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Abstract

One of the distinct trends in modern cosmology is in testing its theoretical aspects against
the high precision data available in recent years. Although the standard cosmological model
has already shown certain satisfactory results in matching the data from observations of
the Cosmic Microwave Background and Large Scale Structure, we are by far unable to
be convinced of its ability in describing the complete nature of the universe. Therefore,
detailed study has to be done in the theory of higher order cosmological perturbation to
enable us the ability in describing the non-linear aspects of the universe. Only then we
shall be equipped with better knowledge/understanding to begin to appreciate better the
vastness of the history/evolution of the universe. What is more troubling in being satisfied
with the standard cosmological model is that the very foundation of the building blocks in
the standard model - namely the Copernican principle - has yet to be tested against data
with high accuracy.

In this thesis, a few contributions have been made in advancing these topics in the
study of modern cosmology. Chapter 2 exams validity of the Copernican principle. We
propose a principle test for the Copernican assumption. The proposed test does not depend
on any theory of gravity nor on our understanding of dark energy, but relies only on the
geometry of the Friedmann-Lemaitre-Robertson-Walker models themselves. It is by defi-
nition that our proposed Copernican function should obtain a zero value at each redshift
for the standard cosmological model - Friedmann-Lemaitre-Robertson-Walker model, which
assumes Copernican principle in its model building. In general, this Copernican function
should yield a non-zero value at each redshift for an inhomogeneous model, for example
the Lemaitre-Tolman-Bondi model. We also present two alternative approaches that might
help us in testing the validity of Copernican principle and hence further understand the
underlying issues of dark energy.

Since one of the aims of this thesis is to address the non-linear aspects of the universe, we
briefly review the Friedmann-Lemaitre-Robertson-Walker model and its linear order pertur-
bation. We will present its line element and all the components required for calculating the
trace-reversed Einstein field equations at background and linear order. We also briefly look
at the issue of coordinate transformation and gauge choices. Furthermore, it is necessary
to present the power spectrum, the matter transfer function and introduce the features of
the scalar, vector and tensor modes in linear theory. Last but not least, some basic ideas of
the 143 covariant formalism are also presented and it should be of great help to us when
we present our analysis on second order vorticity generation.

Chapter 4 outlines our investigation in second order vector modes from coupled linear
scalar modes. We present the expressions for components needed for calculating the sec-
ond order trace-reversed Einstein field equations. This should in term provides us with a
constraint equation and an evolution equation for the second order vector modes. Vector
perturbations typically produce vorticity and a transverse shear in the fluid four velocity.
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Expressions for vorticity and vector shear are calculated at second order in order to better
understand the issue of vorticity generation at second order. We investigate, first of all, how
the vector modes are generated from individual scalar modes at radiation era by assuming
the form of two delta functions for an input scalar power spectrum in the vector mode
power spectrum expression. We find that the vector modes are efficiently produced when
the two scalar modes are outside the Hubble radius. Furthermore, we realise that once one
of the scalar modes is inside and the other outside the Hubble radius, there is effectively no
generation of vector modes. We then move on to looking at the power spectrum of vector
modes from power-law scalar input power spectrum. We also investigate the feature of the
power spectra of vector metric perturbations and vector shear, and present our analysis
on the issue of vorticity generation at second order during the dust era with a non-zero
cosmological constant.
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Chapter 1

Introduction

The Copernican principle

The Copernican principle (CP) has played a pivotal role from the beginning of mod-
ern cosmology. The modern day CP is the two assumptions that when averaged over
large enough scales, the universe is homogeneous and isotropic. One of the most suc-
cessful and commonly adopted model in cosmology is the Friedmann-Lemaitre-Robertson-
Walker (FLRW) model. The FLRW model describes a spatially expanding homogeneous
and isotropic background, and therefore it is a model built on the foundation of the CP.
Together with its linear perturbations, it has been shown to match the current high preci-
sion data from observations of the Cosmic Microwave Background (CMB) [206, 207, 117]
and Large Scale Structure (LSS) [212]. The data provides strong evidence for a nearly spa-
tially flat universe on large scales with a primordial spectrum of adiabatic, Gaussian and
close to scale invariant density perturbations. However, this simple adoption of the CP in
any cosmological model costs us dearly: for example in matching observational data from
the CMB or from the type Ia supernova (SNIa) [82, 11, 190] to the model, a cosmological
constant (or in general a dark energy component) is introduced without knowing its exact
nature. Therefore, exploration of its validity has been in many researchers’ focus especially
in recent years when at last vast quantity of observational data with reasonable accuracy
has become available to us.

The issue of testing the CP has been looked at by various authors and a few tests have
been proposed. Here we will look at a couple of these tests in more details. In chapter 2 of
this thesis we will consider the issue of testing the CP and propose a principle test for the
Copernican assumption and two alternative approaches in testing the CP.

Inspired by the idea mentioned by Goodman in 1995 [87] on the possibility of testing the
CP with the distortions of the blackbody spectrum of the CMB, authors in [44] took this
idea a step further and demonstrated how this test can be implemented in a more practical
approach. They chose to consider a low amplitude void with the profile that is known as a

Hubble bubble (local void) embedded in a flat Einstein-de Sitter matter dominated universe
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and calculated the constraints on the CMB blackbody spectrum distortion. They showed
that their results rule out large voids with large density contrasts and in term ruled out the
ones that were violating the CP the most.

Another idea on testing the CP was introduced in [227]. They proposed a method that
uses the time drift of redshift (change of redshift with respect to time on observer’s past
light cone) in spacetimes with less symmetries than the FLRW universe, for example the
spherically symmetric but radially inhomogeneous Lemaitre-Tolman-Bondi (LTB) metric.
Together with the distance data, they were able to demonstrate how the observation of time
drift of redshift can be used to test the CP. In [55], another approach to test the CP was
put forward. They showed that the local redshift dependence of the luminosity distance
from the SNIa observation can be used to indicate if we live in a large void or if the dark
energy is appropriate in explaining the cosmic expansion in the coming years. Other studies
related to the CP have been done as well as the ones mentioned in more details above, see
for example [31, 108, 221].

Dark energy/cosmological constant problem

Instead of trying to test the CP, dealing with the more direct problem at hand - un-
derstanding the nature/property of this dark energy/cosmological constant component, is
a far more common practice. Ever since the discovery of the accelerated expansion of the
universe from the observation of the luminosity distance to SNIa [192, 187, 178], people have
been trying to explain this observed feature with a dark energy component which takes up
about 70% of the total energy density with limited success. This limitation mainly comes
from our lack of understanding in the underlying physics of dark energy. When at first the
dark energy component was proposed to explain the accelerated expansion of the universe,
it was addressed as a cosmological constant A (sometimes also considered as a negative
pressure fluid with the equation of the state (EOS) w = —1). Soon afterward, the ACDM
model, in particular the flat ACDM model, became the standard model in the study of the
universe. See Fig. 1.1 for observational evidence for a flat universe.

This model provides a reasonably good fit to the high precision observational data, based
on a small number of cosmological parameters that characterise it [63]. A consistent set of
best fit model parameters coming from independent data sets such as CMB anisotropies,
galaxy surveys and supernova luminosities marks a remarkable achievement for the ACDM
models (see Fig. 1.2 for constraints from joint data sets). However, anything that con-
tributes to the energy density of the vacuum acts just like a cosmological constant since it
enters the Einstein field equations via an energy momentum tensor 7);7¢ = —(A/87G) gy
With our current understanding of particle physics, it is still extremely difficult to explain
as to why the theoretical expectations for the cosmological constant exceed observational

limits by approximately 120 orders of magnitude [237, 229, 230].
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Figure 1.1: In the (Q4,Q%) plan: evidence for a flat universe from the combined data analysis
from two observations: CMB and LSS. Figure taken from [117].

20

Figure 1.2: In the (€,,, Q) plane: joint constraints from CMB [63], baryon acoustic oscil-
lations (BAO) [70] and Union supernovae data set including samples from the Supernova
Legacy Survey and ESSENCE Survey, the older datasets, and HST. Showing in the figure
are their 68.3%, 95.4% and 99.7% confidence level contours (figure taken from [118]).

This has a lead to a variety of approaches which attempt to explain the accelerated
expansion. For example, instead of a rather limited constant EOS, one should perhaps
consider a time varying EOS w(z) for the dark energy. Common parameterisations of w(z)
include a linear variations with redshift, w(z) = wo + w,z, as proposed in [58], an evolution

that reaches a constant w at high redshift, w(z) = wo+wez/(1+ z), as proposed in [132] or
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an evolution with an EOS that has the form w(z) = wo — aIn(1+ z) such as the one used in
[68, 85]. Here wy is the present value of the EOS and « = dw/dIn a with a being the scale
factor. However from the data fitting point of view, the assumption of a functional form can
lead to possible biases in statements made about the dark energy and its evolution. This
is especially so should the true dark energy EOS behave very differently from its assumed
functional form [124]. More importantly the far fetched relation of the parameterisation to
the physical parameters is of a greater cause of concern, see for example [193, 145].

This is not the only concern that has been raised related to the issue of dark energy.
We also have to bear in mind that cosmic observations also depend on other cosmological
parameters such as the curvature density 2 and the total matter density €2,,. It has long
been known that there are degeneracies between Qy, €2, and w(z) and this issue has been
under intense investigation, see for example [133, 54, 100, 97]. It has also been argued that
should it turn out that we have an interaction between the dark components - dark energy
and dark matter (see [27, 79, 228] for a few proposed models), it is possible to create new
features to structure formation. These include a possible bias as pointed out in [5] and
also a possible violation in the weak equivalence principle by dark matter [25]. Another
concern regarding the dark components is raised in [119]. It has been argued that current
background observations cannot distinguish beyond the combination of dark matter and
dark energy evolution since they degenerate at a level that is sensitive to the total energy
momentum tensor. Without additional assumptions, we cannot measure either of them by
purely gravitational observations.

Seeing such difficulty in understanding the nature of dark energy and the complexity
of the problem (see Fig. 1.3 for an illustration of some of the possible dark energy model
classes and how they have grown from the simplest model - ACDM), this leads some to
search for an alternative explanation to the observed accelerated expansion of the universe.
For example, if the accelerated expansion of the universe is actually caused by the geometry
of the universe being inhomogeneous, this might fool us wrongfully into the conclusion that
there should be dark energy by mimicking a non-zero cosmological constant behaviour in
a homogeneous universe. This gives us an alternative way of explaining as to why there
should be no cosmological constant and yet at the same time possibly with minimal new
physics introduced. Due to the apparent needs in finding alternative explanation to dark
energy, the inhomogeneous models have only received renewed interests in recent years even

though the idea was put forward as early as in the 1990s (see e.g. [175]).
Some alternative explanations to dark energy
There are a few proposed ways as to how the inhomogeneities could in principle mimic

dark energy. One of which has gained momentum in recent times is the so-called ‘back-

reaction’ approach (see for example [43] for a review). This back-reaction comes from the
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Figure 1.3: Illustration of the model classes (large circles) and subclasses (represented by
points within different regions of the circles). Open points mark the initial (simplest) type of
model within each class, and arrows indicate paths to the more complex models in the class.
Note that in the figure models with constant EOS are under the category of “Negligible
early DE”. Figure taken from [158].

fact that the operations of spatial averaging do not commute with the time evolution [42].
Therefore, in an inhomogeneous universe the averaged quantities satisfy modified Friedmann
equations that contains these back-reaction terms. These back-reaction terms increase as
inhomogeneities develop since they depend on the variance of the local expansion rate.
Whether one can explain away the cosmic acceleration with back-reaction is still unclear
at the moment and it is hotly debated [107, 174, 185, 233]. Even if A = 0 and acceleration
is due to back-reaction, one would still need to explain the cosmological constant problem
[56] and this is yet another open question in modern cosmology.

Another interesting proposal is the idea of having a local void (a local underdense
region) around us and hence our universe is in fact an inhomogeneous universe. This way
it is conceivable that we do not have to assume an accelerated expansion in order to fit the
data as we have done for the homogeneous and isotropic models.

Several authors have investigated the local void idea before [3, 4, 83, 215, 216, 217, 48, 28]
and most have used a LTB model to describe the void. At the moment, the most exigent
problem in the void modelling is our ability in determining the correct void size that is able
to match up with all the current data from various sources, for example data from the CMB,
supernovae observation, and baryon acoustic oscillations. So far there has been no success in
fitting all three data sets despite many attempts. More complicated scenarios have also been

considered already. For example instead of having the observers in the centre of the void,
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we have off-centre observers. Unfortunately, there has been limited success in that direction

as well and in reality more investigation is still required in order to model the void correctly.
Linear perturbation theory

Despite the unsolved cosmological constant problem in the standard model in cosmology,
it is not without its merits. As mentioned earlier, it has been shown after all that it is able
to fit the current data to a reasonable degree. What is more is that the background FLRW
model plus its linear perturbation has shown its ability in developing the basic theory of
structure formation. Of course given the complexity of the universe, no linear theory will
have the capacity to fully describe it. Consequently, developing the perturbation theory to
at least second order becomes a necessity since only then we will have the tools to be able
to study the mildly non-linear features we observe in the universe.

The key idea in the theory of structure formation is that in the early universe if there
existed small energy density fluctuations (also called seeds), then they could be amplified
by gravitational instability. It is possible to study the induced fluctuations and their time
evolution using linear perturbation theory because the linear theory uses inhomogeneous
perturbations about a homogeneous background and these seeds are an inhomogeneously
distributed form of energy density that contributes only a small fraction of the total energy
density of the universe. This idea is very appealing since it is consistent with what we can
see from the CMB observation (see Fig 1.4).

Figure 1.4: From the CMB anisotropies we can see that there are small inhomogeneities
in the early universe. Therefore, the idea of studying the theory of structure formation
using the inhomogeneous linear perturbations around a homogeneous background is feasible.
Figure taken from [96].

Linear cosmological perturbations were initially studied in quite significant details by
Lifshitz [128]. It was later extended and with some errors corrected by authors in [129)].
However, synchronous gauge was used in both publications and their analysis was plagued
by some ambiguity caused by the gauge modes. This further caused some misinterpretation

and misuse of their results by many authors at the time without realising this problem. But
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some did recognise this gauge mode problem and tried to develop methods that are gauge
independent. For example, in [94, 170] they tried to develop a formulation that deals with
curvature tensor perturbation instead of the perturbation in the metric tensor. However, it
was not a complete success and they couldn’t solve the ambiguity caused by a gauge mode
in their expression with a zero pressure cosmic fluid.

In the meantime, equations for density perturbations in a longitudinal gauge was de-
rived in [92]. It was then discovered that the gauge modes problem that was plaguing the
synchronous gauge analysis was not appearing in the longitudinal gauge expressions. Then
it was shown in [168, 189] that the derive perturbative expressions are free of gauge modes in
a comoving gauge. They also used various gauge conditions to investigate the evolutionary
behaviour of density perturbations and hence clarified the issue of gauge dependence in the
growth rate of the density perturbation.

All of the papers mentioned above focused on the situation where we have adiabatic
perturbations without sources. Therefore, there remained the issues of what could possibly
be sourcing these density perturbations on super horizon scales and the size of their am-
plitudes still need to be considered. It was only in 1980 that these issues were addressed
thoroughly. In [184], they managed to show how one can remove the two unphysical gauge
modes in synchronous gauge that were causing much unwanted confusions and hence inter-
preted results on density perturbations on super horizon scales erroneously. This provided
them with renewed understanding in the study of density perturbations and hence allowed
them the freedom to take one step further to investigate the idea of generating density
perturbations with an entropy perturbation.

Then in [12] Bardeen formulated the completely gauge invariant perturbation equations
that took the study of the theory of linear perturbation to the next level. He not only studied
the density perturbations in the linear theory, but also focused on the vector and tensor
types of perturbations. To some extent, he also examined the criterion for the validity of
the linear perturbation analysis by comparing the perturbation amplitudes between several
physical quantities. His equations for gauge invariant variables were later on re-derived in
[35] in a straightforward manner starting from the synchronous gauge.

Taking full advantage of these gauge invariant perturbation equations formulated by
Bardeen, in [116] they reformulated the expressions extensively and paid special attention
to the geometrical meaning of the perturbation. Furthermore, they also looked at the ap-
plication of the linear theory to some cosmological models, including for example examining
the effect of isotropic and anisotropic stress perturbations, behaviour and generation of den-
sity perturbations in the radiation and dust universe and so on. Since then gauge invariant
perturbative approach received more and more popularity and has been applied to various
areas in cosmology, for example it has been used to study the dynamics of inflationary
universe models [81], to study fluctuations in the CDM model of structure formation [157]

and used for a gauge invariant analysis of perturbations through the decoupling epoch [90].
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And it has now become a fundamental tool for any modern cosmologist.

Alternative approaches to cosmological perturbations have been worked on as well. One
of which that is a competitive contender to the usual metric approach is a gauge invariant
formalism based on covariant approach. This covariant approach has the idea of defining
exact variables that are meaningful in any spacetime such that their values vanish on the
background [74, 76, 75, 105] (see [64, 37] for the extension to multi-fluid an scalar field
models in the covariant approach). These variables are gauge invariant perturbations of
the FLRW background and their physical meanings are apparent through the covariant
definition. However, due to the technical complication when working with the covariant
approach, it has not been able to reach the popularity that the metric approach has achieved
in the study of cosmological perturbation theory.

The upsurge of interest in linear perturbation theory pushed it into its maturity, since
then it has provided us with a means to explain the origin of structures such as galaxies and
clusters in the inflationary universe model. The important recognition that quantum fluc-
tuations in an expanding universe could lead to classical density perturbations was pointed
out in [51]. Also, it was pointed out in [183, 191] that in an inflationary universe scales
inside the Hubble radius H~!(¢) (or comoving scales that are smaller than the comoving
Hubble radius (aH)™!) at the beginning of the inflation will expand rapidly and exit the
Hubble radius (the horizon). However, they will re-enter the Hubble radius at a time af-
ter the period of inflation and form the large scale cosmological perturbations and it was
pointed out in [93, 239] that they have a scale invariant power spectrum in the simplest in-
flationary models. See Fig 1.5 for a schematic demonstration on the creation and evolution
of perturbations in the inflationary universe.

The proposal that the universe went through a period of inflationary phase was originally
introduced in [91] in order to deal with a variety of cosmological problems: the horizon
problem, the flatness problem, and the unwanted relic problem. The horizon problem arise
when we see the same CMB temperature on patches that we believe have never been in
causal contact before the photons have been emitted. The flatness problem is also called
the fine-tuning problem. With the geometry of the universe observed by the CMB to be
nearly flat today, this implies that an extremely fine-tune conditions will be needed for
early times since the curvature grows in time in the standard model of cosmology. The
unwanted relic problem is also known as the monopole problem. The prediction (from
currently known particle physics models) that some stable relics (magnetic monopoles)
produced at very high temperatures such as the ones experienced in the early universe are
not observed today. It is therefore still an open question if they exist at all. See [126] for
more details on these issues and for the different proposed inflationary models. Although
the inflationary universe model has shown an ability in addressing the three cosmological
problems, many have considered it to be merely a toy model. However since its proposal, the

theory has gone from strength to strength and it has now become part of the standard model
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Figure 1.5: Schematic demonstration on the creation and evolution of perturbations in the
inflationary universe. Perturbations are inside the horizon at first then expand rapidly and
exit the horizon. However, they re-enter the horizon at a later time when the period of
inflation has ended. Figure taken from [21].

of cosmology that cannot be dismissed lightly. The realisation that it has shown success
in explaining the production mechanism for the large scale structure such as clusters of
galaxies in the universe and the CMB temperature anisotropies, which was first detected
by the Cosmic Background Explorer (COBE) satellite [23, 89, 204], through the linear
theory of cosmological perturbation, has allowed us the possibility of testing some aspects
of inflationary scenario.

In cosmological perturbation theory, the metric tensor can have three different types of
perturbations: scalar, vector and tensor perturbations/modes. Scalar modes are related to
the matter density perturbation, vector modes are also known as the rotational perturba-
tions and tensor modes are the so-called gravitational waves (which are yet to be detected
directly). At linear order in the usual inflationary models, scalar and tensor modes have
been studied by many [232, 223, 224, 138] and predictions have been made on a specific
relationship between the spectrum of the scalar and tensor modes [127]. However, so far
vector modes have received little attention because a scalar field cannot support vector
modes at linear order as illustrated in [19, 152]. Even if vector modes are produced during
inflation, once they leave the Hubble radius during the inflationary phase they will decay
very rapidly. Therefore, in the inflationary paradigm the vector modes at linear order are
considered to be insignificant when compared with scalar and tensor modes.

Throughout the years some authors have proposed other contenders to the usual early
universe inflationary models, for example the pre big bang scenario or the cyclic/ekpyrotic
models [84, 208, 213]. Although some have become highly disfavoured (or even ruled out)

by our current observation, others have survived. In this regard, gravitational wave ob-
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servations become one of the most crucial experiments in the modern cosmology since for
example in the cyclic/ekpyrotic scenario it has been shown to have a very different gravi-
tational wave production when compared with a single field inflationary models [34]. Due
to the significant impact that the existence of gravitational waves would have on modern
cosmology, there have been a few experiments designed for its direct detection. Two of
such experiments are the ground based Advanced Laser Interferometer Gravitational-Wave
Observatory (Advanced LIGO) [130] and the space mission Laser Interferometer Space An-
tenna (LISA) [134, 135, 151].

An alternative search of these tensor perturbation is from the CMB polarization. It was
pointed out in [111, 112, 196, 197] that for the CMB polarization via Thomson scattering
the tensor perturbations produce both E-modes (curl-free) and B-modes (curl type) while
the scalar perturbations create only E-modes and the vector perturbations create mainly
B-modes. This could provide us with an indirect probe of the tensor perturbations and
a unique opportunity to disentangle the effect of the tensor perturbations from the scalar
perturbations. However, the greatest obstacle in this approach is our ability to clean the
B-mode signals from the contamination caused from the effect of weak gravitational lensing
on the CMB by the matter distribution. This is because weak lensing on the CMB trans-
forms the E-mode into B-mode polarization and hence obscure the tensor perturbations
signal. However, it has been shown in [195] that this lensing effects can be largely cleaned
using high resolution data (10 arcmin or better), thus permitting us to probe inflationary

models with tensor to scalar power spectrum amplitude ratios to be r ~ 1076,
Non-linear perturbation theory

With the level of technological advancement that we have achieved in recent years and
we will be able to achieve in the future, many have realised that we should start looking into
the non-linear aspects of our universe. From the analysis done on observational data using
the linear theory, the universe is revealed to have approximately adiabatic and Gaussian
fluctuations. Should one be required to better constrain the accuracy of these first order
results or study the primordial non-Gaussian features of the universe, one would have to go
beyond linear order.

Physical observable such as the three point correlation function (or its Fourier counter-
part, the bispectrum) of the scalar perturbations that is able to distinguish non-Gaussian
from Gaussian perturbations on various cosmological scales. It requires us to do a pertur-
bative expansion up to second order in order to obtain a self-consistent result and we would
find it hard to compute and understand the bispectrum for the primordial scalar perturba-
tions without our understanding on a gauge invariant definition of the comoving curvature
perturbation (which is conserved on large scales) at second order in the perturbative ap-

proach [142, 137] (see also [14] for a review on primordial non-Gaussianity). Therefore, it
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would be timely for us to develop and gain a comprehensive insight in the theory of non-
linear cosmological perturbation. Indeed, it has been one of the rapidly growing fields in
modern cosmology in recent years.

Although we have achieved quite an ample understanding in the linear perturbation
theory, development of the second order perturbation theory has not been straightforward.
Part of it is due to the sheer enormity of the algebraic expressions involved at second order.
Issues relating to gauge transformation and gauge invariance at second order has been looked
at using rigorous mathematics [205, 40, 38, 39]. In a series of papers [162, 163, 164, 165,
166, 167], Nakamura followed and principally expanded these work in an attempt to lessen
the complicated formulation usually involved when one goes beyond linear order. Some
authors even dedicated themselves into presenting a large set of expressions in hopes that
they would aid any who wishes to work on non-linear perturbation theory [103, 104, 169].

Similar to the linear theory, the metric tensor can also have scalar, vector and tensor
perturbations at second order. Owing to the important implications the tensor modes
might have in modern cosmology, they have received much interest to date. In the linear
theory, the amplitude of the first order gravitational waves depends on the energy scale of
inflation and may not be observable should inflation occur at a scale much below the GUT
scale [114]. However, second order tensor mode generation does not depend on which early
universe model that we adopt in our analysis, e.g. inflation versus ekpyrotic/cyclic. This is
because the observed Gaussian distribution of the linear matter density perturbations could
in fact generate second order tensor modes via a quadratic mode-mode coupling mechanism
and provide us with a y2-distribution for the second order tensor modes.

Some authors have investigated along this direction. In [7], they investigated second
order tensor modes generated from a quadratic scalar modes coupling in the radiation era.
They first studied the second order gravitational wave generation by a single scalar mode.
This can be done by choosing a delta function form at a single scale for the input power
spectrum. This has allowed them to gain insight into the generation mechanism of second
order tensor modes induced by linear scalar modes. They also computed the gravitational
wave background generated by a power law spectrum on all scales and found that the linear
scalar modes continued to add power to a single tensor mode power spectrum until it is well
inside the Hubble radius, but then tensor mode oscillates at almost constant amplitude at
later times. They also found that on a given scale only a narrow range of the linear scalar
modes with well defined phase make the dominant contribution to the second order tensors.
Finally, they concluded that it is possible to place independent limits on the scalar tilt from
the proposed future detectors such as LISA or DECIGO [113].

