose new kinds of matter or fields but maintain classical GR
are called classical bounces. As we have seen, such models do not satisfy the weak or the null
energy condition. Due to this, they generally exhibit unstable behavior, which in most cases leads to
singularities. A complete critical review can be found in [6].

Another option would be to modify GR itself. This may be achieved by considering classical
modified theories of gravity - such as the f(R) class - or by quantizing gravity itself. As mentioned
in [6], most classical bounces have stability problems, so, in this section, we shall focus our attention

to quantum bounces.

151t should be emphasized that bouncing models do solve the other problems, but are constructed to attack the singu-
larity one.
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— altl = (L4 (7B t=Tg - bounce
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a =0 - singularity

Figure 2.4: Example of a bouncing scale factor. It is explicitly form shall be derived later, when we analyze an example. The graph was made by the
author using Python.

2.3.1 Qualitative Solution

As already mentioned in the inflationary case, the puzzles of the Standard Model are associated

to the derivative of the Hubble radius Ry with respect to the scale factor a:

iy :l(1—a—d), (2.55)

da a a3

and the fact that d Ry /da > 0 in Standard Cosmology. While inflation solves this problem by consid-
ering an exponential expansion with a > 0, a > 0, bouncing models consider contracting phases with
a >0, a <0, and obtain analogous results.

1. Flatness Problem

As in the inflationary case, we have that

d a
LA@) =22
da (*) as’

and, as in the inflationary case, the bounce predicts such derivative to be negative, hence
A(t) »0,

and the flat universe becomes an attractor, and does not need ad hoc initial conditions to be

achieved.

2. Horizon Problem

In the bouncing paradigm, a pre-Big Bang contracting phase is considered (see Figure 2.5).
Hence, the universe has existed for much more time than the 13.8 billions years predicted by the

Standard Model. This means that regions of the sky that are in thermal equilibrium nowadays
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Figure 2.5: In Bouncing Models, a contracting pre-Big Bang phase is considered.

have had much more time to get into causal contact and achieve such state, which solves the

horizon problem. This is also associated to the Origin of Perturbations solution.

. Origin of Perturbations

As already mentioned, the condition
dRy

da

is satisfied. This means that physical scales of interest become larger than the Hubble radius as

<0,

the universe evolves. This leads to the same behavior as in inflation: scales of physical interest
start inside the Hubble horizon, cross it where they stay "frozen", until they reenter the horizon

to generate structure in the post bounce phase.

i -
v matter domination pacs

|H™|

trsm radiation domination Hubble radius

radiation domination

tIIlA)I'

matter domination

Figure 2.6: Evolution of the Hubble radius in a specific bouncing cosmology. Note that physical scales were not generated in the region of ignorance.
Source: [14].
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However, the picture is qualitatively different. Right in the bounce ¢ = Tz, where the scale
factor achieves the minimum value a(7g) = ap, we have that a(7z) = 0, which means that the
Hubble radius diverges:

. . a
lim Ry = lim — = o0.

The evolution of the Hubble radius is illustrated in Figure 2.6. This means that, at the bounce,
all scales of physical interest are inside the Hubble radius, which then begins to shrink after the
bounce, allowing the perturbations to reenter the Hubble horizon and generate structure at later

times!©.

As in inflation, the origin of perturbations is quantum vacuum fluctuations. However, instead
of imposing vacuum boundary conditions in the bounce, one generally imposes such conditions
in the far past (extreme left of Figure 2.4), when the universe presented a very low temperature

and could be described by a vacuum state.

4. Singularity Problem

Bouncing models solve the singularity problem by construction, for they substitue the primor-
dial singularity with a bounce where the scale factor achieves a minimum value a(75) = ap.
This also enables one to make predictions for the universe at times earlier than 13.8 billion years

ago, which is not possible in the Standard Model of Cosmology nor in Inflationary Cosmology.

2.3.2 Quantitative Example: Quantum Cosmology of a Single Fluid

As mentioned, since classical bounces have problems with instabilities and singularities, we
shall consider an example of a quantum bounce, where General Relativity itself is quantized. In this
section, we shall use Planck units for the sake of clarity.

Since there is yet no definitive theory of quantum gravity, there is no preferred quantization
method. For this reason, in this section we shall focus on the canonical quantization of GR, which
is the most conservative one in the sense that it just applies the usual quantization techniques of
constrained systems to GR and does not modify the theory itself. However, bouncing cosmologies
were also considered in Loop Quantum Gravity (Loop Quantum Cosmology)'” and String Theory
(String Gas Cosmology), for which we refer the reader to [14].

To use canonical methods, the first step is to obtain the Hamiltonian of the theory. Therefore,
we assume space-time to be globally hyperbolic with topology M = R x X and foliate it using a

normal vector n® such that n%n, = —1. We now introduce a time vector field ¢* defined by

t9= Nn®+ N; (X7)",

16To be more precise, the dynamic scale in bouncing models is not always given by Rz, but by another quantity, that
depends on the type of perturbation. Such quantities are defined in a geometric way, so that they do not diverge on the
bounce.

""More material can also be found in [17] and [6].
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where {(X?)"} denotes a set of 3 linearly independent spacelike vector fields parallel to 3. Here, the
© = 1,2, 3 index labels the spatial vector, while a is an abstract notation index. Using a coordinate

system with coordinate vector fields {t¢, (X*)"}, the metric is then given by

ds? = (-N? + N;N*) dt? + 2N;dz'dt + hyjda’da? . (2.56)

Here, NV and N, are the lapse and shift function, respectively. They correspond to Lagrange multipliers
and enforce constraints on the theory, while the true dynamical variable is the spatial metric h;; on
>

By direct substitution of (2.56) in the Einstein-Hilbert Lagrangian and performing a Legendre
transform!® after removing boundary terms, one obtains the total Hamiltonian [53]

Hr= [ (NHo+ NH)d's, (2.57)
where 1I% is the momentum canonically conjugate to h;; and

Hy = G lT9TH + Vh DR, (2.582)
H = -20,117 | (2.58b)

and .
Gijkl = 5\/ﬁ(hikhjl + hilhj - hijhkl) )

is known as the Wheeler-DeWitt metric.
Variation of the total Hamiltonian (2.57) with respect to the lapse /V and shift functions /V; then

leads to the constraints

Hy =0, (2.592)
Hi=0. (2.59b)

Here, the second constraint can be eliminated by a redefinition of our phase space!® [29], but the same
does not apply to the first. Hence, the effective Hamiltonian is given by Hr = [ N Hyd?z, which is
constrained due to the lapse N, which acts as a Lagrange multiplier.

We now perform canonical quantization using such Hamiltonian. To do so, we begin by pro-

moting our variables to operators that satisfy the canonical commutation relation

hij — ilij ’ (2.60a)
19 - [1% (2.60b)

'8Since GR is a constrained theory, one should be careful when taking Legendre transforms and analyzing its phase
space. This happens even before quantization.

“More precisely, one takes the phase space of the theory to be the space of equivalence classes of riemannian spatial
metrics that differ by a diffeomorphism, which is known as superspace.
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[hij, 1M = 36,611 (2.60c)

Now, following the Dirac quantization procedure [53], constraints ¢ (¢, p;) = 0 on the classical

variables are promoted to operatorial identities on states |u), which constrains the Hilbert space:
(q", ) |u) =0,
implementation of the Hamiltonian constraint (2.58) then leads to the Wheeler-DeWitt equation
Hoylu) =0, (2.61)

where |u) is the quantum state of our gravitational system. If we choose the representation

U, [hij(2*)] = (hij (2P |u) (2.62a)
hij (2" YU [ (2#)] = iy (2#) T [ Ry ()], (2.62b)
ﬂij(xu)\lju[hmn(l‘u)] = _Z%\Iju[hmn(quu)] ) (2.62¢)

]

where §/0h;; denotes a functional derivative with respect to the spatial metric h;; the Wheeler-DeWitt

equation reads, explicitly?® [54]

(-éijkl%j%kl - \/ﬁé) Wlhy (2] =0, (2.63)
which is just the quantum version of the constraint (2.59). This equation is just a formal one, for its
solutions are given in superspace, the space of all three-metrics on the hypersurfaces >?!. Such space
is very poorly understood, due to lots of problems: it is infinite dimensional, and the signature of the
Wheeler-DeWitt metric GG;;; makes it a tough task to define a Cauchy Problem in such space.

There is yet another problem: due to the Wheeler-DeWitt equation, if one tries to write a usual

Schrodinger equation to study the dynamics of a quantum state |u)

- 0
Hylu) =1—lu
0 ‘ > or | ) )
where 7 would be a time parameter, one immediately sees that, 0 |u) /O = 0: there is no time evolu-
tion due to the constraint (2.61). This happens because, classically, one has the freedom to choose an
arbitrary time parameter which, after quantization, translates that the Hamiltonian gives a trivial time
evolution [54].

Even if one puts such problems aside, there are other puzzles related to solutions of the Wheeler-

2Since both h; ; and ﬂij are operators, there are ordering ambiguities. Here, we choose the trivial order, for the sake
of illustration.

2'More formally, it is the space of equivalence classes [; ;] of spatial metrics that differ only by a spatial diffeomorfism.
This definition also "solves" the second constraint in (2.59). Such consideration makes it hard to even define a notion of
functional derivative, since one needs to consider a derivative with respect to a class of equivalence of metrics, §/6[h;;].
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DeWitt equation: they are wavefunctionals of the metric??, W[h;;(z#)], and it is not clear how to
interpret them. In the case of cosmology, for instance, the usual Copenhagen interpretation does not
apply, for there is no classical observer to collapse the wavefunction of the universe [55]. This means
that, when constructing a theory of quantum cosmology, one also needs to propose an interpretation
of the state of the universe, or a protocol for which predictions may be derived [54][53].

As one shall see, just like in any attempt to quantize gravity, canonical quantum gravity has
severe problems. However, one may try to deal with them by making additional hypothesis. Obser-
vations then shall test if those are reasonable assumptions. Even if they fail, at least one would probe
theories of quantum gravity, which may help to construct a satisfactory theory in the future.

To deal with the problem of the superspace in the Wheeler-DeWitt equation, we shall take a
mini-superspace quantization. That is, instead of quantizing the space of all riemannian geometries
(2, hij), we shall consider only the space of geometries with a certain symmetry?*. In the cosmolog-
ical case, this would be the class of homogeneous and isotropic cosmologies. This greatly simplifies
calculations, for now one does not quantize infinite degrees of freedom, but only one: the scale fac-
tor a(t). This solves the problem of representing the operators, and also degenerates the functional
derivatives to partial derivatives.

The fact that the Hamiltonian vanishes due to the time constraint is known as the Problem of
Time in quantum gravity. To circunvent this problem and define a non-trivial propagator, we shall use
an intrinsic variable of the system whose classical evolution is monotonic. Then, we shall demand
that the classical notion of time is recovered from such variable in the appropriate classical limit.

As for the problem of interpreting the wavefunction, we shall adopt the Bohmian interpreta-
tion of quantum mechanics. In such interpretation, there is no wavefunction collapse and quantum
mechanics becomes deterministic, but with non-local effects [55]. Such interpretation consists on

parametrizing the wavefunction by
U = Aetd

where A, S are both functions. Direct substitution of such form in the Schrodinger equation leads to
the usual conservation of probability density, and to a modification of the Hamilton-Jacobi equation
with an extra quantum potential [1]. The deterministic Bohmian trajectories then are obtained by

identifying the .S function with the classical action. This then leads to the guidance relations

oS

= 2.64
90, (2.64)

Di
which are differential equations that give the evolution of the modified trajectories ¢;(¢). An interest-
ing introduction to the Bohmian interpretation and its application to quantum cosmology can be found

in [55]. Of course, one could also consider other approaches, such as Many Worlds interpretation, or

22In Standard Quantum mechanics, the position z(¢) and momentum p(¢) become operators &, p, while the time ¢

is still a parameter. When quantizying GR, the spatial metric h;;(2*) and its momentum IT*/ (z*) become operators
iL,; > K , while the coordinates x* are treated as parameters.

23Here, a word of caution is in order. In the classical case, such symmetries are preserved by the Cauchy problem of

General Relativity. However, there is no guarantee that this will hold in the final theory of Quantum Gravity.
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Consistent Histories Approach, which are also discussed in [55].

So, to do a brief recap, we shall consider the following hypothesis:
1. Mini-superspace : to deal with the mathematical problems of the Wheeler-DeWitt equation;
2. Internal time : to deal with the problem of time in quantum gravity;

3. Bohmian mechanics : to deal with the problem of interpreting the wavefunction of the uni-

verse;

We shall now apply such considerations to a flat homogeneous and isotropic universe that con-
tains a single perfect fluid with equation of state (1.30) and constant w. Imposing such conditions on
the metric, we have that V; = 0 due to isotropy, and N = N(t), h;; = a*(t)d;; due to homogeneity and
flatness.The ADM metric (2.56) then simplifies to

ds? = =N (t)2dt? + a*(t) (dz? + dy? + d2?) (2.65)

since the spatial sections satisfy > = R3, we have that ®)R = 0. We now couple geometry to a single

perfect fluid**, by adding the following matter Hamiltonian

1+w
p
HMzN(c ¢ )

a3w

. . 1+3 .
where D 18 the momentum conjugate to (b, andc=1 / (w\/§ ’ wn“w) is a constant, for one assumes
that the fluid satisfies the equation of state p(p) = wp, and n = 5 (1 + 1/w).

We also introduce the following canonical pair of variables, in terms of a canonical transforma-

tion:
T = 1l ¢ ,
c(1+w) py
I = epg™
The total Hamiltonian becomes, explicitly:
HTZH()-’I-HM, (266)
2 11
HT:N(——“+—T), (2.67)
da a3V
where
L
I, = 8_ : (2.68)
oa

24To couple the fluid to the metric in the Hamiltonian formalism of GR, one first needs an action principle to describe
fluids. This is explored in [1] which presents a method to describe a perfect fluid in terms of a scalar field ¢.
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is the canonical moment associated to the scale factor. Note that 1, appears linearly in the Hamilto-
nian, and that its classical equation of motion is given by

. N
T —

_a3w7

so that 7' > 0 which means that T is a monotonic function of classical time. Due to such reasons,
we can consider 7' to be a time variable, and write a Schrodinger equation using it as a parameter.
Here, an important note is in order: although the variable 7' is not connected to our intuitive notion
of time, one should bear in mind that time is essentially an always increasing quantity that measures
successions of events>. Hence, this variable fills the same role, although it does not cope with our
intuition?®.

Performing canonical quantization, we begin by promoting the classical variables to operators

that satisfy the canonical commutation relations:

[a,10,] =i,
[T, 107]=il,
we then follow by choosing the representation?’
. - e,
a¥(a,T) =a¥(a,T), I,Y(a,T) = —za—\ll(a,T) :
a
TU(a,T)=T¥(a,T), I 0(a,T) = —ia%\lf(a,T) ,

and we obtain the following Wheeler-DeWitt equation for the wavefunction of the universe ¥ (a,T)):

0 1 0 0
- — (Bw-1) 7 (Bw-1) 7
zaT\IJ(a,T) 1 {a 5 [a 5’@]} V(a,T), (2.69)

where a specific operator factor ordering was chosen?®. By performing the change of variable

2q2 (1)
=— 2.70
=3 (1-w)’ 2.70)
we obtain a simpler form
9 U(q,T) 1—82 U(q,T) (2.71)
/L = — .
or T 4 0q? &)

which has the form of a time reversed free particle Schrodinger equation.

230r, more precisely, coincidences of events. For instance, if one says that an apple fell at 9 AM, then it just means that
the apple fell exactly when the pointers of the clock pointed to 9 AM.

26Tt should also be pointed out that this is not the only choice of time, since the Problem of Time is not yet solved.

2THere, it is important to emphasize that, while we do choose this representation, 7' is treated as parameter, and not an
observable. This means that the wavefunction will be normalized with respect to a, but not with respect to 1", which will
define the unitary evolution.

28The choice was based on preserving the symmetries of the classical system in the quantum one.
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Here an important observation should be made. Since a > 0 at all times, the Hilbert Space asso-
ciated to this problem is the space of square integrable functions defined on the semi line {z € R|z > 0}.

To ensure that the operator I1, is Hermitian when acting in such Hilbert Space, the condition

Ur— -

( ov 8\11*) 0
dq dq S

q

must be satisfied?”. Such condition is fulfilled by the gaussian state

Uo(q,0) = (%)1/4 exp{—q—Q} : (2.72)

TB

which has the advantage that its functional form is preserved by the associated propagator. Therefore,
we shall take (2.72) as our initial condition. Applying the propagator, the wave function at an arbitrary

instant 7" is given by:

1/4 _
8TB 4 TBCL?’(l w)
Y(a,T)=|———| exp|-= 2.73)
(a,T) [w(T2+T§)] p[ 0 (T2 + T2) (1-w)°

4 Tga3(1-w) 1 T
Xexp {—i —— Ba 5 + ~arctan (—B) _r } ) 2.74)
9(T2+TE2;)(1—M) 2 T 4

Using the Bohmian interpretation of quantum mechanics, one can extract trajectories from the

phase of the wavefunction. To do so, one needs to solve the guidance relation (2.64)

da a(3w—1) @

dT 2  Oa’

(2.75)

which was obtained by choosing the gauge N = a3 —> T = 1. The solution is the associated scale

factor )

2 % T-w
a(t) = ap [1+(T£B) ] o , (2.76)

where ap appears as an integration constant and represents the minimum value for the scale factor.
Note that a(t) # 0 for all values of ¢. Therefore, this model is non-singular and represents an eternal
universe.

The integration constant ap is a free parameter of the theory and must be fixed by observations.
It also fixes the energy scale of the bounce, which is usually assumed to be higher than the Planck
energy, where more complex quantization techniques may be needed. In comparison to scalar field
inflation, this theory has less freedom in the following sense. In the former case one has the freedom
to select an arbitrary function V' (¢) of the field*°, while there is only an indeterminate constant ap in

the latter. However, this model evokes quantum gravity and other assumptions, so that it deals with

»Such condition follows from discarding a boundary term when analyzing the hermitean condition (u|IT,v) = (uf[2|v)
39To be more precise, in slow roll inflation, the predictions depend only on the slow roll parameters ¢, §, and not on the
specific form of the potential [47].
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physics that are poorly understood in comparison to inflation, which is based on usual Quantum Field
Theory applied to a scalar field.

We conclude this example by pointing that, as in inflation, one may consider perturbations
around the background and derive the spectral power index of such perturbations. For a fluid with

equation of state p(p) = wp, it is given by [1]

12w

ng=1+ ,
1+ 3w

2.77)

and one can see that an nearly scale invariant spectrum is obtained in the limit w — 0, that is, an
approximate dust equation of state. To obtain such power spectrum, one imposes boundary conditions
in the distant past, when the physical scales of the universe were much larger. In such regime, the
universe had a very low temperature, which enables one to consider a vacuum state as the initial
state for perturbations?!. Again, we see that quantum cosmological perturbations*?> demand an initial
vacuum state to be described and to obtain their associated two point functions.

Now, a brief recap: bouncing cosmologies solve the fine tuning problems of the cosmological
standard model by assuming a contracting period for the universe, which also leads to a causal ex-
planation and predictions for the structure formation and the CMB power spectrum. It also solves
the singularity problem by construction but, while inflation usually demands one to consider unob-
served fields, bouncing cosmologies need to consider exotic types of matter and/or new Physics such

as quantum gravity, which gives one a lot of freedom.

