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Abstract

Cosmological perturbation theory is crucial for our understanding of the universe.
The linear theory has been well understood for some time, however developing and
applying the theory beyond linear order is currently at the forefront of research in
theoretical cosmology.

This thesis studies the applications of perturbation theory to cosmology and,
specifically, to the early universe. Starting with some background material intro-
ducing the well-tested ‘standard model’ of cosmology, we move on to develop the
formalism for perturbation theory up to second order giving evolution equations for
all types of scalar, vector and tensor perturbations, both in gauge dependent and
gauge invariant form. We then move on to the main result of the thesis, showing
that, at second order in perturbation theory, vorticity is sourced by a coupling term
quadratic in energy density and entropy perturbations. This source term implies a
qualitative difference to linear order. Thus, while at linear order vorticity decays
with the expansion of the universe, the same is not true at higher orders. This
will have important implications on future measurements of the polarisation of the
Cosmic Microwave Background, and could give rise to the generation of a primor-
dial seed magnetic field. Having derived this qualitative result, we then estimate
the scale dependence and magnitude of the vorticity power spectrum, finding, for
simple power law inputs a small, blue spectrum.

The final part of this thesis concerns higher order perturbation theory, deriving, for
the first time, the metric tensor, gauge transformation rules and governing equations
for fully general third order perturbations. We close with a discussion of natural
extensions to this work and other possible ideas for off-shooting projects in this
continually growing field.
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1 Introduction

Over the last few decades cosmology has moved from a mainly theoretical disci-
pline to one in which data is of increasing importance. This is promising, since it
means that we are no longer confined to the theorists’ playground, but instead have
observational data with which to constrain our models.

At present the main observable that we have with which to test our theories is
the Cosmic Microwave Background (CMB) radiation. This is radiation that was
produced when the universe was around 380,000 years old and had cooled enough to
allow electrons and protons to combine to produce Hydrogen atoms. Its first detec-
tion in 1964 by Penzias and Wilson was hailed as a firm success of the hot Big Bang
cosmological model, and experiments have been performed in the years after in order
to obtain more details of this radiation. The Cosmic Background Explorer (COBE)
[23] and the Wilkinson Microwave Anisotropy Probe (WMAP) [77] satellites have
since probed the anisotropies of the CMB, finding that it is extremely isotropic (up
to one part in 100,000), and the Planck [1] satellite is currently taking data to further
increase our wealth of data on the CMB. This observation of small anisotropies is
very much in agreement with the theory, which states that quantum perturbations
in the field driving inflation produce small primordial density fluctuations which are
then amplified through gravitational instability to form the structure that exists in
the universe today.

In order to study the theoretical framework of the standard cosmological model
(see, e.g. Ref. [107], for a particularly lucid review), one uses cosmological pertur-
bation theory, which is the main topic of this thesis. The basic idea is quite simple:
we model the universe as a homogeneous ‘background’ which has inhomogeneous
perturbations on top. The perturbations can then be split up order-by-order, with
each order being smaller than the one before.

Early studies of the linear order theory were mainly done by the following authors.
Lifshitz pioneered the early work on perturbations in Ref. [89], which was later
extended in Ref. [90], with Bonnor considering density perturbations in Ref. [25].
This early work by Lifshitz was conducted in the synchronous gauge, which has

since been shown to exhibit gauge artefacts if one is not careful [128]. Though the

10



1: Introduction 11

authors used intricate geometrical arguments in order to remove these unphysical
modes, the fact that the calculations cannot be done easily was far from ideal.
Thus, Hawking [63] and Olson [124] took a different approach to this problem and
attempted the first fully covariant study of cosmological perturbations, focussing not
on perturbations of the metric tensor, but instead on perturbations of the curvature
tensor. However, the most pioneering work in modern cosmological perturbation
theory was completed by Bardeen. In Ref. [16], Bardeen presented a systematic
method for removing the gauge artefacts by constructing gauge invariant variables.
His work focussed on the two metric potentials ¥ and ®, which correspond to the two
gauge invariant scalar metric perturbations in the longitudinal gauge. This work was
then followed by the two review articles by Kodama and Sasaki [75] and Mukhanov,
Feldman and Brandenberger [120]. These three articles together arguably form the
basis of linear metric cosmological perturbation theory.

An alternative approach to metric perturbation theory is often called the covariant
approach. The approach defines gauge invariant variables using the Stewart-Walker
lemma (a perturbation which vanishes in the background is gauge invariant [145])
and was mostly pioneered by Ellis and collaborators [49-51]. An interesting paper
made a first step towards relating the covariant approach to the metric approach
which was written by Bruni et al. [29].