Authors in [22] expanded the work done in [7] and they derived the complete power
spectrum of the second order gravitational waves induced by scalar modes ranging over all
observable wavelengths. They first gave the analytical solutions to the energy densities of

both the second order scalar induced gravitational waves and first order gravitational waves
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in inflationary models. Then they numerically integrate the equation of motion directly
and confirmed their analytical results with the numerics (see Fig. 1.6 for a comparison
between energy density spectra of first and second order gravitational waves). Note that
as pointed out in [22], with fine tuning the primordial inflationary contribution can be
suppressed below the current scalar induced contribution for the gravitational wave energy
density spectra. This can be seen in Fig. 1.6 where we have the red thick curve (today)

crosses the black dotted curve (primordial) at intermediate wavelengths.
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Figure 1.6: The red, blue and green curves represent the energy density spectra of the scalar
induced tensors at today, redshift z = 100 and redshift z = 3400. Note that the dashed
range of these three curves represent large scale modes that are outside the horizon at each
given epoch. The black curve is the energy density spectra of scale invariant primordial
tensor modes for an inflationary model with tensor-to-scalar ratio r = 0.1. Figure taken
from [22].

Work has been done on investigating the effects of these second order gravitational
waves, generated on very large scales, on CMB polarization [155]. Similar to the way that
primordial black hole formation has been used to constrain over-densities on small scales,
some have also studied how the gravitational waves produced in the radiation dominated
era can be used as a constraint on the primordial density perturbation on the scales that
are not directly observable by the CMB or LSS [86, 125, 10].

Note that what we have mentioned here regarding second order gravitational waves is
only the tip of an iceberg and we cannot go through everything in much detail due to the
vast quantities of literature one can find relating to tensor modes in perturbation theory.
See for example [45, 46, 148, 149, 146, 172, 67, 62, 9, 8] for a list of relevant work.

As pointed out earlier, vector (rotational) perturbations at linear order are considered

to be insignificant since scalar field cannot support linear vector modes. This might lead
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one to have the naive expectation that second order vector modes would be the same as in
the linear case, so that a generic prediction arise from inflation is that there is no vector
modes. However, this expectation could not be more wrong because the same mechanism
that generates second order tensor modes from coupled linear scalar modes can apply to
second order vector modes as well.

There are a variety of other mechanisms which also predict vector modes and they
have been studied by various authors before. Some examples of such include fine-tuned
anisotropies in collisionless neutrinos [122], cosmic strings [182, 234] and the presence of
a primordial magnetic field [210, 123]. Also, in [152] they studied how the second order
vector modes are generated by first order scalar modes but in a collapsing universe scenario.
Authors in [147] considered the generation of primordial magnetic fields and vorticity from
second order cosmological perturbations. However, a detailed investigation of the generation
mechanism that produces second order vector modes from coupled linear scalar modes in
the standard (inflationary) scenario remains a missing puzzle in the theory of cosmological
perturbation until the work done for this thesis which is presented in chapter 4.

It must be emphasised that it is important to better understand these vector perturba-
tions since they are likely to play a more prominent role in cosmology in the coming years.
This is because of their contributions to the CMB (see for example [15, 16, 156, 218, 219, 220]
for some relevant work) . As a result, it will impact on the B-mode polarization in the
CMB and could become the dominant contribution when compared with the second order
gravitational waves [155].

The work presented in this thesis is in the following order: in chapter 2 the issue of
testing the Copernican principle is considered and a Copernican function is proposed. This
Copernican function does not depend on any theory of gravity nor on our understanding
of dark energy, but relies only on the geometry of the FLRW models themselves. It is
demonstrated that our Copernican function is zero for the homogeneous FLRW models and
it is non-zero for the inhomogeneous LTB models. In chapter 3, some basics in standard
cosmological perturbation theory are briefly outlined. These include introducing the basic
features of the flat FLRW model and its linear perturbation. The definition of power
spectrum and the matter transfer function are also presented. Features of scalar, vector
and tensor modes in linear theory are introduced. Chapter 4 deals with another important
part of this thesis. In this chapter, our investigations in second order vector modes from
coupled linear scalar modes both in the radiation and dust (with a cosmological constant)
eras are presented. The power spectra of these vector modes at both eras are calculated
and the issue of vorticity generation at second order are discussed. Finally, in chapter 5 a
brief summary of the work presented in this thesis and discussion of possible future work is

also presented.

Note that [15, 16] gives an incorrect description of the Boltzmann equation at second order. See [179,
180, 181] for the correct expressions and derivations.



Chapter 2

Testing the Copernican Principle

The CP has stood as one of the fundamental assumptions in the heart of the study of
modern cosmology without being properly tested for decades. However as we approach the
age of being able to harvest a significant amount of high precision data, it is perhaps timely
for us to give the issue of testing the Copernican principle a more serious consideration.

In this chapter, we shall propose a general method that might help us in testing the CP.
Before we introduce it, we shall firstly look at some basics of the FLRW model which is a
homogeneous model and the LTB model which is the simplest inhomogeneous model. Using
the test we proposed here, we will demonstrate the difference in the Copernican function
between the FLRW model which has adopted the CP and the LTB model which has not
had the CP embedded in its foundation. Lastly, we shall propose a few alternative methods
that might also help us justify the validity of the CP.

2.1 Homogeneous model - Friedmann-Lemaitre-Robertson-
Walker model

The FLRW model is spatially homogeneous and isotropic. When using the FLRW model,
it is automatically assumed that the CP is valid. Here we will briefly introduce some basics
of the FLRW model.

Throughout this thesis, we use units where the speed of light is ¢ = 1. Also, the Greek
indicies run from 0 to 3 and the Latin indices run from 1 to 3. The general FLRW metric
is given as (note that we have used the signature (—, 4+, +, +) throughout this thesis):

ds® = g datde” = —dt* + a*(t) dr?® 4+ r2dQ?| (2.1)

1—Kr2

where ¢ is the cosmic time, a(t) is the scale factor, and dQ? = d#? + sin? Od¢?.
We can define the Hubble parameter in cosmic time to be H(t) = 1/a(t) da(t)/dt =

a(t)/a(t). The variables 7, § and ¢ are polar coordinates. Constant K represents curvature

14
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of the spatial geometry. For K > 0, K = 0 and K < 0, we have positive spatial curvature
(closed), zero spatial curvature (Euclidean) and negative spatial curvature (hyperbolic)
universe respectively. We can relate proper time to conformal time 7 via the relation
dn = 1/a(t)dt. The conformal Hubble parameter is just H = 1/a(n) da(n)/dn = da'(n)/a(n).

Another commonly used presentation of the FLRW metric is
ds® = —dt* + a*(t) [di® + f2(7)d9Q?] (2.2)

where we have f(7) = 7, f(7) = 1/VK sin(vK7) and f(7) = 1/VK sinh(\/|K|F) for K = 0,
K > 0 and K < 0 respectively.

2.1.1 The cosmological redshift and the density parameter

The cosmological redshift, z, is defined in terms of the ratio of the observed and emitted
wavelengths, A, and A, respectively, in the radiation spectrum of an observed galaxy. This
definition can be related to the scale factor since the wavelength scales linearly with the
scale factor, i.e. A o a.

Ao Qo

Ae Qe
where a, represents the value of the scale factor at the time of observation and a. is the
value of the scale factor at the time of emission. At present time tg, we can set a, = ag.

This provides us a way to relate cosmic time ¢, conformal time 7, scale factor and redshift

o dt_ da 1 ds o)
a(t)  H(a)a? ap H(z)
This relation is very useful to us since in all our analysis presented later, we will convert
all our expressions from functions of conformal time 7 to redshift z because this is what we
can obtain from observational data.
From the Einstein field equations (EFEs), we can calculate the Friedmann equation. We
will show in more detail as to how this can be done in chapter 3 and we will only present

expression for the Friedmann equation here:

3K
3H2:K/2p+A—?,

(2.5)

2 = 871G, A is the cosmological constant and p is the energy

Note that here we have x
density. This is particularly useful to us when we need to define the density parameter
introduced next.

Besides redshift, another parameter that is widely used in cosmology is the density
parameter. When we have a ‘flat’ universe with zero cosmological constant, a critical density

pe arise from it. The critical density is defined through the first term in the Friedmann
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equation Eq. (2.5)
_BHE(t) M) 3

pe=—5 "= 20n) K2 (2.6)
Current value of the matter density parameter is just that
Po K2 po
Qmo = o = S—Hg, (2.7)

where pg is the current density of the universe and p.o is the present day critical density
and Hj is the Hubble parameter today. Similarly, one can also define a parameter that is

associated with the cosmological constant

A

Q) = —. 2.8
If we consider any constant background curvature K, we can then define a parameter that

is associated to it such as K

C3HE
In this case, we have Q,,0 + Qa + Qi = 1. Note that if K > 0 then Q; < 0 and vice versa.

O = (2.9)

New expression for the Hubble parameter is
H?(2) = H§ [Qmo(1 + 2) + Qp + Qi(1+ 2)?] . (2.10)

Since we look at the flat FLRW background in chapter 3, we shall have €,,0 + Qp = 1.
Using Eqgs. (2.4), (2.3), (2.7), (2.8) and (3.14), we can obtain a new expression for the
Hubble parameter:

H?(2) = H§ [Qno(1 + 2)® + Q4] . (2.11)

2.1.2 Distance relations

In this subsection, we present two important distance relations in cosmology: angular di-
ameter distance (also known as the area distance) and luminosity distance. They can be

found in any textbooks on cosmology (see e.g. [61]).

Angular diameter distance/Area distance

If we consider a non-expanding background, the angular diameter distance is the measure
of the distance between a source with known physical size D and an angle 9 subtended by

the source at the observer. This distance can be expressed as

D
dy = =. 2.12
A= (2.12)
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However, in the case of FLRW background which describes an expanding universe, it is
slightly more complicated than what is shown in Eq. (2.12). Now we need to take into
consideration that the comoving size of the source is D/a where again a is the scale factor.
Consider the observer’s position is at = 0 (with time being ¢ = t,) without loss of generality
and the source is at position r = r. emitting a signal at time ¢t = t.. The comoving distance

out to the source is defied as

to (¢ o dq e 1 dz
_ [dt _ [T e 9.13
X / o) / 21 (a) / a0 H(2)’ (2:13)

where we have used Eq. (2.4). Now the angle subtended by the source at the observer is
then (D/a)/x. The angular diameter distance in flat FLRW background is

da(z) = 1 ji - (2.14)

This can be arrived at by substituting an expression for H(z) using Eq. (2.10). If we

consider non-zero curvature background, then the angular diameter distance is

1
da(z) = ———————sin ( Ho\/Qx ) , for Q) > 0.
4@ = e S (Hov/0ix) » for

1
(1+ 2)Hov/—S%

One thing worth noting is that from Eqgs. (2.14) and (2.15) we can see that the flat case
Xz

VT

(2.15)

da(z) = sinh (Ho —QkX> , for Q, < 0.

(Q = 0) is essentially the same as considering ~ x. This property was used in

presenting Eq. (2.36) and hence only one expression is shown instead of three.

Luminosity distance

In a non-expanding background, the observed flux F at a distance d from a source of known

luminosity L is
L

= e

where 47d? is the area (of the telescope) where the emitted light goes through at observer

(2.16)

and distance d is the luminosity distance in this case. If we consider expanding flat FLRW
background, then the observed flux F from a source of known luminosity L is
La?
F=—7. 2.17
4my? (2.17)
If we compare Egs. (2.16) and (2.17), then the luminosity distance in flat FLRW background
is
dr(z) = (1+ 2)x. (2.18)
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Note that from Egs. (2.14) and (2.18) we can conclude that a relation between the diameter

distance and luminosity distance in flat space is
dp(z) = (14 2)%da(2). (2.19)

However, this relation is true in curved spacetime as well. This was proved generally in [72]
and tested later in [18, 225].

2.2 Inhomogeneous model - The Lemaitre-Tolman-Bondi model

The general spherically symmetric metric for an irrotational dust matter source in syn-

chronous comoving coordinates is the Lemaitre-Tolman-Bondi [120, 214, 32] metric

(7' (t, 7))

ds* = —dt*
§ T 2EM

dr? + R*(t, r)dQ?, (2.20)
where R'(t,r) = OR(t,r)/0r, and dQ? = d#? + sin? 0d¢? is the unit 2-sphere. The function
R = R(t,r) is the areal radius, since the proper area of a sphere of coordinate radius r on
a time slice of constant t is 47 R2. The function E = E(r) > —1/2 is an arbitrary function
of the LTB model, representing the local geometry.

Solving the EFEs gives us a generalised Friedmann equation for R(t,r),

H(t,r) = O R{t,r) = — (i 5 \/ % % +2B(r), (2.21)

where H(t,r) is the local Hubble rate and an expression for the density

M (r)

4 - _ N
TGP = B R )

(2.22)
where M (r) is another arbitrary function of the LTB model that gives the gravitational mass
within comoving radius r. Here E(r) also plays a dynamical role, it determines the local
energy per unit mass of the dust particles. This can be seen if we compare Eq. (2.21) with
the Newtonian analogue of a dust cloud, we see that E(r) also acts as an energy potential
[161].

Here we also relate the LTB free functions, M (r) and E(r), to the more familiar density

parameter today €, () and the Hubble constant Hy(r) as presented in [78]. We then have
2M (r) = HG (r)Qag, (r)R3(r), and 2B(r) = Hg (r)(1 = Qag, () R3(r), (2.23)

where Hy(r) = H(to, ), Qu, (1) = Qar(to, ) and Ro(r) = R(to,r). Note that we have also

ignored the cosmological constant. With these Friedmann friendly framework defined LTB
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free functions, we can then re-express Eq. (2.21) in a more familiar form:

ot () 0o (B2)]

Eq. (2.21) can also be solved in terms of a parameter n = n(t,r), and a third arbitrary

H*(t,r) = H3(r)

function tp(r):

(2E)32(t —tp)

M
R= 35 (coshp —1), sinhn—n= i ;. E >0, (2.25)
R (L2 Lp_t=te)  p_g (2.26)
2 6 M ’ '
M (22B)R(—tp)
— 1 — — = N E 2.2
R (C2E) (1 —cosn), 7 —sinn 7 ; <0, (2.27)

for hyperbolic, parabolic and elliptic solutions respectively !. Even if a non-zero cosmologi-
cal constant had been retained, Eq. (2.21) can still be solved in terms of Weierstrass elliptic
functions as has been discussed in [120, 171]. The third arbitrary function tp = t5(r) is the
local time at which R = 0, i.e. the local time of the big bang, so we have a non-simultaneous
bang surface (this assumes we take ¢ > tp above). The time reverse of the above equations
are also possible solutions, in which case tp is the time of the big crunch, and the hyperbolic
and parabolic cases are collapsing models. Specification of the three arbitrary functions -
M(r), E(r) and tg(r) - fully determines the model. They constitute a radial coordinate
choice, and two physical relationships. If we differentiate Eq. (2.25) to get R and R in

terms of  and eliminate n from R we get

!/ / /! /

R = (%—%)R—{t}g— <?§E—]]\é> (t—tB)}R. (2.28)
We can also get the same equation from (2.27), and starting from (2.26) we get (2.28) with

E'JE =0.
One thing worth mentioning is that there is a difference between the arbitrary function
M (r) we have here, and the sum of the masses of the particles that formed the gravitat-
ing body. The former is the mass that generates the gravitational field (hence called the
gravitational mass). If we integrate (2.22) at constant time, then we get an expression for

M(r):
M = 4x / ' pR*R/dr. (2.29)
0

The total rest mass of the matter is found by integrating the density with respect to the

"However, near the origin, it is the sign of RE/M that determines the type of solution.
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volume element on a constant time surface. We use M to denote it:

o T R2R/
M=4 —— dr. 2.30
W/Op e (2.30)

The difference between M and M depends on the sign of E, which is the energy. When
E>0o0or E=0or E <0 over the whole integral, M would be larger than or equal to or
smaller than M, as pointed out in [32].

2.2.1 The Friedmann-Lemaitre-Robertson-Walker case

In the homogeneous FLRW case, we have p = p(t) only. If 7 is to be independent of r at
all times in Eqgs. (2.25) and (2.27), this implies that one needs to have the bang time tp
constant and E proportional to M?2/3, since the three arbitrary functions are functions of r
only:

tp = constant,  E°/2/M = constant. (2.31)

These two equations define the FLRW case invariantly. For an FLRW universe, R(t,r) =
a(t)b(r) gives the FLRW scale factor, a(t). When we exercise our freedom in choosing the
radial coordinate to be b(r) = r, we then have R'(t,7) = a(t). Together with the choice
that 2E(r) = —kr?, the resulting RW metric looks like

2

1 — kr?

ds® = —dt* + a*(t) + 72 (d@2 + sin? 0d¢2) , (2.32)
where k is an arbitrary constant such that £k = +1, £k = 0 and k£ = —1 give us positively
curved, flat and negatively curved spatial sections respectively. Another common choice
is to have 2E(r) = —sin?r and 2E(r) = —sinh®r for the k = +1 and k = —1 cases
respectively.

If we integrate Eq. (2.29), we then get

M = 4?TrpR?’

as expected for the FLRW cases.

2.2.2 Behaviour near the origin

In the LTB model, an origin occurs at r = rq if we have R(t,rg) = 0 for any t. Without
loss of generality, we will assume rg = 0 throughout this thesis since what we are really
interested in is the behaviour of the three arbitrary functions near the origin of the spherical
coordinates because they are functions of r only.

If one looks at Eq. (2.25) or (2.27), in the case when we have r = 0 and R(7(¢,0),0) =0
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for every 0 < n < 2m, it is essential to have

My 0. (2.33)
— = — .
2E as r

In other words, this means that 2RFE /M also has to be finite here. Of course, if we require

the term ¢t — tp remain finite when r — 0, then we must also have

2E3/2

= finite as r — 0. (2.34)

And the evolution Eq. (2.21) tells us that if we have R(t,0) = 0 at all times, i.e. our

origin remains an origin at all times, this requires that
M
E—>Oand§—>Oasr—>O. (2.35)

Using the conditions (2.35) and (2.34) in conjunction with the fact that 2RFE /M remains
finite near the origin, we can then deduce that M « E3/2 to the lowest order in r and also
E ~ R? and M ~ R3 on a constant time slice. From these conditions, one can easily see
that the LTB model assumes FLRW form near the origin. However, this is not surprising

at all since the LTB model is based on the spherical symmetry assumption.

2.3 A principle test for Copernican assumption

In this section, we first present a principle test for the CP which relies on a consistency
relation of the homogeneous and isotropic FLRW models between distances and the Hubble
rate, both as a function of redshift. We show that this is not satisfied for radially inho-
mogeneous models — the LTB models, providing just such a mechanism to test if we live
in an approximation to an FLRW universe or near the centre of a spherically symmetric
one. We then present two alternative tests. We also present a figure demonstrating that
our Copernican function is non-zero for some LTB classses. We then introduce two possible

alternative tests to our proposed principle test for the CP.

2.3.1 Consistency relation

In FLRW models with constant curvature, the luminosity distance may be written as (in

units where ¢ = 1)

dr(z) = };01\7% sin <\/—7§2k/ dz’

where () is the curvature parameter today, and the expansion rate H(z) takes the value
Hy = H(0) today. The area distance is defined using d;, = (1+ z)2d, and another distance

) (2.36)

measure we will use is D = (1 4 z)d4. We may rearrange Eq. (2.36) to give an expression
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for the curvature parameter in terms of H(z) and D(z):

H(z)D'(z)]* -1
i 247

where a prime denotes that ' = d/dz (not to be confused with earlier notation). This tells us
how to measure the curvature from distance and Hubble rate observations, independently of
any other model parameters or dark energy model. Remarkably this tells us the curvature
today from these measurements at any single redshift.

Given that the curvature parameter is independent of redshift, we may differentiate Eq.

(2.37) to obtain an expression which must equal zero. The factor responsible for this is
C(z) =1+ H*(DD" - D*)+ HH'DD', (2.38)

which must be zero in any FLRW model at all redshifts, by virtue of Eq. (2.36). As shown
n [54], this function may also be derived by equating the two reconstructed functions for
w(z) given by Egs. (2.37) and (2.38).

As we have not utilised the Friedmann equation, the derivation of C(z) relies only on the
metric of spacetime, and not on the theory of gravity, nor on any matter model present — it
is therefore a purely geometric function. Consequently, if the FLRW models are indeed the
correct background model, then we should expect to measure C(z) ~ 0 (up to the amplitude
of perturbations) in the real universe at all redshifts.

The errors on C(z) may be roughly estimated using series expansions for D(z) and H(z),
but with different FLRW parameter values, and dark energy equations of state. From this
estimation, at leading order, it can be seen that the error on C(z) is then the difference

between the deceleration parameter measured separately using D and H:
D H
C(z) = [q(() ) g )} 2+ 0(2%). (2.39)

This in term tells us that at low redshift, our error on C(z) is roughly the same as ¢y as
estimated using H(z). Therefore, an aspect of our test is that H(z) measurements must
come from a different data set than used for distance data.

Presently most estimates of H(z) rely implicitly on Eq. (2.37) or some other aspect of
the FLRW models themselves. However, passively evolving objects such as luminous red
galaxies provide a family of roughly synchronised clocks at moderate to high redshift, from
which we can measure H(z) directly using H(z) = —1/(1+ 2)t(z) [109, 201]. Alternatively,
measuring the change of redshift, Z(z), of an object over a period of several years can also
provide H(z) [226], and so be used as a probe of the Copernican Principle based on the
arguments presented here [227].

Another possible approach in estimating H(z) is proposed in [33]. They showed that

the dipole of the luminosity distance data from the supernova measurements can be used
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to determine H(z) and discussed the accuracy with which the Hubble parameter can be
measured from. Although it was concluded that a large number of supernovae is needed
in order to achieve an accuracy of 30% in H(z) measurement, future planned surveys are
expected to be able to deliver these. This last approach is of particular interest to us since
it allows us to in principle obtain data for both dr(z) and H(z) that are required in our
Copernican function C(z) from one data set.

Prospects for constraining C(z) in the near future as an independent confirmation of
the standard model are exciting. For example, finding w(z) from distance data requires
knowledge of D"(z), while reconstructing it from H(z) alone requires knowing H'(z) [54].
Taking derivatives of observable functions introduces extra errors, so it might in practice be
simpler to measure {[H(z)D'(2)]* — 1}/[HoD(2)]? at different redshifts, and check that it
yields the same value as it should by virtue of Eq. (2.37). In FLRW models this tells us the
value of the curvature today; in more general models this quantity will not be as simple as
this. This is an important consistency check on the FLRW models. If it is found to change
with redshift then that is equivalent to finding C(z) # 0 2. Thus, while we try to search for
w(z), we can measure C(z) at the same time to a similar degree of accuracy.

But what would a measurement C(z) # 0 imply, even if only at one redshift? Since
it is not dark energy or deviations from general relativity, the origin must be a different
cosmological geometry which is not homogeneous. Clearly, then, measuring C(z) # 0 at any
redshift would pose serious problems for cosmology.

We have given a necessary condition for violation of the CP, but is it sufficient? In other
words, could the CP be violated while still having C(z) = 07 Consider LTB models, which
can fit the Hubble diagram without invoking dark energy (see e.g. [49] for a review). These
are spherically symmetric models with each shell at radius r evolving as a separate FLRW
model. Clearly the generic scenario is for each shell to be characterised by a different €
and so have C(z) # 0. Indeed, we show in subsection 2.3.2 that C(z) is a freely specifiable
function in these models, so C(z) = 0 which are not FLRW is a very limited subclass within
the LTB family.

2.3.2 C((z) in LTB models

In the previous subsection we have stated that C(z) = 0 for the FLRW case. In this
subsection, we will look at C(z) in the LTB models. We will first discuss as to why C(z) is
a freely specifiable function in the LTB models.

Eq. (2.20) gives us the general LTB metric whereas Eq. (2.21) provides us with a

generalized Friedmann equation for the angular Hubble rate,

H,(t,r) =0 InR(t,r). (2.40)

2We thank Ruth Durrer for pointing this out to us. Note that we must use the relation given by Eq.
(2.37) for this to work; measuring curvature at different redshifts by standard tests will be contaminated by
our assumptions about the dark energy equation of state.
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As mentioned earlier, of the three radial degrees of freedom, one is gauge, while two are
genuine physical degrees of freedom, and can be specified arbitrarily. We shall assume
that the coordinate degree of freedom specifies the bang time function: thus, specifying
{M(r), E(r)} fully specifies the LTB model.

In LTB models the expansion in the radial direction, H(,7), is not the same as that

in the angular direction, but is given instead by [154]

8t8,,~R(t, T')
OrR(t,T)

67-HJ_ (t, 7’)

—H SrLltr)
A e SRy TUR)

HH(t’ r) = (2.41)
In the FLRW limit 0,H |, = 0, so the two Hubble rates are the same and this can be easily

verified. From Eq. (2.21) we can derive that

R [2M 1 oM  MO,R
OrH,(t,r)=— — +2E+ - +0,F ). (2.42)
R* YV R Ry/2M 1 op \ R R?
R

From subsection 2.2.1 we have R(t,r) = a(t)r, 2E(r) = —kr? and M(r) = 4?’Tp(t)a:)’(t)r?’.
Substituting them into Eq. (2.42) we can then see that 0, H, (t,7) = 0, and hence H| (¢,r) =
Hy(t,r). A perhaps much easier way to come to this is by looking at the left hand side of
Eq. (2.21), which gives us 0,H, (t,r) = 0r[0:a(t)r/a(t)r] = 0. This can present different

ways to view C(z) in LTB models, as we can use whichever H(z) we like once we have

related r to z on the null cone.