2.4 COSMOLOGICAL PERTURBATION THEORY

In this section, we develop the theory of cosmological perturbations based on the usual Bardeen
approach [56]. As we have seen, one needs to consider perturbations around a homogeneous and
isotropic universe to explain the growth of large scale structure and the temperature fluctuations of
the CMB. However, Standard Cosmology cannot appropriately do so due to the before mentioned
Problem of Origin of Perturbations (subsection 1.4.3). Hence, we choose to first develop the infla-
tionary and bouncing paradigms before perturbation theory. Then, by combining such paradigms with
perturbations, one is can make definite predictions about the CMB power spectrum.

We start by formally defining what we mean by perturbations and also their gauge invariance.
To do so, first remember that a spacetime is a manifold M with a pseudo-riemannian metric ¢,
defined on it. When we consider perturbations, we fix the manifold, but change the metric so that we
are dealing with two space-times: the "true" physical space-time (M, g,;), and we compare it with a

fiducial unperturbed space-time (M, g,;). The perturbations dg,; are then defined by

5gab =JGab — gab )

31In this paradigm, quantum vacuum fluctuations emerged in the distant past, and all scales were shrank to such small
scales.

1t is also interesting to point out that the presented bohmian interpretation also explains why we see a classical
universe nowadays while the perturbations started in the quantum regime, which is an unsolved problem in inflation [1].
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and can effectively be treated as a rank 2 tensor field defined on the space-time (M, g.;). We also
assume that the perturbations are small §¢g/g < 1, which is more formally explored in [57]. Note that,
since we introduced the fiducial spacetime (M, g4 ), our definition of perturbation dg,;, contains an
intrinsic arbitrariness, which is discussed below.

Since the manifold M is the same for both spacetimes, they should preserve their structure
under a diffeomorphism. However, note that there is a difference in applying such diffeomorphism
on the physical spacetime and on the fiducial one. In particular, consider two tensors T“l'"“’glmbl and
T“l”'a’glmbl , defined on the fiducial spacetime and the physical one, respectively. Then, by applying a
local, infinitesimal diffeomorphism parametrized by a vector field £ on the background, such tensors

transform as

Talmall?h.bl g Talma]ZL..bl + "%Talmaa---bl ’ (2.782)
Ta1...a;l€)1mbl — Taln-alzlmbl , (278b)

where we considered only the first contribution of the expansion of T“l“‘“’glmbl. From here on, we
will consider only the first order contributions. Note that, since the diffeomorphism was applied on
the background, the physical tensor does not transform. If, however, one applies a small general
coordinate transformation generated by a vector field £ on the physical spacetime (M, g, ), one gets

Ty = T+ BT 275
Talmallc)l...bl - Talma}fc)l...bl + %Talmalzlwbl ’ (279b)

so that both tensors are transformed. Then, one can also combine both transformations to yield:

Tal.“allc)l...bl - Tal.“alzl...bl + G%E"'Efal.“allc)l“.bl ) (280a)
E T T A 7 A (2.300)

Now, consider a perturbation on such tensor, 5T“1"'a’glmbl = T“l'”a’ljlmbl —T“l'”a’gl._'bl . The perturbation

then transforms as

R (Talmalzl..‘bl + %Tal...ailmbl) - (Talmallcn...bl + %%Talma’;n...bl) , (2.81)
o (T =T ) =T (282
~ 5Ta1...a}l€71mbl _ ofgffllmailmbl . (2.83)

Here, it is interesting to note that the same result could be obtained by considering £ = —¢ directly
from the beginning, yielding:
7ai...a 7ai...a
T ' I;)l...bl - T ' ];71...171 ?
ay...a ai...a maj...a
5T ' 1;71..1)1 - 6T ' I;)l...bl - O%T ' Zl...bl :
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This is a very convenient choice, for the background quantity maintains its funcional form when such
transformation is applied. Hence, we define a gauge transformation as the combination (diffeomor-
phism @ coordinate) for which ¢ = —£. This transformation has different effects on the background
and physical objects, and is identified with an approximate symmetry group induced by the pres-
ence of an extra strucutre, namely the fiducial spacetime (M, g,;) which is compared to the physical
spacetime [58].

We now focus on perturbations on the metric tensor g,;. Due to (2.81), it transforms as

Gab = Gab + Dg/ﬂfgab . (285)

One then sees that the perturbations on the metric are equivalent up to a Lie derivative. Hence, one
must define gauge invariant objects to study observables. Otherwise, one may find objects that are
coordinate/gauge dependent.

We now avail the explicit gauge transformation for g,;, in the case of a FLRW background.

Since the diffeomorphism is parametrized by £¢, the p-th coordinate transforms as

PNy (2.86)

FLRW

Using gap = Gab + 0gap for the case of g, = g 7", the perturbed line element in conformal time can be
expressed by

ds? = a?(n) [(-(1 +2A)dn? + 2B;dnda’ + (735 + hij) dz'da? ] (2.87)

where due to the background isotropy, we parametrized the metric using

1
A = _ﬁé‘g()o? (2883)
1
1
hij = Eégij7 (2880)

which transform as a scalar, vector and rank 2 tensor under spatial rotations, respectively. This
parametrization is useful because the variables are defined in terms of representations of the back-
ground rotation group. However, this will not be the case for an anisotropic background.

We now focus on the flat FLRW case, for which «;; = 6;;. Generally, one imposes that pertur-

bations decay at infinity. With such condition, one can parametrize the perturbation modes as

B; = 0,B + B;, (2.892)
hij = 2051] + 2618]E + 28(1E]) + QEU , (289]3)

if the following constraints are satisfied [58]

0'B; =0, (2.90a)
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OE, =0, (2.90b)
O'F;=0. (2.90¢)

With such parametrization, we have the following types of SVT (scalar-vector-tensor) modes:
1. Scalar Modes: A, B,C, E ;
2. Vector Modes: B;, E; ;

3. Tensor Modes: Ej; ;

and each type of mode carries:

1. Scalar Modes: 1 degree of freedom per mode, with a total of 4 (4 modes);

2. Vector Modes: 2 degrees of freedom per mode (they are divergence free), with a total of 4 (2

modes);

3. Tensor Modes: 2 degrees of freedom per mode (divergence free and null trace), with a total of
2 (1 mode).

So, we have a total of 10 degrees of freedom, which shows that this parametrization is indeed general.
However, due to the gauge invariance (2.85), not all modes are physical: some of them are coordinate
dependent. We now proceed to construct the true degrees of freedom of our system: those that do not
depend on the gauge.

We begin by considering an infinitesimal diffeomorphism z# — x# + £#. We then see that
the components h,,,, are not gauge independent. Using the Lie derivative -Z;gq, = Vo + Vs, and

decomposing the components £/ as

£ =T(z,m), (2.91a)
£ =0'L(Z,m) + L'(%,n), (2.91b)
we obtain the following set of transformations for each mode:

1. Scalar Modes

(aT)’

A> A=A+ —, (2.92a)
B->B=B-T+L', (2.92b)
C—>C=C+HT, (2.92¢)
E-E=E+L, (2.92d)

(2.92¢)
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2. Vector Modes

B > B =B+L" (2.932)
E'5> E'=F'+ L', (2.93b)
3. Tensor Mode

and we see that, apart from the unique tensor mode, the perturbation modes are gauge dependent.
At this point, one can see that, by appropriate linear combinations of the SVT modes, one may
define quantities that do not transform when a gauge transformation is applied. Hence, from the SVT

modes, we define gauge invariant variables known as the Bardeen Variables as>*

1. Scalar Modes

®(Z,7) 5A+é[a(B—E)]', (2.95a)
U(#,n)=-C-H(B-E'), (2.95b)

2. Vector Modes
(I)i(i', n) = B - EV. (2.96)

Such variables are gauge independent. In practice, one selects a particular gauge and performs
calculations on it. However, one can always transform between gauges by the use of the above
transformations. A gauge is then defined by imposing conditions on the SVT modes or on the matter

variables, and some common options are:

1. Newtonian Gauge

This gauge is implemented by the following choice of vector field £ in terms of the modes,
T=B-F, L=-F, L' =-B", (2.97)
which implies the following constraints for the transformed modes
B - B=0, E—-FE=0, B'—= B'=0, (2.98)
so that the line element takes the form

ds? = a*(n) {(-(1+24)dn?* + [(1 +2C) &;; + 20 Ej) + 2E;; | da'da’} (2.99)

3 There is no need to introduce a Bardeen Variable for the tensor mode, which is already gauge independent by con-
struction.



73

and the Bardeen Variables are simplified to

b=A, U =-C, o' = BV ; (2.100)

2. Synchronous Gauge

This gauge is implemented by the following choice of vector field £ in terms of the modes,

(aT) = -aA, L'=T-B, , (2.101)

which implies the following constraints for the transformed modes
A—A=0, B - B=0, B - B' =0, (2.102)
so that the line element takes the form
ds® = a®(n) {=dn? + [(1 +2C) 6;; + 20,0, E + 20, B}y + 2E;;| dv'da’} (2.103)
and the Bardeen Variables are simplified to
(aE)’

O =- . U=-C+HE, & =-E' (2.104)

a

It is important to emphasize that, although the Bardeen Variables assume a definite form in each
gauge, they do not depend on the gauge itself. After transforming from one to another, they retain
their exact form, as can be shown by explicitly evaluating their transformation law using the relations
(2.92) and (2.93).

Now that we have defined gauge invariant quantities, we can proceed to analyze dynamics using
the perturbed Einstein equations, which we shall do using the Newtonian Gauge**. To simplify our
discussion, we shall only consider the classical Einstein equations for the moment, and we shall
couple the geometry to a homogeneous scalar field ¢(¢) with inflation in mind. Such field is then

perturbed to

o(n) = d(n) +d0(Z,m),

from which we introduce yet another gauge invariant quantity
X=00+(B-E)¢,

which is also gauge invariant. After a lengthy calculation, we get the following tensor components:

3*We choose this gauge instead of the synchronous because, while the newtonian gauge is completely determined, one
still has the freedom in introducing an arbitrary function in the synchronous gauge. However, the newtonian gauge is not
free of issues, since it is not a valid gauge in some bouncing models, as discussed in [57], but those shall not be of concern
in this section.
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1. Einstein Tensor
a?0GY = 6H2D + 6HT' - 2v2 T (2.105a)
1
a’6G% = —20; (V' + H®) + §v2q>i, (2.105b)
a®0G’ = 90; (¥ - @) + 6, [20" + (2H? +4H) @ - V2 (U - D) + 4H V' + 21 ']

+ 0% 0Py + 2H* O )y + EY + 2HEY - V2B ; (2.105¢)

2. Stress Energy-Tensor

a?0TY = -¢'x' — a*Vyx + P, (2.106a)
a?0T? = -0; (¢'x) , (2.106b)
a’0T"% = - (2@ + a®Vyx - ¢'x') 0 . (2.106¢)

Now, one can write the Einstein equations for the perturbations. For an isotropic background,
the SVT modes decouple between themselves, that is: scalars are only coupled to scalars, vectors to
vectors, and tensors to tensors.

Before analyzing the equations for each mode, note that the (7, j) component of 5T§. is diagonal,
and depends only on scalars. The scalar mode contribution of the tensor 4G*; has only one non-

diagonal part contribution, which is 0'0; (¥ — ®). This means that we have a constraint
00, (¥ -®)=0, (2.107)

which, if combined with the boundary condition that the perturbations decay at infinity, forces the
constraint & = W, which simplifies calculations. We now proceed to briefly discuss the dynamics of

each type of mode separately.

1. Scalar Modes

Scalar perturbations generate scalars in the late universe, such as temperature perturbations on

the CMB and galaxies. Their equations of motion are given by

V2D - 3H (&' + HO) = g(¢’x'+a2V¢X—¢¢'2), (2.108a)
(b l4
(@®) _ £y (2.108b)
a 2
"+ 3HD + (H*+2H') ® = g (¢'X' - ¢"® - a’Vyx) , (2.108c¢)

and one can see that (2.108b) is essentially a constraint between x and P, so that we only have

one degree of freedom: ®(Z,t). We also have an additional equation, which is the perturbed
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Klein-Gordon equation

(a?¢")'

a?

X+ 2HY - Vi +a*Vgex =2 P +4¢'D" . (2.109)

By combining (2.108a) with (2.108c¢), and utilizing the background Klein-Gordon equation in

conformal time, one obtains a dynamical equation for the remaining degree of freedom:

@”+2(7—[—¢—)¢’+[2(H’—H¢—)—V2]¢>=O. (2.110)
¢ ¢
2. Vector Modes

Vector perturbations generate vectors in the late universe, such as velocity perturbations on the

motion of galaxies. Their equations of motion are given by

V20; =0, (2.111a)
D+ 2HD; =0, (2.111b)

and, analyzing (2.111b), one sees that vector modes decay in an expanding universe. More

precisely, direct integration leads to
®(2,n) =C;(2)a,

where C;(Z) is an integration function that depends on the chosen boundary conditions. This
means that one needs to suppose large initial conditions for such modes to be detected nowa-
days. In fact, (2.111a) puts a much stronger constraint: the only solution compatible with the
boundary condition %Lrgo C;(Z) = 0 is the trivial solution C;(Z) = 0 V Z, so that we shall not

discuss vector modes any further?>.

3. Tensor Modes

Tensor perturbations essentially generate tensors in the late universe, such as gravitational

waves. Their equation of motion is given by
B +2HE], - VE;; =0, (2.112)

and it is usual to denote E;;(Z,n) as describing primordial gravitational waves.

The perturbative equations can then be solved using standard techniques, and the fields can
be expanded in terms of a complete basis {v;} of functions. The next step in order to describe the
spectrum of the CMB in terms of vacuum fluctuations is to quantize such perturbations. This could

be achieved by applying canonical quantization to the fields expanded in the basis {v;} as shown in

30f course, the same would not apply to bouncing universes.
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subsection 2.2.2. However, to do so, we also need the canonically conjugated momentum of the field,
which in turn can be obtained from the action.

At this point, one can try to guess the action in terms of the equations of motion. However, this
would lead to an incorrect action, and hence a wrong momentum [9]. What one should do is the labo-
rious calculation of expanding the Einstein-Hilbert action up to second order®¢ in the perturbations.
Only then one can properly identify the momentum and quantize the system [59].

It is also important to emphasize that, in inflationary models, one can just consider the clas-
sical Einstein-Hilbert action, and some terms vanish due to the classical equations of motion. This
was analyzed in detail in [59]. However in quantum bouncing models, one cannot use the classical
equations of motion, which makes such calculation even harder. This was also analyzed for FLRW
backgrounds, and the main results can be found in [60].

To simplify our discussion, we skip the calculations and present the second order action for a
classical FLRW metric coupled to a single scalar field. In future sections, we shall elaborate more on

such action. Initially, we introduce the variables

v=2zR, (2.113a)
a@’
S 2.113b
= ( )
M2
1i; = TplaEij : (2.113c)

which are known as the Mukhanov-Sasaki variables, and R is given by

qu>+ﬁ(q>'+m>). (2.114)

K ¢/2

We also decompose the tensor ;5 in terms of the x and + polarizations of gravitational waves:

Hij = Z MA%AJ» 5?3'63]; =0
A=X,+
and the second order action becomes [9]
2 _ 1 2 AT 12 ! a’ 4 35
5@ = 2 / ()2 = 0wdiv+ 02|+ 3 | (uh)? - Ouadlpn + g2 |V dPzdn.  (2.115)
z Aoxot a

Variation of (2.115) provides the following equations of motion in Fourier space

v,;'+(k:2—%)vk -0, (2.116a)
W+ (k2 - %) Jink =0. (2.116b)

3This happens because the Euler-Lagrange equations lower the order of the Lagrangian by 1, so that, to get linear
equations of motion, one needs a quadratic Lagrangian. E.g. : harmonic oscillator.
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Such equations present the interesting property that they are decoupled, that is: there is no interaction
between modes of different wavenumber, nor between scalar modes and tensor modes. However, this
property will not hold in the anisotropic case.

The next logical step is to quantize such perturbations and compute its power spectrum to gen-
erate the CMB spectrum. However, as already mentioned, to do this, one needs to define a vacuum
state for the field in order to impose vacuum boundary conditions.

In the previous case of a homogeneous field evolving in De Sitter space analyzed in subsec-
tion 2.2.2, one could define a vacuum by demanding that the analytic solutions recovered the usual
plane waves of a Klein-Gordon field in Minkowski space. However, this cannot be done in the general
case, for analytic solutions may not be available, or the small wavelength limit of the modes {v; } may
be non-trivial, or even undefined.

Due to the aforementioned reasons, we delay the quantization of the perturbations for the mo-
ment. Before we do so, we shall analyze how to define a vacuum state in curved space-time, which
demands knowledge of Quantum Field Theory in Curved Space-Time and is a very non-trivial task,
for one does not have an unique prescription to define a vacuum state in general space-times. After
we develop such formalism, we shall return to the problem of quantizing cosmological perturbations

and compute its associated power spectrum.
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3 QUANTUM FIELD THEORY IN CURVED SPACE-TIME

In this chapter, we discuss Quantum Field Theory in Curved Spacetime in order to properly treat
the quantization of cosmological perturbations, which can be treated as quantum fields defined on an
expanding background spacetime. We start by discussing the usual Canonical Quantization procedure
in section 3.1, where we appoint the vacuum determination problem. We then proceed by analyzing
the vacuum determination of quantum fields in Minkowski spacetime in section 3.2 and then FLRW
spacetime in section 3.3, where we emphasize that there are multiple vacuum choices available for

each case.

3.1 CANONICAL QUANTIZATION

As is well known, we have yet no definitive theory of quantum gravity. Quantum field theory
in curved spacetime was developed as a response to such problem. It is characterized by considering
the semiclassical approximation where all other fundamental fields are quantized, but the background
gravitational field/spacetime geometry is classical [61], and is currently the most solid framework to
treat (semiclassical) gravitational effects on quantum fields [62].

Such considerations were able to predict new effects that are expected from a theory of quantum
gravity, such as cosmological particle creation, first considered by Parker (1969) [63], black hole
radiation, also known as Hawking radiation, first considered by Hawking (1975) [64], and also the
Fulling-Davies-Unruh effect, discovered by Fulling (1973), Davies (1975) and Unruh (1976) [65-67].