Cosmological perturbations can be decomposed into scalar, vector and tensor
perturbations, as we will show in Chapter 2 and, at linear order, the three types of
perturbations decouple from one another. The scalar modes are related to density
perturbations, vector modes are vortical or rotational perturbations, and the tensor
modes are related to gravitational waves. The CMB radiation is polarised, and
the different types of perturbations induce different polarisations. Scalar modes
produce only E-mode (or curl-free) polarisation and tensor modes produce only B-
mode (divergence-free) polarisation. Vectors produce both, but are usually deemed
negligible, since any produced in the early universe will be inflated away, or will
decay with the expansion of the universe [75].

However, once we go beyond linear order, different types of perturbation no
longer decouple and so, for example, vector and tensor perturbations are sourced
by scalar modes. This mathematical difference between linear and higher orders
therefore plays an important role in the theory and can result in qualitatively differ-
ent physics beyond linear order which will, in turn, generate different observational
signatures. This is, really, the main reason for extending perturbation theory be-
yond linear order, which has been studied by many authors in the last few years
(3, 18, 30, 41, 105, 110, 119, 121-123, 148] (see Ref. [112] for a recent review and a
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comprehensive list of references on second order cosmological perturbations). Per-

turbation theory beyond linear order is the central theme of this thesis.

This thesis is organised as follows. In the remainder of this introductory Chapter
we present the standard model of cosmology in a more detailed sense, briefly intro-
ducing inflationary cosmology, and restating our notation that will be used for the
remainder of this thesis at the end of the Chapter. In Chapter 2 we introduce the
theory of non-linear cosmological perturbations up to second order. We present the
perturbed metric tensor, and energy momentum tensor for a perfect fluid (i.e. a fluid
with no anisotropic stress) and a scalar field. We consider next the transformation
behaviour of the different perturbations under a gauge transformation, using these
to choose gauges and define gauge invariant variables. Next, we present a discussion
of the thermodynamics of a perfect fluid, discussing the pressure and energy density
perturbations and the definition of the non-adiabatic pressure perturbation, which
will play a central role in the following work. Finally, to close Chapter 2, we briefly
consider how non-adiabatic pressure perturbations can arise naturally in multiple
fluid or multi-field inflationary models.

In Chapter 3 we continue presenting the foundations of cosmological perturbation
theory and present the dynamic and constraint equations up to second order. Start-
ing with the linear order theory we present the governing equations for scalar, vector
and tensor perturbations of a perfect fluid without fixing a gauge. We then fix a
gauge, giving the equations in terms of gauge invariant variables for three different
gauges: the uniform density, uniform curvature and longitudinal gauges, solving the
equations for the latter two. We then present the Klein-Gordon equation for a scalar
field, and highlight the important difference between the adiabatic sound speed and
the speed with which perturbations travel for a scalar field system. Finally, we inves-
tigate the perturbations of a system containing both dark energy and dark matter.
Having laid the foundations with the linear theory, we move on to the second order
theory, presenting the governing equations for a perfect fluid coming form energy
momentum conservation and the Einstein equations in gauge dependent form. We
then present all equations in the uniform curvature gauge which we will use in Chap-
ter 4, including now only the canonical Klein-Gordon equation. Finally, in order to
connect with the literature, we give the equations for scalars in the Poisson gauge.

Having now developed the tools for second order perturbation theory, in Chapter 4
we use the qualitative differences between the linear theory and higher order theory
to show that, at second order in perturbation theory, vorticity is sourced by a

coupling between first order energy density and entropy perturbations. This is
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analogous to the case of classical fluid mechanics and generalises Crocco’s theorem
to an expanding background. To show this, we start by defining the vorticity tensor
in general relativity, and then calculate the vorticity tensor at linear and second
order using the fluid four velocity and the metric tensor defined in Chapter 2. We
then compute the evolution equation for the vorticity, making use of the governing
equations in Chapter 3. At linear order vorticity is not sourced, however there
exists a non-zero source term at second order when allowing for fluid with a general
equation of state that depends upon both the energy and the entropy. Having
derived this qualitative result, we then give a first quantitative solution, estimating
the magnitude and scale dependence of the induced vorticity using simple input
power spectra: the energy density derived in Chapter 3, and using a simple ansatz
for the non-adiabatic pressure perturbation.

In Chapter 5 we extend the formalism from the second order theory to third
order, presenting the gauge transformation rules and constructing gauge invariant
variables. Then, considering perfect fluids and including all types of perturbation,
we present the energy and momentum conservation equations and give components
of the Einstein tensor up to third order. We also give the Klein-Gordon equation for
a scalar field minimally coupled to gravity. Finally, to close, we conclude in Chapter
6 and present possible directions in which one can extend the work presented in this

thesis.