Finding the area distance explicitly in terms of redshift is not simple, and is discussed
in detail in [160]. In the usual procedure, one chooses a radial coordinate which flattens
out the central observer’s null cone. Evaluating the function R on the null cone then turns
it into the area distance as a function of redshift: ds(z) = R|null cone- However, it has been
shown in [53] that dr(z), or equivalently da(z) = R(z) (and so D(z)), may be considered
as a free function of the LTB model instead of M (r). Therefore, the LTB model may be
directly specified by the free functions {D(z), E(r)}. On the null cone we may find the
radial coordinate r(z), implying that E(r(z)) = E(z) is a free function instead of E(r). As
a free function, we may replace E(z) with H, (z) using Eq. (2.40) evaluated on the null
cone, which means that an LTB model can in fact be specified instead by {D(z), H, (z)} or
[D(=), Hy(2)}.

So, as far as C(z) is concerned, we now see that in an arbitrary LTB model, it can
be anything one chooses, whether we are to interpret H(z) as H,(z) or H)(z)}, or a
suitable combination of them ? If it is zero for both H | (z) and H(z)}, potentially giving
a class of LTB models which would fail our Copernican test, then that leaves just one

degree of freedom - exactly as in FLRW models with dark energy. If this free function is

3In this thesis we show a few C(z) non-zero cases following the approach and notations to the LTB models
used in [78]. However, at the time of working on this project we have verified that C(z) is non-zero for a
class of LTB models, using the code presented in [136].
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H(z) = H|(z) = H|(2)}, say, then D(z) must be given by Eq. (2.36), which can be shown
by integrating C(z) = 0. Although we have not shown that these models are necessarily
FLRW, this would have to be a very restricted family within the full LTB class. It would
be interesting to determine the exact conditions under which C(z) = 0 observed from one
location is a sufficient condition for an expanding spacetime to be FLRW. However, this is
outside the scope of this thesis.

This ‘Copernican function’ therefore must be considered, as far as a test for the CP is
concerned, as essentially free, and must therefore be determined by observations.

In line with our new understanding in the LTB models, here we demonstrate a few C(z)
cases using the notation used in [78]. In Fig. 2.1, we show the Copernican function for
three LTB models and the flat ACDM model. For the three LTB models, We choose a
homogeneous/simultaneous bang time, i.e. tg(r) = 0. Further assuming the conventional
gauge choice R(to,r) = 1, we are left with just one free function to specify our model with.
As pointed out in [78], we can then choose this function to be the radial profile of the
dimensionless matter density today €z, (r). For the Gaussian and Lorentzian cases, the

matter density today takes the form of

Q]\40 (T) = Qout — (Qout .- Qin)e_(r/a)2 (2.43)
and
0.2
O, (1) = Qout — (Qout — Qm)m (2.44)

respectively. €, and €, are the value of Qy,(r) at the centre of the void at infinity,
respectively. The parameter o characterises the size of the void.
For the better origin smoothness case, it is taken from [80] and the matter density today

takes the form of

Qout —
Zout 7 ¥in 1 tanh - — tanh 2 ) (2.45)
v—1 o o

QMO (T) = Qi +

where v is the parameter that controls the slope of {137, at the origin. Note that these
chosen LTB models are from the best-fit models to the SN data [80]. o used in Fig. 2.1: we
have 0 = 2.1, 3.3 and 3.2 Gpc for the “better origin smoothness”, Gaussian and Lorentzian
models, respectively. Also, we used ., = 1 in all cases, but €;, = 0.15, 0.14 and 0.13
for the “better origin smoothness”, Gaussian and Lorentzian models, respectively. Note
also that the function Hy(r) can be obtained from Eq. (3.5) in [78] since we have chosen
tg(r) = 0. However, we have Hy = 64.17, 64.36 and 64.39 km s~! Mpc~! for the “better

origin smoothness”, Gaussian and Lorentzian models, respectively.
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Figure 2.1: Figure shown the Copernican function C(z) for a few LTB cases. Modified from
original figure courtesy of Sean February.

2.4 Alternative approaches in testing Copernican Principle

In addition to the key test just presented we present two other novel approaches to the
problem. Future cosmological data will allow us to measure w(z) (assuming FLRW and
an appropriate parametrisation) to high accuracy [1]. With w(z) known, one can make
predictions for what will be observed with the Alcock-Paczynski (AP) test [2]. The AP
test relies on the idea that a spherical object in real space will appear oblate or prolate in
redshift space due to the fact that the radial size, L) is determined by Az/H(z) while the
transverse size, L is determined by da(z). By demanding that L = L one can determine
cosmic parameters, in particular, w(z).

The canonical AP test in modern cosmology is provided by the Baryon Acoustic Oscilla-
tions (BAO) which uses the excess signal at ~ 150Mpc in the two point correlation function
as a standard ruler. By observing this in both the angular and radial directions BAO will
provide both d4(z) and H(z), and hence allow us to measure w(z) to similar accuracy as
SNIa [198].

If the CP is violated through significant radial inhomogeneity then clustering in real
space will not be isotropic. Hence the assumption underlying the AP and BAO tests
(that the “bump” in the two point correlation function is isotropic) will be invalid. If
one incorrectly assumes isotropic clustering one will reconstruct a w(z) that disagrees with
that from SNIa or other measurements. Put another way this would appear to violate

distance duality (the equivalence between luminosity and angular diameter distances) [17,
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18]. Tantalisingly such a mismatch has actually been observed between current BAO and
SNIa data at about the 20 level [177].

Indeed there are at least three ways in which violation of the CP would deform standard
BAO results. First, the sound horizon — the fundamental standard ruler of the BAO method
— would be different in the || and L directions (relative to the observer) and in general will
differ from the standard FLRW value (~ 150Mpc today). Both of these will cause problems.
Secondly, the subsequent expansion of the sound horizon in the || and L directions will be
governed by different Hubble rates H) and H (see Eq. (2.41)). Hence, even if the sound
horizon were isotropic and equal to the standard FLRW value at decoupling, the subsequent
evolution would cause biases in measured cosmology. Finally, redshift distortions which need
to be subtracted [60, 110, 150, 235, 236] in order to apply the AP test, will be significantly
more complicated to model and crucially will be correlated with the background expansion,
unlike the FLRW case. To see this consider a galaxy moving in a gravitational potential,
® = & + 0@ which is the sum of the usual perturbative gravitational potential and the
radial inhomogeneity of the LTB background. Since V@ = 0, the || velocity of the galaxy
will be different from the FLRW case even if the d® contribution is identical in both cases.
This will modify the Doppler shift contribution to the redshift of the galaxy and hence will
modify the usual Kaiser and “Fingers of God” effects in a way that is strongly correlated
with the precise nature of the radial inhomogeneity.

Each of these effects will cause a bias in the estimation of dark energy parameters
obtained by assuming a FLRW background which will manifest as a mismatch with the
parameters derived from the distance measurements via supernovae or lensing. It is also
perhaps worth noting that the growth rates will be different in the || and L directions.

A significantly more exotic test for the CP is provided by the realisation that the dp(z)
relation need not be single-valued; see Figs 5-8 of [160]. The same redshift can correspond
to more than one distance. Clearly in FLRW this is impossible and the occurance is related
to the possibility of gravitational blueshifts/redshifts adding to the standard expansion
redshift. Hence, object A which is further away than object B, may still have the same
redshift if it lies at a suitably higher “potential energy” which compensates the difference
in cosmic expansion. Hence, the volume as a function of redshift can exhibit pathological
behaviour which would be visible in number counts or a large dispersion in SNIa distances

around the same redshift providing a clear signal of violations of the CP.



Chapter 3

Standard cosmological

perturbation theory

There are two approaches to the study of the cosmological perturbation theory. The first
one is the metric approach which follows the familiar style from the perturbation theory
used in other areas of physics. The second is the covariant approach of a 143 spacetime
splitting similar to the ADM formalism [153]. The metric approach is used for most of the
work in this thesis, but the covariant approach is also used at times.

In this chapter, we will first present a brief review of some ideas of the background
FLRW model. Next we will give a brief overview of linear order perturbation using the
metric approach. Lastly the covariant formalism is introduced which will be important in

a later chapter.

3.1 The background flat Friedmann-Lemaitre-Robertson-Walker

model

Here we will use the flat FLRW model as our background model. When using FLRW
model, it is automatically assumed that the CP is valid. Such an issue has been addressed
in chapter 2 already.

In this and the next chapters, we assume a flat FLRW background model that will
be introduced briefly in this section. Details of the FLRW model with arbitrary spatial

curvature can be found in most of the textbooks in cosmology. See for example [57, 188].

3.1.1 The metric

The flat FLRW metric is given as:

ds? = g datde’ = —a?(n)dn? + a®(n)yi;de'da?, (3.1)

28
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where again 7 is the conformal time and -;; is the metric of a three-space of constant
curvature, which in our case is assumed to be flat. In this and the next chapters, we will

use the notation ' = 8% Note that as mentioned earlier, the conformal Hubble parameter

a(n)
a(n)
The Christoffel symbols are

is just H =

1
By = 59" (9.6 + 9800 = 9570) (3.2)

where the various components for our metric can be found in Appendix A. Usually, the
covariant differentiation with respect to g, is denoted as ., = V,, and the covariant differ-
entiation with respect to ~;; is V; = ;. Since we only focus on flat FLRW here, we have
Vi=0;= ;.
Once we have the expressions for all the components of the Christoffel symbols, we can
then derive the expressions for the Ricci tensor through
R, =1%,,—Tpe, +T5. 17, —Tg, I (3.3)

jnxe! Vo, oo pv oVt pot

The various components of the Ricci tensor in our case are then

Ro; = 0, (3.4)
a’ a 2

—+ <> Vij -

a a

The Ricci scalar is a contraction of the Ricci tensor over its remaining indices

6 "
R:R@:é} (3.5)
3.1.2 The Einstein field equations
The standard form of the EFEs is
1 2
Guw =Ry — §ng, =T — Aguw, (3.6)

where G, is the Einstein tensor, T}, is the energy momentum tensor for the matter and

k? = 8mG. The contraction of the EFEs gives us

R = —k*T +4A, (3.7)
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where T' = T"%,. Substituting Eq. (3.7) into Eq. (3.6), we can rewrite the EFEs in its trace

reversed form

1
R, = K2 <TW — 2gWT> + Agu- (3.8)

This form of the EFEs is preferable for us because it reduces the perturbative calculations
for higher order, and therefore it is used at all orders.

Now we have introduced the EFEs which are crucial to us and we also have presented
the left hand side of the EFEs, which shows us the geometry of our background. In the
next subsection, we will look at what is at the right hand side of the EFEs - the energy

momentum tensor of the background fluid.

3.1.3 The energy momentum tensor

We will consider the background matter to consist of a perfect fluid. The energy momentum

tensor (EMT) for a perfect fluid can be written as
T,u,u = (P + P) Uy Uy + Pg,uu; (3'9)

where p is the energy density, P is the isotropic pressure and u,, is the four velocity of the
fluid. It is well known that we can split any four vector into a temporal and spatial part.
From the isotropy of our background, the spatial part should have no preferred direction
and hence should be zero, but the temporal part can be non-zero.

For the metric shown in Eq. (3.1), the components of the four velocity are
1
ut = —[1, 0], and u, = a[-1, O]. (3.10)
a

The four velocity has to satisfy the normalisation condition uu"g,, = —1. Additionally,

the EMT has an property, it is that it is covariantly conserved
V#T,, = 0. (3.11)

For our chosen background, this property implies the continuity (or energy conservation)
equation
p'=-3H(p+P). (3.12)

The accompanying momentum conservation equation (the Euler equation) vanishes due to
spatial isotropy.
Using our EMT from Eq. (3.9) and equating the both sides of the EFEs, we obtain the

Raychaudhuri equation and the Friedmann equation. They are given respectively

2.2 2A
"L P4+ L2, (3.13)

I—_
= 3
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wat @A
3 P73

where A represents the presence of the cosmological constant.

H? = (3.14)

The universe went through several phases (eras) in its history due to various physical
processes. We will discuss some of the eras that are of greatest interest to us below. We will
consider the case when we have fluids with a linear equation of the state of the standard
form P = wp.

Substituting P = wp, Egs. (3.12) and (3.13) become

pl==3H(1+w)p,

k2a?

(3.15)
H/ = —T(l + ’LU),O+ Hz.

An expression for the energy density can be obtained from integrating the continuity equa-

a —3(14w)
b= o ( ) . (3.16)

ao

tion

The scale factor and the Hubble parameter are then given by

n d 2 d
a = ag <> , d= , and H = —, (3.17)
) 14+ 3w n
where we have at n = 19, a = ag and p = pg.
Now we will look at the various eras, starting with the radiation era where w = 1/3. In
this case, we have a fluid that describes particles that are travelling at or close to the speed

of light such as the photons. The scale factor and the Hubble parameter have the form:

1 "
v = ap (”)  H==,and & =0. (3.18)
0 n a

This means that in a radiation dominated era, the scale factor grows linearly with respect
to the conformal time 7, i.e. a o< 7. The energy density of the fluid scales as p o< a™*.
This comes from the fact that the volume expansion of the universe scales as a3 and an
additional a~! factor comes from the redshifting of the particles frequency.

A fluid that describes a distribution of collisionless, non-relativistic particles which is
pressure free, is called dust. An example is the cold dark matter (CDM). In the dust era,

we have w = 0. The scale factor and the Hubble parameter have the form

2 "
2 2
a = ap (77) , H=—, and S —- (3.19)
7o Ui a n

The energy density in this case scales as =3 due to the volume expansion of the universe.

This case describes a universe at late time and it is used, at times, by cosmologists to
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describe our current universe when one does not consider the cosmological constant.
A more popular choice for our current universe is when we have the cosmological constant
A. This is modelled by a fluid with w = —1. During this era, the scale factor and the Hubble

parameter take the form

-1 "

1 a 2

a = ag (U) , H=——, and — = —. (3.20)
70 n a 1

The energy density scales as a constant. Here we have discussed three choices for w. Of

course, other choices like w = —1/3 have been used by cosmologists too but the radiation,

the dust and the cosmological constant cases are of most interest to us.

3.2 Linear cosmological perturbation theory

In this section, we will introduce some of the fundamental ideas of linear cosmological
perturbation theory. We will focus on the physical aspects that are important toward our
study in the higher order perturbation theory shown in chapter 4. More details on the

cosmological perturbation theory can be found in the reviews [116, 159, 143].

3.2.1 Scalar-vector-tensor decomposition

In this subsection, we will briefly introduce scalar-vector-tensor decomposition that is com-
monly adopted in cosmological perturbation theory. For more detailed proofs of this type
of decomposition, see [209, 116].

In linear perturbation theory, the metric degrees of freedom were first classified in 1946
by Lifshitz [128]. Lifshitz presented the scalar-vector-tensor decomposition of the perturbed
four dimensional metric tensor 61 g based on a 143 (time + spatial) split of the compo-
nents. It is useful to label the parts with names such as scalar, vector and tensor according to
their respective transformation properties on the spatial hypersurface 7;; (see also [12, 209]).

In the perturbed metric tensor expression only the scalar type of quantities can appear
in the 00 component, whereas it is possible to have both scalar and vector quantities for
the 0¢ component. A scalar perturbation can always be constructed from a scalar or its
derivatives. We can further split a spatial one index quantity into a scalar part and a pure
vector part. This decomposition is guaranteed by the Helmholtz’s theorem since it shows
that a vector field in Euclidean space can be decomposition into a curl-free (potential) part
and a divergence free part. However, it is possible to find scalar, vector and tensor type
of quantities for the ij component of the perturbed metric tensor. This is because we can
split a two index quantity into a scalar, vector and pure tensor part.

As a result of this splitting, we have a set of decoupled equations of linear perturbation
theory and hence making the properties of these perturbations at linear order easy to study

as we will see later in this chapter. The splitting of the metric tensor component into scalar,
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vector and tensor perturbations is also used for at second order higher order perturbation.
However, as we go to higher order only the ‘true’ second or higher order perturbed quantities

decouple, but the mixing between linear scalar, vector and tensor perturbations do not.

3.2.2 The perturbed metric

The full perturbed expression up to and including first order about the background FLRW

metric is

Juv = Guv + 5(1)9;“/, (3.21)

where g, refers to the full quantity, and g,,, and 6 9w are the background and first order
terms of the perturbed FLRW metric respectively. At each order, we will use this notation
for the relevant quantities throughout the thesis unless stated otherwise.

Here we give the components of the metric tensor g, up to first order including the

scalar, vector and tensor perturbations about a flat FLRW background:

goo = —a’*(n) [1 + 2¢>(1)] , (3.22)
Goi = a*(n) [&B(l) ¥ sﬂ , (3.23)

and
gij = a*(n) | (1= 20 75 + 20,0, ED + 206 FY + b)) (3.24)

Here SZ-(I) and Fi(l) are the two divergenceless vectors, i.e. BiSi(l) =0 and 8iFi(1) = 0. The
four scalars are BY, EM | 1) and ¢(). The tensor hgjl-) is divergenceless and traceless,
ie. 8jh§]1-) = 0 and h(?i = 0. All spatial indices of the perturbed quantities are raised
and lowered with the flat three metric v;;. Following the usual covariant definition, we will

denote the symmetric and anti-symmetric tensors as the following:

1
A = 5 (A + Aup)

Ayt = = (A — Ay

N =

The contravariant form of the full non-linear metric up to first order is decomposed as
g#’/ — gl“’ + 5(1)9#1’. (325)

The contravariant metric can be obtained by requiring gwg” = 6#’\. If we impose this
condition to first order, then it gives us the components of the contravariant metric up to
first order:

7% = —a~2(x) [1 — 2¢>(1)} , (3.26)
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7% = a 2(n) [aiB(l) — sl (3.27)

and
gﬁzquM)K1+2wm>vﬁ—2yaU#U—zaUFmﬂ—hﬂm'. (3.28)

3.2.3 Coordinate transformation

In this subsection, we will consider the definition of the infinitesimal coordinate transforma-
tion (i.e. the gauge transformation) in the context of small perturbation of a homogeneous
and isotropic background spacetime. We will also look at a few commonly used gauge
choices in perturbation theory. More details can be found in [116, 159] and a mathemati-
cally more rigorous discussion on gauge transformation including second order can be found
in [141].

We will use a hat notation to represent variables in the new coordinate system. The

linear order coordinate transformation is of the form
at — gt =k 4 &, (3.29)

where &* is a four vector. We can split the four vector &* into a time component £°(n, 2%)
and a three vector (spatial) component ¢¢(n, z%). The time component £°(n, z*) determines
the change in the time slicing. The spatial component £%(n, #%) describes the change in the
spatial coordinate. We can further split £% into a divergence free part £ . (i.e. 5}') Fli = 0),
and a gradient part £, €0 and ¢ are the scalar like functions and the divergence free part
will only contribute to the vector like perturbation. The coordinate transformation written

in its split form is
n—hi=n+¢&, and ' — &' = 2" + £ + &4 . (3.30)
The metric perturbation under the change of coordinate is not invariant,
G = G = Guv + DGy (3.31)

We can calculate the line element of the perturbed metric from the total differentials of the
gauge functions and the total differentials of Eq. (3.30),

de® = ¢ di + ¢ldi’,

d¢ = ¢ diy + i (3.32)

dépp = Eppdi + Eppy,dd7,
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and
dn = di) — £ di) + \d’,
S o, X S y (3.33)
ot = dit — (€ + &by ) di — (€ + €y ) di.

Additionally, we also need the gauge transformation of the scale factor which is given below
a(n) = a(f) — €%’ (). (3.34)

This in turn gives us the gauge transformation properties of the four scalars in the perturbed

metric. It is easy to verify that the four new scalar functions are given by

~ a,l /
oW = ol — =0 — ¢,

f) _ 1) L @ e

e (3.35)
M) = ) 4 0 _ ¢

EW =g _¢

o

The gauge transformations of other scalar perturbations can be obtained in a similar way.

For example, the transformed energy density is
§Wp=5Wp_ 0y, (3.36)
The velocity potential transforms as
by = vy +& (3.37)

Note that it does not depend of the gauge function & but depends on the scalar gauge
function & associated withe the spatial coordinate choice. The velocity vector is a divergence

free three vector, therefore it is only affected by f}') ok
01y = vl + Epr- (3.38)

The most useful scalar quantities are those that are gauge invariant (invariant under
gauge transformations). In the linear perturbation theory, the most popular gauge invariant
quantities are the Bardeen potentials ! [12] which can be obtained by carefully considering
Eq. (3.35)

o) = qﬁ(l) +H (B(l) _ E(l)’) + (3(1) _ E(l)’),7

/ (3.39)
o) = (1) _ ( B _ g ) '

In Bardeen’s notation, the two variables below are given as ® = $,Q© and vW = —d5 Q.
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Of course, any combination of gauge invariant quantities is again gauge invariant. We will
take a more detailed look at the physical interpretations of the Bardeen potentials later.

The vector metric perturbations transform as

BV = FY —éppi,

GV g e (3.40)

It is obvious that we can construct a quantity from Eq. (3.40) that is gauge independent

FO g0 _ g 4 g

)

(3.41)

Note that any tensor quantities are not affected by the gauge choice since they are auto-

matically gauge invariant. Therefore, we have

~

hij = hij.

3.2.4 The perturbed Ricci tensor

Next we introduce the perturbed connections and the Ricci tensor. The perturbed connec-

tion coefficients are give by

Do

i, _ _
=5y + 5(1)F%w = §gap (pv,8 + G3py — GBvp) - (3.42)

At each order, Eq. (3.42) can be expanded to give the corresponding expression of the

connection coefficients. For example, at first order after the expansion we obtain

5(1)Fﬁv =29 g (6(1)%%6 + 5(1)95m - 5(1)%%/7) * 55(1)9 (9pv.8 + 98y — 9pv.p) - (343)

Expression for the various connection coefficient components at first order are given in
Appendix A.
Now we can calculate the various components of the first order Ricci tensor. The

perturbed Ricci tensor can be similarly expanded as

Ry = Ry +6WR,, =13, - T, , + 5,19, —T2,17 (3.44)

Qo Vo, oo pv oVt poct
At first order, it can be expanded to give

sWR,, =609, ,—sWT8, +T8,0019, +6W18, 19, ~T%,6017, — W2, 17, (3.45)

pra Vo, oo pv ovt pot

The various components of the first order Ricci tensor are

6 Ro = V2 [BY + B — O — BV 4 90| 430" 430 60 + O] (3.46)
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a//

50 Ry = 20;0V)' + [a + HQ] (0B~ 51) + 21000 + ¥2 (s + EV) - (3.47)

50 Ry, {_wu)" y (CL" N H2> (40 + ) + V2 (40 — B 4 HEW)
a

—5Hp(V — qu(l)’} i + 059 (1/,(1) — M 4 onEW £ g _ M

a” 1y, )" (1) ay 349
+2 [a + H2] EM — 2HB(1)> + 8 (Si) +Fy - 2HS + 20
o 19 g PO L0 0 (2 g2 0 - L2
a i) 5 i ij a i gV M
The first order Ricci scalar is
1
PIC) F— [—GH (?M”' + ¢(1)') — 6y +2v2 (21%” - ¢(1)) ~ 1250
a(n) @ (3.49)

—6HV? (3B<1> - E<1>’) —9v? (3B<1)’ - E<1>”)] .

3.2.5 The perturbed energy momentum tensor

In this subsection, we introduce the perturbed energy momentum tensor. It can be expanded

in the familiar fashion up to first order as
T = Ty + 0T, (3.50)

Here, we shall consider an imperfect fluid at first order that includes anisotropic stresses
and energy fluxes. Expressions necessary for a perfect fluid case can be obtained from the
expressions derived here by eliminating the anisotropic stresses and energy fluxes.

The energy momentum tensor for an imperfect fluid is given by
ful/ = (ﬁ + p) QTLual/ + pguu + (juﬂu + QL/ap, + ﬁp,ua (351)

where @# is the perturbed velocity, p = p 4+ 6 p is the energy density perturbation, P =
P + 6 P isotropic pressure, Qu = qu + 5(1)% is the energy flux, and 7, = 7, + 6(1)7TW is
the anisotropic stress.