To develop our formalism, we consider the quantization of a free scalar field, which is described

by the action
1
S = —5/,/_—g(va(bva¢+m2¢2)d4x, 3.1)

and satisfies the covariant Klein-Gordon equation
0¢=0,

where O = V*V,.! To perform calculations, this equation can be represented in a coordinate system

and assumes the form )

V-9
where ¢ is the determinant of g,;, and such expression follows by direct application of the operator
VIV -

One of the main problems of quantum field theory in curved spacetime is the vacuum deter-

oM (V/=90,¢) +m*¢ =0, (3.2)

mination problem, or representation problem. In order to understand it, it is interesting to consider

the quantization of a simple quantum system: a harmonic oscillator. In Canonical Quantization, one

"We emphasize that the presented results can be generalized to other types of fields: vectors, spinors, tensors, etc.
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usually takes the following steps [53]:

1. Classical Dynamics: write the classical Hamiltonian

21
H(z,p) = ép—m + §mw2m2 :
2. Quantum Observables: promote the canonical variables x, p to operators that will be the ob-

servables of the quantum theory, and map the classical Poisson brackets to commutators:

xap%:i.?ﬁ;
...
{x7p} - E[xap]7

which ensures that [, p] = ih1, an identity that is known as the canonical commutation relation;

3. Representation: the above algebra does not inform one how the operators act on quantum states
|u) € H, where H is the Hilbert space, and hence how to calculate observables. Therefore, one
now needs to define a representation for such algebra i.e. the way the operators act on physical

states. In quantum mechanics one usually chooses the representation

£¢u(x) = ZL’@ZJU(Z‘) )
i) = i (o),

where 1, () = (z|u) is the systems wavefunction and |x) is an eigenstate of the position opera-
tor 2. Hence, the observables are well defined as eigenvalues of the operators z, p and one can

extract physical predictions;

4. Dynamics: using the choosen representation, one can define dynamics either through the

Schrodinger picture, where the state |u) € H evolves according to the Schrédinger Equation:

0 N
ih@ lu) = H |u) ,
where H = H (z,p), or using the Heisenberg picture, where the operators A evolve according

to the Heisenberg equation: A X
dA 1 . ~ 0A

E_E[A’H]JFE' (3.3)

The above construction is the usual one taught at undergraduate level quantum mechanics. How-

ever, note that the quantum states |u) belong to a Hilbert space H, which was never explicit in the

presented construction. One then is lead to the question: how does one construct the Hilbert space
associated to a quantum theory, starting from its classical counterpart?

The answer lies in one imporant theorem: the Stone Von-Neumann theorem [68]. It guaran-

tees that, provided the classical theory has a finite number of degrees of freedom, and the quantum
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operators follow the canonical commutation relation
[%,p] =ihl, (3.4)

then all representations of such algebra are equivalent up to a unitary transformation. In other
words, the choice of Hilbert space H is irrelevant: one can choose an arbitrary space for which (3.4)
is valid.?

In the case of the simple harmonic oscilator, there is an interesting choice of Hilbert Space.

Start by defining the usual creation and annihilation operators by

. mw (. . P

a__Qh (x+z—mw), (3.5a3)
AT:mw(A_. D )
a STy z Z_mw , (3.5b)

which satisfy [G,a"] = 1 due to the canonical commutation relation (3.4). One can then show that,

when such operators act on energy eigenstates |n), we get:

aln)=nln-1), (3.6a)
a'ln)=Vn+1n+1), (3.6b)

hence, an arbitrary energy eigenstate [n) can be constructed by sucessive applications of the creation

operator & on the vacuum state |0):
_@y
Val
and, since the Hamiltonian H is assumed to be Hermitian, the {|n)} form a complete basis of the
Hilbert space H.

To construct the Hilbert space, one can then proceed as follows. Start by postulating the ex-

) 0}, (3.7

istence of the vacuum state |0) such that a|0) = 0, for which the energy eigenstates can be defined
by (3.7), and then define H as the space generated by {|n)}. This is a valid Hilbert space, and all
other choices are equivalent up to a unitary transformation due to the Stone Von-Neumann theorem.
Another, more formal construction can also be found in [68].

The discussion can be straightforwardly generalized to systems with /N degrees of freedom,
labeled by ;. In this case, each oscillator will have an associated creation and annihilation pair a;, d:,

with each of them annihilating the vacuum

a;|0)=0 Vi, (3.8)

21t is irrelevant in the sense that the physical predictions are the same, no matter the choice of #. Different choices
will differ only by an unitary transformation, which preserves both the eigenvalues and probabilities.
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and the energy eigenstates are defined by

N (d;)ny
~27_ |0}, 3.9
]1'{ N 10) (3.9)

with the Hilbert space being defined as the space spawned by such states.

|TL1,TLQ, ...,nN)

In quantum field theory, the situation is very different: since in field theory one deals with sys-
tems that have an infinite number of degrees of freedom , the Stone Von Neumann theorem no longer
applies.® Hence, distinct and non-unitary equivalent representations of the canonical commuta-
tion relation can exist.* For the case of harmonic oscillators, one can still define a representation by
choosing a vacuum state and construct the energy eigenstates (3.9). However, such vacuum choice is
inherently ambiguous, as we will show in the next section by treating a simple case: the quantization

of a free scalar field in flat spacetime.

3.2 MINKOWSKI SPACETIME

The Minkowski spacetime is a rather simple spacetime, which is defined by the pair (R*,7,,),

where 7, is the Minkowski metric. Using inertial coordinates’, the line element can be expressed by

ds? = g, datde” = -dt? + dz? + dy® + d2?,

and one readily sees that, in this coordinate system, g = —1, and the Klein-Gordon equation (3.2)
reduces to
_P e mie=0, (3.10)
ot?

where the field is a function of both space and time, ¢ = ¢(z,y, z,t), and V? = 9?0;.

In the Minkowski spacetime one has a rather large set of symmetries that connects inertial
observers, which are described in terms of the Poincaré Group. Therefore, one is able to define a
vacuum state using that class of privileged observers and hence a Hilbert space that is preserved by
the spacetime symmetries. However, as we shall show, this is not the only vacuum choice available
for Minkowski spacetime, and one demands physical arguments to select a preferred vacuum state

and hence a representation of the quantum theory.

3.2.1 Mode Expansion and Bogoliubov Transformations

In this section, we shall present an alternative quantization procedure that makes explicit the

vacuum choice of a theory. However, before we quantize our field, we need to solve the classical field

3This happens because, since fields are functions of the position #, one may decompose them in terms of (countable)
infinite basis of functions, with one degree of freedom per basis function.

4If the representations do not differ by a unitary transformation, physical predictions will in general be different.

SThis choice of coordinates is valid because the Minkowski spacetime is maximally symmetric, and admits a set of
four global commuting Killing vectors fields &,.
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equation (3.10). The calculations are simplified by applying a Fourier transform, where one writes
the field as

gb(?,t):Wf(qbk(t)ei%":)d?’l%, (3.11)

and the fact that the field is real implies (¢3)" = ¢_4.0

Substituting in (3.10), and using that in Fourier space V2 — —k?2, one obtains

d2

(1) + (k* +m?*) gi(t) =0, (3.12)

and the original field equation is now decoupled into a set of infinite differential equations of the form

d2

where w; = k% + m?. One then sees that a free relativistic scalar field is equivalent to a set of infinite
harmonic oscillators: one for each k. Hence, the Stone Von-Neumann theorem need not apply, and
there is an arbitrariness in defining a representation of the canonical commutation relation, which is
equivalent to choosing a vacuum state. Also, we emphasize that the previous discussion was carried
by analyzing the field in inertial coordinates, which are preferred in Minkowski spacetime.

We now proceed to quantize the field and define a vacuum state as perceived by the inertial
observers. Since our field can be described by a set of infinite harmonic oscillators represented by the
variables ¢y (t), we shall proceed to quantize each oscillator by following the same steps presented in

section 3.1.

1. Classical Dynamics: we first express our Hamiltonian in terms of the variables ¢;. By direct

substitution of the Fourier transform (3.11) in the action, one obtains
1 — ) .
S=5 [ (dudos-wtonon) dkt,

from where one identifies that the total Lagrangian such that S = [ Ldt is given by the sum of

. fﬁkdi”l}:,

Ly = % (Pro-r. - widnd-i)

each oscillators Lagrangian:

the associated momenta are then obtained as in standard classical mechanics:

oL,
=9k _ 4 3.14a
T 90 Gk ( )

oLy .
=k g 3.14b
k 9 o ( )

®When a Fourier transform is performed in R?, the respective Fourier space is also given by R?, and each mode must
be identified by a vector k € R3. However, to simplify our notation, we omit the arrow in the indexes: ¢; — ¢x.
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and the total Hamiltonian H is given by a sum of each oscillator’s Hamiltonian
H-= f Hod%F |

where the H}, are obtained in terms of a usual Legendre transform:

Hy, = Ton — Ly, (3.15)
. 1,. .
= Tk = 5 (Gkd-k — widnd_r) (3.16)
1
=5 (TRm_s, + Widkd-r) ; (3.17)

. Quantum Observables: we now promote each ¢, 7, to quantum operators ngﬁk, Tk, wWhich rep-

resent our physical observables and satisfy the commuttion relations:

Dr T~ Dps T (3.18a)

[fn, 7] = %5(1%”2:'), (3.18b)
1

[, O] = [, T4 ] = 0, (3.18¢)

where the ¢ function is the continuous analogue of ¢;;, and its argument is k + k' due to the fact

that the momentum canonically conjugate to ¢y, is 7 = g'b_k, as can be seen in (3.14);

. Representation: we shall now construct a Hilbert space in a similar fashion as the one pre-
sented for the simple harmonic oscillator. To do so, we first need to define a vacuum state.
Hence, we introduce creation and annihilation operator pairs d;, ay for each oscillator ¢ with

momentum 7 in the standard way:

. [Wr (2 i,
ag = ﬁ(¢k+w—k7ﬁc)a (3.192)

. Wy [~ v,
a) = ﬁ((b’f—w_f’“)' (3.19b)

Now, we postulate the existence of the vacuum state |0) and demand that it is annihilated by all

annihilation operators a:
ap0)=0 VEk. (3.20)

The energy eigenstates are then constructed by successive applications of the creation operators
dz as in (3.9):

()"
In1,na,...) = [[|—2=|]0) (3.21)

j=1 nj!

and the Hilbert space is defined as the space spawned by the kets |[ny, no, ...);
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4. Dynamics: dynamics can be defined both in the Heisenberg Picture or the Schrédinger Picture,
but the Heisenberg one is the most commonly used for quantum field theory, and hence is the
one we shall focus [69].

Our main objective is to obtain the time evolution of quantum field . To do so, it is useful
to first obtain the time evolution of the creation and annihilation operators, which we do by

applying the Heisenberg equations. Note that each oscillators Hamiltonian can be expressed by
X 1
Hk = hwk a, Qg + 5]1 R (322)

which follows by substituting (3.19) in the Hamiltonian (3.15). Therefore, the Heisenberg

equations become, explicitly

ay
— = HlWa
dt ke
day, o
— = —lWiag
dt ’

which are operatorial equations, but can be solved in terms of ordinary differential equations

by representing the operators ay, d; on a basis. The general solution is then given by

&};:(t) — €+z‘aukzt&z7

&k(t) = €_iwkt&; s

where the a; are time-independent operators that act as initial conditions.

Finally, note that, by inverting (3.19), one obtains

~ h

o=\ 5 (ax +af) (3.252)

1 [
Fi= = Q—C%(ak—ak), (3.25b)

so that one can reexpress the quantum version of the Fourier transform (3.11) as

Q= 1 h ik —iwpt A= =ik gt A+ 7.
o(7,1) :Wf\/Q—wk(em e wrtg, + e ke k’tak)d?’kz, (3.26)

which fixes the field evolution and concludes the quantization procedure.

In the above construction, one sees that an appropriate Hilbert space was constructed in terms of
the vacuum state |0), which in turn was specified in terms of the creation and annihilation pair d;, Qag.
However, an important assumption was not explicit in such construction.

By direct analysis of (3.26), one sees that it is essentially the general solution of the classical

field equation (3.10) expanded in terms of plane waves e/, /w;. However, one could also expand
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the general solution in terms of other functions. For instance, consider an arbitrary solution of the

classical field equations
V(1) = ;f (Agee™st + Byert) (3.27)
%

where the notation )fk is schematic since the set {eiwkt / VWk } can be either discrete or continuous,
depending on the fields boundary conditions.” Now, let {v,} denote a set of solutions such that the
normalization condition do*

%v;(t) - vq(t)% _ 9 (3.28)
is satisfied. A set with such properties is also a valid complete basis of solutions, and functions that
belong to {v,} are called modes. In particular, substituting the expansion (3.27) in (3.28), we see that

the coefficients Ay, By, must satisfy

1
’Aqk‘Q - ‘qul2 = W_k

and this motivates the introduction of

N (3.29a)
Bak = /Wi Byk , (3.29b)

which must satisfy the normalization condition
Jovgi* = 1Bl = 1. (3.30)

Now, since one can use any mode basis {v,} to express solutions of (3.13), one can invert the

system

v = Y (A + Beint) (3.31a)
v = (Bt + et (3.31b)
to express the plane waves in the mode basis {vy }:

eriort = ¥ (Agvg — By (3.32a)

ekt = ;f (~Biyvg + Agl), (3.32b)
and, substituting in the field expansion (3.26), we obtain:

N 1 h ik7 R ) 1 A 7.
o(7,t) = @) f\ / oo (ek vp(t)by, + e~ * vk(t)bk)dgk, (3.33)

"For instance, if the field is quantized in a box of size L with periodic boundary conditions, the functions e?**/, /o
will form a discrete set.
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where we have introduced the operators

bt gf (arit - Bi™y) (3.34a)

by = gf (argiiiy — ™) - (3.34b)

Relation (3.34) defines new creation and annihilation operators ZA)i in terms of the old ones aj;.

Note that they satisfy the same algebra by construction:

[b,,051=0(G+7"), (3.352)
[b,,0,1=0, (3.35b)
[b,b51=0, (3.35¢)

as can be shown by direct substitution. Hence, one can construct another valid Hilbert space H,; by

postulating the existence of the vacuum state
by |0) =0 Vg,

and defining the energy eigenstates using the analogue of (3.21).

Relations (3.34) are called Bogoliubov transformations and connect two different choices of
creation and annihilation operators, while the «, 3, are called Bogoliubov coefficients. Since the
introduction of the new operators l;z occurred due to a change of basis (3.32) in solution space, one
can see that the vacuum choice and hence the notion of particles is intrinsically linked with a choice
of modes {v}. This formalizes the idea that "particles are modes of vibration of fields". Therefore,
different observers will have different mode choices, a different notion of "vibration", and hence

different notions of what a "particle" is. This can be made explicitly by evaluating the b-vacuum

NbE ji)}:i);,

in the vacuum determined by the operators a3, now denoted |0,) to distinguish it from |0,). Using the

particle number operator

Bogoliubov transformation (3.34), the mean particle number in the a-vacuum is then given by

(%), = O] Lo = i) ¢  lands - il 0s).

which shows explicitly the a-vacuum associated to the operators a; contains particles associated to
the b-vacuum associated to 13;, provided B, # 0.

Equation (3.33) has one more interesting use. It enables one to perform an alternative quan-
tization procedure without ever using the operators q@k, 7. To do so, start directly with the general

mode expansion (3.33) and postulate the commutation relations (3.35) for the creation and annihila-
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tion operators. This automatically implies the canonical commutation relations for the field and its
momentum (3.18), which means that it is an equivalent quantization procedure, and we shall adopt it
in our following discussions.

Now that we have completed our quantization construction in terms of modes {vy } in Minkowski

spacetime, we shall analyze two different vacuum choices:

1. Minkowski Vacuum |0,/): vacuum state defined by inertial observers;

2. Rindler Vacuum |0g): vacuum state defined by uniformly accelerated observers (with respect

to an inertial frame);

3.2.2 Minkowski Vacuum

In this section we discuss the Minkowski vacuum state, already implicitly defined in the pre-
vious section. It is the vacuum state perceived by inertial observers and is invariant with respect to
Lorentz transformations, that is: all inertial observers agree that the Minkowski vacuum contains
no particles, which is this state’s main feature [61].

First, consider the Hamiltonian density (3.15), and substitute the field and momentum Fourier

modes (3.25). One obtains a diagonal form
. PR R
- f heo, (akak " 5IL)d i, (3.36)

which is the Hamiltonian in terms of the implicit mode choice vy (t) = e**/, /. We shall now derive
this consideration from more general arguments, which will also serve as an interesting illustration of
how a mode choice may be performed.

First, consider the inverse Bogoliubov transformation obtained by inverting (3.34):

aj, = jf (ugbl + B3:b7) (3.372)

iy = ;f (azbs + Buxd™,) (3.37b)
and substitute in the Hamiltonian. One then obtains:
R A . . 1 .
H = f howp, [agﬁ,’;b;bjk + apSebpbl, + (bgb; + 51)] &k, (3.38)

— — ; ; ; —b—  htht
where we have used oy, = a_, and 3, = 5_;. Note that this expression contains cross terms b, b~, , by b*, .

Now, assume the existence of a vacuum state |0,,) annihilated by 13,; such that
b 0a) =0 VE, (3.39)
that is also an eigenstate of the Hamiltonian, that is:

H{0n) = Eo|Onr) (3.40)
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where Ej is called its vacuum energy. By direct substitution in (3.38), due to (3.39) one obtains:
& T+7+ 1 37.
H0n) = f e { [en e (B0 0a1))] + 5 10ar) | &°F:. (3.41)

Note that, since l;gl;f . [0ar) #|0a7) by construction, the proposed state |057) can only be a Hamiltonian

eigenstate if the condition

aqkﬁqk = Ov

is satisfied. However, due to the normalization condition (3.30), can only be achieved if

logr] =1 = ag = e'ak

|@qk|:0 - 5qk207

where J;, € R is an irrelevant phase factor. Substituting in the Bogoliubov transformation (3.34), we

reobtain the mode choice
1 e’iwkt ,
vV Wk

which defines our vacuum state and Hilbert space due to the standard construction (3.21). We then

oi(t) = (3.42)

see that the Minkowski vacuum is the vacuum choice consistent with minimization of the vacuum
energy. This criterium implies a choice of plane wave modes, which leads to a vacuum state that is
invariant with respect to Lorentz transformations and hence is the same for all inertial observers.

It is also relevant to point out that the vacuum energy becomes, after imposing 3 = 0 in (3.41):

~ 1 -

1 o
— E0=§fhwkd3k:,

which is divergent, since it is given by the sum of the non-trivial vacuum energy of all oscillators.
However, when coupling to gravity is not important, only energy differences are physically relevant,
and we can then subtract the vacuum energy from all energy values, which essentially amounts to

changing our zero-point energy to Ey. Hence, we redefine
Ey=0 (3.43)

which makes our calculations finite.

However, as already mentioned, the obtained vacuum state |0) is not unique, and was con-
structed by demanding minimization of energy, even though other criteria could be used to select the
modes {¢}. Hence, we shall now present another vacuum prescription, associated with non-inertial
observers, and then compare each vacuum choice to decide what should be the quantum theory Hilbert

space.
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3.2.3 Rindler Vacuum

In the previous construction, we quantized the field in terms of inertial observers, which are a
set of privilleged observers in the Minkowski spacetime, and are associated to foliations R* = R x R3
induced by the inertial observer’s four velocity u*. However, one can ask the question: how would be
the quantization of a field in the frame of a non-inertial observer?

To answer such question, we consider the case of an observer of constant acceleration. First,

due to the normalization of the four velocity
utug = —1, (3.44)

direct differentiation leads to
a®ug =0, (3.45)

a’a, = a® (3.46)

Hence, one sees that the four-acceleration and four-velocity are always orthogonal. To simplify our
discussion, let’s consider the case of a quantum field in 1 + 1 spacetime. In this case, in the comoving

frame of an observer with four-velocity u®, this vector has the coordinate representation
ut=(1,0)

hence, since relation (3.45) is geometric, one sees that, in order for it to be satisfied, the four acceler-
ation in this frame is represented by
at=(0,a).