1.1 Standard Cosmology

We now introduce some elements of standard cosmology in a more quantitative sense
and, in doing so, define our notation. The basic starting point in cosmology is the
cosmological principle which states that, on large enough scales, the universe is both
isotropic and homogeneous. In general relativity, geometry is encoded in the metric
tensor g,,, or the line element ds* = g,,dz"dz”. The general line element for an
isotropic and homogeneous spacetime, and thus one which obeys the cosmological

principle, takes the form?! [87]

2

2 2 2 r

+7r? <d02 + sin? HdXQ)] ) (1.1)

in spherical coordinates (¢;r,6, x), where t denotes the coordinate time, a(t) is a

function that depends only on time, and K denotes the global curvature of the

!Throughout this thesis we use the so-called ‘East coast’ metric signature (— + ++) and the
positive (+ + +) sign convention in the notation of Misner et al. [116].
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spatial slices, where K = 1 denotes a positively curved, or closed, universe, K = 0
a flat universe, and K = —1 a negatively curved, or open, universe. This is the
Friedmann-Robertson-Walker (FRW) metric. An alternative way of representing
the FRW metric is

ds® = —dt* + a*(t)y;da’da? (1.2)

where ;5 is the metric tensor on spatial hypersurfaces.
Since current observations are consistent with a flat, K = 0 universe, which is
also in agreement with inflation, we adopt this choice henceforth and so write the

line element as
ds® = —dt* + a*(t)8;;dx'da? (1.3)

where 9;; denotes the Kronecker delta.

We note here the importance of the function a(t), called the scale factor, in an
expanding spacetime. We can picture space as a coordinate grid which expands
uniformly with the increase of time. The comoving distance,  between two points,
which is just measured by the comoving coordinates, remains constant as the uni-

verse expands. The physical distance, r, is proportional to the scale factor,
r=a(t)x, (1.4)

and so does evolve with time. Thus, an isotropic and homogeneous universe is
characterised not only by its geometry, but also by the evolution of the scale factor
[45]. In order to quantify the expansion rate, we introduce the Hubble parameter,

H(t) defined as

H(p = 4 _ (L5)

a a

where an overdot denotes a derivative with respect to coordinate time, which mea-
sures how rapidly the scale factor changes.
It is often convenient to use, instead of ¢, the conformal time coordinate 1 defined
through
t
dt
n= [ —, (1.6)

0o @

in terms of which the line element (1.3) becomes
ds® = a*(n) [ —dn® + dydatda’ | . (1.7)

In doing this, we have increased the spatial coordinate grid introduced above to a

coordinate grid over the entire spacetime. We can furthermore define the conformal
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Hubble parameter
da/dn d
My = 2L (19

a a

where we have used a prime to denote a derivative with respect to conformal time.
Then, the Hubble parameter in coordinate and conformal time are related to one
another by

H=aH. (1.9)

Having introduced the metric tensor of an FRW universe, we can now go on
to discuss the dynamical equations. In general relativity the curvature of a given

spacetime is encoded in the Riemann curvature tensor, defined as [33]
A A
RaM/BV = ZCV,,G - Pzﬁ,u + Fgﬂrpu - iyrpﬂ ) (110)

where I'§, are the Christoffel connection coefficients, defined in terms of the metric

tensor and its derivatives as

o 1 o
By =359 Marg + Gy — 9o 5 (1.11)

where we have introduced the notation g.g, = 0ygas. There are two contractions

of the Riemann tensor that are particularly useful: the Ricci tensor is given by
R, = R 00, (1.12)
and the Ricci scalar, which is the contraction of the Ricci tensor
R= VR, (1.13)
The Riemann tensor obeys the following identity
VinRuwppe =0, (1.14)

where the square brackets denote anti-symmetrisation over the relevant indices.
Eq. (1.14) is often called the Bianchi identity. If we introduce the Einstein tensor
G, defined as

Iz
1
G;w = Rw/ - §guuRa (115)

then the Bianchi identity implies that the divergence of this tensor vanishes identi-
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cally:
VG, = 0. (1.16)

The equation of motion in general relativity is the Einstein equation,

1
Guw =R, — §9uvR = 8rG1T,,, (1.17)

where G is Newton’s gravitational constant. T}, is the energy momentum tensor,
which describes the energy and momentum of the matter content of the spacetime.