The perturbed four velocity up to first order is

' = ut + 6y, (3.52)
and it must satisfy the normalisation condition u*u"g,, = —1. The first order velocity
three vector in its split form is then

5(1)ui = 8iv(1) + U%l) = (5(1)111.7 (3.53)

where (‘9%(1) is a scalar quantity and vfl) is considered as a pure vector quantity. The first
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order velocity perturbation is

1 i i
St = [—cb(”, Div) + v(l)} : (3.54)
and its covariant form is
6y, = a|-¢W, 8,BD - M+ 0y,] (3.55)

where 6Ny, = iv(1) + V(1)
The energy flux and the anisotropic pressure only contain linear order quantities due to

a perfect fluid background
qu = 5(1)%7 and 7, = (5(1)7TW. (3.56)

The energy flux must be orthogonal to the four velocity @, i.e. g,u" = 0. Therefore, the

first order energy flux is
6Wq, = [0, digqy + aqi] - (3.57)

The anisotropic pressure is traceless and must be orthogonal to the four velocity @ with
respect to each index,i.e. g7, = 0 and 7, 4" = 7, @*u” = 0. This shows us that the
first order anisotropic pressure must obey the constraints: dWmeg = 0, (5(1)7r0j = 0 and
5(1)7Tkk = 0. Note that the anisotropic pressure perturbation can be split into three parts:

a scalar, vector and tensor part
1
Wy = (aiaj ) 3v2%]-> 1y + 9Ty + 1)y (3.58)

Now we have all the quantities needed in order to obtain expressions for various com-

ponents of the energy momentum tensor. They are given below:
§W Ty = a26Wp + 24%2¢Wp, (3.59)
1
dWTo; = —a (9j901) + q1);) — a® (p+ P) (djv) + v(ay;) — a®p (@‘B(l) - )) , (3.60)

1
(5(1)Tij =a? <5(1)P — 2P¢(1)> Yij + <8i6j — SVZ%']‘) H(l) + 8(jH(1)Z-) + H(l)ij (3 61)
2 1 (1) (1) .
+a*P (2818JE( ) —+ 28(JFz) + hij ) .
At each order, the energy momentum tensor is covariantly conserved ?“Tw = 0. Its
time component gives rise to an conservation equations for the energy density perturbation

such as

sV = —3M (5”) p+ 5<1>P) +(p+P) [3%”’ Ve (U(l) v E<1>’)} . (3.62)
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However, the space component of WTW = (0 provides us with an expression

Pl

9;6P = — [(p + P) (fhv(l) +va); + 0;BY — Sfl))} - - (5(1)(1§ + 3715(1)%)
a ) (3.63)

— (p + P) [8¢¢(1) + 4H (aﬂ)(l) + V(1) + 6¢B(1) — S}l)>} — ﬁak(s(l)ﬂk

Note that the expression above contains a mixture of scalar and vector type of quantities.
The scalar part should give us an evolution equation for the momentum, while the vector
part should provide a momentum conservation equation.

3.2.6 First order Einstein field equations

In this subsection, we will present the EFE with only perfect fluid considered and with only
scalar quantities considered at first order. We can expand the perturbed trace reversed
EFEs

_ _ 1 -
Ry, = K2 (TW — 2g,ﬂ,T> + AGuw (3.64)
to obtain the first order EFEs
1 1
MR, = K (5(1)TW - 5g,w(5<1>T — 25(1)gWT) +AdWg,,. (3.65)
The 00 component gives us

V2 [B(l), + HB(l)} + V2 4 3" 4 3K [Qg(l) + ¢(1)], . Ve [E(l)” +HEW

1 3 (3.66)
= K? <a2,0<b(1) + §a25(1)p + §a25(1)P + 3a2P¢(1)> — 2a%ApM)
From the 0i component we can obtain an expression:
"
20,1 4 [‘; + HQ] 8BV + 2Ho,0M) = & [—a (p+ P)dyv) — ﬂ)a B
(3.67)

—§a2Pa B )} + Aa?9;BW,

and from the ij component we can obtain

’

[_¢(1> s [ N H2] (50 +60) + V20 £ 192 BV~ B0) — (90
+500)] g = 0,05 (61 = V) +2 [ + Hﬂ 00,8 — 219,9; (B — EO)

+00; (B - ') = g2 [<Pa2¢(” - %6(”13 + %5(% - pa?w(”) Vig

—l—(p — P)a2628]E(1)} + 2&2/\ (—w(l)’yij + &@E(l)) .
(3.68)
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We will calculate the second order EFEs in a similar manner in the next chapter.

3.2.7 Gauge choices

In subsection 3.2.3 we have looked at how one can perform gauge transformation for scalar,
vector and tensor quantities and how to construct gauge invariant quantities. Now we will
look at a few popular gauge choices used in the cosmological perturbation theory:

Longitudinal gauge: It is also known as the orthogonal zero shear gauge [12, 116] or
the conformal Newtonian gauge [26, 139]. In this gauge choice, the two Bardeen potentials
shown in Eq. (3.39) coincide with the two scalar metric perturbations. This is achieved by
the condition B(Y) = E(1) = 0. The two Bardeen potentials have the physical interpretation
as the amplitude of the metric perturbation in the longitudinal coordinate system. This
gauge can be extended to its more general form by considering the vector and tensor metric
perturbations. The extended version of the longitudinal gauge is called the Poisson gauge
[26, 38]. Additionally in the perfect fluid case, the two Bardeen potentials coincide, i.e.
®1) = (), This means that there remains only one scalar metric variable which is a
generalisation of the Newtonian gravitational potential.

Synchronous gauge: The synchronous gauge was used by Lifshitz in his work on FLRW
perturbation [128]. It is defined through ¢ = 0 and B(™) = 0. However, it can be seen
from Eq. (3.35) that this does not fix the coordinates completely. This residual coordinate
freedom can leads to unphysical gauge modes appearing in the study of density perturbation.
It has been shown that it is possible to remove this gauge freedom, see for example [41].

Spatially flat gauge: In this gauge, one works on spatial hypersurfaces which are not
perturbed. This requires us to have ¥ = E(1) = (. This gauge is also known as the

uniform curvature gauge [102] or off-diagonal gauge [116].

3.3 Physical interpretations of metric perturbations in linear

theory

In subsection 3.2.7 we have introduced a few common gauge choices used in the study
of cosmological perturbation theory. In the next chapter, we will study the second order
vector modes from linear scalar modes in the Poisson gauge (which is a generalisation of
the longitudinal gauge) hence we will confine ourselves to consider scalar, vector and tensor
modes in Poisson gauge at linear order in this section.

Before we look at metric perturbations, we will first introduce the power spectrum and
its definition. We will look at scalar perturbations/Bardeen potentials at different eras. We
will also briefly outline the matter transfer function that we use for our study of second
order vector modes in dust era shown in chapter 4. Lastly, we will look at vector and tensor

perturbations in linear theory.
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3.3.1 The power spectrum

The power spectrum is useful for characterising the properties of a perturbed field. In flat

space, we can expand an arbitrary field f(n,x) in Fourier space:

f@.n) = G [ % e,

We then define the dimensionless power spectrum Pyr(k,n) in Fourier space to be

202

(f(k1,m) f*(k2,m)) = k3 Pf(ka 77)63 (k1 — k2) (3.69)

where the angled brackets are the ensemble averages and 63(...) is the Dirac delta function
in three space. We shall adopt this power spectrum definition throughout this thesis.

The power spectrum measures the amplitude of the fluctuations (the clumpiness) at a
given scale k. For example, in structure formation if the power spectrum at a given scale
k is large, then it means that there are lots of very under dense or over dense regions.
However, if the power spectrum at a given scale k is small, then we have a smooth matter
distribution [126].

We can also define an effective spectral index ns(k):

_ dInPy(k,n)

ns(k) —1= —0 (3.70)

This is used to describe the slope of the power spectrum. Note that a constant ng(k) corre-
sponds to a power law form for the power spectrum, i.e. Pr(k,n) = Ak™~1 with some con-
stant A. In the theory of linear density perturbation, the famous scale invariant Harrison-
Zel’dovich power spectrum (proposed independently by Harrison [93] and Zel’dovich [238])
is of power law form with ng = 1.
A popular alternative definition of the power spectrum is
272

Py(k,n) = —5 Pr(k,m). (3.71)

However this alternative power spectrum Py (k,7) is not dimensionless.

3.3.2 Scalar perturbations in linear theory

In the longitudinal gauge at first order and working with perfect fluid, the 00 component
of the EFE from Eq. (3.66) gives

300" 4 6HOM + V20 = k242 | (p+ 3P)dM) + % (5“) p+ 35(1)P>] —2a2A0W. (3.72)
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From the 0i and the ij components shown in Egs. (3.67) and (3.68) we can obtain
20,1 + 218,00 = k24> [—(p+ P)ovg)] (3.73)

and
—pM" —eHdM)' —4 [Cgl + HQ] W) + v2ol) = 242 |(P — p)oM) + % (5(% — 5(1)P)]
— 242000
(3.74)

respectively. Furthermore, the 0i component of the first order EFEs leads to an expression
for G;v(1y in terms of o),

aﬂ)(l) = [81"13(1)/ + H&(I)(l)} . (375)

 k2a2p(1 + w)

We will assume that the first order matter perturbations are adiabatic, i.e., that pressure

perturbations obey §() P = cgé(l)p. The 00 and ij components give

2
K2a?

§Wp = V2o — 3 (cb(”’ + H<I>(1)>} . (3.76)
Combining Eqs. (3.72) and (3.74) and simplifying using Eqgs. (3.13) and (3.14), we

obtain the first order equation of motion for the Bardeen potential in Fourier space [116]:
" (k,n) + 3H(1 + 2)®'(k,n) + [(1 +w)Ad® + k*w] ®(k,n) = 0. (3.77)

Another important quantity is the density contrast, § defined as § = 6 p/p. When the
perturbation 6(Vp is small, one can then use the well established linear perturbation to
study its growth. However, if we have § = §(1) p/p = 1, then the perturbation theory breaks
down. It can easily be shown that in the Fourier space the density contrast is given as
dMp 2k? 2

2
J— N — / _ —

We can simplify Eq. (3.77) by rewriting it in terms of two new variables

_ 20(k,n) an _ 1
u(k,n) = —IiQ\/m’ d 6(n) P (3.79)

These new variables eliminate the damping term [159]. The new equation of motion is

/!

u”(kyn) + <c§k2 — %) u(k,n) = 0. (3.80)
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The solutions to this equation is a linear combinations of the n” order Bessel functions of
the first and second kind, i.e. J(,)(¢) and Y(,,)(¢):

u(k,n) = A(k)\/knJ ) (cskn) + B(k) Y (cskn), (3.81)

where we have n = 1/2 +2/(1 + 3w). In the case of the radiation era with ¢ = w = %, it

is now easy to obtain a general solution to Eq. (3.77)

o= 58 o (5) o ()] s () ()

We shall ignore the decaying mode — that is terms with a B, (k) coefficient. It is clear that

for the modes that are outside the Hubble radius (kn < 1) during the radiation era, we

then have W
1 d\Hp

®7” k) ~ AT’ k 9 and

(ko) ~ -z A(R), and —

This means that we have a constant amplitude outside the Hubble radius for both the scalar

~ —24, (k). (3.83)

potential and the density contrast. This is sometimes referred to as the perturbations being
‘frozen’ outside the Hubble radius. On the other hand, when the modes are inside the Hubble
radius (kn > 1), the perturbation oscillating rapidly. This is to be expected because at
small scales the pressure is working against the gravitational pull as the baryonic matter
condenses together.

In the matter era but without A (we denote this with a subscript m), we have w = ¢2 = 0.

The general solution to Eq. (3.77) is

Sl (3.84)

Ignoring the decaying mode, the scalar potential is constant at all scales and its time
differentiation is zero, i.e. @/ (k,n) = 0. However, the density contrast is § = —(2 +
(kn)?/6) A, (k). From this we can see that when outside the Hubble radius (kn < 1)
density contrast remains constant, i.e. § ~ —2A,,(k). On the other hand, the density
contrast is § ~ —(kn)?/6A,,(k) when inside the Hubble radius.

Assuming that the fluctuations are Gaussian, we may introduce Gaussian random vari-

ables, E , with unit variance and the property
(E* (k1) E(ks)) = 6% (ky — ko). (3.85)

We can then separate the length and directional dependence of functions of k and write
®(k,n) = ®(k,n)E(k) hence A, (k) = A,(k)E(k). Similar to the radiation case shown
above, we can then write Ay, (k) = A, (k)E(k) neglecting the decaying mode By, (k)/n° for

the matter era without a cosmological constant. However, in the presence of a cosmological
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constant (we use d to denote this) the solution to the Bardeen equation Eq. (3.77) may be
written as

Bk, n) = Aa(k)g(n)E(k). (3.86)

by approximating the time evolution with the growth suppression function g(z). This

function is given by

5

9(2) = 2oe2(2) {Qm(z)4/7 —On() + {1 + ;Qm(z)] {1 + %QA(Z)] }_1  (3.87)

where (assuming zero curvature)

Qp
and Qa(z) = SN (3.88)

. Qo(1+2)3
n(2) = 5 Qo(1+2)3

Note however that g(z) can easily be related to g(n). The normalization factor g is chosen
so that ¢g(0) = 1. This approximation formula of the growth suppression follows from
(121, 47].

The amplitude Ag(k) [in Eq. (3.86)] today can be approximated by Aq(k) = Aq(k)T(k),
where A4(k) is the amplitude of perturbations and T'(k) is the transfer function. The fitting
form used in our analysis for the transfer function will be introduced later.

The power spectrum for the first order scalar perturbation is defined by

277#53

(% (K1, )@ (k2,1)) = — 50" (k1 — k2)Po(k, ). (3.89)

At early times during the radiation era the power spectrum becomes

k?3

~ 2
Po (k) = A(k) s

(3.90)

Relating the Bardeen potential to the comoving curvature perturbation at early times gives

us

2167
Ar(k)* o == Ar(k), (3.91)

where A% is primordial power spectrum for the curvature perturbation R. Current ob-
servations show A% ~ 241 x 1079 at a scale ko = 0.002Mpc~!, and A% is almost
independent of wavenumber on these scales [117].

The overall amplitude of fld(k') can be found from the curvature perturbation 2

2 @’
R:q>+3(1+w)<q>+H>, (3.92)

*Note that it is denoted as ¢ in [159]
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which is constant for adiabatic perturbations on super-Hubble scales. This implies that at

7 = Neq;
R, = Ra, (3.93)

for modes k < keq. This then results in a matching condition for the Bardeen potential
on super-Hubble scales at matter-radiation equality (when the effects of the cosmological

constant is insignificant):

10
P, = 5 Pa. (3.94)

Therefore, Eq. (3.94) gives us

~ \/g ~ 3\/§7TAR

assuming a scale-invariant initial spectrum.
Using the above results, we get an expression for the scalar power spectrum during the

radiation era:

4
Po, (k) ~ §A%(k). (3.96)
However, for the case of dust era with a cosmological constant the expression is

3AR

2 2 2
) g (3.97)

Pa(h) =

The matter transfer function

Here we will look at the matter transfer function mentioned earlier. A power spectrum
of perturbation at present time (for example the scalar power spectrum as presented in
Eq. (3.97)) results from the evolution of the primordial one. This evolution should take
into account a variety of physical processes. These include, for example, the growth of
structure under self gravitation, the effects of pressure on structure growth, the dissipation
of perturbations; all of which are caused by the matter content of the universe and they
can change the shape on the original power spectrum.

If we wish to relate the present time power spectrum to the primordial one, detailed dis-
cussions following matter perturbations starting from the time of horizon crossing through
the radiation-matter transition to present day and encapsulating all physical effects during
the evolution is required (see for example [173, 61]). However, such an approach is cumber-
some since it requires one to solve the multispecies Boltzmann equations due to a mixture
of CDM, baryons, neutrinos and photons exist in our universe.

Although numerical codes to solve the multispecies Boltzmann equations are publicly
available (e.g. CMBfast and CAMB), however they are best used if one requires numerical
results with high accuracy. Furthermore, having an analytic description for the matter

transfer function even though it can be calculated using CMBfast or CAMB will provide us
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with better understanding as to how behaviours one sees in matter transfer function can be
matched to some physical effects. Therefore, much work has been done to develop accurate
fitting formulae for the transfer functions for different mixtures of matter contents in the
universe, see [71, 99, 13, 176] for example. Here we shall focus on the one that is used in
our work on second order vector modes.

Throughout our studies of vector modes during dust era (see section 4.3), we have
consistently used the matter transfer function from [71]. For this function, the universe is
considered to be composed of photons, baryons, massless neutrinos and CDM. The total
matter density today (defined in Eq. (2.7)) consists of baryons and CDM: Q,, = Q + €,
where ; and (). are the density of baryons and CDM today. The CMB temperature is
written as Toyp = 2.702.7 K. We also use the definition h = Hy/(100km s_lMpcfl). It
is assumed that the massless neutrinos contribute an energy density corresponding to three
species at (4/11)'/3 the temperature of the photons. It is worth noting that all the effects
in the transfer function are set at early times. Late time effect such as the presence of a
cosmological constant (24 # 0) is insignificant in this case.

Before we look at the transfer function itself, we will first look at the relevant length
and time scales. The physical processes at work during the evolution of perturbation in a
universe consists of baryons and CDM (such as in our case) involve three important length
scales: the horizon size at the matter-radiation equality, the sound horizon scale at the time
of recombination and the Silk damping scale at recombination. Complimenting these three
length scales are two time scales: the time z,, when radiation-matter equality occurs, and
the time z;4, known as the drag epoch, when the baryons are released from the Compton drag
of the photons (when the photon pressure can no longer prevent gravitational instability in
the baryons).

Radiation-matter equality occurs approximately at [71]
Zeg = 2.5 x 10*Q,,h?05 2. (3.98)

This time scale marks the transition from a radiation dominated universe to a matter
dominated universe. Therefore, this is the redshift where the density of the relativistic
particles (photons and massless neutrinos) and the density of non-relativistic particles (CDM

and baryons) equal. A numerically fitted formula for the drag epoch is [71]

(th2)0.251

= 1291
= 1+ 0.659(Q,h2)

0.828 [1 + bl(thQ)bQ} ; (3.99)
where it is defined that
bl = 0'313(th2)*0.419 [1 + 0607(th2)074] ’ and b2 _ 0.238(th2)0'223.

After this epoch, baryons fall into the CDM potential well and participate in gravitational
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collapse.

The horizon scale at z¢q is [71]
keg = (20 Hizeq)'/? = 7.46 x 1072Q,,h20, 2Mpc . (3.100)

The horizon at the drag epoch is defined as the comoving distance a wave can travel up to

24

t(za)
5= / cs(1+ z)dt
0

3.101
2 6 1n\/1+Rd+\/R(“LR?Q (3.101)
 Bkeg [ Reg 14 /Req ’

where Ry = R(zq), Req = R(z¢q) and R(z) is the ratio of the baryon to photon momentum

density

R(z) = i’;’b — 315012053 (2/10%) . (3.102)
2l

The Silk damping effect is due to photon diffusion suppressing the baryon fluctuation [200].
This scale is well fitted by the approximation

Esie = 1.6(Qh?)"52(Q,, %)™ [1 + (10.4Q,,1%) %% Mpe . (3.103)
The matter transfer function 7'(k) is formally defined as

T(k)= 2" (3.104)

where 6(k, z) is the density contrast for wavenumber k at redshift z, and D(z) is the large
scale linear growth factor between redshift z and present. At large scale (k — 0), by
construction, we have T' — 1. However, the fitting formula of the transfer function is

written as the density weighted average of two species (baryons and CDM):

S
n

T(k) = &Tb(k‘) +

o T, (k). (3.105)

The growth of CDM is suppressed on scales below the sound horizon in the presence of
baryons. Therefore, this suppression is introduced by interpolating between two solutions

near sound horizon:

Tc(k) = fTO(ka 17/86) + (1 - f)To(k‘, O‘mﬁc)y (3106)

where )
=——  and Tp(k, ac, B:) =
f 1 (k<;/5.4)4’ 0( ’ ’ )

In(e + 1.85.q)

In(e + 1.86.q) + Cq?’ (3.107)
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with
142 386 k

k
— (" Ve (upt) =
oo 1169.0g108 ¢ (Mpcl) 27 () = ik,

Furthermore, the parameters o, and 3. take the form

C

— 0/ — (/)3
o = @/ (/)

a) = (46.99mh2)0'67 [1 + (32.19mh2)—0.532)] ’ (3-108)
a9 = (12.()th2)0'424 [1 + (45.Oﬂmh2)_0'582)] 7

)

Gt =14 by [(Qe/m) — 1],
by = 0.944 [1 + (4586,,h2)~0708] 1 (3.109)
by = (0.39582,,h?) 00266,
However, the influence of the presence of baryon is by exhibiting a series of declining peaks
(a series of oscillation with reduced amplitudes) due to acoustic oscillations in the transfer

function where it departs from unity below the sound horizon. We can incorporate this by

multiplying our expression with a declining oscillatory factor jo(x) = (sinx)/x:

TO(kalal) 67

Ty(k) = |1 + (ks/5.2)2 1T (Bv/ks)

36—(l€/ksi1k)1'4] jo(k3). (3.110)

Note that we have defined the quantity

5(k) = - and fy — 0.5+ b 4 <3 - 29b> VA729,h2)2 + 1,

[1 4+ (Brode/ks)3]H/3’ Qm Qm
with Bhode = 8.41(€,,,h?)0435,

The transfer function should contain a factor which describes suppression from the decay
of potentials between the matter-radiation equality and drag scales, and an exponential Silk
damping. As explained in [71] this is incorporated in the expression in the square bracket in
Eq. (3.110) since it can trace the zero baryon CDM case above the sound horizon and then
breaks to a constant multiplied by an exponential Silk damping factor. The Silk damping
factor occurs only in the second term in the square bracket is because Silk damping effect
can only happen on scales below sound horizon therefore only the second term has significant
contribution.

Details on the development and performance testing of the fitting formula for the matter
transfer function presented here have been compared with CMBfast and they are given in
detail in [71] so we shall not present them here. The fitting formula for the transfer function
shown in Eq. (3.105) works quite well for the parameter range 0.025 < ,,h? < 0.25 and
0 < %/, < 1. A systematic effect which occurs when we have high baryon fraction
with ranges like 0.7 < €3/Q,, < 0.9. Within this baryon fraction range, the first valley is
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systematically underestimated by ~ 10% — 15% in amplitude.

3.3.3 Vector and tensor modes in linear theory

As illustrated in [19, 152], a scalar field cannot support vector modes at linear order. Here
we will follow the presentation in [152] and show as to why this is the case.

The vector perturbations at linear order satisfy an evolution equation and a momentum
constraint equation which can be found by calculating the ij and 0i parts of the EFEs

respectively. The evolution equation takes the form of
v2sW 4 onvrst = o, (3.111)
while the constraint equation takes the form
%.LQVQSZ.(I) = —k2(p+ P)6Wv;. (3.112)

As one can see from Eq. (3.111), there is no source in the vector evolution equation. If we
solve Eq. (3.111), it then admits solutions proportional to 1/a?. The momentum constraint
equation (Eq. (3.112)) relates the vector perturbation Si(l) to the three velocity perturbation
6Wy;. If we take the universe to be sourced by a scalar field ¢ with a stress energy tensor

of the form:

1
Tap = 09,5 = 59089y — 9oV (), (3.113)

where V' (¢) is the associated scalar field potential. Following the expressions presented
in [169], the correspondence of the scalar field stress energy tensor between the energy
frame and the normal frame can be identified in such a way that the first order velocity

perturbation §(Mv; takes the form

§WMy; = —i,(S(lhpﬂ-. (3.114)
ap

It is important to note that the right hand side of Eq. (3.114) can be expressed as a gradient
of a scalar and therefore first order velocity perturbation 8V v; does not have a pure vector
part. Following this realisation together with Eq. (3.112) we can conclude that a scalar

field does not support vector modes.
Next we shall consider the first order gauge invariant tensor perturbations which we have
previously denoted as h%). Again here we have the perfect fluid background. It is possible
to obtain an equation of motion for the tensor perturbation from Egs. (3.48), (3.61), and

(3.65). After Fourier decomposition we then have
A" (k,n) + 2HAY (k,n) + Kb (k,n) = 0. (3.115)

We shall solve this equation in the same fashion as the scalar perturbation presented in Eq.
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(3.77). If we define a new variable as

v(k,n) = ah™M (k,n), (3.116)
then substituting into Eq. (3.115) we can then again eliminate the damping term. The

tensor perturbation equation of motion in the new variable then becomes

2(1+ 3w)

77(14‘?’1”)2) v(k,n) = 0. (3.117)

V" (kyn) + <k2 +

Again, the solutions to this equation is a linear combinations of the n* order Bessel functions
of the first and second kind, i.e. Ji;,)(¢) and Y{,,(¢),

v(k,n) = A(K)\/ knJ ) (kn) + B(k)Y(n) (kn). (3.118)
In the case of the radiation dominated era (c2 = w = 1/3), the solutions are in the form

of Ak B(k
hy(k,n) = 16(77) sin(kn) + kfn) cos(kn). (3.119)

Furthermore, if we consider the dust era without cosmological constant (c2 = w = 0 without
A), we then have

hm(k,n) = 1];13(:?3 [kn cos(kn) — sin(kn)] + 53(7’:3) [knsin(kn) + cos(kn)] . (3.120)

3.4 The 1+3 covariant formalism

The covariant approach to general relativity and cosmology was first worked on by Heckman,
Schiicking and Raychaudhuri [95, 186] and it was further developed by [94, 72, 73, 69]. It
has been reviewed by various authors, see for example [36, 74, 77, 222]. In this section,
we give a brief overview of the 143 covariant formalism since we will use it in chapter 4
for our analysis on issues related to generation of vorticity at second order. We shall first
start with the definition of some kinematical quantities in applying the covariant kinetic
theory and the geometrical quantities. Next we present the decomposition of the energy
momentum tensor. Lastly, we will present the covariant conservation/evolution equations
and the covariant constrainte equations that are related to these kinematical or geometrical
quantities. We shall see, in a later chapter, that the covariant method will be a great help

when we try to clarify the issue of vorticity generation.
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3.4.1 The four velocity vectors and notations

We will consider a general spacetime with a metric g,3. Also, a family of observers with

worldlines tangent to the four velocity vector

«
o dr

=— 3.121
u =~ (3.121)

is also introduced. Note that 7 is the observers’ proper time measured along the worldlines.
This tells that the four velocity vector is timelike, i.e. uau® = —1. We can then define two

projection tensors h,g and U where we have

hag = gap + U Ug, (3.122)
and
U = —uug. (3.123)
Additionally, hop and Ug satisty
hh% = h%, h% =3, and hagu® = 0. (3.124)
QUL =U%, U% =1, and Uapu” = uq. (3.125)

This shows that h,g projects orthogonal to the four velocity vector u® into the observers’
instantaneous rest spaces, while U aﬁ projects parallel to the four velocity vector. Further-
more, the tensor h,g allows for a unique decomposition of every spacetime quantity into its
spacelike part.