We now proceed to quantize the field in the reference frame of the non-inertial observer. To do
so, we shall follow the following steps:

1. Trajectory : determine the trajectory of the accelerated observer as seem from the inertial

frame;

2. Accelerated Frame: using the obtained trajectory, we shall construct the accelerated comoving

frame;

3. Modes: we shall solve the wave equation and compare the modes and hence the vacuum state

in both frames.

Some calculations will be simplified if we first introduce lightcone coordinates as

u(z,t)=t-z,

v(z,t)=t+x,
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which describe left and right moving light rays, respectively. In this coordinate system, the metric is
then given by
ds? = —dudv,

which is invariant under the following transformations:

u—>U=au, (3.47a)

vob=2 (3.47b)
a

1. Trajectory

Here, we shall explicitly obtain the accelerated observer’s trajectory using lightcone coordi-

nates. To do so, note that its trajectory in such coordinate system can is given by
27(1)= (u(7),v(7)) (3.48)

which, if substituted in the four-velocity normalization (3.44) and the acceleration normaliza-
tion (3.46) leads to the conditions

u(r)o(r) = -1, (3.49a2)
i(r)i(r) = a?. (3.49b)

From the first equation (3.49a), it follows that

) 1
() m 5
0
> U = _ﬁ
and, substituting in the second (3.49b), we obtain
2
(3) —a?, (3.51)
v

which can be readily integrated, and leads to the following parametrization for the observer’s

trajectory:
A
=—e+B
v(T) e :
A
u(rt)=—-—e""+C,
a

where A, B, C' are integration constants. The one constant A can be set to 1 by an appropriate

coordinate reescaling and, by changing the coordinate system origin, one can always make the
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R

Figure 3.1: Accelerated observer’s trajectory. Source: [69].

constants B, C' vanish, so that one gets the simpler form

v(T) = —e",
1 —at
u(T) = -,

now, returning to the original inertial coordinates ¢, z:

Hr) = % (u(r) - v(7)) = ésinh(m),

() = % (u(r) + v(r)) = %cosh(m—) |

This parametrization shows that the accelerated observer’s trajectory is the branch of a hyper-
bola, as shown in Figure 3.1, with the lightcone being its asymptotes. In fact one can show
that signals from the other side of the lightcone can never get into causal contact with the ac-
celerated observer, so that the lightcone acts as an effective event horizon for the accelerated
observer [70].

. Accelerated Frame

Now that we have obtained the observer’s trajectory, let’s construct an associated accelerated
frame of reference. To do so, we shall choose a set of coordinates such that the time coordinate
coincides with the proper time 7 of our observer (because the observer feels himself to be at

rest), and another spacelike coordinate £&. We may express the metric in our accelerated frame
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of reference in conformally flat form, that is

ds? = Q*(7,&) [-dr? +d¢?] .

Now, we introduce the accelerated observer’s lightcone coordinates in an analogue way:

ﬂ(Tﬂf)ET_ga
6(7—?5)57—4'5)

and, in such coordinate system, the accelerated observer’s worldline is given by
a(r)=o(r) =1,

because, {(7) = 0, for the observer perceives itself as being at rest. Applying such consider-
ation to the line element in lightcone coordinates, we obtain that, along the worldline of the

accelerated observer
Qu(r)=7,0(r)=71) =1,

since As? = —A72,
We now turn to the task of obtaining the inertial observer lightcone coordinates in terms of the

non-inertial ones, that is

u=u(u,0),

v=ov(u,0).

However, such functions can only depend on one of the two arguments. If they depended on

both, quadratic terms like du?, dv? would appear on the metric. Hence, we may choose

u=u(t),
v=2v(0).
Now, using the chain rule
d (1) du du(T)
—u(1)= ———=
dr du dr
and, since
dii
i)
dr
d
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it follows that u () satisfies the differential equation

du_

- = —au
di

with general solution u(@) = Cye~%%, where (' is an integration constant. By similar methods,
one can obtain v(v) = Cye®, where C is another integration constant. Due to the normalization

of the four-velocity (3.49a), one obtains the following constraint for the integration constants:
CL201 CQ =-1 s

so that one can take C = —C'; without losing generality. Hence, we obtain the explicit coordi-

nate transformation

w(@) = —ie-aﬂ , (3.52a)
v(9) = ée“f’ . (3.52b)

And, in this coordinate system, the conformal factor is found to be
02 (@,9) =exp{2a(a-7)}
hence, the transformed line element becomes
ds? = exp {2a{} [-dr? + d¢?] .

Here, it is important to note that this coordinate system does not cover the entire space-time.
This can be seen by analyzing the coordinate transformation (3.52), which is undefined in the
lightcone, since v = 0 for the inertial observer. The covered region corresponds to the right
region of Figure 3.2. This region is can be shown to be a spacetime of its own, known as

Rindler spacetime which, since it is a subset of the Minkowski spacetime, is locally flat.
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Figure 3.2: Covered region of the coordinates 7, £, known as Rindler Spacetime. Source: [70].

3. Modes

Having constructed the accelerated observer’s frame of reference, we can now write the Klein-
Gordon equation in such and quantize our field. In what follows, every quantity with a tilde ~
refers to the analogue of the non inertial observer.

In lightcone coordinates, apart from a global multiplicative factor, the field equation (3.2) takes

the form
82
auav¢(u7 U) - 0 Y
02 S ) 20
aaaﬁgb(u? U) - bl

and the general solution can be written as

o(u,v) = f(u) +g(v),
o(a,0) = f(a) + (),

for which a particular solution is a right-moving plane wave:

¢(U) oc e—iwu — e—iw(t—ac)7

gb(ﬂ) oc e—iwa - e—z‘Q(T—g)7
with the respective left-moving counterparts being given by

¢(U) oc e—iwv — e—iw(t-#x)7

¢(17) o e—i&z& — e—iQ(T+§) )
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We now proceed to write the field mode expansion (3.33) in both frames:

- 1 o= [ho, :
o(7,t) = N fo o (er“ral + e a,) dw + left-moving, (3.53a)

1 o f . o
= 7 f % (e ¥bg, + e b ) dS2 + left-moving, (3.53b)
m J0

and one sees that the field is the same for both observers: what changes is the way they de-
compose the fields into modes, and hence their particle definitions. In particular, while the
Minkowski vacuum |0,,) is annihilated by the operators a_,, the operators 5;2 define another
vacuum state:

b |0R) =0, (3.54)

which is known as Rindler vacuum, and is the accelerated observer’s vacuum state.

We can now use the Bogoliubov transformation (3.34) to compare the notion of particles of

both observers, for which we write
b, = f (a0 — Be.,a5 ] dw, (3.55a)
0 bl 9
b, = f [agwil — Bawdl] dw. (3.55b)
0

Note that, since the accelerated observer’s coordinates are incomplete, the inverse Bogoliubov

transformation is not defined.

We now shal proceed to obtain the explicit form of the Bogoliubov coefficients aq ,, Sa .. We

start by noting that, compatibility of (3.55) with the commutation relation
(b5, b5y ] = 5(2- ),
leads to the constraint
5(Q-Q) = fo " [0y, - Bowfi,] dw, (3.56)

which is the generalization the normalization condition (3.30). By direct substitution of the

Bogoliubov transformation (3.55) in the mode expansion (3.53), we obtain

Vo 1 * T I D :
— wwu wu 1 f _ .
o(7,1) —\/% [0 l( 2¢ ) a; + ( 2¢ )aw] dw + left-moving, (3.57a)
L fw\ [ I {eﬂ‘ﬂﬂ [/w (ap.a - B d‘)dw] (3.57b)
/_271' 0 20) 0 Quww Quww .

e [f (aqnay, — Bawdl) dw]} dQleft-moving (3.57¢)
0



HQu * —iQu ~ 4
- w) dS2
\/27Tf V 20 29 Ao =€) ]a“
[ / (e‘muag,w ”Q“ﬁﬂw)dQ] }dw + left-moving ,
0
and, by comparing such expressions, we see that
1 +iwu _ 1 +iQU , * zQu
s ), e o) 492
1 —wu 1 -1 QU Q*
—\/U_Je = /.5 5(6 g, — et ﬁﬂvw)dQ.
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(3.57d)

(3.57¢)

(3.58a)

(3.58b)

Multiplying both sides by e**?%, and using the integral representation of the § function

5(9 _ Ql) — QL f ® €i(Q_Q/)ﬂdﬁ
T J-—00

and evaluating explictly the integral over u:

+oo —9
QoW = f e Ui gy = +—\/> (—au) =« e “du
—00

0
+00 Q
ﬁﬂ,w — f e+wu+zﬂud~

—.* 1 etwu
iy d
. 5 ( au) e u,

identifying the integrals on the left as I' functions

I'(z) = fooxz_le_xdx
0

it follows that

1 Q x0 [@Q (w)] ( @Q)
g =+—\/ —€e 2aexp In{—)|T'|- ,
’ 2ma V w a a a
1 Q =« ) ()
oy B on[ (] ()
’ 2ma V w a a a

so that, after taking the squared norm

1 Q .
lag.uf? = -,
(2ma)? w
]_ Q Qmn
2 _Qn
|5Q w| (271'0,)2 )

from which follows the relation

|aQw| _621(;&—2

|ﬁﬂ w|2

(3.59a)

(3.59b)

(3.60a)

(3.60b)

(3.61a)

(3.61b)

(3.62)
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Now applying the normalization condition (3.56) for 2 = (), we obtain

AOO (|aQ,w|2 - |6Q,w|2) dw = 5(0) )

which, if combined with (3.62) leads to

fm Bl = (¢ <1) 5(0). (3.63)
0

Finally, we are able to calculate the mean Unruh particle number NQ in the Minkowski vacuum

state:

(No) s = (00 NalOy)
= (0ar]bab|0nr)

substituting the Bogoliubov transformation (3.55), we get

(Na),, = (O] fo (0.0, - Bawil) dw x fo (006 — Bowd’,) du'|0nr) |

- /Oo|ﬁw|2dw7
0

which, due to (3.63) becomes

(Roby = [ 16.Pdw

= (e - 1)715(0),

where the §(0) factor appears because we are considering the mean particle number over infinite
space. If one quantizes the field in a box of volume V/, the divergent factor would be replaced
by V (§(0) can be thought as the volume of infinite space). Hence, the mean particle density

nq is finite, and is given by

(Noa)
V‘ b

feol20) ]

Note that, by comparing such result to a Bose-Einstein distribution, one obtains the same form,

nog =

provided that one defines the temperature as

_ ha
"~ 2mckp’

U (3.64)

which is known as Unruh Temperature, and we have restored the constants. Note that, by
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analyzying the constants, one would need a very large acceleration to generate relevant temper-
atures. For instance, to obtain a temperature of 1K, one would need an acceleration of order
102°m/s? [70].

Since the Unruh Effect depends only on the constants ¢, h, k3, this is a prediction from quantum
field theory alone, that is, it does not depend on the chosen gravitational theory. Hence, if one
accepts usual quantum field theory, he/she should also accept the Unruh effect, even if we
cannot yet provide relevant accelerations for a direct observation . In fact, the Unruh effect is
necessary to maintain the consistency between different frames of reference, as discussed in

[71,72]. An even more complete discussion can be found in [73].

One then sees that an accelerated observer "sees" particles in the Minkowski vacuum state. In
particular, the associated particles follow a thermal distribution with temperature (3.64). This clearly
shows the ambiguity in defining vacuum states in quantum field theory, even for flat Minkowski
spacetime.

It should be noted that, in principle, there is no preferred vacuum state. The Minkowski vacuum
was defined in terms of inertial observers, while the Rindler one was defined in term of non-inertial
ones, which are both valid observers. However, one can use physical arguments to select a particular
vacuum state (and hence representation) in this case.

Consider the Rindler modes in the lightcone, which acts as an apparent horizon for the acceler-
ated observer. One then see that the coordinates (3.52) are undefined due to a divergent factor, which
means that the vacuum state |0p) is itself undefined in the horizon. Hence, one selects the Minkowski
vacuum as the "true" vacuum in this case, since it is regular for all spacetime.®

We then see that, although one can construct different vacuum states even for Minkowski space-
time, it is still possible to use physical arguments to select a preferred vacuum state. However, the

same may not apply for general, curved spacetimes, as we shall see.

3.3 FLRW SPACETIME

In this section we shall consider the quantization of a free scalar field in FLRW spacetime. To
simplify our discussion, we shall restrict ourselves to the case of flat spatial sections with K = 0. Using

cartesian coordinates adapted to the fundamental observers, the FLRW line element (1.21) reduces to
ds? = =dt* + a*(t) (da? + dy? + d2?) . (3.65)
However, as we shall see, it is useful to use the conformal time 7, for which the line element reads

ds? = a?(t) (-dn® + da? + dy? + d2?) | (3.66)

81t can also be shown that the Rindler vacuum state demands an infinite energy to be created, and hence is unphysical
[69].
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and it is clear that, in this coordinate system, g = —a®, so that the Klein-Gordon equation (3.2) reduces

to
X' =V + mgﬁ»x =0, (3.67)
where we have introduced
X =ag,
9 9 a/l

mf,ff(n) =m-a R

and one can see that, in terms of the auxiliar variable , the field equation has the same form of a free
scalar field in Minkowski spacetime with a time-dependent mass, which accounts for the interaction
with the gravitational field [69].

As in the Minkowski case, one can expand the field in Fourier modes y(n):

1 = -
xX(Z,n) = ——=5 f xe(net*d’k,
(27_[_)3/2
which satisfy the differential equations
Xk wi(mxe =0, (3.68)
where

wii(n) = K + my,
1
= k2 ema?- L
a
Here, the exact form of the Fourier modes must be determined by solving the differential equation
(3.68), which may be done explicitly only after one has fixed the background dynamics and hence
a(n). However, one can always express the general solution as

() = % (atvn(n) + agv (n)) . (3.69)

where the vy, (), v; (7)) are two linearly independent solutions of (3.68), and the a; are integration
constants.

We now proceed to quantize the field ¢ by using the mode expansion, in the same fashion as
was done for the Minkowski case (3.33). We then get:

N7 1 h —ikF PR ) o - 1.
X(7,1) =Wf\ /2—Wk<e Mok(n)ag + etk Uk(n)ak)d?’k, (3.70)



100

where the operators a; do not evolve in time and satisfy the commutation relations

]=0(k+E), 3.71)
] = [z, ;] = 0. (3.72)

the Hilbert space is then constructed by sucessive applications of the creation operator a; on the

vacuum state, which is annihilated by the anihhilation operators
ay, |0> =0,

however, as in the Minkowski case, the vacuum is determined only after we select a particular set
{vi} of modes. We shall now presented two prescriptions to define vacuum states in the flat FLRW

spacetime.

3.3.1 Minimum Energy Vacuum Prescription

In Minkowski spacetime, the Minkowski vacuum |0,,) is also the state of lowest energy, for it
is a state where all of the oscillators are in the ground state. Hence, it is reasonable to define a vacuum
state in curved spacetime as the state that minimizes energy. However, since in the FLRW spacetime
there is no time translation symmetry, energy is not conserved. Hence, if we consider time evolution®,
the field shall be excited, and the initial vacuum state will present particles. This is the phenomenon
of gravitational particle creation. Nevertheless one can still consider a vacuum state that instantly
minimizes the energy at a particular time 7 = 7y, which we shall now develop.

We start by explicitly writing the Hamiltonian in terms of the field and its conjugated momen-
tum. First, consider the Klein-Gordon action (3.73) for a free field in flat FLRW spacetime, expressed

in conformal time:
1

2
in terms of the auxiliary field y = a¢ and integrating by parts, one gets

S = a’[-¢"? + (Vo) - (Vo) + m*¢*| d*Zdt, (3.73)

1
S=—= [ [(X)* = (VX) - (VX) — merrx®]| dPadt, (3.74)
the Lagrangian density is then given by

L==[() = (VX)) (VX) = mee(n)x°] (3.75)

DO | —

hence, the conjugated momentum becomes:

oL
ox’ N

T X (3.76)

9Since we are mainly using the Heisenberg picture, one should note that, although the vacuum state does not evolve,
the creation and annihilation operators evolve, and hence the number of particles.



101

The total classical Hamiltonian can be obtained by means of a Legendre transform, and becomes

H = %[ [7r2 +(Vx) - (Vx) + mgﬁ(n)XQ] d*z . (3.77)

We now proceed to substitute the mode expansion (3.70) to obtain the quantum Hamiltonian H

as a function of the creation and annihilation operators:
a 1 P Apag Agono “ 7.
() =5 [ [Fenizaz, + Fnagar, + (2010, + 0°0) Bu)i] &k, (3.78)
where we have introduced the functions

Ei(n) = [og? + wi(n)|oel?,
Fr.(n) = v +wi(n)v; .

Now, consider the vacuum state |0,) associated to the still unkown modes {vy}. Assuming it to be a

Hamiltonian eigenstate at time 7 = 19, the vacuum energy is then given by

R 1 .
Ey(m) = 0/ H(m)[0,) = 369(0) [ Bu(m)’k. (379)

where the factor §()(0) appears because we are considering the field energy over the whole space-

time, which is infinite. However, if we consider the respective energy density, it is is given by

e(mo) = i/Ek(Uo)d%;

1 , )
- Z/ (Jop* + wi(no)low(no)?) d*k

and we now have the task of determining the mode {v,} that minimize such energy.'’ Note that the

total energy density is a sum of each oscillator’s contribution, which is given by

[0k (10) I? + wit (m0) [ow (10) 17 (3.80)

which, assuming w? > 0, is positive definite. Hence, we can proceed to minimize each oscillator’s
contribution, which will minimize the total energy. Since in Minkowski space the modes were given

by plane waves {e‘“kt /A /wk}, we may suppose a plane wave ansatz:

O = TE" (3.81)

10This can be formalized by quantizing the field in a box of volume V' with periodic boundary conditions. The volume
V would then replace the infinite factor §(3)(0).
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which, if we substitute in the normalization condition (3.30), implies the constraint:
1=apry,
and the energy density at time 7, then becomes:

1
_ 12 2.2
Ey(no) =mi + 2 T Wi -
i

Since wy,(19) is a constant (it does not depend on the mode choice), we have that £y, = Ej(rg,77,).

The energy is extremized considering dF' = 0, which implies the conditions

OE, ,

—ark = 0 fr—— Tk_ = O’ (3823)
O, 2

g 0= Tt 2wire =0, (3.82b)

whose solution is given by

1
rk(wk):\/_w—ka

r.(wr) =0.

We now proceed to analyze the second derivatives, which are given by

0;? - 92, (3.832)
ai]gﬁ; _ o, (3.83b)
%? _o. (3.83¢)
from which follows , , ) 9
aaék 80 i; ) ( griz ) 4, (3.84)

and we see that this function presents a minimum only if w? > 0.
Substituting the results (3.83) in our ansatz, the mode functions that minimize energy are then
found to be

1

Vwr(mo)

which then determine a vacuum state |0;,) that is an eigenstate of the Hamiltonian operator H with

dr(mo) = etk (m) (3.852)

lowest possible eigenvalue at time 7 = 7.

It is important to emphasize that, as we have shown for Minkowski spacetime, this is not the
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only possible vacuum choice. In the latter case, the minimum energy prescription yeilded a vacuum
state that is preferred by the inertial observers, but this is not the case for this vacuum state. This
happens because, due to time evolution, the chosen state will present particle creation, so that a
observer that sees such vacuum at time 7 = 7; will see particles in the same state at time 7 = 7.

It is also of fundamental importance to note that our prescription was obtained with the assump-

tion that w? > 0. However, since

WZ = MNeff — k)2 5 (386)

all
=m2a® - — - k?, (3.87)

a
we see that, depending on the background dynamics, the effective frequency can be negative w? < 0,
which means that the oscillator’s contributions are not positive definite in general!!. Worse yet: since
the energy can even become negative, it is not bounded from below, and a minimum is not even
defined. Due to such problems, we now proceed to present another vacuum prescription, in order

complement the minimum energy choice.

3.3.2 Adiabatic Vacuum Prescription

In flat Minkowski spacetime, we have chosen the modes as plane waves vy, o< e?**, which defined
a particle notion associated with inertial observers. However, in curved spacetimes, such plane waves
may not be good approximations to the modes. More precisely, if we consider a wavepacket with
momentum spread Ak, the particle momentum is only defined if Ak <« k, that is, if the fluctuations
are small with respect to the mean value k. Since the characteristic scale A of the wavepacket is
inversely proportional to Ak, A ~ 1/Ak, we have that the notion of a particle is well defined only if
A > 1/k. Hence, if spacetime geometry varies significantly across a region of size )\, then the plane
waves are not a good approximation to the wave equation (3.1) solutions at such region and the usual
Minkowski spacetime definition of particles fails [64, 69].

Nevertheless, one could also consider an approximate notion of particle, determined by a spe-
cific choice of modes. To do so, we consider that the modes are given by approximate plane waves.

This is implemented by assuming the ansatz

1 v
) = ——exp|i [ Wanyin]. (3.88)
VWi(n) o
which is essentially the usual plane wave expansion ¢y (t) = e/, /iy, but with the frequency wy,
replaced by a function, Wy (7). Since we want such prescription to describe approximate particles,

the function W (n) must vary slowly, which can be visualized in Figure 3.3.

n this case, the modes do not even present oscillatory behavior, which makes the usual Minkowski particle definition
not applicable.



104

Figure 3.3: Illustration of the WKB approximation in quantum mechanics. Note that the frequency (number of
oscillations) is approximately constant in the whole interval. Source: Wikipedia.

We now proceed to substitute such ansatz in the mode evolution equation (3.68) to impose

conditions on the unkown function W}, (7). Explicit evaluation leads to

e 1,
vp(n)' = exp [@ Wk(n)dn] {_§Wk P+ Zka} :
o

exp [z fn: Wk(n)dn] {-WZ+6s},

— u(n)” =

1
vV Wi (n)

Qr(n) = % [g (%) - %] (3.89)

where we introduced

and one can see clearly that v}/(n) = (—I/Vk2 + Qk) vg. The mode evolution equation (3.68) is then

satisfied by the ansatz only if the condition

2
Wi

W2 = w? (1 - Q’“) : (3.90)

is satisfied. The assumption that the solution vj(7n) is an approximate plane wave is implemented
if one considers that W, ~ wy and that it varies slowly, which is satisfied if one assumes that W
and all its time derivatives change substantially only for large intervals of time 7" > 1/wy. For such

approximation to be valid, the condition

e
2
Wi

«1 (3.91)

must be satisfied. Hence, we consider an expansion of the form

1
Wi(n) = OWi(n) + Ton DW(n) + OW(n) + ...

1
(ka)2

Substituting such consideration in the condition (3.91) and grouping terms of same order leads to a


https://en.wikipedia.org/wiki/WKB_approximation
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recurrence relation for the expansion of W. In particular, the first two contributions are given by

(O)Wk(n) =Wk,

1CUH 3w12
OWy(n) = “”“( i __k) |

It should be noted that, although in principle one could obtain ()W, to arbitrary order, the series is
only asymptotic: the approximation reaches an optimum value at a particular /N and becomes worse
at larger orders [69]. It is also interesting to point out that, for the case of flat Minkowski spacetime,
since the wy, are constants, one obtains the trivial solution W}, = wy, recovering the usual Minkowski
vacuum state.

Now that we have developed vacuum prescriptions for quantum fields in FLRW spacetimes, we
may proceed to quantize cosmological perturbations and compute their associated power spectrum,
which may be used to compute the CMB spectrum and make predictions about the universes large

scale structure.
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4 BIANCHI I PERTURBATION THEORY

In this chapter, we combine the previous concepts to study perturbed cosmological models de-
fined on Bianchi I backgrounds. We start by defining perturbations and gauge invariant quantities in
section 4.1, in a way that does not depend on the background dynamics. In section 4.2, we proceed
by analyzing a bouncing model defined by quantizing a Bianchi I background coupled to a barotropic
fluid, in similar fashion to subsection 2.3.2. We then proceed to analyze an inflationary model char-
acterized by the potential V() = m@?/2 in section 4.3 and analyze its physical predictions for the
CMB spectrum.

4.1 PERTURBATIVE PARAMETRIZATION

In this section we analyze perturbations on general Bianchi I backgrounds. We follow mainly
[23]. We emphasize that this decomposition is kinematical in the sense that it does not involves
dynamics: the same perturbative parametrization can be used for gravitational theories that do not
rely on the Einstein equations — such as the f(R) class — and even for backgrounds that follow
quantum dynamics.

We start by defining projection operators, which are used to extract the scalar, vector and tensor
modes from a given perturbation. The same operators could be used to extract the SVT modes in the
FLRW backgrounds studied in section 2.4, but do not need to be explicitly defined. However, as we
shall see, those will be essential to study the mode dynamics for Bianchi I backgrounds in General
Relativity. We then proceed by considering perturbations on the Bianchi metric (2.9) in a similar
fashion to the FLRW case. In particular, we shall perform an SVT decomposition and then define the

analogous Bardeen variables for a Bianchi I background.

4.1.1 Projection Operators

It is convenient to define the projection operators in Fourier space. We then define the Fourier
transform of a function f(z7,7) as:

. 1 _
f(a?,n) = Wff(ki,n)d?’dki,

where we highlighted the components of the wavevector k; due to anisotropy. It should be noted that,
due to said anisotropy, there will occur non-trivial differences with respect to the isotropic case. For

instance, if we consider such vectors to be time independent
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it follows that their "contravariant”" form k¢ = 7%k; where 7% is the spatial metric, becomes a time

dependent quantity, since
dii_ d(7k,)
dyp  dp

= —207;‘7']{]‘ >

where, due to the parametrization defined on (4.104), v;; = €%%id;; = ~¥ = e 2%¢;; and 0;; =
Viji/2 = 0% = —~'[2. This also implies that the modulus & of the wavevector itself will become

time dependent:

k2 = k}zkl = ’y”kzkj 5
1 dk

_ —— =
k dn

—O'ij ]Afliﬂj R
where we introduced the unit vector l%i = k; [k, which evolves as
(l;:’), = (O'jll%j]%l) ki - 20”]2:]- .

We are now ready to define our projection operators. Recall that we can decompose an arbitrary

3 dimensional euclidean vector field ¥ components v; as
V; = 81"0 + vy, with 8’171 = O, (41)

provided it decays to 0 at infinity.! However, this decomposition can be better understood in Fourier

space. Applying a Fourier transform, 0; — k;, and the decomposition becomes:
?71‘ = kﬂ} + 1:}1 with k’liz)l =0.

The condition k%v; = 0 is particularly interesting, since it shows that, in Fourier space, v; lives
in the subspace that is orthogonal to the wavevector k%, V/,, which is 2-dimensional by construction.

Now, consider a orthonormal base {e!,e?}, e® € V|, which satisfies,

€az’/€ﬂij =0,
e?e’A7 =0, for a#b,
where a,b = 1,2, and, in this chapter only, we denote latin indexes from the start of the alphabet as

denoting labels rather than abstract indexes. This is due to the fact that we are dealing with spatial

quantities that have labels.

!To use such decomposition, we have chosen coordinates adapted to the Killing vector fields ¢ on the spatial sections
R3, which are orthogonal but are not Cartesian due to space anisotropy [23]. Such coordinate system has the advantage
that the spatial Christoffel symbols vanish due to 9y;; = 0.
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Since v; € V, we may expand it in our orthogonal basis as

5(]%77) = Z Vg, (l%wn) eai (l%z) ) (42)

a=1,2

which defines two degrees of freedom v,, which are the coordinates associated to such basis. Such

coordinates can be extracted by defining a projector operator analogous to (A.34) by

P’L’j = '7@']' - ]Aflifj = elielj + 62i62j , (43)
which satisfies the properties
PP} = P, (4.42)
Pij]{?j =0, (4.4b)
Plin=2. (4.4c)

The previous operator then extracts the coordinates of the transverse mode of the vector ¥ in

Fourier space. One may then represent a general vector field ¥ in Fourier space by
6@' = (];]]17]) k'l + Pijﬁj s (453)

which shows explicitly that an arbitrary vector field is decomposed into 1 scalar mode associated to
its projection on the direction of k; and two transverse vector modes associated to projections on the
orthogonal subspace V.

We now proceed to define similar projection operators for tensor modes. As we already saw in

section 2.4, any rank 2 symmetric tensor field /;; can be decomposed as

hij = QC’YU + 281638 + 28(ZEJ) + 2E11

YR
provided the field decays at infinity and the conditions

O'E; =0, (4.62)
8’EU = O, (46b)

are satisfied, with the tensor E;; being also traceless: 7% E;; = E%, = 0. One may also decompose the

field in the more compact form

where we introduced 7" = 25 and D;; = 0,0; - %VQ.
Note that the 3 dimensional symmetric and trace free rank 2 tensors contain only 2 independent

degrees of freedom. Such space is then 2-dimensional and admits a basis {5%}, with A = 1,2. A
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possible basis may be constructed in terms of the previous vectors basis {e%;} by defining

. el e - e? e 4.89)
g, =———, .8a
’ ﬂ
§ el 62 +e2 el 4.8)
€= ——F——", .
’ \/5
which are known as polarization tensors. It can be readily checked that they satisfy
ey’ =0 - traceless, (4.9a)
£; -kl =0 - transversality, (4.9b)
;\] jj = (V — orthogonality . (4.9¢)
And the tensor transverse Fourier mode can be expressed in such basis as
A=+,%
with the respective projection being extracted by the operator
ab — pa pb 1 ab
Aij = P Pj - §Pijp . (4.10)
Similarly, one may introduce a "trace extracting operator" by
a1
7; = kK7 - 551 (4.11)
With such operators at hand, one may decompose a general symmetric rank 2 tensor by
T = (L0 ) s + (21,70 Tz+2l%»(P“l%bT )+A“”T (4.12)
iy = 3 ab” Yij 9 ab iJ (i 7) ab ij Lab - .

In particular, the background shear tensor o;; will be of fundamental importance in our discus-

sion. Hence, we shall analyze the shear decomposition, which is written as

U’ﬁj +2 Z avak(,e hF Z UT)@] 4.13)

A=+,X

Since the shear is a symmetric traceless tensor field, it contains 5 degrees of freedom, organized as

o — 1 scalar degree of freedom; (4.14a)
ove — 2 vector degrees of freedom; (4.14b)
orx — 2 tensor degrees of freedom . (4.14¢)

(4.14d)
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The decomposition (4.13) leads directly to the identities

'YijUz‘j =0, (4.15a)
Koy=op+) ovees, (4.15b)
Koy =0y, (4.15¢)

and it can be shown that the scalar shear o = 0,;0% leads to the constraint

3
o2 = o0 = 50% +2 ZJ?,G + Zcr?r/\ ) (4.16)
a A

4.1.2 Gauge Invariant Quantities

Our starting point is to consider a perturbed Bianchi I metric. This can be done in analogous
way to the FLRW case by using the appropriate variables. To do so, recall that, in a convenient

coordinate system, the Bianchi I line element can be written as
ds? = —=dt? + X2(t)da? + Y2(t)dy? + Z2(t)d2?, 4.17)

and, introducing the mean scale factor as

S(t) = [X()Y () Z(0)]"
we may rewrite the line element as

ds? = =dt* + S?(t)y;;da'da?
finally, by introducing conformal time d» = dt/S(t), the metric becomes

ds? = S%(t) (—dn?* + v;da’da?) |

which is very similar to the FLRW conformal metric (1.22) with a(t) - S(t),d;; = 7ij-
We now proceed in analogy to section 2.4. First, consider a perturbed metric g, = Gap + 0 gap for

the case of g, = g ;"'. The perturbed line element in conformal time then becomes
ds? = S%(n) [(—(1 +2A)dn? + 2B;dndx’ + (yij + hij) dxidxj]

where we parametrized the perturbations as

1
252
— 5qo; (4.18b)

A

5900 R (4183)
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1

Here, an important note is in order. In the FLRW case, the background was isotropic, that is, it
was invariant under the action of the rotation group. Therefore, it was convenient to parametrize the
perturbations in terms of representations of such group: scalars, vectors and tensors. In the Bianchi
I case, since the background itself is now anisotropic, there is no such motivation to parametrize
perturbations in terms of SVT variables. One then is lead to the question: "is there a more convenient
choice to parametrize perturbations for an anisotropic background?" Which remains to be answered.

Since, to our knowledge, there is yet no alternative successful parametrization choice, we shall
follow the literature and analyze perturbations in terms of the usual SVT modes [9, 22, 23]. While
this parametrization does not have the same mathematical advantages as in the isotropic case, at
least it will provide a simple way to check the results consistency by analyzing the isotropic limit
characterized by 0;; — 0, which should coincide with the usual perturbation theory developed in
section 2.4.

We now proceed to define the SVT modes in analogous way to the FLRW case. By imposing

that perturbations decay at infinity, one may parametrize the perturbation modes as

Bi = 8ZB + Bz s (4193)
hij =2C (513 + %) + 28,8]E + 28(2Ej) + QE” s (419b)

if the following constraints are satisfied [23]

0'B; =0, (4.20a)
OFE; =0, (4.20b)
O'E;;=0. (4.20c)

where H = S’/S, as in the isotropic case, and E = 0. Note that this decomposition has a non-trivial
difference in comparison to the FLRW case: the presence of the shear tensor o;; in the tensor mode.
This is included in order for simple gauge invariant quantities to be later defined. If such term is not
included in the decomposition, the gauge invariant quantities are rather hard to define when compared
to the isotropic case, due to the fact that the SVT modes have more complicated transformation laws
[9].

Now, as in the FLRW case, one may apply an infinitesimal coordinate shift z# — z# + &# to
analyze how the SVT modes transform under a gauge transformation ga, = gap + -Zzga» . Using the
Lie derivative (A.24), the metric transforms as Z¢g., = V& + Vi€, Decomposing the components

EF as

& =T(z,n), (4.21a)
§=0L(Z,n)+L(Z,n), (4.21b)
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we obtain, explicitly

Legoo = -25* (T" +HT) , (4.22a)
Legoi = 5% (§ - 0T - 205,87 | (4.22b)
LeGij = S?[200:5) + 2HT ;5 + 2T 035 . (4.22¢)

Using (4.22) and the projector operators, we find that the SVT modes transform as

1. Scalar Modes

/HA:%H@, (4.23a)
- 21y
B—>B:B—T+(kk2L) : (4.23b)
C—>C=C+HT, (4.23¢)
E->E=E+L, (4.23d)
(4.23¢)
2. Vector Modes
Bi > Bi=B'+ L'~ 2ikioPiL (4.24a)
E'5>E=F+ L', (4.24b)
3. Tensor Mode
E;; — Eyj = Eyj, (4.25)

and, as in the FLRW case, apart from the unique tensor mode, the perturbation modes are gauge
dependent.?
Now, by combinations of the SVT modes, we may construct gauge invariant objects that gener-

alize the Bardeen Variables as

1. Scalar Modes

| &2E) T
o(z,m) :A+§{SlB— 12 ]} , (4.26a)
- k2E)
U(Z,n)=-C-H [B _ 12 ) ] ; (4.26b)
2. Vector Modes
di(#,n) = B' =~ (E;) + 2ikio,; P'E .. (4.27)

2This would not be the case if the shear tensor 0;; was not included in the decomposition (4.19): even the tensor mode
would be gauge dependent.
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Now that we have defined gauge invariant quantities, we may choose a gauge to perform cal-
culations and express geometrical quantities in terms of them. As in the isotropic case, we define the

Newtonian Gauge by the conditions

A=d (4.282)
C=U (4.28b)
(E") =-9", (4.28¢)

with the later condition being equivalent to ®; = —E! + 20;; E7 [9].
To conclude this section, we use the Newtonian gauge to express the Einstein tensor in terms of

our gauge invariant quantities for later use:

4 'L]
S26GY = -2V2W + 6H' + 2020 — (%) % + %aiaj\p (4.29a)
~019,0;+ (E.) o’ + (6H* - %) @, (4.29b)
S25G° = —028’% + 070, lcp LU (%) ] - 20; (V' + HO) (4.29¢)
+ %V2(DZ - QUJijEZ-k + ajk&Ejk , (429d)
S?0G" = 61 [20" + (2H? + AN ) @ + V(D - V) + 2H D' + AH V] (4.29¢)
i 2 i LA KAY Vv ! d
+0'0;(W = @) = 2 o100 M + 0 [—% (@) + (@) Ut -0 ] (4.29f)
. AN kl
5 lUQ (cp " (ﬁ) - 2\11) " %akal@] (4.299)
(B + 21 (B,) - V2B, +2 [aik (E*) - o (Eik,)’] - [(E"j)'alk] 5, (4.29h)
+ 040100 — 7 [0 (@) + 2HOG D) - 200,005 (4.29i)

Again, we emphasize that the presented perturbative decomposition does not depend on the
background dynamics, which may not be given by the classical Einstein equations. Hence, it can be

used both in inflationary and bouncing models, classical or quantum.

4.2 QUANTUM COSMOLOGY IN THE BIANCHI I MINISUPERSPACE

In this section, we consider a Bianchi I minisuperspace quantum cosmological model in canon-
ical quantum gravity coupled to a single barotropic fluid, in similar fashion to the case explored in
section 2.3. A similar model with the matter sector being described by a scalar field has also been
considered in [55, 74], where it was shown that non-singular solutions exist, and that the universe
isotropizes, recovering the FLRW in the asymptotic future. Another quantum bouncing scalar field

model was also considered in [75] in the context of Loop Quantum Gravity, which demanded the con-
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struction of a Bianchi I perturbation theory in Hamiltonian formalism in a companion paper [76].> A
Hamiltonian formalism was also considered in [77] and such Hamiltonian methods may prove useful
for applications in quantum bounces in the future.

As in the FLRW case, we couple matter to geometry by considering a Hamiltonian
Hpr=Hg+Hy, (4.30)

however, now we consider the minisuperspace of Bianchi I metrics, which is more general than the
flat FLRW one. Therefore, the main difference shall occur in the gravitational section represented by
Hg.