The effective volume element for the rest spaces is also defined:

€apy = WNuasy- (3.126)

It must satisfy the properties that

€afy = €lab]s Eapre = 3!h[5hﬁ" ,ﬁ‘, and eqagyu’ = 0. (3.127)
And it is covariantly constant. The four dimensional volume element, 7,,3,, used in Eq.
(3.126) must satisfy

Nuafy = 2U[p€a)gy — 2€ua[Uq]) nlwéﬁ’ynw\pd) = _4!6[:5;\5;’57?7 and 770123 = [_det(gt)ﬁ)]ilﬂ .

(3.128)
Next thing to consider is how the time and space derivatives are defined in the covariant
approach.

The covariant time derivative along the comoving observers’ worldlines, defined for any
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tensor T% is
T% ="V, T%. (3.129)

The fully orthogonally projected spatial covariant derivative for any tensor T‘“ﬂ is defined
as

v 6

V. T% = D,T% = h° h°,h" sV T, (3.130)

with total projection on all free indices. Note that the notation presented in the middle of the
above equation is only used in the equations that will be used for the covariant discussions
outside this chapter. We use a different notation here to distinguish their importance to
us. Here, the tilde serves as a reminder that @V is a proper three dimensional derivative if
u® has zero vorticity [36]. Finally, we use angle brackets to denote orthogonal projections

of vector quantities and the orthogonally projected symmetric trace-free part of tensors:
Vi = pgvh, (3.131)

and

1
ww—P&w—me4WK (3.132)

It is also possible to apply the angle brackets to denote the orthogonal projections of co-
variant time derivatives
V@ = pe VP, (3.133)

and 1
7 = ) = 21| T (3.134)

3.4.2 Kinematical quantities

With the definition presented in the preceding subsection, we can now split the first covariant

derivative of u® into its irreducible parts, defined by their symmetry properties:

Vo, = —uyty, + @#u,,,
1 (3.135)
= —u,l, + g@huv + o + Wi,

where we have introduced a few new notations, and they are, in the order of appearance,
the four acceleration vector 1, the volume expansion @Mu”, the expansion scalar O, the
shear tensor 0, and the vorticity tensor w,,. By construction the four acceleration vector
is

Uy = u'Vyuy,. (3.136)
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It is simply the time rate of change of the four velocity vector u,. It represents a non-

gravitational motion of the fluid flow. The expansion scalar is constructed to be
0 =V, u", (3.137)

which describes the volume rate of expansion (or contraction) of the fluid. In the case of

Robertson-Walker metric, it reduces to a representative length scale in cosmology - the

da/dt
a

Hubble parameter in proper time, i.e. © = 3 . The shear is the trace free symmetric

tensor defined as
o = V), (3.138)

which satisfies the properties that
Ouw = Oy, owu” =0, and of) = 0. (3.139)
It is used in describing the rate of distortion of the fluid, while the vorticity tensor

W = V[t (3.140)

is used in describing the change of orientation (the rotation) of the fluid with respect to a

non-rotating frame. The vorticity tensor has the properties
wpu” =0 and Wy = Wi,y (3.141)

One defines the vorticity vector from vorticity tensor as

1
W = S e, (3.142)
with easy reverse construction as
wh = " w,,. (3.143)
Following [222], we shall also use the sign convensions such that & = —V X T /2 in the New-

tonian limit. This choice of sign convensions, however, will lead to the opposite signs in the
vorticity tensor w,, and the volume element €,3, when compared with related expressions

shown in [77].

3.4.3 The geometrical quantities

We now face the quantities that describe the geometrical properties of the spacetime. The
Riemann tensor R,g,, provides information on the curvature of spacetime and it is defined
as

(VaVg = VgVa) uy = Ropgyuut'. (3.144)
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Additionally, the Riemann tensor has the following properties

Ragyu = Riagliyu) = Bypas, and Ryjgy,) = 0.

The Ricci tensor is the trace contracted over the first and third indices of the Riemann ten-

sor, i.e., Roy = R’ The Riemann tensor has 20 independent components and the Ricci

apy:
tensor has only 10. The Weyl curvature tensor C,g+, contains the remaining independent
components. The Weyl curvature tensor represents the free gravitational field, allowing for
gravitational action at a distance (for example tidal forces and gravitational waves) [77]. It

is defined as

1
Capyn = Ragyu = (9aprBop — 950 Ruja) + ggahgu}ﬁRv (3.145)

where R is the Ricci scalar. It can also influence the motion of matter and radiation. A
splitting relative to u® of the Weyl tensor is possible. This will give us an ‘electric’ part

and a ‘magnetic’ part. The electric part of the Weyl tensor is defined according to
Eory = Copyuulut. (3.146)

It must satisfies

Eay = E(ay), E% =0, Equ? = 0.

ay)s

The magnetic part of the Weyl tensor is defined by

1 1
Hoy = ieawcwwﬁuﬁ - §na/f\Vc/\unuuﬁ7 (3.147)

with additional conditions that

ch = H( )s Haa = 0, chu'y =0.

ay

Now we can introduce the Bianchi identities for the Riemann tensor
V[(gRaﬁ]w =0. (3.148)

With the Weyl tensor introduced in Eq. (3.145), we can rewrite the above equation as

1

V“Cagw = V[BRCV}’Y + 6

918V B (3.149)

The twice contracted Bianchi identities can be obtained from contracting Eq. (3.149) and

by EFEs they imply the conservation equations.
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3.4.4 The energy momentum tensor

The general energy momentum tensor can be decomposed relative to the four velocity vector
as
Thp = puqug + Phog + 2q(au5) + Tag- (3.150)

The relativistic energy density relative to u® is defined as
p = Togu®u’. (3.151)
The isotropic pressure of the fluid
P= éh“ﬁTaﬁ. (3.152)
The energy flux relative to u® which is also the relativistic momentum density
qo = —h7, Ty ut, (3.153)
which must satisfy g,u® = 0. The trace free anisotropic pressure (stress) is
Tap = Tiagy = h“<ah”/3>TW, (3.154)
and it must satisfy 7, = 0, Tag = 7(op), and Tapu® = 0.

3.4.5 Covariant conservation equations

In this subsection, the covariant conservation/evolution equations are presented using the
covariant formalism developed in the preceding subsections. The energy and momentum
conservation equations, the Raychaudhuri equation, the shear and vorticity evolution equa-
tions, and finally the electric and magnetic Weyl evolution equations are shown here. The
covariant constraint equations can be found in the next subsection.

In our current notation, the energy conservation equation is
p=—-0(p+ P)—20,q" —Doq® — O'aﬁﬂ'ﬁa. (3.155)
The momentum conservation equation is
v 4 . v v vy .U
hy' Gy + g@qu + (p+ P)iy +DyP +D"mp + 0q” — €uyw’q’ — mpd” = 0. (3.156)
The Raychaudhuri equation is

: 1 1
O — Vau* = —592 = 5(p+3P) + iai® - 20% + 2w? + A, (3.157)

which is the basic equation of gravitational attraction. Here we have included the cosmo-
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logical constant A and it shows a repulsive nature should it be positive.
The shear evolution equation is

5B _ logh _ %@Uaﬂ Ll _ gl B _ a8 _ ged %Waﬁ_ (3.158)

o
If we have a perfect fluid, the anisotropic pressure source term 7% vanishes. This demon-
strate how the shear can be induced from the electric Weyl tensor. The propagation equation

the vorticity vector obeys allows for full nonlinearity

2 1
hy @, = —ge)wu — icurl Uy + opw”. (3.159)
The covariant spatial curl is defined by curln, = €,,,D"n?, where D, is the spatially
projected covariant derivative as mentioned earlier.

The electric Weyl evolution equation is just that

: 1. 1~ 1 1
Etap) — curlHag = —5ap — 5V ap) = 5 (0 + P)oas — © <Eaﬂ + 67raﬁ>
1 ] ‘ }
T 30<a ME@# ~ 9% “Wﬁm — Uagp) T+ 26W<au“HB> (3.160)
_ euy<aw“Eﬁ> v 56;;1/(04”“7]'5) V’

and the magnetic Weyl evolution equation is

) 1 3 . v
Hop) + curlEqs = §curl7raﬁ + 30<a ”Hgm - §W(a‘316> - 2€W<aUHE5>

1
+ §ew,<aql’05> i eW<aw“Hﬂ) Y — OH,g.

(3.161)

3.4.6 Covariant constraint equations
In this subsection, we shall present various constraint equations. First we will look at the
shear divergence equation

. 9. .
Voo, = §Va® + €ayu VI + 20,0 W — qq.- (3.162)

This equation shows us that in the case of non-perfect fluid how the flux ¢, can be related
to the spatial inhomogeneity of the expansion. Next we should introduce the vorticity

divergence identity

Vaw® = tqw®. (3.163)

The magnetic equation is introduced below

Hony = curlogy + 20qws) + @mww. (3.164)
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It gives the relationship between the magnetic Weyl curvature and the distortion of the
vorticity and the curl of the shear. The electric and magnetic Weyl divergence equations

are what we look at next. We will present the electric Weyl divergence equation first

1 1 3
569¢+ *an/qu _3W7Ha7+60/7#0’y VHVM - iea’ww’yqu’ <3'165)

5 1.- 1.-
V'Eqy, = gvap—iv%rm— 3 5

and the magnetic Weyl divergence equation is

- 1 1
V'Hyy = (p+P)wa+3w7Ea7—§w77ra,y—ieawvﬁyq“—56047,,07 LT —€eaqyuo”  EMY . (3.166)

In this chapter, we have introduced some basic concepts in standard cosmological per-
turbation theory. We will turn our attention to the detailed investigation of second order

vector modes from coupled linear scalar modes in next chapter.



Chapter 4

The cosmological background of

vector modes

In chapter 1, it was pointed out that scalar field cannot support linear vector modes,
therefore vector perturbations at linear order are considered to be insignificant. On the
contrary to the naive expectation that second order vector modes would be the same as
in the linear case, it has also been mentioned that it is possible to generate second order
vector modes from coupled linear scalar modes as in the case of generating second order
tensor modes.

Some authors have studied issues related to second order vector modes. One of these
includes, for example, generation of second order vector modes from coupled linear scalar
modes but in a collapsing universe scenario [152]. However, a detailed investigation of the
generation mechanism that produces second order vector modes from coupled linear scalar
modes in the standard (inflationary) scenario has not been done before and this is the
focus of current chapter. As emphasised in chapter 1, it is both timely and important to
better understand these vector modes since they are likely to play a more prominent role
in cosmology in the near future due to their contributions to the CMB (in particular the
B-mode polarization in the CMB).

In this chapter, we will first present all the algebraic expressions that have been cal-
culated from the metric which only includes linear order scalar modes and second order
vector modes in Poisson gauge. These expressions include, for example, the components
of perturbed Ricci and energy momentum tensors and the components of EFEs. All the
expressions presented in this chapter are derived from scratch as an independent check of
the solutions that were presented in [6]. Generation of second order vector modes from two
interacting scalar modes during the radiation era by assuming a two delta function form for
the scalar power spectrum and the power spectrum of vector modes from power-law scalar
modes are studied here.

For the second part of this chapter, the argument as to why there shall be no vorticity

o8
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generation in the fluid at second order via the covariant approach is presented. Investigation
of the second order vector modes power spectrum today by density perturbation and the
energy density of the vector part of the shear at second order are also shown here. Note

that all the numerical results presented in this chapter were obtained from using Maple 11.

4.1 The second order vector modes from linear scalars

For this section we are considering a perfect fluid for the flat FLRW background and its
linear perturbation. As mentioned before, we have linear constant equation of state, ¢z = w
and we assume that the first order matter perturbations are adiabatic (6P = ¢26()p).
Furthermore, we will adopt the Poisson gauge and this leaves us with the Bardeen potential

®() at first order and the second order vector mode, SZ-(Q), in the metric.

4.1.1 The metric

Similar to the linear order, the full perturbed expression up to and including second order
about the background FLRW metric is

gul/ = Guv + 5(1)9/.Ll/ + (5(2)g,uuy (4'1)
The perturbed metric in the case we are considering has components:
1
oo = —a’ (1 + 2@(1)> ;o goi = —§a25i(2)7 gij =a’ (1 - 2‘1’(1)> Yij (4.2)

where &) is the first order Bardeen potential. Si(Q) describes the gauge-invariant [152, 143]
)

second order vector modes, so that 8iSZ-(2 = 0. Note that we will use the conformal time

again in this chapter. At second order, the contravariant form of our perturbed metric is

1

500 — g2 ((I)(l))z’ 52 g0i — _§G—25(2)i’ 6@ gl = 4q72 <<I>(1))2 A4, (4.3)

where the background and linear components have been introduced before.

The second order connection coefficients can be calculated from

o 1 (073
5(2)FB7 =597 (5(2)911%5 + 5(2)96977 - 5(2)9574)) + 56(2)9 P (9pv.8 + 980,y — 98v.0)

5(1)904) (5(1)9p%ﬁ + 5(1)%#77 - 5(1)9677/1) )

(4.4)

N o =

+

where the various components are given in Appendix A. The second order Ricci tensor can
be obtained from
8@ R, =619, — 618, , + 12,6017, + 602,619, + 631,17, 25)
— 12,019, —sWre sWre  — 5312, 17

ovt pot
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It can be split into two parts where one part contains only the pure second order terms and

another part contains quadratic scalar terms:
8@ Ry, =R, + P RES). (4.6)

The various Ricci tensor components are

5P Ryy = 6061 ™" —29meM g, o) 4 261200, (4.7)
"
5@ Ry; = iv2s§2) - % {aa + HQ} S 4400 {9,060 — H15,0M| 4 20 9,60, (4.8)

Note that in the expression of 62 Ry there is no pure second order vector modes, but there
contains only quadratic scalar terms. As for 5(2)Rij, we can write down the diagonal (di)

and non-diagonal (nd) terms separately

§@ R, = {16H<1><1>’<1><1> +200eM" 48 [‘Zl + HQ} (@<1>)2 +200v2p0)
N (4.9)
+2 (q>(1> ) +20meMg,, dM) } Yij»

n 1 /
5O Ry = 5a(is]ﬁ)?) + 1S + 40W9,0,00 + 20,00 9;00). (4.10)

One thing worth mentioning here is that Eqgs. (4.7), (4.8), (4.9) and (4.10) are expres-

sions obtained directly from algebraic calculation from our metric shown Eq. (4.2).

4.1.2 The perturbed energy momentum tensor

As for the EMT, we also only consider the perfect fluid case at each order, i.e. the energy
flux g, = 0, the anisotropic stress 7, = 0. Similar to linear expansion, the EMT can be

expanded up to second order as
T = Ty + 6V T, + 6T, = (5 + P)uta” + Py, (4.11)
The perturbed four velocity up to second order is
" = ut 4§k 4 6@y, (4.12)

and again it must satisfy the normalisation condition u#u"g,,, = —1. Note that the compo-
nents of background four velocity is given in Eq. (3.10). After adopting the Poisson gauge,
at first order the four velocity takes the form

1

Syt = p; [—<I>(1), 3%(1) , 5(1)“u =a [—<I>(1), div(1y| - (4.13)
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Again we have only scalar quantities in Eq. (4.13) since it shows the components of four

velocity at linear order. Components of second order four velocity can be calculated using

the normalisation condition u"4"g,, = —1 and the resulting expressions are shown below:
1 2 .
2 1 m 7
5( )u“ = % |:3 ((I)( )) +9 U(l)amv(l),v(2)
) 2 1 . ] (4.14)
2), _ 1 m 1 (2)
5( )uu =a |:2 (Q)( )) — 58 U(l)amv(l)v 51](2)7; — QQ( )8ZU(1) — §SZ :| .
Therefore, at second order our resulting EMT components are given as
(5(2)T00 =a? (p+ P)@mv(l)amv(l) + 2a2<I>(1)5(1)p, (4.15)
2
SDTy = —a? (p+ P) | 3o — @Dy | + % ps
2 20 (4.16)
—a? (5(1)/) + (5(1)P) 8w(1),
5(2)Tij = a2(p + P)@-v(l)ajv(l) - 2a2(5(l)P<I>(l)’yij. (4.17)

From the energy momentum tensor, we then can obtain at each order the expressions for

T =T",, where we have, at zeroth and first order
T =3P —p,and 6T = —5Wp 4 36 P,

respectively. Note that from our way of setting up the EMT, we have 6T = 0 at second
order.

The perturbed energy and momentum conservation equations are given by
VAT, = 0. (4.18)

The time component of the above conservation equations should provide us with an evo-
lution equation for the perturbed energy density. However, since we consider only vector
quantities at second order, ?“TMO = 0 does not provide us with a correct expression at
second order since we do not include any pure second order scalar perturbations. Whereas

the momentum conservation equation has the form
/
{'U(Q)i — 5’1(2)} +H (1 — 3’[1)) {U(Q)i — 51(2)} = M;, (4.19)

where the source term M; is as follows (where we have kept the assumption that w is
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constant):

A4 1%
OHAQ2, () (1 + w)M; = 6H3 [12w + Qun (1) (5 + 3w)] {q><1>ai<1><1> } + dw {v%(l)v?a@(l)}

, 1%
—4H <7 — 12w+ 2) {HaiQ(l)V2<I>(1) + 9,00 v2<1><1>}
1+w

, 1% 1%
— UHw {(b(l) V28i<b(1)} — 36H2w (2 + U (1)) {<1><1>v23ic1><1>}
Sw

1w {Hv%(l)’a@(l) + v2<1><1)’aiq><1>’}v
w

) v
+ 6H3 [12w + 20, () (3w — 2)] {q>(1> a@(l)}

1%
;S { [a%ﬂ)akai@(l)}'} .
1+w

(4.20)

Note that from Eq. (3.14) and the definition Q(n) =
3H? (1) ().

One thing worth noting is that here we use V to denote schematically the vector part

a’A : 2.2, _
SH2(p)e WE can obtain k“a“p =

of the quadratic source term since on the left hand side of Eq. (4.19) both v(9); and 51(2)
are vector quantities. This type of representation will be frequently used throughout this

thesis.

4.1.3 Einstein field equations at second order

When we perturb the trace reversed EFEs as shown in Eq. (3.64), we then expand it up to

second order. At second order, the trace reversed EFEs can be calculated from

1 1 1
PR, = K2 <5(2)TW — 5g,w(s@)T - 55@ GOV — 25(2>9WT> +A6%g,,. (421
It can be seen from Eqs. (4.7) and (4.15) that direct algebraic calculation of 00 component
of EFEs at second order yields only scalar quantities from our set up. Since we are interested
in vector quantities at second order, we shall ignore it and not present it here. However,

the 0¢ and the ¢5 components are to be

" AV , \% Vv

iv%y‘” - % [C; + HQ] S@ 44 [qﬂl)aiq)(l) } +2 [<I>(1) aicp(l)] —AH [cb(l)aiq)(l)}
2.2 2 2 2 v

= —HQCL (p+ P) I:U(Q)i - 351(2):| + <I<6 (; P - A;) SZ(Q) + /ﬁJZCL2 (p—i— P) [‘p(l)aﬂ)(l)]

(4.22)
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and

7) )
|4
= /€2a2<p + P) [8{1)(1)8]‘1](1)]

/ \% 14
18(2-5@) + HOESY 44 [@1)@6@(1)} 42 [aiqﬂl)ajcb(l)}
2 J (4.23)

Note that in Eq. (4.23), terms multiplied by +;; are not presented since they are really
scalar quantities which we are not interested in. This can be easily verified from the fact
that when we apply the projection operator to terms multiplied by ~;;, one will obtain
factors such as k'vy;;e/ (k) which gives us 0. Also, Eqs. (4.22) and (4.23) corresponds to the

components of EFEs for the case we are considering here.

4.1.4 The vector mode evolution and constraint equations

If we substitute Egs. (3.75) and (3.76) into Eq. (4.22) and rearrange it, we can obtain a

constraint equation for vector modes S(9); from the 0: component of the EFEs

6H2n (1) (1 + w) [v2), — S(2yi] = —V>Sayi + 8 [ vy, (cI><1>’ + H<1>(1>>

_ 2/
3H2 Q2 (n)
+2<I>(1)’82-<I>(1)} v

(4.24)

We can get an evolution equation for S(y); from the ij component of the EFEs Eq. (4.23).
Below is what we arrived at after substituting Eq. (3.76)

0S(2)5) + 2HOS(2)5) = adul'y), (4.25)

where the source term is

8 14

aa(z‘rj) = 3H2Q,, () (1 + w)

{0.00 0,00 + 2000, 0}

, (4.26)

2
A I P X CO P 1 ¢Y
+4[1+3Qm(n)(1+w)} {a@ 9;® } :

where we have used the fact that {<I>(1)8,-8j<13(1) }V = —{81@(1)8]-(1)(1) }V. This can be realised

from the fact that the vector component of a scalar quantity is zero:
2\1V 1%
[0:0; ()] =2[9,009;00 + 8V,0,0M] " 0. (4.27)

4.1.5 The shear and vorticity in perturbative approach

Vector perturbations typically produce vorticity and a transverse shear in the fluid four-

velocity Eq. (4.14). In order to compute them, we need to use the covariant definitions
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shown in Egs. (3.138) and (3.140):

By = 6wy, + 6w, = Bﬁﬁf]aa;ﬁ, (4.28)
o 1.
G = 0Way,, + 6Py, = {h‘()‘#hf) - 3hu,,ho‘ﬁ} T3, (4.29)

where again BW = Juv + Uy, is the projector into the instantaneous fluid rest space. Note
that the components of the projection tensor are shown in Appendix A. Here, w,,, and o,
must satisfy conditions shown in Egs. (3.139) and (3.141). The vorticity is a purely vector
quantity.

At first order, there is only scalar shear:
dWwi; =0, (4.30)
6y = a (0:0; — L7y V2
05 = a 105 — g%‘jv U(l)- (4.31)
The second order vorticity is given by Eqgs. (4.14) and (4.28):
2 a 1
B} )wij = 5 {6[jv(2)i] — 3[1'5(2)1‘} + 68[1@( )6j]v(1) + 28[1021)({%]1}(1)} , (4.32)

which is in agreement with the expression in [147]. Using Eqs. (3.75) and (4.24) we can
rewrite Eq. (4.32) as

(). — a 29,. A
O =T e L eSes 33)
16 2 / :
— D 5., (@) AN
ST w2y~ e 9 (2 + 72 ®)
The vector part of the second order shear oy); is defined via
5(2)Uij = aﬁ(,-a@)j), 81'0'22) =0. (4.34)

An expression for the second order vector shear follows from Eq. (4.29) is given as

a \4
5(2)01']' = 56(2'1)(2”) +a {8(12}(1)83) [(I)(l) + UEI)]} = aa(iO'(g)j). (4.35)
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Again using Egs. (3.75) and (4.24) we can rewrite Eq. (4.35) as the following

1 2
5 {S@m TR A T w) Y 5(2>j>}

- 97—[4{23”(727;(1 w)? {H3 [243(2 = Quu(n) (1 + w)] 9,2V ;00

+ 2H(4 + 3w)9; M 9,00 + 2H2[1 + 3(1 4 Qn(n)) (1 + w)] (a@(l)ajcp(l))'

| 2

ad(;0(2)5) =

, \%4
— (14 2w)V29,0M 0, (a0 +H<1><1>)} .
(4.36)

4.1.6 Extraction of pure vector quantities

From Eq. (B.16) we have defined the Fourier transform of the vector perturbation. We
have also introduced the vector projection operator in real space, Vlij (z,x'). Although the

expression can be found in Eq. (B.40), we shall present it here again:

21

Vlij(w7 wl) - = (27r)3

/ K K2 [ey(K)el (K') + &(K)é (K)] / B K (@)

What the above projection operator does is extracting pure vector quantity from a two
index object that could have a possible mixture of scalar, vector and tensor parts. The
equivalent of the operator Vlij (z, ') in pure index notations instead of integral notation
will be present below.

If we have a two index object Xj; such that it is of the form
Xij = B(Z-Sj) + 0,0; 9, (4.37)

then we can obtain an expression for ® by applying ‘9’ to both sides of Eq. (4.37) where

we have

® =000 Xy (4.38)

If we apply 9’ only to both sides of Eq. (4.37) and isolate S; on one side we obtain
S; =20720"'X;; — 20;®. (4.39)
Substituting Eq. (4.38) into Eq. (4.39) and collecting terms, we then have
8; = {27205 — 20,070'0" } Xiy. (4.40)

The projection operator V;j (z,x') essentially corresponds to the operation shown in the
curly brackets in Eq. (4.40).
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4.1.7 Second order vector modes in Fourier space

Now we have looked at the equivalent of Vli I(x,2') in a pure index notation form, let us turn
our attention back to these projection operators presented in Appendix B and use them for
our calculation since the integral form suits our need the most when we need to calculate
the power spectra later. Note that for the expressions in Fourier space, we drop the order
sub- or super-scripts since it should be obvious from the real space for whence they come
from.

The vector projection operator in Fourier space, )}(k, x), is presented in Eq. (B.45)).

However, we will present it here again in order to make it easier to follow our calculation.

1 2

Vilke) = — G e

/dSm kel (k)e ke,
Applying V;j (z,2’) to both sides of Eq. (4.25), we then have a representation for

extracting pure vector components in real space:
Vi (z,a) [8@522)3-) + 2713(1'5(2»)} (@',n) = V) (@, @) [aduT';)] (2',n). (4.41)
Should we wish to perform the equivalent operation in Fourier space, we then have
Vi (k, ) [a(is@)j) + 2Ha(i5(2)j)] (,n) = Vi (k) [a0.T;)] (,7). (4.42)

Let us look at how exactly the operation shown in Eq. (4.42) can be calculated in more
detail. For a term on the left hand side of Eq. (4.42), we have

VY (k) [0S )] (@) = 1553 / K Sk ) (e (KK + ei(k) k7]

2
k2(27)

X /d?’x K =k)-@ pici (k)

(4.43)

2

TR

= 25(k,n).

S(k,n) [ej(k)k; + ei(k)kj] ke’ (k)

Similar approach for the term 9(;S(3);). As for the terms on the right hand side of Eq.
(4.42), we have

1 2% 1 I
B (o [ @wow k[ @tk

X /d3x ei[i"_(k_k,)]kie‘j(k)

Vi (k,z) 0,000,001 (@,n) =

—21 1 o
= o | AR Rk~ K k)

(4.44)
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Again, the calculation is very similar for the terms 8(i<1>(1)8j)<1>(1), and (91-(1)(1),@@(1)/. After

collecting all the terms, for either polarisation the evolution equation in Fourier space for

the vector mode becomes
S/ (k,m) + 2HS (k) = al (k7). (4.45)

where the source term al'(k,n) is an appropriate convolution over the quadratic first order

quantities,
87/ kle](k) 31./ 1./ 2 / !/
I'kn)=———7-r—75—= [ d&°K (kK. 14+ ———— | Dk, n)P(k—k
2
+ o' (k— k) (0 (K n) + 2HD K, }
ST e i~ E ) (2 W)+ 2Hek )
(4.46)
The general solution for S (k,n) can be written as
S (k) = o [ di T (k) (4.47)
)= 575 na-\\n ) - .
a*(n) Jn,

This can easily be obtained by multiplying a? to both sides of Eq. (4.45).
Similar to what we have done here, we can also apply Vlij (z,z') in Eq. (B.45) to Eq.
(4.36) in order to extract the divergenceless vector o(g); from 0(;0(2);). Then oy, (x,7) =

Vi (x, x')0;0(2);) (2, m), which will be given in more detail later.

4.2 Vector modes in the radiation era

Before we can study the behaviour of the second order vector modes induced from linear
scalars, we need to calculate its power spectrum. We shall define the vector mode power

spectrum in the same fashion as given in Eq. (3.69)

- 277#53

(5" (e1,m) S (Kz, ) = -6 (kt — o) Pk ). (4.48)
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Setting Q,, = 1 and w = 1/3 (since we are considering radiation era) in Eq. (4.47) then
substituting it into Eq. (4.48), we find

(8" o) (eaon)) = s [ [ a0 ) (0 Gl ) T (k)
70 10

16 [k e™ (k)] [ko'e? (K2)] / e / . )
= CL
~ (2m)3at(n) k2k2 o "2 o M a”(m)a

/d?’k' /dng (Fimk1n) (kaika;) E (K1, [k — Kyl )

X E (kb [z — b o) (B (k1) B oy — k) EX(KY) Bz — ) )

(4.49)

where

(K1, Ka.) = 30UC1WB(K0.1) + 75 (o) (¥/(0C1on) + 2HO(KC1 ). (450

Wick’s theorem tells us that
(B () E* (ks — K E (k) Bz — k) ) = (E* (kDB (ki = 4) ) (B (kY E ks — K5))
(B R E(k)) ) (B (ky — k) E ks — K5))
+ (B (k) E (ks — K))) <E*<k1 (kb))
4 51

Note that the Wick’s theorem and its proof can be found in [66]. This then implies that we
can rewrite Eq. (4.49) as

(S* (k1,1) S (ka, 1)) = [k e (k)] [ko'e? (o))

n n
iy / dify (i) (i)
@ >3a4<> K202 / o
/ Ky (Kok) (K3ikbs) = (K ke — K| 77)

(Kb, |ko — Kb|, 7i2) [6% (K| — Kb) 6° (k1 — k| — ko + Kb)
+53 (k) — ko + Kb) 6° (k1 — K} — Kb)] .

(4.52)

mode is

After further simplifying and collecting terms, the power spectrum of the induced vector

Py (1) = sy . A [ i a2t [ (105 [om] [

x 2 (K, |k — K|, i) [(FE)E (K, |k — K|,7) + (KK — k)2 (|k - K|, K, 72)] -

(4.53)
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Next, we let 6 be the angle between the two modes k and k' and rewrite the mode k'

with mode k unit basis vectors e(k), é(k) and k, we then have
k' = k1e® + koe® + k3k?, (4.54)

and
ki = |k|k;. (4.55)
We can rewrite everything in terms of the spherical coordinate and therefore the coefficients
in Eq. (4.54) are
k1 = |k'|sinfcos¢ , ky = |K'|sinfsin¢ , k3 = |k'|cosb. (4.56)

We can now express terms such as k%k/, and k{)eb(k) in terms of the new bases to be

Kk = [k|k (mea + Ko€q + ngl%a) = |k||K'| cos § = k'K (4.57)

ke’ (k) = e’ (k) <meb + Koy + Hgi-’u‘b> = |K/| sin 0 cos ¢ = k}ej(k). (4.58)

Therefore, we have
(kK. (k{,eb(k)) (K¢’ (K)) = |k||/| cos 6]/ |* sin® 6 cos® , (4.59)

and
4Pk = k2dk d(cos 0)do. (4.60)

Changing the notations such that |k’| = k" and |k| = k, Eq. (4.53) can be written in terms

of the spherical coordinate as

Py ko) = s [ i [ din e [ avw? [ ' d(cos)

kndal(n) Jo, " ; 1
2m
X / d¢ {kk/?’ cos #sin® @ cos? qb} = (K, |k — K| ) (4.61)
0
x {(kk'cos0) E (K, |k — K/|,72) + (kK cos® — k*) E (|k — K|, K/, 72) } -

Note that here we have used fo% do cos® ¢ = .
In order to compute the integrals over Fourier space, we first introduce the dimensionless

variables u and v, where

/

k
U:Eandu:\/1+v2—2v0059. (4.62)
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From here we can also derive the expressions that

d(cosf) = —%du, and cosf = —% <11)> [u? — 1 —v?]. (4.63)

We can also easily work out, from the expression for cos 6 that

cos fsin2 § = —% <:,) lu2 —1- (i;ﬂ + é <1]:/)3 [“2 - <l:)2r (4.64)

= év—lg [u2 -1 —1)2] [(u2 -1 —v2)2 —4'02] ,
and
kk' cos = —%kQ [u? —1—v?], kK cosf — k* = —%kQ [u? +1—v?]. (4.65)

Collecting terms and simplifying the expressions, the power spectrum then becomes

Py(k,n) = /dTZQ/dma m)a /dv/ du (uv)
167r4a4 0 0 lv—1|

X (v +1—-u ) [(u —1—v%)% — 4 ]a(/ﬂ)?ku,m)
X {(u2 —1—v3)E (kv, ku, i2) + (u? + 1 — v*)E (ku, kv, M2)} -

(4.66)

The power spectrum can now be calculated once the power spectra (initial conditions) for

the scalar modes are chosen.

4.2.1 Vector mode power spectra

We shall now investigate the power spectrum of the induced vector modes during the radi-
ation era. After substituting for the first order solution for ® for the radiation era from Eq.

(3.82) (but ignoring the decaying mode) and Eq. (3.90), the power spectrum then becomes

Py(k,n) = ( 243 > / dv /U 1|du Po (ku)Po (kv)F (u,v, ), (4.67)
where
Flu,v,z) = (ui)s (v +1—u?) [(u® — 1 —2?)? — 407
X /x diy Ty (%) [(uQ —1—9?) /I dZa Ty (#2) + (u® +1 —0?) /x dio 22(5:2)] ,

(4.68)
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and z is another dimensionless variable defined as x = kn, and xg = kng. We have defined

the functions

Z Z sin (apz + qbn) ﬁ, (4.69)

m=1n=1

with the coefficients «,,, ¢, and MTJLm defined as

T 1 1 —ul +vb
n — — and Ay = ——= ) 470
¢ 2(0) \/§< ul + va ) ( )

1 “igzb 0 (3u? + 1v?)a + wl 0 3b
Mun =19 204 0 Vaul+vauw o |0 4TV
6v/3 t 2\f Tvev VS
5 “iga 0 (%u2 + tvHa +uvl 0 3b
M= ® 2y . JBul 4+ viub . (472)

Here we have defined the matricies 1, 0, @ and b as

(e () e

As we have four integrals to carry out it is useful to calculate them analytically where
possible. This is not particularly simple, however it is possible to do so for the z integrals
in Eq. (4.68) by analytically expanding the integrals over the functions Z; by parts up to

Si and Ci functions (the sin and cos integral functions) to get

5 4 m—3 z
m—k —3)! . - E+2 \ _iotkem
/wo dz I E E [ E (('rn—2)')ank S11 <Olnx + ¢n + 27T> $(2+k )]
Zo

m=1n=1 k=1
) f;:(f 5[50 cos (3 2) i) (0 + gm)};} |

(4.74)

For the radiation era we assume that all modes are well outside the horizon when the

interaction begins and therefore can set xg = 0.

Case I: Interaction of scalar modes

Before calculating the power spectrum for the case of power law scalar modes, it is useful and
important to investigate how the vector modes are generated from individual scalar modes.
Previously, it has been shown that a single scalar mode with an isotropic distribution of
wavevectors, i.e. at a single comoving scale (a single wavelength) but with all possible
angles, will induce second order gravitational waves [7]. This is not the case with vector

modes: scalar modes of differing wavelengths need to interact to generate vector modes.
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To investigate the generation of vector modes from scalars in more details, we choose

then a scalar power spectrum of the form of two delta functions:
4
Po(k) = §A2A3€(kCMB) {6[In(k1/k)] + 6[In(k2/k)]} , (4.75)

where A is the mean amplitude of each wavenumber, k;, relative to the observed amplitude
of the primordial power spectrum, A%(k(;MB), at wavenumber koyrp > k;. We assume
for simplicity that they both have the same amplitude. Substituting the input scalar power
spectrum of the form (4.75) into (4.67) and carrying out the u and v integrals, we then find

that the vector power spectra becomes, in terms of v; = k;/k,

4 kiko
R pAk2

Py(k,n) = 26244 A*A [F(v1,v2,z) + F(v2,v1, )] (4.76)

provided v; + 1 > vy > |v; — 1|, and is zero otherwise. Therefore modes are induced for
all wavenumbers k such that k1 + ko > k > |k; — ko|, and are scattered into angles such
that u; = vy, and uy = v; (a further requirement from carrying out the integration). In the
case where only one input mode is present, for example vo = vy, this inequality becomes
k1 > k/2 while we also have v; = uq, as in [7]. From Eq. (4.68) with v = v, however,
we see that F vanishes in this case. Therefore, we can see that vector modes cannot be
induced by a single scalar degree of freedom. The physical reason for this is because vector
modes are associated with rotational degrees of freedom. A consequence of k1 = ks is that
0, = £06s, i.e., the input modes only have momentum along the same axis in Fourier space.
Consequently, there is no angular momentum generated, and hence no vectors.

Provided that k1 # ko, we can have vectors induced over the appropriate range of
wavelengths. Closely separated scalar modes will produce a much broader spectrum of
vector modes while modes of vastly differing wavelengths will produce a very narrow range
of vectors, with wavenumbers close to the largest input wavenumber. Note that as the
generated wavenumbers are restricted from above and below, we can’t expect any noise
on large scales, as is the case for gravitational waves. This is also evidenced by the fact
that one input mode can’t produce any vectors — there would be nothing to set the long
wavelength cutoff in that case. Having discussed the properties of Eq. (4.76) analytically,
we next shall look at the numerical output for the case of vo = 1 with various vy values.

In Fig. 4.1 we show the induced vector modes as a function of x with vy = 1, i.e. the
evolution of modes of wavenumber k = k9. By setting vo = 1 we require that 0 < vy < 2
and we will look at v; = 1.5, 107*,1073,107° to be specific.

While the generated mode is outside the Hubble radius, there is power law growth with
Py ~ n? (since we are looking at fixed k values). When the scalar mode ky enters the
Hubble radius, the principle generation of vector modes stops shortly thereafter, and the

4

induced modes start to decay as n~*. This continues until the longer wavelength mode

enters the Hubble radius at k17 = 1 = = ~ 1/v;. This then generates a further burst of
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Figure 4.1: The power spectrum of vector modes induced by two interacting scalar modes.
Although maximum power is generated in the scenario kj/ko ~ 1 shortly after the Hubble
radius is crossed, at late times scalar interactions with vastly differing wavelengths produce
more power once the long wavelength mode enters the Hubble radius.

vector modes, which we can see by progressively more pronounced knees, as v; — 0, in the
curves at late times. For the case when v; = 1.5, on the other hand, we see some confusion
as the modes enter the horizon more-or-less together, before decaying as normal.

Thus we see that vector modes are most efficiently generated when at least one of the
scalar modes is entering its Hubble radius while another scalar mode exists to help seed the
vector mode. We have also explained why we have knees at later times in the evolution of
the generated vector modes, since two interacting scalars enter the Hubble radius at different
times. The power generated into vectors as each mode enters depends on the relative ratio
k1/ky. Scalar modes of similar wavelength generate more overall power, because they are
entering the Hubble radius at the same time. However, modes that are widely separated
in wavenumber don’t generate as much overall power but produce more pronounced knees

instead.

Case II: Power law scalar modes

With the discussion provided in the preceding case, we have gained some insights into the
generation mechanism of vector modes from scalars. Let us now investigate the power

spectrum of vector modes from power-law scalar modes. To do this, we assume that the
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input power spectrum is:

4 ko™
P@(k)ngR [ ) (4.77)

where the index ng tells us the tilt of the spectrum relative to scale invariance, ns = 1, and
koamp = 0.002Mpe™! is a pivot scale for the power spectrum [117]. The induced vector

modes are then given by

T20A% (kY
k,n) = I n 4.
Pt = ok () ), (4.78)

where F,,,(z) is defined as
e v+1
Fns(x) :/ dv / du (uv)" " F(u,v, ). (4.79)
0 Jv—1]

We integrate this numerically, and show the results in Fig. 4.2 for the case ngs = 1.
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Figure 4.2: The power spectrum of vector modes induced by scale invariant scalar modes.
Scalar modes outside the Hubble radius interact to give power law growth until the modes
enter the Hubble radius. Thereafter the modes decay as normal vectors, with some gentle
oscillatory features.
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In Fig. 4.2 we can see that the tilt of the scalar power spectrum tends to affect the
amplitude of second-order modes on large scales at the level of a few percent [7, 155].
Viewing = as time for constant k, we see that the modes grow as 7, peak when inside the
Hubble radius and decay as n~*. While the modes are decaying there are faint oscillations
as shown in the top panel of the Figure. Fig. 4.2 can also be interpreted as the power
spectrum at fixed time, it grows as k when outside the Hubble radius, it peaks at a scale
smaller than the Hubble radius (i.e. it peaks at a larger wavenumber k) and decays as k4.

It is worth mentioning that we have taken the upper limit of the &’ integral to be infinity.
In reality there is a cutoff from the end of inflation, at n = 7),, corresponding to modes which
are inside the Hubble radius at that time, k. = 1/ns, so giving a finite upper limit to the
v-integral, v, = k,/k (although this is on very small scales in reality). This causes a break
from linear scaling in z in the power spectrum for x < 1/v,, and we may analytically find
the leading behaviour of Eq. (4.67) is Py ~ i’—gv*xQ. Why is this the case?

In the interacting delta function case we saw that modes are efficiently produced — and
grow like 2 — when both modes are outside the Hubble radius; once one is inside and
the other outside there is effectively no generation of vectors. In power-law case, however,
the modes which are generating vectors are those outside the Hubble radius, providing an
effective cutoff to the v-integral of v ~ 1/x, so giving us growth o< z when v, > 1/x. When
we have the cutoff v, on the other hand, for early times when n < 1/k,, all relevant modes
are outside the Hubble radius, and interact coherently giving us growth oc n%. For > 1/k,,
modes which have entered the Hubble radius no longer contribute to the generation of modes
outside the Hubble radius giving weaker growth oc x. Of course, we are not in a position
here to analyse times before inflation ends, but this helps us understand why we have the

x scaling behaviour we do.

4.3 Vector modes in the dust era

In this section, we investigate the spectrum of vector modes today which is generated at
second order by density perturbations. We have shown in subsection 4.1.5 the expressions we
recovered independently via the perturbative approach. In this section we use a covariant
and fully nonlinear approach, which is more direct and transparent than a perturbative
approach in order to clarify and extend previous results, and explain carefully why no
vorticity is generated in the fluid at second order in our case. We will also discuss how one
can interpret physically the vector part of the shear. After which, we will show that the
result we arrived at about vorticity provides us with a simpler way to present the solution
to the vector mode evolution Eq. (4.25) (and hence a simpler expression for the vector
shear). We will then use these new expressions to study the vector modes and the vector

shear in the dust era.
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4.3.1 Vorticity and shear in covariant approach

The vorticity tensor of a fluid with four-velocity u* defines the vorticity vector as shown in
Eq. (3.142). The vorticity vector obeys the propagation equation Eq. (3.159) as introduced
in an earlier chapter. In order to evaluate the curl of the acceleration, curla#, in Eq. (3.159),
we need the momentum conservation equation Eq. (3.156) and the energy conservation
equation Eq. (3.155). In general, Eq. (3.156) shows that the curl of acceleration can
introduce source terms for vorticity in Eq. (3.159). In the case of a perfect fluid, we have

qu = 0 = 7, Taken this into account, Eq. (3.156) now looks like
(p+ P)i, +D,P =0. (4.80)
where as Eq. (3.155) now looks like
p=—O(p+P) (4.81)
We can also use the relation (see e.g. [222])
D,P = c2D,p, (4.82)

where ¢, is the adiabatic sound speed. Taking curl of Eq. (4.80) then using the exact
identity [222]
carl D, f = —2fw,, (4.83)

we then get
(p+ P)curliy, = 2P w,, + €,,,0'D7(p + P). (4.84)

Using Eq. (4.80) again, we find that the second term is proportional to €,,,D” PD7p , which
vanishes, since D, P is parallel to D,p for a perfect fluid. Using Eq. (4.81) and collecting

results, we arrive at the fully nonlinear vorticity propagation equation for a perfect fluid:
hyd 2_2)e v=0 4.85
ul Wy + 3G ) Owu — o’ =0. (4.85)

Note that the last term on the left is at least third order since the non-zero vorticity and
shear are at least second and first order respectively. This equation shows that there is
no source for vorticity, so that vorticity cannot be generated in a perfect fluid, at any
perturbative order.

In particular, there is no generation of vorticity at non-linear order by first order scalar

perturbations, in the case of adiabatic perfect fluid, and thus

6w =0. (4.86)
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If there is primordial vorticity, then it must be introduced as an initial condition. Any pri-
mordial vorticity will simply redshift away as the universe expands, according to Eq. (4.85),
and will be entirely unaffected by the growth of density perturbations. Effectively, the den-
sity perturbations generate metric vector perturbations, and the fluid velocity adjusts so as
to maintain zero vorticity. This is similar to what happens with the Harrison mechanism for
magnetogenesis, where the vector modes generated at first order by defects cannot induce
vorticity in the plasma [98]. For more than one perfect fluid, vorticity non-generation ap-
plies separately to each fluid, as long as there is no momentum exchange between the fluids.
This is the case for example with CDM and baryons, which interact only gravitationally.

The vector part of the shear may be interpreted as a rotational quantity, even though
the vorticity of the fluid is zero. The vector shear is

ow =D0,) = {ho‘ hf

1 (e
Guhy) = ghwh p } D,05, Do = 0. (4.87)

)

By boosting from the fluid rest frame to a different frame,
at = ut + ok, (4.88)

where v, is some ‘peculiar’ velocity with v,u* = 0 and v, remains constant up to first order,

the vorticity and shear become [222]
Oy = —icurlvu, Gy =0, + v, (4.89)

If we choose the frame by v, = —0, the vector part of the shear 7, is zero, but the vorticity
Wy, no longer vanishes. This shows the essentially rotational nature of the fluid vector shear,
even though the vorticity of the fluid is zero. Note that it is not possible to boost away the
scalar or tensor part of the shear in this way.

We have now presented our arguments on concluding to the result that there shall be
no vorticity generation via covariant approach. Returning to the perturbative analysis, we
can now use Eqs. (4.86), (4.25) and (4.33) to determine the vector metric perturbation 5%2)’

which will be shown in the next two subsections.

4.3.2 More on vector mode equations

Having made the statement that ¢ (2)%], = 0 in the previous subsection, Eq. (4.33) implies

that
16

3H2Q () (1 + w)

This directly recovers the solution that can be obtained via a Fourier space projection of

V2S(2); =

{v2<1><1>ai (q><1>’ + H<I>(1)> }V. (4.90)

the second order ij component of the EFEs Eq. (4.25). Here, however, I shall demonstrate
that Eq. (4.90) does indeed satisfy Eq. (4.25) in the real space for any constant equation
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of state w since this is not as obvious as it seems. For the purpose of expressing ourselves
clearly, we shall present Eq. (4.90) in the simplified form of VQS(Q)Z- = A(n){v2¢(1)8iF¢}v.
It can then be verified that A’(n) = H(1+3w)A(n) and F} = —H(2+ 3w)Fs + wV2dW) +
3/2H2Q (n) (1 + w)dM).

Applying €¢9,,07 to both sides of Eq. (4.25) we have

m 1 a im
| S 0m VS oy + OV S| = 5™ [0V (4.91)
Note that from the simplified form of Eq. (4.90) we obtain
€m0, V2 S oy = A(n)e™ 0, V2O ) Fg,

and

€m0, V28, = A ()™, V2o o, Fy
+ A(p)eimk [amv%(l)’aqu) + 0, V2o, FL]

where we have used the fact that €%9,,0,F = 0. Substituting the expressions for A’(n)
and F} and collecting the terms together for the left hand side (lhs) of Eq. (4.91), we arrive

at

lhs =

) 2
A) imk [37'( Qm(n)(1 + w)amv2q)(1)akq)(1) 1O, V208, Fy
2 2 (4.92)

+amv2q><1>’akp¢] .

As for the right hand side (rhs) of Eq. (4.91), it can be shown that it has the terms

2

) 8
hi imk 411 @(1) - 2@(1)
rhs = ¢ { [ +3Qm(77)(1+w)}ak OV +

SH2Qm(n)(1 + w)

[@kq)(l)'

<O V20 4 M (ajak@“)amaj@(l))' +H (akqﬂ”amv?@(l))/] } ,

(4.93)

where we have used the fact that a symmetric quantity vanishes if we apply € to it. Now
even in the form of Eq. (4.92) it is not difficult to see that it is identical to the terms on
the right hand side. This can best be viewed if we identify the terms with the same order
of 'H together.

4.3.3 Vector metric perturbations

Since we have shown that Eq. (4.90) provides us with a solution to Eq. (4.25), we shall use

Eq. (4.90) for our analysis from here on since its expression is simpler. Eq. (4.90) gives a
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solution in Fourier space

16/L 6‘7(16)/ 37./ 121.1 / /
k.n) = &k |k —KPPEBk-K. K 4.94
where
B(K1,K2,m) = H2®(K1,n) [® (K2, n) + H®(K2,n)] . (4.95)

Defining the power spectrum as in Eq. (4.48) we find, using Wick’s theorem,

Ps(k,n) = s)szi(f(iy)ﬁ /dgkl|k — K [k;“fj(k)} [kq/nem(k’)] B(lk — K|,k n)

x {|k — K'|*B(|k — K'|,K,n) — (K)*B(K,|k—K|,n)}.

(4.96)

Note however that in this subsection, we use the notation Pg to represent the vector mode
power spectrum in order to have better distinction between the two eras. Eq. (4.96) may

be simplified when the first order power spectrum Eq. (3.97) is substituted in to give

4 / 2
Ps(l-c):@?:) (3?25(:):5}) K2 T(u?), (4.97)

where

_ [ o —20,2 2 2 _ 2 _ . 2)2 2
I1(¢) dv du & (uv)*(u® — v7) [4v* — (1 + v* — )] [T(kv)T(kuw)]®, (4.98)
0 [v—1|

and as before v = k’/k, u = /1 +v% —2vcosf and cos® = k' - k/(k'k). This resulting
second order vector power spectrum Pg using WMAPS best fit parameters is shown in
Fig. 4.3. This may be compared with the power spectrum in Eq. (4.78), which is computed
from scalar modes in the radiation era (w = 1/3), assuming a power law form for the scalar
spectrum. Here we have found Pg today, and we have calculated Py, directly from the first
order solutions, using the transfer function to relate back to the primordial perturbations
and the growth suppression factor to take account of A in the background. Detailed discus-
sions on linear scalar modes, the transfer function and the growth suppression factor used
here have been presented in chapter 3.