To obtain the new gravitational Hamiltonian, we start from its associated Lagrangian and per-

form a Legendre transform. Recall that the gravitational Lagrangian in GR is given by
Lo=—R, (4.31)

where IR is the Ricci scalar. To compute such Lagrangian, we first express the Bianchi I metric in the
ADM form (2.56) [78]:

ds? = =N2()dt* + X*(t)da® + Y2(1)dy* + Z(t)d2?, (4.32)

where the shift vector N, is trivial due to homogeneity. It will prove useful to express the expansion

rates X;(¢) in the following parametrization [55]:

X (t) = ePorBer/35- (4.332)
Y (t) = eforfs—V36- (4.33b)
Z(t) = efo=2+ (4.33¢c)

with the isotropic limit being characterized by 3, = 8- = 0 and the mean scale factor being given by

S(t) = efo. Direct computation then leads to the lagrangian

Bo . . .
Le = —6% (B2-B2-42), (4.34)

where we discarded boundary terms [74]. We proceed by computing the canonical momenta:

8[/[—[ 6360 .
=" __19 , 4.35a
"= 95, N Bo ( )
8LH 6360 .
M, = ——=+12 4.35b
+ 8/8+ + N 6+ ) ( )

30f course, such alternative models suffer from the same "problem" as inflationary models, in the sense that they
invoke an yet unobserved scalar field ¢. Worse yet, [75] considers a bounce followed by an inflationary phase, having the
benefits of both paradigms and being less simple in this sense.
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B, (4.35¢)
and, after performing a Legendre transformation, the final Hamiltonian is given by
. 1 .
Hp = Ne 350 [—ﬂ (M3 -2 -112) + 65(1_w)50pT] , (4.36)

where w is the fluid equation of state constant parameter p = wp. This Hamiltonian is totally anal-
ogous to (2.66). As pointed out in [79] a particular feature of this Hamiltonian is the hyperbolic
signature of its kinetic term, which is not present in the isotropic FLRW case and will lead to non-

trivial differences. Also, simlarly to the isotropic case, we impose the condition

q],|ﬁi—>i°° =aVv

Bi—+00 (4.37)

a € (—o0o,+00] in order for the Hamiltonian to be Hermitian [74, 78]. It should be noted that, al-
though the obtained Hamiltonian is Hermitian, it is not self-adjoint, which will lead to non-trivial
consequences [78].

We now proceed to perform canonical quantization analogously to section 2.3. In particular, we

choose the representation

BU(Bi,T) = B0 (5, T), 05, T) = —z’a%\lf(@,n | 438)
TU(B,T) = TV(5,T), TPW(6, T) = i (5, T) (4.39)

and consider 7" as a time parameter due to the fact that it appears linearly in the Hamiltonian. It should
also be pointed out that, although we defined a notion of time associated to the matter sector, in the
Bianchi I case this could also be done using the gravitational degrees of freedom only, as was pointed
out in [80], which explores possible time choices in a vacuum Bianchi I minisuperspace model.

In the chosen representation, we obtain the following Wheeler-De Witt equation

( 02 0?2 02

0
B - ; = - 3(1-w)Bo = .

which can be solved through the separation of variables method. First, we split the wavefunction as

U(6;,T) = (B, T)e BT (4.41)

which leads to the equation

( 02 02 0?

25 PR P ) V(8 T) = 2409 (6,T), (4.42)
0 + -
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we proceed by expressing the wave function as

(i) = To(Bo) T+ (8:)T-(5-), (4.43)
which leads to | 927 | T | e
0 — + —
— 24 Fel-w)fo _ -— =0 4.44
T, 052 ¢ Y. 982 YT opE (444)
and can be split in the set of equations
>,
a7 =K7Y, (4.45a)
:
2T
d y 62_ =—k2Y_, (4.45b)
dQTO 3(1-w)Bo 1.2 2
T (24Ee k3 +k2) Yo, (4.45¢)
0

where the k. are separation parameters. The + solutions are trivially given by plane waves
T, = A,ethsbe 4 B, emhePs (4.46)

while the remaining equation can be rewritten as a Bessel equation

2 2
d T0+1dT0+(24E+lii)m:o, (4.47)
dy* y dy

r2 72 g2
where we introduced

aze®, y=a*, rzg(l—w), K*=k?+ k2. (4.48)

The general solution for T is then given by

T0:C1J,, (iECLT)‘*CEJV( 24ECLT) s
r T

(4.49)

where v = ik/r, and C - are integration constants. This fixes the energy eigenfunctions, which can
be used to express the general solution by superposition.

We shall now analyze a simple solution in order to illustrate some consequences of the fact
that the obtained Hamiltonian (4.40) is not self-adjoint. Following [79], we now consider a gaussian

wavepacket with k_ = 0 for simplicity:
+00 o0 ) =
U= f [ A(ky,q)e*P ], (qga") e Tdk.,dq, (4.50)
—00 0

where ¢ = \/24E/r and A (k,,q) = e"*¢v*1e-22", In this case, the integrals can be explicitly com-
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puted, and lead to the following closed expression

1 [m [ e (8.+C(a,B))
U= \/;exp[ o T 4.51)

where we introduced

3(1-w)?

B=X+isT, C(a,B)=Ilna-
+1sT, (a,B) =Ilna 3

2
——In2B = -
3(1-w) nes, s

The proposed wavepacket has a rather interesting property: its norm is time dependent. Explic-

itly, it is given by

e [ V2T 2
23w Udadf, = ———~=~F(T 4.52
[0 [ma adf. = 3yl @) (452)
c? .
where F'(T') = exp (2—;>, C(a,B)=Cgr+1Cand

1 -2 sT

=lna- —In4B*B = ———arctan|— ).

Cr=Ina 51— w) n ., Cf (1= w) arc an( /\)

Note that the obtained norm depends explicitly on time 7" through the function F'(7"). Hence, proba-
bilities are not conserved, and the evolution is not unitary.

The loss of unitarity happens mainly due to the previously mentioned Hamiltonian’s hyperbolic
signature. Recall that, after defining the 7" as the time variable, the effective Hamiltonian was given
by

- 0? 0? 0?

Ha= (868 “op aﬁz) |
which was Hermitian due to condition (4.37), but is not self-adjoint. In fact the result is even stronger:
such operator does not admit any self-adjoint extension, as was discussed in [78]. Its signature also
leads to the existence of negative energies and possible instabilities.

The non-unitary evolution leads to problems in interpreting the state of the universe. As stated
in [78], one may consider creations of universes, but that concept remains to be formally defined.*
Worse yet: since time evolution is not unitary, different interpretations of quantum mechanics lead to
different predictions. To see this, we present the expectation values of two possible interpretations:

many worlds and De Broglie-Bohm.

1. Many Worlds Interpretation

In this interpretation, given an observable A, its expected value is given by

) f:;:o f:;:o 63(1—w)50\11*/41\11d60d5+
<A> = +00 400 31— * .
[0 [0 31w U W Byd B,

4Creations of universes out of "nothing" in quantum cosmology were discussed by Vilenkin in [81, 82], but in a quite
different context.
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we now compute the expected value of the mean scale factor S(t). Since S(t) = e, we first

(Bo) = 3(11_w) {ln(2|f|2)+n},

T 2 ﬁ
(BO) = 1 + (_)
€ a/Bl TB )

where ap, Tz are constants. Such scale factor describes a bouncing universe, and is exactly

obtain

which leads to [78]

the one obtained in the isotropic case, (2.76). Therefore, in the many worlds interpretation of
quantum mechanics, if one considers an ensemble of universes, the expected value is that its

evolution is isotropic, which is a trivial result compared to the isotropic case.

. De Broglie-Bohm Interpretation

To compute the expected values, we first obtain the Bohmian trajectories and then consider an
ensemble of them in order to extract a expected value. We start by noting that the phase of our

wavepacket (4.51) is given by

T T 3(1-w)
T) ST G,

+7T == ~N
S (Bo, B+, T) arctan( S 15D 2

where it was used that C' = C'g + iC} and arctan(z) = In((1 + z)/(1 — x))/2. The Bohmian

trajectories can then be obtained by solving the guidance relations (2.64):

as

I, = —-, 4.
8. (4.53a)
as

Mo =55 (4.53b)

Since we are using 7" as our time variable, d¢ = e3@5f0dT’, and the conjugate momenta become

I, = —128%73% 3, , (4.54a)
I, = +12530-w) 3, | (4.54b)

The Bohmian trajectories are then obtained by solving

. T
_12a273ws — 3(1 _ U)) S a3(17w) _ ﬁ

BB oy (4.55a)
12a°0-®) 3, = —ﬁ, (4.55b)
2
with the final result being given by
S(T) = ( - )3(1”) [A2+ 32T2]ﬁ [arctan2 (g) + E]“lw) (4.56a)
24s\y A ’
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B(T) =- In {arctan2 (%) + E} +1n {[—245)\7]3(11—w>} +InD, (4.56b)

1
3(1-w)
which present a bounce as in the previous case, but are anisotropic. However, to compare such
results with the many worlds case, we need to compute its expected values using an ensemble of
Bohmian trajectories. In the De Broglie-Bohm interpretation, the expected value of a trajectory
x(t) is obtained by
7= f " Rox(t)dwo, (4.57)

where R corresponds to the module of the wavefunction at 7' = 0. Explicitly, our expected

values then read

Po(T) :9( 2457>\ / / ( ) P (_(h;—jy) (4.582)

1 dzd
x In {()\2 + s2T7?) [(arctan(sT/)\))2 + y] (_4837)\)} xx Y , (4.58b)

D) == 5= w)2 247:5)\/ f ( )eXp(_%) (4.580)

{[arctan(sT//\)] } dydz
x In
-96ysAx3(1-w) x

, (4.58d)

in this case, the expected values do not coincide with the isotropic limit: there is a time depen-

dent anisotropy represent by [3,.

One then sees that, due to the fact that the time evolution is not unitary, different interpretations
lead to different predictions [78], which is a problem, since one would need to arbitrarily consider
one particular interpretation over the other.

It has been argued that the non-unitary evolution a general feature of anisotropic quantum cos-
mological models [15], but this is still a matter of debate. In particular, in [83] a Bianchi I model with
unitary evolution was constructed by considering a different operator ordering, with similar models
being considered for the Bianchi types V and IX in [84]. Therefore, to construct an appropriate mini-
superspace model, one then needs to consider particular operator orderings, which must be motivated
by reasonable assumptions, a discussion that is beyond the scope of this work.’

Due to this difficulties in implementing quantum cosmological models in the Bianchi I minisu-
perspace at background level, we shall focus on inflationary scalar field models, with an appropriate
perturbative Bianchi I quantum cosmological model being left to a future work.

4.3 BIANCHI I INFLATIONARY MODEL

In this section, we explore a generalization of the inflationary model presented in section 2.2 in

an anisotropic background. We start by analyzing its background dynamics and then the dynamics

SPossible criteria are simplicity and symmetry, as also unitary evolution. However, there is no guarantee that such
assumptions will hold in the quantum gravity realm.
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of perturbations and its physical predictions, for which we follow references [9, 22, 23]. This is
also considered in [21], which developed an alternative perturbation theory applied to an inflationary

model, but within a less general background model.®

4.3.1 Background Dynamics

As in the FLRW case, we shall consider the analogous of the Friedmann equations on a Bianchi

I universe in cosmic time ¢, (2.15), which are given by

1
3H? = kp+ 5&2,
S K 1
= +3 _x2
5 6(p D) 30
d . ) )
E&Zj = _3H&Zj + fiﬁ-zj’

coupled to a homogeneous scalar field ¢(¢). Its stress-energy tensor components are then given by

T/w = 8u¢8u¢ - (%aa(baa(b + V((b)) Guvs

so that its energy density and pressure are then given by

1.
po = 50" +V(9), (4.60a)
1.
po= 50"~ V(9). (4.60b)
with the anisotropic stress being trivial for a scalar field, 7,, = 0. The Friedmann equations then
become
2 Lo L,
3H =k §qz5 + V(o) +§a , (4.61a)
S Ko 1.
—=-= -V - =52 4.61b
5 =3l -V(0)]-37 (4.61b)
d . »
%azj =-3Ha", (4.61¢)

with the continuity equation V, 7% = (0 maintaining its formal form:

¢+3H¢+%%=o. (4.62)

SIn particular, [21] considered the Bianchi I line element ds? = —dt? + a?(t)dz? + b*(t) (dy? + d2?), which contains
two equal directional scale factors, and is less general than the line element (2.9) considered in [22, 23] and in this work.
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Equation (4.61c) can be easily integrated. Its general solution is explicitly given by [23]

5 (t Sij 4.63
Jj()_Sg(t)7 ( )
where Sij is a constant valued tensor the acts as an integration constant. Hence,
6
52 (t) =667 = e , (4.64)
S @®)

where we introduced S, = S§/3 = (S@S’%)l/ﬁ.
We now specialize in the V' (¢) = m¢?/2 case. By introducing the variables 7 = mt, h =
H /m and reescaling the field by ¢ — /K¢, the first Friedmann equation and the continuity equation

become, respectively:

6
hzzé(%¢2+¢2+(%) ) (4.652)
¢+ 3hd+me =0, (4.65b)

where we used 7 as a time variable, so that d) = d¢/dr. Note that the shear essentially contributes as
an extra energy density, and that such equations recover the usual FLRW case in the limit S, — 0.

The solutions of the system (4.65) are completely specified by the initial conditions (Sg, ®o, o, S *).
A numerical solution for S(7) and ¢(7) can be seem in Figure 4.1, while the system’s slow roll at-

tractor can be visualized in Figure 4.2.
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Figure 4.1: Numerical solutions for the mean scale factor S(7) and inflaton ¢(7) in both FLRW and Bianchi I spacetimes, with their percentual
deviation p(7) on the right. The solutions are characterized by the initial conditions ¢¢ = 16, ¢o = 20, Sp = 0.01, S« = 1000. The solutions were
rescaled so that they have the same value at the end of inflation. Note that the solutions are similar in the isotropic limit, but differ in the primordial
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Figure 4.2: Phase portrait ¢x¢ for a FLRW and a Bianchi I spacetime with So = 0.01, S = 1000, and random initial conditions for (d)o, do ) Solutions
with same initial conditions have the same colors in both graphs. Note in both cases the solutions tend to the central region, which corresponds to an
attractor associated to the slow roll regime (2.19). In a sense, this implements the idea that general initial conditions present similar regions, and hence
alleviates the initial conditions problems of the Standard Model.
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4.3.2 Perturbative Dynamics

We now proceed to analyze perturbations in this inflationary model using the decomposition
presented in section 4.1 through the perturbed Einstein equations. However, to do so we first need to
consider perturbations on the matter sector by ¢ — ¢ + d¢ and construct appropriate gauge invariant
quantities.

Under the diffeomorphism x# — z# + £# the scalar field ¢ transforms as
¢+ Lo
which, using (4.22), means that its perturbations transform as
0p >+ ¢'T.

Hence, by analyzying (4.23), we may construct two new gauge invariant quantities associated to d¢:

R=0¢- %qﬁ’ ) (4.66a)
2 !
X =00+ [B - (kaE) ] ¢, (4.66b)
which are related by
v
R = —q¢'.
X+ 0

By considering perturbations ¢ - ¢ + d¢ on the Klein-Gordon equation (4.62), one obtains
X"+ 2HX =77 0;0;x + S?Vpsx = 2(¢" + 2He') @ + ¢/ (' + 3T), (4.67)

which has the same form as in the FLRW case, which happens due to the fact that the background
Klein-Gordon equation itself had the same form as in the FLRW case, due to the vanishing of the
anisotropic stress 7, .

To conclude the matter sector, we note that the perturbations on the stress energy tensor 7, in

terms of our gauge invariant quantities are given by

ST = ¢”® - ¢'x' - VS%x, (4.68a)
S?6T9 = -0; [¢'x], (4.68b)
S?0T7 = =0%, [¢2® - ¢\ + VsS2x ], (4.68¢)

where the Newtonian gauge was assumed.

We are now ready to analyze dynamics through the perturbed Einstein equations

0G¥, = KT, (4.69)
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It is at this point that the projection operators defined on subsection 4.1.1 shall come in hand. Note
that, by comparing the Bianchi I Einstein tensor (4.29) with its isotropic counterpart (2.105), there is
not a natural procedure to isolate the scalar, vector and tensor dynamical equations: they are coupled
through the shear tensor 0;;. Hence, we shall use our projection operators to project each of the
Einstein equations in its respective mode equations, which is performed directly in Fourier space.
This is a rather lengthy procedure, and we shall focus mainly on the results [23].

To better organize the projection process, note that we may split the Einstein equations in scalar,
vector and tensor parts as we did to the metric. Then, each equation can be projected, which will lead

to scalar, vector and tensor equations as in the SVT decomposition:

§GY = k0T = 1 scalar equation (4.70a)
§G% = kKT? == 1 scalar equation and 1 vector equation (4.70b)
5Gij =roT ’J = 2 scalar equations, 1 vector equation and 1 tensor equation (4.70c)

where the vector and tensor equations have trivial divergence and also trivial trace in the tensor case,
which amounts to 16 dynamical equations. We now proceed to project the Einstein equations and

obtain each one of them.
1. Scalar Equations

(a) The first scalar equation is essentially the 00 Einstein equation 6GY = k4T, and is given
by

K20 + 3H (U + HD) — g (672® - ¢'x’ — V,52) =
2 1

1 1k 1
—0?[X =30+ =0 U = Zk* > GvaPa— = D [oma B + (o) + 2Homy) Ey] |
2 2H 2 & 24

4.71)

where we introduced the auxiliar variable
\Il l4
X=0+U+|—] ,
( H )

and oy, = ikVa;
(b) The second scalar equation is obtained from the scalar projection of the 0: Einstein equa-

tion ki [0GO = k6TY]:

K 1 1 1
V- d-—¢y=—--uaq90?V+ 0y X + - E\: 472
+H 2¢X 771 * 501 +2§)\:UTA \; 4.72)
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(c) The third scalar equation is obtained from the trace of the 7j Einstein equation 5]; [5 Gij = K0 Tij]:

1
U TH + HE (20 H) ® - RA(® - 0) g (020 - /X' +V,S%x] = (4.73)
1, 1 k2 1, 1 o
- =0 [X—3\I/] + ——O‘H\I’-f— —k ngaq)a+ _Z[UTAE)\+ (O‘T)\+2,HO'T/\)E)\] ;
2 6 H 2" £ 2 4

(d) The final scalar equation is obtained by extracting the trace of the 75 Einstein equation
T![6GY, = kT ]:

2 k20
§k2(® - ) =0 [X’ - ﬁ] +4k* Y M2,GUGYEN =2k ) 5vaPa; (4.74)
Aa,b a

2. Vector Equations

(a) The first vector equation is obtained from the :0 Einstein equation by applying the projec-
tor €, [0G", = kOT?]:
D, =25y, X +4> M)GwE). 4.75)
b\

Note that this equation gives a closed expression for the vector mode ®, in terms of the

other modes, which will be very useful to simplify the dynamical equations.

(b) The second vector equation is obtained from the 7j Einstein equation by applying the
projector k;e’, [5Gij = /£56Tij] :

5
O +2HD, - 501 D, + > Myora®y = +26, X' +4Y MY G E}
bA b\

+4% Napowp (01205 — o1x05) Ex,  (4.76)
bA

where we introduced

M), =ctele)’ (4.77a)

a

Nap = Qijele] (4.77b)

and Q;; = e';e?; - €3

el

As in the previous case, note that, by analyzing the first term ®,, one sees that such equation
fixes the vector mode’s time derivative in terms of the other SVT modes. This will also be
useful to simplify the dynamical equations.

3. Tensor Equation

There is only one tensor equation, which is obtained from the ¢; Einstein equation by applying
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the projector 5? [5Gij = /-@(5Tij], and is given by

v
EY + 2MES + k*Ey = oy [k;2 (ﬂ) + X’] +2k% > MG5.Ds
a,b

-2k* Y G2, E) - 201501 By + 20%(1_A)EA, (4.78)

where, following [23], we introduce the convention that (1 - \) denotes the inverse polarization
of A, that is

A=+ = (1-))=x,
A=x = (1-A)=+.

It can be readily seem that, even by projecting the Einstein equations into its SVT components,
the dynamical equations are still strongly coupled through the projections of the shear tensor. How-
ever, before directly solving this system, it can be shown that it can be further simplified [23]. We

start by defining scalar and tensor Mukhanov-Sasaki variables, as in the isotropic case (2.113):

v=SR, (4.79a)
VEpy = SEy . (4.79b)

With thei introduction of the Mukhanov-Sasaki variables, the dynamical equations can be ex-

pressed in more compact form, as we shall see.

1. Scalar Modes

To begin, note that the second scalar equation (4.72) can now be rewritten as:

2H-0)) X = gqb’v + S 0By (4.80)
A

Now, combining the first scalar equation (4.71) with the third scalar equation (4.73) and elimi-

nating the vector mode using the first vector equation (4.75), we obtain the simpler form

2 2 2
HX' +2 (7—[’ + 27—[2)X +kSVyv + k20 = %(CI) -v)+ 5%0”\11, (4.81)

Analogously, it is possible to simplify the fourth scalar equation (4.74) by eliminating the vector
mode with the constraint (4.75) and the background equations (2.15):

2
(2H - o)) (X’ + %xp) +4kS?V X +2KkaVyv = 4k? (Z GrsX = ) Mgb&waw,@) . (4.82)

a,b,A

Continuing, we may express the Klein-Gordon equation (4.67) in terms of the variable R. In
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the process, some terms vanish due to its background version (4.62), and we obtain
2
R"+2HR + kK*R + 52V¢¢R + 252V¢X -¢' (X’ + ﬁllf) =0. (4.83)

After some lengthy manipulations, we can combine the scalar modes into one single dynamical
equation for the Mukhanov-Sasaki variable v:

S 1 [ 252¢72 \ 1 (282¢'0p,\
" 2_ = 2 - I e 4 4
v +(k S+S V¢¢,)v 52(27_[_0||)mv+§y:52(2%_0|| NG (4.84)

. Tensor Modes

As for the tensor mode, we may eliminate the scalar contribution using (4.82) and the vector

mode by using the constraint (4.75), to obtain

1

1 (252¢ oy \
iy + (lf2 - —) Pn == 2l(1-\)OT+0Tx + 2uw%(1_A) + (ﬁ) VKV

S 52\ 2H -0
1 2SQUTVO'T)\ ! (SQO'”)/
+;SZ( TH oo )T s (4.85)

which is one single dynamical equation for the gauge invariant tensor mode.

We now present a simple summary of the developed perturbation theory [22].
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PERTURBATION THEORY SUMMARY
After reduction, the perturbative equations are given by
V" +w? (ki,n)v = ZNA(I%U)MA, (4.86a)
gy +wi (kiyn) pa = R (ki n) v+ 3 (ki) pra-n, (4.86b)

where the time dependent frequencies are given by

"

w3 (ki) = K2 - 2, (4.87a)
Zs
W3 (ki) = k2= 2 (4.87b)
X
and the z functions are given by
S" 252 ¢/2
S (n k) =" - S%y 4.88
(77» i) = ¢¢+52(2H_0|) (4.882)
2, S 25202, \'
Z ( k) = +20T(1 Nt (S o) + = (2% ?) (4.88b)

finally, the coupling terms are given by

1 252¢ oy \'

Ry (1, ki) = ?ﬁ(—%ﬁ— UT) ; (4.89a)
1 (2520707, '

a(n, k) = ?( QHT_OT ) — 20014 (4.89b)

note that, in the limit of vanishing shear o;; — 0, the coupling terms vanish, and the SVT modes
decouple, as in the FLRW case.

The perturbative equations can also be written schematically as
V" + WV =TV (4.90)

where the w? matrix represents the frequencies and T the interactions. They are explicitly given
by

"

kQ‘i‘Z 0 0 0 N, Ry
wr=| 0 k2 - 2 , T=]| 3
0 0 k2 - R, 3 0
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By direct comparison of the obtained perturbative equations (4.86) to the isotropic ones (2.116),

one is already able to note some qualitative non-trivial differences to the FLRW case, which are:

1. Due to anisotropy, the predicted power spectra will depend on the wavevector % and not just on
its modulus k: P, (k;) and Py (k;)7;

2. Due to the coupling between scalar and tensor modes, there will be non-trivial cross-correlations

between the scalar and tensor power spectra, represented by the two point functions (0/i)),;

3. The two gravitational wave polarizations will presented different power spectra: P, (l%) # Py (lg)

due to the fact that they present different dynamics;

we now proceed our discussion by quantizing the perturbations in order to make some more quanti-

tative statements.

4.3.3 Quantization of Perturbations and Predictions

As in the isotropic case, before quantization, one needs to identify the theory’s canonical vari-
ables, which can be done by analyzying the action. Therefore, one needs to expand the Einstein-
Hilbert action coupled to a scalar field up to second order on the perturbations. The calculation is
straightforward, where one essentially needs to group similar terms and eliminate total derivatives -
but rather lengthy. Therefore, we shall only present the results. A more complete discussion can be
found in [23].

The total action St is then split into zeroth order, first order and second order as

STZS()+51+SQ7 (491)
where, respectively:
1 :
So=5- [ dtda[s? (-6H2 +52 =26V + kg?)]

5 SH 4.92
2R/dtd [ = (s )] (4.92a)
. f dt d*zs? [Rf”) 4 5y - 26,610 + 12HW + 30 (6H? - 52 + 26V — k)
K
+® (6H2 — 6% = 2KV - k$*) - 2KV;00 + 2Kp6¢ |
SV
3 (48T z( )]
/dtd { [8(5) o (=
2 S\IJ 3 ~17 3 3, .
dt VA ) £ 5°67hi; + 125 H Y + 25%6660 || (4.92b)
- f dt 53 [R;3> + N R® & %hRf”) + Ky + %thl + %h2lC0
K

"To be more precise, even in the isotropic FLRW case, this kind of dependence could occur. However, in such case, if
one assumes isotropic initial conditions, dynamics preserves such property, while in the Bianchi I case, even if one starts
with isotropic initial conditions, they will in general evolve to anisotropic ones.
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- Z—lh;hg/co = Ny = 5 N1 + NiKo+ K (=S720;600'6¢ - Vys6”

1 1. . o
~2N1Vyb0 ~ hVyS = hNIV = Zh°V + ISRV + 66 ~ 2N1 066
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+N2¢? + hodd — %hmq&? + éh%Q - ihéh{&)] , (4.92¢)
where we introduced
5 11 0;0;
SR =4 (v2 ey ) v, (4.93a)
. . ) ) . 1 . 1 o
S2REY = — QRO — 20790, ~ 90, D' ~ L O I0 i = SOrhs; 0 (4.93b)
. 1. )

—60; (h7'0; V) + 50'0; (hi'hyi), (4.93¢)
Ko=-6H?+5° (4.93d)
Ki=-2Hh+%hyj - 26,;6]h", (4.93e)
Ko =2Hh;jh' — AHG;;h"hi — 26 ™ hyy + 26,67 h™ R, + G (4.93f)

+ GO mh I — ih? (4.93g)

In (4.92), the background field equations were used to rewrite the zero and first order contribu-
tions as total derivatives, which explicitly shows that any non-trivial contributions to the perturbations
come from the second order action S,. It should also be noted that this procedure cannot be used for
quantum bounces, where the background itself is quantized. However, the second order action for
a general background was obtained in [43, 85] without ever applying classical equations of motion.
Such result may prove useful to construct a perturbed Bianchi I minisuperspace quantum cosmologi-
cal model in the future.

The obtained action may be further simplified by eliminating the vector constraint and express-
ing it in Fourier space. Using such protocol and eliminating boundary terms, the action in terms of

the remaining degrees of freedom is then given by:

" 2 ! !
Sy :% / dnd3k {v'v’* + (2—5 - kz) v+ Y L (m) (0" +vpy;)  (5.20)
Zs

) S2 2H - g
!/
I 1% Z;{ 2 * 1 2‘5(20'T><0-T+ %
ZA: [MAMA + (Z—A -k )MAMA + [—QUTXUT + +§ (2%—_(7' LCEONON N (4.94)

which can be shown to yield the obtain the scalar and tensor dynamical equations (4.84) and (4.85).

It also leads to the canonical conjugate momenta

T, = a—L_Q =" (4.95)
ov
L

T = OLs _ 1l (4.96)

Ofix
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Figure 4.3: Time evolution of the couplings: scalar-tensor R on the left, scalar-tensor X on the center and tensor-tensor 1 on the right, for three
different modes, each aligned with one of the three orthogonal directions defined by the Killing vector fields. Note that the scalar-tensor couplings R
decay both in the future, as the universe isotropizes, as in the past. However, the tensor-tensor coupling 2 tends to a constant value, which shows that
the tensor modes are more strongly coupled than the scalar to tensor. This graph was reproduced from [22]. All graphs from this section are from such
reference, unless otherwise explicitly stated.

where L, is the Lagrangian density such that Sy = [ Lodnd?®z.

To proceed with quantization, one must first note a very non-trivial fact: as was emphasized,
the system (4.86) is coupled, which in turn means that we are dealing not only with a free theory, but
with an interacting 3 field theory. This makes quantization a lot harder, since most of quantum field
theory in curved spacetime results assume a free theory in a classical background [69].

Since the quantization of interacting field theories is problematic, a reasonable assumption
would be to look for a regime where the interaction terms go to zero and the modes decouple. As
discussed in [23], in the sub-Hubble limit, the modes decouple and behave as harmonic oscillators.

In particular, it is possible to show that the scalar-tensor coupling is bounded by
R < ZH?, (4.97)

where Z is a finite constant, with similar results for the tensor-tensor coupling J(%;, 7). Therefore, in
the sub-Hubble limit the modes decouple and behaves as a set of harmonic oscillators, which means

that the system (4.86) becomes, schematically:
V" +w?V =0. (4.98)

Such result can also be visualized by numerical implementations, as in Figure 4.3. Note that, while
the scalar-tensor couplings R, decay in the (sub-Hubble) past, the same does not happen for the
tensor-tensor coupling 1, which does not decay in general.

Now, one may proceed to quantize perturbations in the regime where they can effectively be
treated as free fields evolving in an expanding spacetime. It should be noted that the decoupling con-
siderations are valid only for a certain range of scales, which makes it harder to quantize perturbations
outside a certain £,y range.

To proceed with our quantization procedure, as in the usual case, we promote our fields to
quantum operators through the mode expansion (3.70) satisfying the canonical commutation relations
(3.71). Then, as previously discussed in chapter 3, one now needs to define a vacuum state and hence

a representation for the states.



132

20 . 20 .
15 151 N
a [ -
50 3 1ot 1
N e
0s5- ] 05k ]
0.0 — —— ———r—— \/ 0.0 P e i I ‘ . R
-0012  -00I10  -0008  -0006 -0004 —0.002  0.000 -0012 0010 -0008 -0.006 —0.004 -—0.002  0.000
1 n

Figure 4.4: Evolution of the ratio |Q/w?| for scalar modes of a given k. On the left is the evolution of such quantity in the FLRW case. Note that the
ratio approaches O further and further in the past, allowing an adiabatic vacuum prescription. On the right is the analogous for the Bianchi I case, for
modes aligned with each one of the orthogonal directions. Note that the ratio |Q/w?| gets small in the past and then starts to grow again, allowing a
WKB approximation only for a limite region.

As can be seem by inspection, the frequencies (4.87) have a quite complicated expression (4.88),
and are not positive define in general, with their signal depending on the background dynamics.
Therefore, the minimization of energy prescription discussed in subsection 3.3.1 is not applicable in
the general case.

One then is lead to consider the adiabatic prescription discussed in subsection 3.3.2, which
relies on the WKB approximation. Recall that, since our perturbative equations are schematically
given by

V" +w?V =0 (4.99)

where we neglected the couplings T, the WKB approximation is a good approximation for the solu-

tions if the condition

‘% «1, (4.100)
w
_1 [§ (%) B %] | (4.101)
212\ w, )~ W,

is satisfied. For consistency, before applying an adiabatic vacuum prescription, one should then study
the validity of the WKB approximation, which was analyzed in detail in [22] using numerical meth-
ods. However, a striking surprise was found: as one can see in Figure 4.4 and Figure 4.5, the WKB
regime is violated in the past for some modes, which forbids one to define an adiabatic vacuum state
in the usual way. To illustrate such failure, a comparison between a WKB solution and an exact

(numerical) solution can be seem in Figure 4.6.
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Figure 4.6: Comparison between the WKB approximated solution and the exact (numerical) solution. The left figure shows two modes for which the
WKB approximation is valid, while the right one shows one mode for which it isn’t. The inner left figure shows the ratio U}CVKB /v, between the WKB

and the numerical solution.

The main reason for the failure of the WKB approximation is due to the background’s anisotropic
dynamics. In the isotropic FLRW case, one may analyze if one given mode is in its sub-Hubble or

super-Hubble regime by comparing its given wavelength

k

a(t)’

with the Hubble radius Ry (t) = 1/H = a/a. However, in the Bianchi I case, since the background is

anisotropic, a given mode has wavelengths aligned with each direction evolving as

AL(L) = (4.102)

ki
ai(t)’
which can be visualized in Figure 4.7. Therefore, a given mode may be sub-Hubble in one direction

and super-Hubble in the other due to anisotropy.® Of course, such difference between directions is

negligible in the isotropic post-inflation limit, but since the background shear evolves as o ~ 1/56,

(4.103)

A (1) =

the shear dominates in the past, and anisotropic effects become relevant.

$1n the Bianchi I case, the Hubble radius is defined as Ry (t) = 1/H = S/ S and recovers the usual definition in the
FLRW case.
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Figure 4.7: Evolution of the logarithm of the ratio k/ky. s, where ks is the reference scale. Note that, in the past, the different directions evolve in
very different ways due to the presence of shear o;;.

In fact, remembering the parametrization introduced in (2.11), that is:

a;(t) = % (4.104)
with the ; satisfying the constraint
3
Y B =0, (4.105)
i=1
direct differentiation then leads to ,
N Bi=0, (4.106)
i=1

one sees that, in order for (4.105) and (4.106) to be satisfied, 5; < 0 and BZ < 0 for at least one of
the (3;s/f;s. This means that, in a generic Bianchi I, at least one of the three orthogonal directions
(defined by the Killing vector fields) is contracting, and this is independent of dynamics. Since the [3;
are functions of time, this means that one of the directions always performs a bounce.’
In practice, this property means that the directional Hubble rates
H=2 (4.107)
Q;
may be negative [9]. Hence, differently of the usual isotropic inflationary case, where a given sub-
Hubble mode was always sub-Hubble before the end of inflation, a given sub-Hubble mode may
have had a super-Hubble period in the past, which makes the WKB approximation inapplicable. In
fact, the situation is even worse: as was shown in [22]: all modes had a super-Hubble regime in the
past, and there are modes for which the WKB approximation is not valid for any period of time. For
such modes, an adiabatic vacuum state cannot be defined, and one is then unable to impose initial
conditions for them, and hence to make definite predictions about the CMB spectrum.
However, [22] has offered an interesting alternative procedure to impose initial conditions. It

is based on considering the initial conditions only for the modes that enter a WKB regime and at the

Note that, although the Bianchi I universes allow bounces in one direction coupled to ordinary matter and GR, it does
not violate the Singularity Theorems and contain past singularities.
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Figure 4.8: The angular averaged spectra log [ fz (k)] and log [ f (k)] for the curvature perturbations R and the two gravitational wave polarizations
+, x as functions of log (k/k rer), on the left and right, respectively. The inner right figures depict the relative difference between the two polarizations,
while the dashed line represents the FLRW case. It can be seem that, for scales that are smaller than the reference scale, where log (k/krer) > 0.8,
isotropy is recovery and the spectra are praticaly identical, with non-trivial differences being present only for larger scales.

exact time t,(l%) for which the ratio | /w?| is minimal. While this prescription does not enable one to
make predictions for all scales, it does make define predictions for a certain range of scales up to a
reference scale k,.. s, which we shall now briefly discuss.

First, we define the averaged over directions power spectrum fx (k) by

1 N N
fX(k;)zEfPX(k)dzk, (4.108)

where X = R, +, x is an index that represents the each possible mode type. A plot of fx (k) for each
type of mode can be seem in Figure 4.8, while a Mollweide projection for ’PR(E:) can be seem in
Figure 4.9, which provides visual intuition for isotropization on small scales [22].

As noted in [22], the evolution of perturbations can be solved numerically, but such process is
quite complicated, so that we merely state the results. More details can be found in appendix A of

[22]. The main results are then given by

1. Analyzying the evolution of the direction averaged power spectra fx (k), the obtained scalar
spectral index is given by ny — 1 ~ -0.032 == ns ~ 0.968, which is essentially the same as

predicted by usual inflationary models [50, 86];

2. For primordial gravitational waves, the predicted tensor spectral index np is given by ny ~

—-0.016. Also, as previously noted the two gravitational wave polarizations present different
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Figure 4.9: Mollweide projection of the percentual ratio between the 7372(15) obtained in the Bianchi I model and its value on the FLRW case. They
are plotted for log (k/keet) = 1/2,1,3/2, 2 from left to right and top to bottom [22].

dynamics, as can be seem in Figure 4.8 ;

As for the modes with unknown initial conditions it can be shown [22] that tsuch modes are still
outside the Hubble radius nowadays, and hence are unobservable, provided inflation has lasted for at
least N ~ 60 e-folds. This prescription then has the problem that, while it does indeed make predic-
tions, they are limited to modes that are closer to isotropy, so that their differences with respect to the
FLRW case are somewhat limited, and also demands a certain fine tuning of the initial anisotropy of
the universe in a way that only the largest modes that are observable were affected by the primordial
anisotropic phase [9]. Such fine tuning is unsatisfactory in the sense that it returns to the class of
problems of initial conditions, which inflation was proposed to solve.

To conclude this chapter, we shall briefly compare such predictions with other works, in order
to try to identify model independent aspects of Bianchi I perturbed models. However, it should be
noted that there are but a few works on the subject, since perturbation theory on Bianchi I spacetimes
has not been developed until recent years [9, 76].