In Fig. 4.3 we compare the power spectrum of the vectors with that of the Newtonian
potential. For comparison we also show the power spectrum of the two gauge-invariant
density perturbations introduced in [12]. In the Poisson gauge, they are just § = % and
A = §—3HvW. The amplitude of the vectors decays on small scales, k > keq = 0.009 Mpc~!
(obtained using Eq. (3.100)), in contrast to the density perturbation, which is growing, but

in line with ®. For WMAPS5 data [117]

Ps = 6.5 x 10°Pp, for k > ke, ~ 0.09Mpc™*, (4.99)
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Figure 4.3: The power spectrum today of metric vector modes generated at second order
by density perturbations, Pg, together with the power spectra of first-order quantities: the
density contrast § = () p/p and comoving density perturbation A = § — 3HoM, and @
(using best-fit WMAP5 parameters [117]: Q,,h% = 0.1326, 10092,h? = 2.273,h = 0.719). kg
represents the Hubble scale.

so that the amplitude of the metric vector modes is nearly 1% that of the metric scalar
modes on small scales. Note that the value for kg, is obtained using expression from Eq.
(3.103) For zero baryons we find that

Ps ~ 254 (5.490mh° — 0.13)*% Py, ~ (Ink)?/k* for k 2 kg ~ 0.09Mpc™,  (4.100)

where z¢, can be expressed as in Eq. (3.98). On large scales Pg scales like k, with a peak
in the spectrum around the equality scale. This is analogous to the peak in the induced
gravitational wave background on similar scales [22]. In Fig. 4.4 we also show that including
baryons induces oscillations in the vector power spectrum (bottom panel). They are washed
out in comparison to those present in the scalars which inherited this oscillating feature from
the transfer function (top panel) mostly, but are still very prominent.

The overall shape of the S(); spectrum may be understood from the generation of
vectors during the radiation era introduced earlier in this chapter. Vector modes grow
outside the Hubble radius as a'/2 only through the interaction of scalar modes which are
larger than the Hubble radius. Inside the Hubble radius, vector modes decay, slightly less
rapidly than a~2, when fluctuations in the radiation fluid no longer support vectors. At
the end of the radiation era, vector modes with k < k., have acquired a tilt because modes
are more aggressively produced by scalars which are close to the Hubble radius — very long

wavelength modes interact only weakly. After equality, all vector modes grow at the same
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Figure 4.4: The power spectrum today of metric vector modes generated at second order by
density perturbations. We show how increasing the baryon fraction decreases the power in
the vectors above k¢,. The baryon oscillations are washed out to some extent in the vectors
as can be seen by comparing Pg with the first-order transfer function in the top panel.

rate, so that those which entered the Hubble radius before equality are suppressed.

4.3.4 Vector shear

As mentioned earlier, in order to extract the divergenceless vector shear, (), from 9;0(3);),

we need to use the operator Vi (z, «') given in Eq. (B.40):

o@ym(®,n) = Vi (2, 2')0i002);(x, n). (4.101)

From Eqgs. (4.90), (4.36) and (B.45), we can derive second order vector shear in Fourier

space

—2ai ej(k) 31070 2 % 2 N,
k = d’k'k. S (k° — 6(kk"Y) — 4k — k k—Kk' k
olk.m) 3 (n)(2m)3/2  k* / ]{( 6kik) = 4] ) B k)

k2 — 2k [C(k/, k— K. n)+ (1 — ?’Qm(”)> Bk k — k:’,n)] }

+

2
3Qm(n) ( 2

(4.102)
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where the expression for B(K1, K2,n) can be found in Eq. (4.95) and
1
C(,Cly ICQa Tl) = @@/(Kla T’) [Q/(K‘éa 77) + H@(ICQ, 77)] . (4103)

The power spectrum is defined as in Eq. (4.48). By Eq. (4.102) and Wick’s theorem, we

obtain

AR\ " [3kalg' +Hg)]? 8
Pavtion = (G2) oot | {~2me e +00 - o o
y [g'-i— (1 _ 397’;(’7)> Hg] H(1+2u2)+%2§m (4.104)

o+ (1-220) ngnuﬂ )},

where ¢ is given by Eq. (3.87) and II(§) by Eq. (4.98). The resulting power spectrum has a
similar shape to Pg, since o(2); = S(2);/2+small corrections as can be seen from Eq. (4.36).

See Fig. 4.5 for the resulting vector shear power spectrum, Py, .
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Figure 4.5: The power spectrum today of second order vector shear generated by density
perturbations. We show as in the vector mode case how increasing the baryon fraction
decreases the power in the vector shear above ke;. The resulting power spectrum has a
similar shape to Pg.

It is also useful to compare the first order scalar and second order vector contributions

to the shear energy density. We define the dimensionless shear density

CL2

Q=
612

oot . (4.105)

The scalar and vector contributions to shear are given by o = v(;) [from Eq. (4.31)] and
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0(2); [from Eq. (4.36)] respectively. They define scalar power P, and vector power Py,

which then define the spatial averages of €0, and €, via

d(Qsg) B a’kt
dlnk  6H2

Pos, (4.106)

and

d(Qoy,) a’k?
dlnk — 12H2

respectively. Note that there are in reality two polarisations implicit in Py, shown in Eq.

Pos (4.107)

(4.107), however in an unpolarized background the two contributions are equal.
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Figure 4.6: The energy densities of the first order scalar and second order vector shear per
logarithmic k interval. Figure plotted using WMAPS best fit parameters.

The quantities in Egs. (4.106) and (4.107) are shown in Fig. 4.6. Ask — 0, d(Qy,,)/dInk ~
k3 and d(Qy4)/dInk ~ k*. This shows that the second order vector shear is much smaller
than the linear scalar shear — except on very large scales (for very small k values). However,
this feature in the Poisson gauge will not lead to any growing physical effect, since both
quantities are decaying on large scales. In Fig. 4.7 we present a figure with only the scalar
shear energy density plotted, however with different baryon fraction. We include a case
where there is only CDM as its matter content, a case with WMAPS5 best fit parameter, a
case with only baryon as its matter content and a case where CDM and baryon are equally
proportioned. Similar to what we have seen before for the transfer function cases, more
rapid oscillation appears in the curves with higher percentage of baryon fraction. In accom-

panying to the scalar case, we also present the vector shear energy density with different
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baryon fraction in Fig. 4.8. Again, for the vector curves the oscillatory feature is less

pronounced when compared with the scalar ones.
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Figure 4.7: The energy densities of the first order scalar shear per logarithmic k interval. We
plotted the cases: pure CDM, WMAPS5 best fit parameter, pure baryon and €2/Q,, = 1/2.
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Figure 4.8: The energy densities of the second order vector shear per logarithmic & interval.

We plotted the cases: pure CDM, WMAPS5 best fit parameter, pure baryon and €/, =
1/2. When compared with the scalar shear energy density, the oscillation is washed out.

One can also obtain (2,¢) and (Q,,) up to a given scale k from the energy densities
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shown in Egs. (4.106) and (4.107):

2 k
Qo) (k) = 6% /0 dIn k'k4 P, (), (4.108)
2 k
(o) (k) = 12“H2 / dInk'E>P,, (k). (4.109)
0

Again, there are two polarizations implicit in Pg,,. The ratio between the two scalar func-

tions, A5) and (Qog)(k), and the two vector functions, df;fg‘]g> and (Q, ) (k) per loga-

dink
rithmic bin are plotted in Fig. 4.9. Note however that we use d:;ﬁ&” to denote the ratio

function. From Fig. 4.9 we can see that on large scales the ratio function for both the
scalars and the vectors remain constant. However, the ratio beginning to decrease as we
approach the equality scale k¢,. Again, we can observe the baryon oscillations being washed
out to some extent in the vectors as this can be seen in Fig. 4.9 when the scalar ratio curve
is showing some oscillatory feature whereas it is barely visible in the vector ratio curve.
As a point of interest, in Figs. 4.10 and 4.11 we present the ratio function between the
energy density per logarithmic bin and the energy density up to a given scale k for both the
linear scalars and second order vector cases with different baryon fractions. As expected,

the curves with most baryon fraction have a sharper drop off and a more visible oscillation.
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Figure 4.9: The ratio between the energy density per logarithmic bin and the energy density
up to a given scale k. Figure plotted using WMAPS best fit parameters.
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Figure 4.10: The ratio between the scalar energy density per logarithmic bin and the scalar
energy density up to a given scale k for different baryon fraction. In the figure we show
curves with pure CDM, WMAPS5 best fit parameter, 50% baryon out of total mass density
and pure baryon cases.

It is also interesting to look at the spectral index for the scalar shear energy density
(denoted as nyq(k)) and vector shear energy density (denoted as n, (k)) by using Egs.
(4.106) and (4.107) to define

dQos) o no () dQoy) om0
dln g RS and pns o RV

(4.110)

Measures of the two spectral index are plotted in Fig. 4.12. As mentioned in subsection
3.3.1, the spectral index is used to describe the slope of the power spectrum. If we look at
the curves shown in Fig. 4.6 and bear in mind the definition for an effective spectral index
shown in Eq. (3.70), then we can see that Fig. 4.12 roughly matches the slope of the curves
in Fig. 4.6. As k — 0, the scalars do roughly scale as k* and the vectors roughly scale as
k3. Since the slope for the scalars in Fig. 4.6 is always positive, we only get positive values
for ny¢ (k) in Fig. 4.12. However, there is a turn over of the slope for the vectors in Fig.
4.6, therefore we obtain negative values for n,, (k) in Fig. 4.12. Note also that should we
take the extra —1 in Eq. (3.70) into consideration (and some more scaling is needed when
the exact form is considered), n,, (k) crosses over to negative value approximately at where
we expect to find the turning point in the vector curve shown in Fig. 4.6. And once again,

the scalars show more oscillatory feature in Fig. 4.12 than the vectors.
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Figure 4.11: The ratio between the vector energy density per logarithmic bin and the vector
energy density up to a given scale k for different baryon fraction. In the figure we show
curves with pure CDM, WMAPS5 best fit parameter, 50% baryon out of total mass density

and pure baryon cases.
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Figure 4.12: The spectral index of the scalar and vector shear energy densities: we define

—Cgﬂ "k? o k" (&) for each case. Figure plotted using WMAPS5 best fit parameters.



Chapter 5
Summary and discussions

In this thesis, two aspects in the theory of modern cosmology are examined. First of which
is the issue of testing the CP. Then we turned our attention to non-linear cosmological
perturbation theory - in particular the second order vector modes sourced by quadratic
linear scalar modes.

In chapter 2, we briefly introduced the general spherically symmetric metric for an
irrotational dust matter source in synchronous comoving coordinates - the LTB metric.
Different from the usual FLRW models being homogeneous and isotropic, the LTB models
are spatially inhomogeneous. In fact, the LTB models are the simplest inhomogeneous
models. After introducing the LTB model, we then presented a new, straightforward, test
of the CP which may play an important role in our understanding of dark energy.

While we strive to determine the time varying EOS w(z), we have shown that we can
simultaneously constrain our Copernican function C(z) to a similar degree of accuracy. At
any redshift, a measurement of C(z) # 0 would imply that the FLRW models are the
wrong foundation for cosmology and that something more sophisticated must be considered
instead. Even if the geometry of the universe is FLRW on average, measurement of C(z) at
small redshifts will allow us to probe the scale at which homogeneity sets in.

This proposed test does not depend on any theory of gravity nor on our understanding
of dark energy, but relies only on the geometry of the FLRW models themselves. We have
also illustrated that with much freedom exists in choosing of the functional forms of the
three arbitrary functions in the LTB model, we are expecting to have C(z) # 0 with perhaps
a very limited subclass of LTB models that will give us C(z) = 0. Indeed we have presented
a figure demonstrating non-zero C(z) for three chosen LTB models and C(z) = 0 for flat
ACDM.

Apart from the key test proposed we also presented two other approaches that might
help us in understanding the issue of dark energy. However, on what timescale can we
expect these various tests to be implemented? Future BAO surveys such as Wide-Field
Multi-Object Spectrograph (WFMOS) [231] will measure d4(z) and H(z) to better than
2% and large radio surveys such as Hubble Sphere Hydrogen Survey (HSHS) [101] and
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Square Kilometre Array (SKA) [202] will measure them to better than 1% in redshift bins
of width Az ~ 0.2 [29, 50]. At its simplest our test can be implemented by measuring Q
at two different redshifts. Combinations of future all sky lensing, BAO and SNIa surveys
will allow a measurement of 2, with accuracy ~ 0.04 [24] which sets the approximate scale
of how well we will test the CP in the next decade and which should allow us to strongly
rule out inhomogeneity as the source of oversized cosmic distances. Beyond these surveys
one can envisage large, low frequency HI surveys able to measure d4(z) and H(z) at high
redshift, z ~ 10 — 100 which will allow the testing of the CP in the first billion years of
cosmic history when most perturbation modes were still in the linear regime.

While the Copernican assumption is unlikely to be dramatically wrong in our Hubble
sphere, it is possible that the dark energy phenomenon is actually concealing something even
more bizarre than a misconception of fundamental physics. Indeed, with suggestions such
as chaotic inflation, everlasting bouncing universes and the like, it is statistically possible
that our part of the universe has some unusual features on a spatial, instead of a purely
temporal, dimension, see e.g. [131]. This cannot be ruled out at the moment on anything
other than philosophical grounds.

After we have addressed the issue of testing the CP, we then briefly introduce some ideas
in the standard cosmological perturbation, at the background and linear levels. We consid-
ered the FLRW model at the background level and performed a linear perturbation around
it. We presented its line element and the energy momentum tensor in order to calculat the
trace-reversed Einstein field equations up to linear order. The issue of coordinate transfor-
mation and gauge choices were also briefly reviewed. The validity of scalar-vector-tensor
decomposition in the usual practice of cosmological perturbation theory was also discussed
in brief. Furthermore, it is necessary to present the definition of the power spectrum, the
matter transfer function and introduce the features of the scalar, vector and tensor modes
in linear theory. Last but not least, some basics of the 1+3 covariant formalism was also
presented which was of great help to us in presenting our arguments as to why there was
no vorticity generation at second order in our study.

Next we move onto the main body of the work presented in this thesis. As an naive
expectation of inflation is the idea that it does not produce vector modes: if they were
observed to have a similar spectrum and amplitude to the scalars then this could prove
difficult for inflation, and lend favor to other theories of the early universe, e.g. Pre Big
Bang scenarios and Ekpyrotic models [152, 20, 30]. However, what we have presented in
this thesis is that there is actually a background of vector modes with x? statistics produced
by inflation as a consequence of the non-linear interaction of scalar modes.

In chapter 4, we have first investigated the generation of vector modes induced by
primordial density perturbations during the radiation dominated era. Performing a per-
turbative expansion to second order, we isolated the scalar terms which source the vector

perturbations. We then calculated the power spectrum of the metric vector perturbation,
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and analysed its form. In order to understand the generation of modes we investigated
individual scalar modes generating vectors, and demonstrated that, contrary to the case
of gravitational waves, vector modes cannot be generated by an isotropic distribution of
scalars of a single wavelength, owing to the spin-1 nature of vector modes: rotational de-
grees of freedom must be generated by scattering of non-parallel input modes. We then
demonstrated that vectors are generated by modes of differing wavelength whenever one of
the two scalar modes is entering the Hubble radius. The amplitude of the generated modes
depends on the ratio of input wavenumbers; maximum power is generated when the modes
are not too widely separated. After investigating the generation of vector modes, we then
presented the power spectrum for scale invariant scalar modes, displaying our results in
terms of the variable x = kn: i.e., they may be interpreted the temporal evolution of a sin-
gle scalar mode, or the power at a fixed time. Interestingly the maximum power generated
is the same at all times, but the position of this peak changes with wavelength, such that
x ~ 1=k~ 1/n. This is due to the fact that the modes are efficiently generated as they
enter the Hubble radius, and are not generated significantly while outside.

We then computed the power spectra for the metric vector perturbations and vector
shear at second order, generated by first order scalar perturbations in a ACDM model. In
addition, we used a covariant approach to show explicitly how vorticity is not generated in
a adiabatic perfect fluid at any perturbative order by first order scalar perturbations, so
that there is no vorticity in the matter. In order to generate vorticity, one requires either an
imperfect fluid, or momentum exchange between the fluid and another fluid. Momentum
exchange (via Compton and Coulomb interactions) between electrons, protons and photons
in the radiation and recombination eras can generate vorticity and magnetic fields at second
order [147, 88, 211, 106, 199, 115, 140]. Another way to generate vorticity is via entropy
gradients as it is well known in fluid dynamics and it was first pointed out in [59]. However,
it has only until recently been studied at second order in cosmological perturbation theory
as a natural extension to a cosmological setting [52].

In order to obtain the vector quantities S(2); and v();, we used the vanishing of vorticity
Eq. (4.86) and the 0i Einstein constraint Eq. (4.24). Alternatively, one could also use the
ij Einstein equation Eq. (4.25) and the momentum conservation equation Eq. (4.19).

The cosmological background of vector modes is small, especially if measured in terms
of the dimensionless shear density, as can be seen from the figures shown in chapter 4.
However, given that the amplitude of the vector modes in the metric is as large as ~ 1% of
the metric first order scalar modes, in principle these vector modes will have an effect on

various cosmological observations. In particular:

o Redshift-space distortions [203]: the divergenceless velocity perturbation at second
order v(9); will make a contribution to radial peculiar velocities and thus to redshift-
space distortions. With data from future large spectroscopic surveys, we should be

able to probe deeper into this issue. Therefore, it is important to investigate and
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understand contributions at second order.

e Large angle CMB temperature anisotropies [156, 218]: the vector modes will contribute

to the Doppler and integrated Sachs-Wolfe effects:
) 1 o 1 [° i j

where we have used O to denote observation and F to denote emission. Although
we do expect small contribution to CMB temperature anisotropies from second order
vector modes, with future observations to have better sensitivity level, we will not be
able to neglect these contributions far into the future. It is perhaps timely to get a

better understanding of these second order vector modes and their possible effects on
the CMB.

o Weak lensing [194, 65]: vector modes produce a deflection angle

(@]

a:/ d/\(VxS)xé (5.2)
E

o CMB polarization [155, 111]: the vector modes will leave a characteristic imprint on

the B-mode polarization in the CMB. It could become the dominant contribution

when compared with the second order gravitational waves as pointed out in [155].

Therefore, it is important to understand this effect in great detail.

Further work is needed to compute the size of these vector corrections. They are likely
to be significant mainly below ~ 10Mpc, but in this regime the scalar non-linear effects are
important and likely to dominate. With better sensitivity level for the future observations,
these vector mode contributions will have to be taken into consideration.

The vector degree of freedom forms an integral part of the perturbative expansion when
one goes beyond linear order. At the order we have considered, vectors must be present

2 even though

essentially through a constraint in the field equations arising at order (&)
vectors have no independent propagating degrees of freedom. This is distinct from the
intrinsically propagating degree of freedom in the scalar induced gravitational wave back-
ground [22, 7, 144]. We have shown that the vector mode background has maximum power
around the equality scale, similar to the induced gravitational wave background, and the
metric vector modes achieve their maximal fraction of the linear metric scalar modes on
scales below the Silk scale. The size of the vector contribution to the full non-linear power
spectrum relevant for structure formation remains to be calculated.

The work presented in this thesis is a small part of the ongoing detailed investigation
of second order perturbation theory. As an extension of work presented in this thesis and
those presented in [7, 22], we have started looking at the case of second order tensor modes

sourced by linear order vector modes. Although it has been pointed out earlier in this



CHAPTER 5. SUMMARY AND DISCUSSIONS 92

thesis that a scalar field cannot support vector modes at linear order. Even if vector modes
are produced during inflation, once they leave the Hubble radius during the inflationary
phase they will decay very rapidly. However, should inflation turns out not to be the model
for the early universe, then it might be possible to produce vector modes at linear order.
These linear order vector modes will leave an imprint on the second order tensor modes via
coupled linear vector modes. We might be able to constrain the amplitude of these linear
vector modes by studying second order tensor modes. However, at the time of writing up
this thesis, no conclusive results have been reached and only some derivations have been
done. Nevertheless, we presented our current progress of this work in detail in Appendix C
and we shall briefly summarise it here.
The evolution equation of these second order tensor modes from coupled linear vector
modes (in radiation era) is
WY+ 2l — P = 480m9,0;50) — 25ma,, 0,81 + 20,5 ;S
+20,500ms ) 4 syt (5.3)
+4 (HQS,SPSW) + HSm(l)S,(,})') Yij-

Note that the right hand side of this expression is not a pure tensor quantity. Similar to
the approach adopted to our studies on second order vector modes, we shall extract out
the pure tensor part by using a tensor extraction operator. This will provide us with an

evolution equation for the second order tensor modes in Fourier space:

B (k,n) + 2HE (k,n) + k*h(k,n) = T(k,n), (5.4)
where
T(k,n) = (_2(’7:)2'2 / PPk Sk \n)S(k — k', n) {2em (k)™ (k — k') kik)
-2 [ej(k')ké + ei(kz')kﬂ e (k — Kk, + 2ei(k')ej(k — k') (5.5)

x (kK™ — k'?) (k"ej(k — k' )E?|k — K| } :

1
_ Wei
The next stage in this project is to find a way to calculate power spectrum of these second
order tensor modes. Regrettably, at the time of writing up this thesis, we have not been able
to do simplify our power spectrum expression to a level that will be useable for numerical
analysis (Eq. (C.41) shows the complexity of the current expression for our power spectrum

calculation).



Appendix A

The connection coeflicients and the

projection tensor

In this appendix, we show the components of the connection coefficients and the projection
tensor. Note however that the expressions shown here is what one arrives at when one keeps

scalar quantities at first order and the second order vectors.

A.1 The connection coefficients

A.1.1 Zeroth order connection coefficients

The connection coefficients in the flat FLRW background are

Fgo — H

pa— Vo

07 7 (A1)
F?j = Hij

i _ 10 _ 0 _ i
OO_POi_FiO_ij_O‘

A.1.2 First order connection coefficients

The first order perturbed connection coefficients (before a gauge choice) have expressions

as
SO0 = 51 (A.2)
ST — 9,60 4 38, B, (A.3)
5T, = 1o BO + ' B 4+ i), (A.4)
SO0 = [~ — o (1#(1) i ¢(1))} vij + 2H:0,EV + 9,0 (E(l)' — B(l)), (A.5)
s 83‘ _ —1/1(1)/5§ 4 3@'3],E(1)” (A.6)
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6T, = [0 = HO'BO| 51 + 00,0, E0 - 9,005 - Vs (AT)

A.1.3 Second order connection coefficients

The first order perturbed connection coefficients (before a gauge choice) have expressions

as

§ArY, = —26MgM’ 1 gipM [H@iB(l) +9,BY ai¢<1>] : (A.8)
/ 1
sATY = —20M 9, 8,BW [0 4 o1pM] — 2™
oo v o) - gre (A.9)
+ 8 BWy,5; V)|

s@ri — L [HSW + SW] + 2 [aiBU)’ + M aiB“)}
2t , N (A.10)
—20i/ BV [ajB“) + ;00 + HajB“)] — W' gipM),

2
5TY, = [4H¢<1>¢ + 20090 4 art (60) + 9" BV HamB“)amB(l)} is

1 /
+506S;, + HOGEY + a( F&' 4260 [&-ajB(” — 4M0,0,EV) — 9,0, EV }
— 8jB(1 o (1) + akB(l)&@k@jE(l) - &-B(I)ij(l)
(A.11)
. 1 N/ 1 ; ; ! ; !
s, = 58(].1:(2)@) + ,8[15(,]2) — 0" BMa;60) — 2pW ' 5t 4 29 gig; D) A12)
—H*BWo; BV + 29V 579, EV) — 20798 EV g0, BV’

s@ri, = [¢<1>’ai BWY 4 2K BY 1 21, BWoma' ED) + 29D oiap) %HS(Q)i
—Qamw)aiamE(l)} vix + B 9,8, BY — 2Hd;0, EV) — 8;0, BV’
— 29 W Wep — 20 oy Wst + 291 9,8;0' EW + 20,41 0'0, B

= 2aiamE<1>ajamakE(1> + 20,070, EV + %ajakF@)i.
(A.13)

A.2 The projection tensor

As mentioned earlier, the projection tensor projects into the instantaneous fluid rest space
and is expressed as
hap = Gap + Uallg. (A.14)

Expanding this expression and collecting the terms at the same order we can then calculate
the expression for the projection tensor at each order. It’s contravariant form can then be

calculated from
P = GG PRy, (A.15)
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Below we show the expressions for their components at each order. Note however that all
the components for the projection tensor presented here only suitable for the case we are
considering since their expressions depend on how the metric components and four velocity
components are set up to be.