In comparison to the presented model, the previously mentioned Loop Quantum Gravity scalar
field bouncing model [75] presents one interesting non-trivial difference: due to the bounce, one
can properly define an adiabatic vacuum space in the pre-bounce era, allowing one to make definite

predictions, such as:

1. Scalar-tensor and tensor-tensor cross correlations, which suggests such property to be model

independent for perturbations defined on Bianchi I backgrounds;

2. Anisotropic features in all the CMB angular correlations, with a particular quadrupolar modu-

lation that is suggested to account for a similar feature observed by the Planck mission.
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Furthermore, [75] also reports that the cross correlations feature is manifest in CMB temperature-
polarization correlations at low multipoles, with a future detection of B-modes being able to test such
prediction.
As for the before mentioned inflationary model defined in a Bianchi I background with line
element [21]
ds? = —dt* + a*(t)dz* + b*(t) (dy? + dz?) |

scalar-tensor and tensor-tensor correlations are also reported, with the detection of B-modes in the
CMB being again suggested as a way to test such prediction. Works [22] and [21] use different
perturbation schemes, but yield the same perturbation evolution according to [21]. It should also be
noted that [21] provides yet another way to define initial conditions for the perturbations by analyzing

its Kasner-line behavior at early times, but is still not able to consider initial conditions for all modes.!°

'0The Kasner metric is the Bianchi I vacuum solution of the Einstein field equations, being explicitly given by ds? =

3 3
—dt? +t?P1dg? + t2r2 dy2 +12P3d22 with the ¢; satisfying the constraints Z pi=1, Z pf = 1. For further reading, see [29].
i=1 i=1



138

S CONCLUSIONS AND FUTURE PERSPECTIVES

In this dissertation, we did a self-contained and comprehensive literature review on cosmolog-
ical perturbations in Bianchi I backgrounds and their quantization process, which we hope will be
useful to students or researchers with interest in such models. In particular, it became evident that, by
relaxing only one background hypothesis — isotropy — , we obtained much richer models, both at
background and perturbative level, and non-trivial problems at the quantization process.

As an example of such difficulties, it was shown that minisuperspace Bianchi I models con-
structed in canonical quantum gravity may have a non-unitary evolution depending on a chosen op-
erator orderering, which leads to inequivalent interpretations about its state [15, 78]. This leads to
quantization problems right at background level, which are crucial to address before perturbations are
included.

In the case of inflationary models on Bianchi I backgrounds, ambiguities at the background
level are not present since gravity is treated classically. However, at perturbation level, they present
another kind of difficulty: the arduous computational steps involved in the analysis of the perturbed
classical Einstein field equations, where one needs to perform projections using projection operators
[23].

Be as it may be, the difficulties of inflationary models at classical level can be properly solved,
but the true challenges occur at the quantization process. This is due to the fact that the obtained
dynamical system of equations (4.86) presents 3 interacting fields, a kind of system for which quan-
tization techniques in curved space-times are more scarce [9, 69].

Even in regimes where the couplings can be neglected, the quantization process is still non-
trivial due to the fact that, as discussed in section 4.3, the WKB approximation is violated in the
primordial shear dominated phase, which does not allow one to define the usual adiabatic vacuum
states and hence set initial conditions unambiguously [22]. While one can still make predictions for
a range of scales, they are very similar to the isotropic case, and demand an initial shear fine tuning,
returning to a problem of initial conditions in cosmology [9].

The aforementioned problems are highly non-trivial and lack a definite solution in literature.
Thus, this work may serve as an interesting starting point for students and researchers seeking to
address these challenges. It should also be noted that any new results must be compared with the
already obtained in literature, in particular references [22, 23, 78, 83]. One might also consider
extensions to the analyzed models, such as: 1 developing perturbation theory for the other Bianchi
types, in particular the class with isotropic limits (Bianchi types V, VI, VII;, IX); 2. considering
other potentials instead of V' (¢) = m¢?/2 for the inflationary case.

However, before considering such extensions, it would be interesting to solve the problems of
the already developed models. To that end, a set of promising new theoretical techniques provide
hopes of handling the mentioned difficulties, which we shall now briefly discuss.

In the case of the canonical quantum gravity Bianchi I minisuperspace model, a direct solution
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would be to look for a physically reasonable operator ordering that allows unitary evolution, and then
to consider perturbations in a way similar to the isotropic case done in [87]. Another option would
be to consider different notions of time, which would modify the theory’s effective Hamiltonian. For
instance, a recent new proposal was to consider time on a Bianchi I universe defined only in relation
to the gravitational degrees of freedom [80], which remains to be studied in other Bianchi types. It
would then be interesting to consider perturbations with such alternative time choices and compare
their predictions, which may even shed light on the Problem of Time in quantum cosmology.

As for the inflationary case, an interesting method to deal with the quantization of coupled
perturbations was presented in [88], which is based on the diagonalization of the hamiltonian tensor
that defines the perturbative equations. One can then define appropriate variables for which a vacuum
state can be properly defined and extract predictions. In particular, during the course of this work, we
started working on a perturbed two barotropic fluid flat FLRW minisuperspace model. This model
is a natural extension of the one presented in section 2.3 and, at perturbative level, one finds two
perturbative coupled variables that demand such methods to be applied. This model can be seen as a
preliminary step before addressing the three coupled Bianchi I perturbations in future research.

Nonetheless, the WKB approximation problem persists. A possible way to circumvent such
challenge would be to consider alternative prescriptions for constructing vacuum states and setting
initial conditions. In particular, a quite recent work [89] has introduced a new prescription to define
vacuum states for scalar fields which is also valid in the non-adiabatic regime. It is mainly based on
the notion of vacuum stability, which is equivalent to particle creation minimization.! Such new pre-
scription was created to attack the problem of bouncing models with a positive cosmological constant
[89]. This happens due to the fact that, in the asymptotic past of such models, the adiabatic regime
is also violated. Such new prescription was able to define a vacuum state for a single scalar field in
such case, and it was also shown to recover the usual Bunch-Davies vacuum from considerations on
the super-Hubble limit. It would then be interesting to apply similar considerations for inflationary
Bianchi I models, but that would require extending the prescription to interacting fields, which is
clearly way beyond the scope of this work.

Additionally, another question was called attention during the course of this work: would it
possible to define more convenient variables for perturbations on Bianchi I models?

This is due to the fact that, while in the isotropic FLRW case one performs a SVT decomposition
in order to describe perturbations in terms of representations of the rotation group, such symmetry
is lost in the anisotropy case. Hence, a SVT decomposition on the Bianchi I case does not lead to
the same advantages, as was discussed in section 4.3: it lead to laborious calculations at the classical
level, but ended with only two dynamical equations for coupled scalar and tensor modes. By properly
defining perturbative variables, one would then hope that such lengthy calculations could be avoided,
and a simple method to obtain such dynamical equations would appear.

A procedure to obtain such variables was proposed by my advisor. It consists on analyzying the

'In the language of chapter 3, this would amount to minimizing the Bogoliubov coefficients (3.34) that compare a
chosen vacuum state at time 7y which its evolved version at time 7); .



140

full second order perturbed Einstein-Hilbert action — obtained for a general background in [43] —
for the Bianchi I case, and eliminating the constraints to isolate the true degrees of freedom without
ever making an SVT decomposition. While this procedure seems promising, it has not yet provided
enough results to be included in this work, and remains a topic for future research.

Although the quantization of perturbations in a Bianchi I background poses substantial chal-
lenges that cannot be overcome using conventional methods, the application of the mentioned novel
approaches offers hope for resolving the quantization procedure. This, in turn, may lead to new pre-
dictions for the primordial universe and even tighter constraints on its anisotropy and hence the initial

conditions of our universe.
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A DIFFERENTIAL GEOMETRY

In this appendix we shall introduce the main Differential Geometry concepts of importance
for the main text. We start by giving some general definitions, and then we specialize in (pseudo)

Riemannian Geometry, which is relevant for General Relativity.

A.1 GENERAL DEFINITIONS

In this section we introduce the main definitions that are going to be of use in the main text.
In particular, we follow Wald’s [29] chapter 2 closely. We assume a basic knowledge of topological
spaces, and refer the reader to [45] for a more detailed account.

A n-dimensional real manifold M is a topological space with a collection of open sets {O;}
such that

1. U Oz = M;
2. For each ¢ there is a homeomorphism ¢; : O; c M - U; c R" ;

in this context, {O}, is an atlas of the manifold, and the pairs (O;,1);) are coordinate charts in M.

We say that M admits a differential structure if, when there is an intersection O; N O; # ¢
between two charts (O;, 1), (0;,1;), the composition map 1; o 171 : U; ¢ R* - U; c R™ is smooth,
that is, it is a C'* function. If M admits a differential structure, we call M a differentiable C'*
manifold. We denote C'* (M) the space of all functions of class C'™ with respect to the differential
structure of M.

We define a derivation at a point p € M as a map v : C*°(M) — R which satisfies

1. Linearity:
v(af+bg) =av(f) +bv(g);

2. Leibniz Rule:
v(fg) =v(f)g+ fo(g);

we then denote as 1), M as the set of all derivations at p € M. It follows that 7, M is a vector space
with dim7, M = dimM, and is known as the tangent space at p in M, with the derivations at p being
denoted tangent vectors at p. If we choose a coordinate chart (O, ), then we say that the set { X, }
of derivations such that
Xulf) = o (fou™)
¥(p)
is the coordinate basis associated to the chart (O, ), which can be shown to be a basis of 7, M. It is

usual to use the notation

0

B Qan”’
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for a coordinate basis, or X, = 0, and we shall alter between those interchangeably [45].
A curve \in MisaC*®map \: [ c R - M. A curve can also act on functions f € C*(M)

as derivations at each point p € M by the expression

_d
ZE(fo/\)

p

ACS)

p
which can be shown to be a derivation. Here ¢ € [ is the parameter of the curve and fo A : R — R.

At each point p € M, we can map a curve to a vector v € 7, M. Using a coordinate chart, the curves

components are given by

where z# is the p-nth coordinate of ¢ o \|; € R™.
A function ¢ : M — N, where M and N are differentiable manifolds, induces a function

between curves on M and NV, which is known as a push-forward ¢,. It is defined by the expression:

¢+(A) =go A, (A.D)

and, since curves can be mapped to derivations, it follows that ¢, maps tangent vectors in M to N,
thatis, ¢, : T,M — T¢(p)./\/ , which can also shown to be a linear map.

A vector field X is a smooth assignment of a vector v € T, M for each p € M. Here "smooth"
means that given a smooth function f € C*°(M), then X(f) is also a smooth function defined for
all p € M. We define the integral curve of a vector field X that passes through p by the differential
equation

diﬂ:X“(xl,:ﬂ,...,x"). (A.2)
dt
We also define another operation between vector fields: the commutator [, |. It is a bilinear map that

maps two vector fields X and Y to another vector field [ X, Y]

(X Y](f) = X (V) -Y (X)), (A.3)

and it can be shown that this map is linear, anti-commutative and satisfies the usual Jacobi identity.
We denote Tp* M as the dual space of 7, M, that is, the space of linear functionals w : T, M —
R. To a coordinate basis {0, }, we associate the dual basis as being the set of functionals {dz"} that
satisfies
dx”(%) =0,". (A4)
Note that this definition is basis dependent. However, when we introduce a metric tensor, there will
be a natural, basis independent correspondence between 7, M and Tp*/\/l, as we shall se.

We define tensors in M as multilinear applications that maps vectors and covectors to numbers.

1A more precise notation would be X,, = (%)p, which identifies the point p. However, we shall not use such
notation, since it would be cumbersome to carry the p subindex.
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In a more precise way, we say that an application

T:TMx .. xTIMxTMxxT,M—>R, (A.5)

k l

that is linear in each slot is a tensor of rank (%, ), which tensor fields being defined in an analog way.
In this work, we use Wald’s abstract index notation [68] to differentiate between geometric objects
and coordinate dependent ones. In this notation, latin indexes are integral parts of the tensors, and do
not represent coordinate components, which are represented by greek indexes. For example, in this
notation the application of a tensor map 7" : 7, M x T}, M — RR on a pair of vectors u, v € T,/M is given
by:

T(v,u) = Tpu®, (A.6)

where the indexes represent the "slots" of the multilinear application. This notation is useful to make
sure that our expressions do not depend on the choice of coordinates in the manifold, while also
presenting the advantage that such expressions look very similar to coordinate ones.

In terms of the abstract index notation, we also define the symmetrization and anti-symmetrization

of rank (0, 2) tensors as follows:

Tiap) = % (Tap + Tha) (A.7)
Tlap) = % (Top = Tha) (A.8)
and in the general case, as follows:
Torar = 3 Tiv (A9)
Tiay..a] = l_l' ;5WTG7T(1)"‘QW(Z) , (A.10)

where the sum is taken over all permutations 7 of 1, ...,/ with é, = +1 for even permutations and
0 = —1 for odd permutations.

A totally antisymmetric tensor field 7,, ,, of type (0, k), that is
Toy..ar = Tay.a] » (A.11)

is called a differential k-form.

The Lie Derivative of a tensor field 7" with respect to the vector field X is defined by

27| =1im L@ P) - T(P)

e—0 €
p

(A.12)

where ¢X denotes the push-forward induced by the integral curve of X that passes through p, which
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is parametrized by e. The Lie derivative maps tensors of rank (%, 1) to tensors of the same rank, and
is a geometric notion of derivative, which can be introduced in any differentiable manifold.

The field of differential geometry studies manifolds, and we introduced structures that can be
defined on essentially any manifold. Now we specialize to more specific structures, which are of

importance to Einstein’s General Relativity.

A.2 (PSEUDO) RIEMANNIAN GEOMETRY

In (pseudo) Riemannian Geometry, we equip M with a metric tensor g, that is, a bilinear

tensor of rank (0, 2) which satisfies
1. Symmetry: gap = goa
2. Non-degeneracy: g, X% =0 = X% =0.

Given a metric tensor g,, at all points p € M we can always find an orthonormal basis {(v, )"}

defined on its respective tangent space such that
1. g (v,)" (0,)" = 0if % v
2. Gap (0,)" (0,)" = £1 for p = v;

however, it can be shown that number of basis vectors such that g, (v,,)" (vl,)b = +1 and the number
of basis vectors such that g, (v,,)" (v,)" = =1 is basis independent. Such numbers define what we

call the signature of the metric tensor g,;,. We shall work mainly with two possible metric signatures:
1. ++ ++ : Riemannian Metrics;
2. —+ ++ : Lorentzian Metrics.

With a metric tensor, it is possible to associate each vector v € T, M to a covector v, € 15 (M)

by defining the operation of "lowering indexes":
Vo = gapt’, (A.13)
we have also that, since g, is non degenerate, it has an inverse application g® such that
9arg" = 8, (A.14)
from which we can "raise indexes", that is, for each covector u, € T; (M), we define u® € T, M by

u® = g%y, (A.15)
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with analogous definitions for indexes of arbitrary tensors. A metric tensor then enables one to con-

nect the tangent space to the cotangent space. In particular, for a coordinate basis {9, }, we have

b
Az = goy (i) . (A.16)
@ ozt

Hence, in a coordinate basis, we can express the metric tensor as

Gab = G (d2"), ® (dz"), , (A.17)
where ,
o\ ( 0O
Guv = Gab (@) (é)x”) (A18)

are the components of the metric tensor. it is also usual to express A.17 in the simplified notation
ds? = gudatdx”, (A.19)

which is similar to an "infinitesimal square distance" [29]. This form is know as the "line element" of
a manifold, in the chosen coordinate system.
A Killing vector field ¢ is a vector field such that the respective Lie Derivative of the metric
vanishes:
Zeg=0 (A.20)

and they generate isometries, that is, metric doesn’t vary along the integral curves of a Killing vector
field.

We also equip M with a connection V, which is a map that takes each tensor of rank (k,[)
to a tensor of rank (k,l + 1). We denote the tensor field resulting from the action of V on 7" by
VTl ““'“’;Mbl. It is often notationally convenient to attach an index direclty to the derivative operator
and write is as V,. However, it should be noted that this is an abuse of the index notation, since V,
is not a dual vector. We then demand that the connection satisfies the following conditions, for all
tensor fields A, B :

1. Linearity:

vc(aAal...akbl.“bl + /BBcl...del.“dl) - avc(Aal...akbl.“bl) + /BVC(BCledldl)),

2. Leibniz rule:

aj...ay C1...Ck _ aj...ak C1...Ck aj...ak c1...Ck .
VC(A bl...blB dl...dl) - VC(A bl...bl)B + A blblv(B dl...dl) ’

d..d;

3. Commutativity with contraction:

vc(Aal...c...ak ) _ chal...c...akb

br..c..by Locby
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4. Consistency with directional derivatives:
t(f) =t"Vaf

5. Torsion free: for all f € C°M
VaVof = VpVaf;

The connection is a geometric structure that, in general, is independent of the metric. However,

if we demand
VeGab = 0 ) (A.21)

we say that the connection V is compatible with the metric g,,. This is enough to fix the connection,
which in this case is called the Levi-Civita connection. In this case, for a general tensor of rank
(k,1), we have

k k
0 TR + Z Fuingm---p---uk _ Z FpmjiTul---uk (A.22)
i=1

vi..vp o V... V1. Vi...p..1 )
Oz i=1

where the I'7,, are known as the Christoffel symbols and are given by [29]

G + Gy B agwf)

1
re =—¢°° A.23
w =39 ( ozt OJxv  OxP ( )

In terms of an arbitrary connection, the Lie Derivative, when applied to an arbitrary tensor field

of rank (k,[) is given by:
k !
Z)Talmallf)l.‘.bl = UCVCTalmalzl...bl - Z Talmcmakbl...blvcvai + Z Talmallg)l...cmblvbivc : (A'24)
i=1 i=1
To a connection V, the associated Riemann tensor is implicitly defined by

VaVeiwe = Rywa, (A.25)

which defines a notion of curvature on the manifold. In a coordinate basis, the riemann tensor com-

ponents are given by

R," = R, Lda @ds'@dz’ @0, (A.26)
— 0 d A A
Rug =5l 52T6,+ NSNS LN (A.27)

It also presents some important properties, which are

1. Anti-symmetry on the first pair: R, % = -R, %

bac °

2. Anti-symmetry on the second pair: Rupeq = —Rapdes
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3. First Bianchi Identity: R[abg] =0;

4. Second Bianchi Identity: V[, 1, ,,=0

1d

it can be shown that the Bianchi identitites are equivalent to V,G = 0, where

1
Gab = Rab - §Rgab7 (A28)
is the Einstein tensor and
Rapy = 0 R,,2, (A.29)
R= gabRab ) (A30)

are the Ricci tensor and Ricci scalar, respectively.

We define spacetime as a manifold M equipped with a Lorentzian metric tensor g, being repre-
sented by the pair (M, g.;). General Relativity is a theory that considers the geometry of spacetime
to be dynamic due to an interaction with matter. Such interaction is implemented by assuming that

the gravitational field is described by the metric tensor g,;, and that it follows the dynamical equations

1
Rap = 5 Bgap = Kl (A.31)

where Ty, is the matter stress energy tensor, and the coupling constant x must satisfy x = 87G/c* to
recover the newtonian limit. The system A.31 is called Einstein equations. We also assume that free

particles follow geodesics, that is, curves whose tangent vectors v® obey
vV’ =0, (A.32)

whose coordinate representation is given by

d o
% + 19, b =0, (A.33)

where 7 is an affine parameter.
To end this section, we point out that the relevant spacetimes for cosmology have an important
property: they can be foliated. This means that we express can express their manifold M using a

family of spacelike hypersurfaces {3;} and a timelike vector field n%n, = —1 such that
1. U X = M;
2. X N2y, =D if by # to;
3. n%, =0 for all v, tangent to >;;

and ¢ is the parameter associated to the integral curves of n®.

We can then induce a riemannian metric h,, in each >; by defining
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hab = Gab t NNy (A34)

which naturally defines a induced connection and a notion of curvature on ;.
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