A.2.1 Zeroth order projection tensor and its contravariant form

At zeroth order we have
ha,@ = gap t UaUg, (A16)

and
By = "9 P hag. (A.17)

Therefore, in our gauge choice and perfect fluid background we can calculate their compo-

nents to be
h()o = 0, hgj = 0, and hl’j = a2'yij, (Alg)

and
Y =0, h% =0, and K" = a=24Y. (A.19)

A.2.2 First order projection tensor and its contravariant form

At first order we have
(5(1)ha5 = 5(1)gag + uaé(l)ug + 5(1)uau5, (A.20)

and
s prv — guaglfﬁ(g(l)haﬁ + 5(1)g“ag”5hag + g“aé(l)g”ﬁhw. (A.21)

Therefore, in our gauge choice and perfect fluid background we can calculate their compo-

nents to be
5(1)h00 = 0, 5(1)hoj = —a28jv(1), and 5(1)]12']' = —2a2(I>(1)%j, (A.22)

and

MR =0, sWp% = a*28jv(1), and 0(Mp = 247291, (A.23)

A.2.3 Second order projection tensor and its contravariant form

At second order we have

5(2)ha5 = 6(2)ga5 + ua5(2)u5 + (5(1)ua(5(1)u5 + (5(2)uau5, (A.24)
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and

5@ prv — g“ag”ﬁé(mhag + gw(;(l)gl/ﬁ(;(l)haﬁ + 6(1)g“ag”55(1)haﬁ + 5(1)9“0‘5(1)9”5/10,5
+ 5(2)g“ag”ﬁha5 + g““émg”ﬁhaﬁ.
(A.25)

Therefore, in our gauge choice and perfect fluid background we can calculate their compo-

nents to be

P hgy = a28mv(1)8mv(1),
I L (A.26)
8@ hy; = a0y 05v (1),
and
§@p00 — a_26mv(1)8mv(1),
500 _ %aﬁ (% _ 552)> —a20W ), (A.27)
s pii — a”20"vq) vy + 4a™? (‘1)(1))2 v



Appendix B

Fourier decomposition and the

extraction operators

In this appendix we define the scalar, vector and tensor harmonic basis in flat space. This is
necessary to develop the extraction operator presented in the second half of this appendix.

The extraction operator is essential for our second order studies since although true
second order modes decouple, we can still get second order terms formed from two coupled
first order modes. Usually we only wish to study the properties of a particular type of mode
due to the complexity of the theory at second order. The extraction operator allows us to
do this by, for example, isolating the pure vector part from coupled scalar-scalar modes.
Only once we have set up the respective extraction operators, are we able to extract the
scalar, vector and tensor quantities separately from second order quantities which have all
three types coupled together.

Here we follow the presentation of [12], but it was shown in much more details in [6].
The extration operators were studied in detail in [6]. Due to their importance and for the

completion of this thesis, we will present them again in detail here, mostly following [6].

B.1 Fourier decomposition
B.1.1 The scalar basis
The scalar basis is defined by the scalar Helmholtz equation
V2Q(k) = —K*Q(k), (B.1)

Thus they are just scalar eigenfunctions of the Laplacian. It is easy to follow that there is

an additional constraint %Q(k:) = 0. The complex conjugate of the time independent basis
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function is Q*(k) = Q(—k). We choose an orthonormal basis so that

/d% Qk)Q*(K) =83 (k — K. (B.2)
Note that d®z is used to represent the real space. Then the scalar basis consists of the
exponentials
1 .
Q(k) = — ke, (B.3)
(271')3/2

We can construct a one-index object from the scalar basis:
Q) (k) = 0:Q(k) = ikiQ(k). (B4)

This provides us with a scalar type vector and it can be applied on a gradient. We can also

construct a two-index object:
() 1 o2 12
Qj; (k) = 10:0; = 375 V"| Qk) = | —kikj + 2735k7| Q(K). (B.5)
This is the scalar type symmetric trace-free tensor. Additionally, we can see that
QY (k) = —2K'Q(k) (B.6)
i =3 . .

The Fourier decomposition of an arbitrary scalar in real space can be expressed as

1 ik-x
S@.n) = [ dS (o) Q) = s [ S (ke (5.7
The inverse of the above Fourier integral is then
* 1 —ik-x
Stha) = [ d'aS @) Q') = o [das@me= By

We require S*(—k,n) = S(k,n) to ensure that S(zx,n) is real.

B.1.2 The vector basis
Similarly, the vector basis must satisfy the vector Helmholtz equation
V2Qi(k) = —k*Qi(k), (B.9)

These are just the vector eigenfunctions of the Laplacian. We impose additional constraints

such that %Qi =0 and 9°Q; = 0. The vector basis come in two sets called parities denoted
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Q; and Q;. Like the scalar basis, the vector basis must satisfy the orthonormality conditions:
[ Qi) = 5 - ),
[ Qi) = 50 - ), (5.10)
[ i Qi) =o.

The vector basis for each parity is then

el(k)
(27)3/2

eik'm, and Qz(k) = ¢i(k) eik’m, (B.11)

Qilk) = (27)3/2

where e; and é; are parity vectors. The parity vectors satisfy
ei(k) = ei(—k), éi(—k) = —é;(k), (B.12)
and are orthogonal to the wave vector k'
Elei(k) =0, k'é;(k) = 0. (B.13)
Additionally, the two parity vectors are orthogonal to each other for all wave modes k
e'(k)é;(k) =0, e'(k)ei(k) =0, &(k)é;(k) = 0. (B.14)
A vector type symmetric trace free tensor can be constructed from the vector basis:
QY (k) = 0,Q; () = ik Qj (k). (B.15)

Alternate parity tensors can be constructed in the same way using the vector basis Qz(k)

A divergence free vector in real space can be expressed as a Fourier integral

Vitaan) = [ % [V () Qilk) + V ) Qu0)]

1 (B.16)
= a2/ 3 % e . ik-x
_(%Pm/ﬁkb“hmﬁ@*”“hm&%ﬂe :

The inverse of the above Fourier integral decouples for the two parities:
Vi(k,n) = /dem(m,n)Q*i(k)
(B.17)

1

- - 3 - % —ik-x
—@ﬂwa/dﬂﬂame%k ,
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and

V(k,n) = /d3x‘7¢(w,n)Q*i(k)
1 (B.18)
_ 3.1 =i —ik-
= (277)3/2/d xVi(x,n)e' (k)e ™%,
In order for the vector function V;(x,n) to be real, we require that
V;* -, = V; ka )
~*( n) = Vi(k,n) (B.19)
For any k, we can form an orthonormal basis of R3:
(@) . ki
e =1ei(k), é(k), s (B.20)
B.1.3 The tensor basis
The tensor basis satisfies the tensor Helmholtz equation
V2Qi; = —K°Qyj (B.21)

with an additional constraint %Qij = 0. They must also be transverse and traceless:
9'Qij =0, Q'; = 0. (B.22)

We denote the two tensor polarizations by @;; and QU They must satisfy the normalisation

conditions
[ QiQy ) = 5k - K,
[ 2 QI = 5k~ ), (B.23)
[ Qi) = o

The complete tensor basis is then

ii(K) ik
Qiglk) = ((;77()3/)2 o (B.24)
Qz](k) _ (Q;;()?/)Q ik.m7
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where the polarization tensors g;; and ¢;; can be expressed in terms of the two parity vectors,

ei(k) and ¢é;(k), introduced earlier:

G (k) = —— [e(k)e; (k) — & (k)E;(K)],

-5

(B.25)

4ij(k) = 7 lei(k)éj(k) — éi(k)e;(k)].

From the properties of the parity vectors, we can show that

Qij(k) = Qij(_k)v

(B.26)
Gij(k) = —qi;(k),

that polarization tensors ¢;; and g;; are orthogonal to the wave vector k!
k'qi;(k) =0, k';;(k) =0, (B.27)
and that the polarization tensors are orthogonal to each other:
¢ (k)i (k) = 0, ¢ (k)as; (k) = 0, G (k)i (k) = 0. (B.28)

A transverse traceless tensor in real space can be expressed as a Fourier integral

Ts(awon) = [ % [Tk, 1)Qus () + T 1) s ()

1 3 o . (B.29)
N (27T)3/2/d g [T(k’n)%(k) + T(kvn)%’j(k)} e,
The inverse of the above Fourier integral decouples for the two polarizations:
Teon) = [ s Ty ) Q)
L 3 i =ik (B.30)
- (27T)3/2/d z Tij(z,n)q” (k)e ™™,
and
T(k,n) = / d’x Tyj(a,n)Q™ (k)
1 3 e (B.31)
- (27T)3/2/d w Tij(a,m)q” (k)e™™.

In order for the vector function Tj;(x,n) to be real, we require that
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B.2 Extraction operator

A generic second order quantity contains a pure second order quantity and a coupling of
two linear order quantities. The coupling of two linear order quantities can be decomposed
into scalar, vector and tensor quantities and such a decomposition is not trivial. Due to the
complexity of second order studies, the most common approach is to study the properties of
a single type of mode at a time. Hence, we need to develop a tool — the extraction operator
— to help us isolate a single type of mode for analysis. In this subsection, we will introduce
such extraction operators and demonstrate how they operate.

An arbitrary symmetric traceless spatial tensor in real space can be expressed as a
combination of scalar, vector and tensor contributions:

1
Ajj(z,n) = {aiaj - 3%jv1 A (@, ) + 0, AL () + AL (@, m). (B.33)

This can also be expressed as the Fourier integral

1 1
Aij(,n) = =57 /dgk { [_kikj + 37ijk2:| AP (R, ) + i AY) (k) ke

(2m)
+ZA(V) (k;, T])k(ZNJ) + A(T) (k777)Qij T A(T) (k777)(jm} eik-m'

(B.34)

Note that we can extract the Fourier amplitude of the scalar and vector contributions using

AW, 1) =~ [ do A K EIQ W), (5.35)
and Y
AV ) = =25 [ P Ayl @ (), (1.36)

respectively. The alternate parity vector component can be extracted by replacing Q*/ (k')

with Q*/(k’). The Fourier amplitude of the tensor contribution is given by

AT ) = [ 2 Ay Q ). (B.37)

As in the vector case, the alternate polarization component can be extracted by replacing
Q* (k') with Q*7 (k).
Now we are ready to give complete expressions for the extraction operators. As usual,

we will look at the scalar case first. We define the scalar extraction operator to be

S9(x,a') = —2(2?;)3 / &K kK / APz’ * @), (B.38)
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If we apply S¥(zx, ') to Eq. (B.33), then we get

A(S) (:1}, 7]) = Sij(ma m/)Aij (:1}/, 77)
3

_ 3 '—41"i1)j 3 ik (x—x') A ()
_—W/dk’k kk;ﬂ/dx’e (@=2") A, (' n).

(B.39)

The scalar extraction operator shown in Eq. (B.38) ensures that only scalar quantities are
extracted from an expression with mixed scalar, vector and tensor quantities in real space.

Next we define the even-parity vector extraction operator to be

2i
(2m)?

V (@, x) = — /d3k’ K 2K [ey(K)e? (K') + (k') (k)] /d?’w' ek @=2) (B.40)

Applying Vlij (z,x') to Eq. (B.33) gives

A (@) =V (@, @) Ay ()
- _(23:)3 /dSk/ K2 Jei(K)el (K') + & (K )& (k)] /d337/ @) Ay (! ).

(B.41)

The vector extraction operator shown in Eq. (B.40) ensures that only vector quantities are
extracted from an expression with mixed scalar, vector and tensor quantities in real space.

Finally, the tensor extraction operator is defined by

7, ij(w7 wl) =

lm

(2717)3 /dsk/ [‘ﬂm(k/)qij(k’)+l§lm(k/)§ij(k:')] /de’ ik (w—a') (B.42)

Applying 7%(3:, x') to Eq. (B.33) gives

= gt | ()70 + a0 W) [ ol ¥ (e,

(B.43)

The tensor extraction operator presented in Eq. (B.42) ensures that only tensor quantities
are extracted from an expression with mixed scalar, vector and tensor quantities in real
space. This extraction of the scalar, vector and tensor components is made possible by the
various properties of the parity vectors (e; and €;) and polarization tensors (¢;; and g;;).

However, scalar, vector and tensor extraction operators for extracting the Fourier am-
plitude of the scalar, vector and tensor contribution separately are of the forms:

i 1 3 i1i ik
S](k,m) = _WT]& /dgl' k k:Je kt:l:’ (B44)
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and

yij 1 2i i j —ik-x
Vi (k,x) = —Wm/d% kel (k)e ke, (B.45)

respectively. The alternate parity vector component can be extracted by replacing e’ (k)

with &/ (k). The Fourier amplitude of the tensor contribution is given by
3ij 1 3, ij —ik-x

Similar to the vector case, the alternate polarization tensor component can be extracted by
replacing ¢/ (k) with ¢/ (k). These extraction operators in Fourier space have been used in
Egs. (B.35), (B.36) and (B.37).

Now we will give an example to show exactly how these operators work. Consider a

term of the type

(er)g {/ d*ky ‘b(kl,n)eiklhw] [/ d3ky ®(k2,n) (—k‘gikzj)eik?‘w] .

(B.47)

[©0,0;®] (2, 1) =

The vector Fourier amplitude is then

[©0;0;0]") (k,n) = VI (k, x) [20,0;0] (z, )

21
= (277)3/2/d3k2 (I)(k T k2777)(1)(k2a77)

K [ef (k) + & (k)] koiko; (B-48)
k2 ’

where we have made use of the aforementioned properties of the parity vectors and polar-

ization tensors, and carried out the real space and k space integrals.



Appendix C

Second order tensors from linear

vector modes

As mentioned in chapter 5, in this appendix we present current progress on the project on

second order tensor modes sourced by linear vector modes.

C.1 The metric

The perturbed metric around background FLRW metric including first order vector quan-

tities and second order tensor is shown below:

1
Goo = —a’, Goi = a’ {—Sfl)} , and g;; = a? {’m + 28(iFj()1) + 3 hg)] , (C.1)

where Si(l) and Fi(l) are first order divergenceless vectors, i.e. OiSZ(l) = 0 and 8iFi(1) = 0;
hz(?) is the second order tracefree and divergenceless tensor, i.e. v hz(?) =0 and &’ hz(?) = 0.

The components of the contravariant form of the metric are given
g0 = 2 [1 _ 5121)5(1)1@] R [—S(l)i n QS’(Cl)a(kF(l)i)} 7 (C.2)

and

g = g2 Vj _9glip(Ws) _ gigi 4 o (az‘ FY 4+ o, F(l)z') glepmn _ 1 h<2>if] . (C.3)
2

The components for the connection coefficients , at first order, in this case are
509, =0, 601y = —HsW, s}, = —H5Di — g (C.4)
M0 _ a5 o) (1) ()
; 1 . / ., ) )
Dye _ = i (1) (D) Q1) _ oi (1)
60, = 5 [(9FY + 0, F) = (9,80 — o5 V)]

J
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and

SWITY = 0;0,F W + HSWin, (C.6)

whereas at second order we have

§ATY, = HSWES 4 gk’ 50, — _ gk [a(kFZ.()”’ — ;5] (C.7)
6*IThy = 200 FIM (80 4 s (C.8)

5T, = %thj) + Lp® (0 Wk sWkg0, Y, (C.9)

5T, = 1 h(?i' ~ HSWis) 9 O [3( FO g, S:ﬂ (C.10)

5(2) = (8 hl(Z) + Oy, h( ) 8ihﬁ)> Q'HS(I)@(mF( )i )"}/ S S(l)z [80’5]8)

k) k)

The components of the Ricci tensor at second order can now then be calculated

+2 HOGE) + 0y Fy | - 200 F0™ 9,0, FD.

5@ Ry = 20m (K (akF,;U” + HOWFY + 0,50 + Hams,g”)
+ V2FMk (s,i”' + HS,E})) + 3HSWM 51 1 glm pOR g, p(L (C.12)

| 2] somg _ L (G5 — o)) ;570
a moo9 k ’

%) 1]
— 0;0mFY +0,0,81) — 8jams§1)) 9l p(Hm)

PRy = —2 (Hsm“) + %VQFm(1)> (a(mF.“)' + a[msﬁ”) + (a,-ajF;,}Y

. 7 ’ . / . (013)
— 5 (a(iFJ?)” + 06, ) + 0,0, FV (aOF“)m) + a[msﬂm)
s

a

_ HQ} 57(71) (8mFi(1) + aiF(l)m) .

’

5<2>Rij=ih§’ + Hh() ;[ +H2]h(2)v2 h? aaFU(sUm

+ 2HsWm 2Rl >m) — gWm [aiajpﬁ — OO FY + 0:0; S

(1) 1 1)m 1 k (1)m 1 L ok a(1)
— OS] } — 50i80m9; 80 + 0,08 P00, F Y — (a S| (C.14)

+ 0 FY 0, (080 + 2045 ) — H 200" FOP) (9,500

, , "
b 0B ) 4 S0 (T2ED +5W) + { n H} sﬁ)swm} o
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C.2 The EMT

Again we have perfect fluid at background level. Note that the three-velocity perturbation
can be split into a scalar and vector part. However since only vector perturbation is taken

into account at first order, here we have
6Wyt = vél), (C.15)

where vél) is divergencefree, i.e. Oivél) = 0. Similar to the three-velocity perturbation, the
energy flux 5(1)q]~ can also be split into a scalar and vector part. Again with only the vector

quantity is taken into account at first order, we have

sWg; = q(1)is (C.16)
where ¢(1); is also divergencefree, i.e. aiq(l)i = 0. The perturbed spatial anisotropic pressure
can be split into a scalar, vector and tensor part at each order. Keeping only the vector

quantity at first order and the tensor quantity at second order, we then have

and )
5(2)7%. \ iﬂ(mj’ (C.18)

at first and second order respectively. Note that the vector m(;); is divergencefree, i.e.

81:7'r(1)i = 0 and the tensor m(y);; is divergencefree and tracefree, i.e. 8j7r(2)ij = 0 and
YTy = 0.
Components of the first order velocity perturbation and its contravariant form are
p y P

1 i 1
Wyt = p [O, v(l)} , and 5(1)uu =a [0, V()i — st )] . (C.19)

)

At first order, the perturbed energy flux and its inverse has components of

§Wq, =10, gy ,

sWgh = g2 [0, Q(l)i] ’ (C.20)
respectively. The anisotropic stress, at first order, therefore has components
Mmoo =0, 6Wrg; =0, 6M7k, =0, (C.21)
whereas at second order we have
60 = 0, 0®)m0; = —0fy) gy, (C.22)
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Now we can present the components of the EMT. At first order, they are

sW Ty =0,
§WTy = —a® (p+ P) vy + Gzl)si(l) — aq(y; (C.23)
(5(1)Tij = 2@2P8(iFj()1) + 8(]7T(1)l)
And at second order they look like
6T = 0, 00Ty = —vi iy

1 1

+a?(p+P) ('U(l)i — S§1)> (v(l)j — S](-l)) )
Expressions for T = T, at first and second order are
sOT = psV gk, (C.25)
and
0T = —psWESY 4 (p+ P) vy vy + %qél)v(l)i - %a“FUmam(l)j), (C.26)

respectively.

C.3 The EFEs

If we consider again the choice of Poission gauge, together with perfect fluid background
and no energy flux and anisotropic stress at first order, then the first order trace reversed

EFEs provide us with the equations

"

1

a

S0+ 3P)sM| (C.27)

a
and

1y (1) _
where Eq. (C.27) gives us a relation between v(;); and Sl-(l) and Eq. (C.28) gives us an
(1)

evolution equation for S;"’. At second order we choose to derive the radiation era equation,

we then have
hl(?)// i Qth(?)/ B Vth(J?) — 45(1)7”87;@'57(,%) _ Qs(l)mama(isj()l) + 201,Sm(1)8j5%)
Wama® | 1 coc)g2o)
+20,5;70 Sj +4—H2V S,V Sj (C.29)
+4 (HZ‘S;,PSm(U - Hsm“)Sﬁi)') YVij-
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C.4 Tensor modes evolution equation in Fourier space

Similar to the second order vector modes from linear scalar modes case, we now need to
apply the projection operator in order to obtain the pure tensor quantity and also express
Eq. (C.29) in Fourier space. However, this time a different projection operator applies to
our case. Instead of using the vector projection operator shown in Eq. (B.45), we will now
use the tensor projection operator ’j'ij(k, x) shown in Eq. (B.46). If we apply T (k,x) to
the left hand side of Eq. (C.29), the term h{>) will become

>ij ! ¢ (k 1 i(k' —k)-x

= n'(k,n),

(C.30)

where the last line is obtained using the fact that ¢/ (k)g;;(k) = 1. Similar calculation can
be done for the terms hz(?)” and V2h§]2-). As for the right hand side of Eq. (C.29), the term
contains the factor ~;; once 7% (k,x) is applied to it since v;;¢" (k) = 0. We shall now
demonstrate how to calculate one of the other terms and the rest shall apply similarly. If
we apply 7% (k,x) to the term VQSi(l)VQS](l), it will then become

¢/ (k) 1

T (k,2) | V28 V25 | (2,m) = G B / K S n)ei(K )k, k™

X / kS (k,n)e;(k)E™ky, / Breile—(—K)]-x
_ qij(k) 31/ ’ I ’
= S [ WS k) — K

x ej(k — k' )k |k — k|2,

(C.31)

where the last line is obtained from the fact that &/ k™ = k'2. Collecting terms, Eq. (C.29)

now becomes (in the Fourier space) that

B (k,n) + 2HK' (k,n) + K*h(k,n) = T (k,7), (C.32)
where
Y(k,n) = (_2(177])2’/62) / EK Sk, 1)S(k — k', 1) {2em (K )e™ (k — k')Kik
— 2 [e;(k')k} + ei(K")KS] €™ (k — k'), + 2¢5(K )e;(k — k) (C.33)
x (K k™ — k'?) — #ei(k’)ej(k — ENE? |k — k’|2} .

Eq. (C.32) is a wave equation with source terms that are represented as Y(k,n). What

we then wish to do is to solve this wave equation in order to find a solution for h(k,n)
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and hence to be able to calculate the power spectrum of h(k,n). However, we notice
from expression presented in Eq. (C.33) that a solution is needed for S(k,n). This can
be achieved by applying the vector extraction operator Vlij(m, x') from Eq. (B.45) to Eq.
(C.28). Therefore, the Fourier convolution of Eq. (C.28) is

S'(k,n) + 2HS(k,n) = 0. (C.34)
This can easily be solved with some initial condition at 7y as
S(k,n) = agSo(k)a™>(n), (C.35)

where ag = a(no) and So(k) = S(k,no).

C.5 Solving the wave equation with a source

Here we will show how one can solve the wave equation Eq. (C.32) in order to obtain
a solution for h(k,n). This can be done using the Green’s function method. But first we
introduce a new variable u(k,n) = a(n)h(k,n) and rewrite Eq. (C.32) with the new variable

we obtain (considering radiation era with a”/a = 0):
u”(k,n) + k>u(k,n) = a(n) T (k, 7). (C.36)

We can solve Eq. (C.36) using a Wronskian Green’s function method and obtain its solution

ulkrn) = [ Guln, 7)a(i) Y (k. 7)di
f“ (C.37)

= L [T sin (ki — ) a@) Y (k. 7,
5 oo

where Gy (n,7) is the Green’s function for u(k,n). Therefore, a solution for h(k,n) is:

Ak, n) =

ynN) = U

a(n)

1 (C.38)
|

k,n)
no i i o
\kJa(n) /no sin (k[ (n — 7)) (7)Y (K, 7)d7.

C.6 Tensor mode power spectrum

Here we shall use the same definition for tensor mode power spectrum as shown in Eq.

(3.69):

(h*(k1,m)h(kz,m)) = 2—7#63(1’@1 — k)P (k, 7). (C.39)
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From Eq. (C.38) we can calculate the left hand side of Eq. (C.39):

(h* (R, m)h(ka, 1)) = % / " i / " gy sin (k(y — ) sin (K — 7)) (i) a(in)
70 10

agtq* (k1)q®(k2) 3./ 3 , ) /
a2 (11)a? (1) /d k1 /d Ky So(ky)So(k1 — k) So(kb)So(ka — kb)

{2/ (K1)e™ (k1 — kp)ky; T 2 [ej(ky)ky; + ei(k) 1j] e (k1 — k1)
seilkh)e; (ky — k)
X ko1 — K2} {2em (k)™ (kz — ) kbokhy, + 2ea(Rh)en(kz — k)
X (k3" — K7) = 2 [e3 ()b, + €a(k5)Kay) €™ (s — K ),
~ ekt = KR ka K}

x (" (k) E* (k1 — k1) E(Kky) E (k2 — k).

X Ko + 265K ej (ke — k) (K k" = k%) —

(C.40)

Again, using Wick’s theorem and the properties that e?(k)e,(k) = 0, e*(k)eqs(k) = 1,
el(k)eqg(k) =1, k%q(k) =0, k%4(k) = 0, k%gap(k) = 0 and k%G,p(k) = 0, we can solve for

one of the k integral and arrive at the expression

o
a(m)a(nz)
X / Pk ¢ (k) g™ (k) Sy (K') S (k — k') {2em (K" )e™ (k — K')K, K,

a 4
Pulhn) = gtags [ i sin k(o - ) sin (k00— 7))

’

— 2 [ey (KK, + ea(k k] €™ (k — KK, + 2eq (K en(k — k) (k) k™ — k%)
_ erea(k’)eb(kz —KNE2(k— k) + 2em(k — K)e™ (KKK, (©41)
— 2 [ — K)K, + ealk — KK €™ (K ) — 71{2 ol — K )en (k)
$k2(k — k)2 + 2eq(k — k' )ey(K))[E2 — k' k™ — (k — k’)Q]}

x {2ep(K")e™ (k — K"Kk — 2 [ej (k") ki + es(k")k}] e™(k — K')k,

19 1

+2¢;(k")ej(k — k') (K, k™ — k%) — ek ei(k)ej(k — kK2 (k — k’)Q} :
This is where we have reached at the time of writing up this thesis. Note however that
it is probably not possible to solve the k integral in Eq. (C.41) analytically, and hence

approximate solution is needed.
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