We take the perfect fluid energy momentum tensor which has the following form
", = (po + Fo)ujp oy + Fod"y, (1.18)

where p and P are the energy density and pressure, and u* the fluid four velocity,
satisfying the constraint u#u, = —1. Note that the subscript ‘0’ denotes the value of
the quantity in the homogeneous and isotropic background: the importance of this
notation will become apparent in Chapter 2. In addition to the Einstein equation,
there also exist a set of evolution equations for the matter variables. These are

obtained through the covariant conservation of the energy momentum tensor,?
v, =0. (1.19)

This equation is obtained from the conservation of the Einstein tensor, Eq. (1.16),

and by using the Einstein equation, Eq, (1.17).

Now, let us consider the FRW spacetime. Using the fluid four velocity
L 1
Uy = 5(1,0) : U0y, = —a(1,0). (1.20)
and the Christoffel symbols for the (flat) FRW spacetime

Lo ="M, I, =M., Ty = Hé';, (1.21)
Iy, =0, Iy =0, I, =0, (1.22)

2Tt should be noted that this is not the only way one can obtain evolution equations. Instead,
varying the action with respect to the matter fields will result in the same evolution equations
except in the case where the system cannot be described by an action (e.g., dissipative fluids

[2])-
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the Einstein equations (1.17) are then

H = %pocﬂ, (1.23)
4mG
H = —”T(po +3P)a?, (1.24)

where the first equation comes from the 0-0 component and the second from the trace
of the spatial Einstein equation. Egs. (1.23) and (1.24) are called the Friedmann and
acceleration equations, respectively. The acceleration equation can be rewritten, by

introducing the constant equation of state Py = wpg, as

ArG
H = —%(1+3w)p0a2, (1.25)

where w is the equation of state parameter. Energy conservation gives the continuity

equation

po = —3H(po + o), (1.26)
which can also be rewritten as

po = —3H(1+w)po . (1.27)

This can then be integrated to give

_raN —3(1+w)
Po = Po (t)

. , (1.28)

where an overbar denotes the value of a quantity today. The scale factor and Hubble

parameter can then be shown to evolve as

2/(1+3w) 5
a=a (ﬁ> . M= nt. (1.29)
7

We now highlight the evolution of the parameters in the different eras of the
universe in the hot Big Bang model. The first is the radiation era, where the
universe is filled with a fluid of particles moving at (or close to) the speed of light,

such as photons.> The equation of state parameter for such a fluid is w = 1/3, which

3We should note that, generically, one would expect the initial radiation era to be violently
disordered. However, the existence of the inflationary era guarantees that the radiation era is
smooth. We will introduce inflationary cosmology in the next section.
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gives

po o< at, and aoxn. (1.30)

The next epoch is the matter domination era, where the universe is filled with
collisionless, non-relativistic particles which better models a universe filled with
galaxies. This matter is called dust, and is well modelled by a pressureless fluid
with equation of state parameter w = 0. In this era the energy density and scalar

factor evolve, respectively, as

poxa®, and aoxn?. (1.31)

1.2 Inflationary Cosmology

Any summary of modern cosmology would not be complete without a short discus-
sion on the inflationary paradigm®, which is a crucial part of the standard cosmolog-
ical model. Historically, it was introduced in an attempt to solve some outstanding

problems in the big bang model. These are:

e the Horizon problem, that CMB radiation coming from areas of the universe

that were never in causal contact are observed to have the same temperature;

e the Flatness problem, that in order for the universe to be so close to flat today,

it must have started off very close to flat;

e the Relic problem, that no topological relics® are observed, though they are

likely produced in the early universe.

In order to solve these problems, inflation was postulated in the early ‘80s, simul-
taneously by Guth [60], Starobinsky [143], Albrecht and Steinhardt [8] and Linde
[91, 92]. The precise definition of inflation is simple: it is a period during which the

universe undergoes accelerated expansion, i.e.

i>0, (1.32)

4See, e.g., Ref. [87] for a more complete treatment of the classical Big Bang problems

5Topological relics, such as magnetic monopoles are generically produced if the symmetry of a
Grand Unified Theory is restored in the early universe and then broken spontaneously. Such an
abundance of relics is higher than observation allows. See, e.g., Refs. [64, 150] for more details.
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where we have switched to coordinate time in the section for clarity. Another defi-

nition, equivalent to the first is

% (ﬁ) <0. (1.33)

This definition is more intuitive, since 1/aH is the Hubble horizon size, and so infla-
tion is defined as a period in which the Hubble size is decreasing. This is precisely
the condition required to solve the flatness problem. Finally, a third equivalent
definition of inflation is

po+3F, <0, (1.34)

which, since po is always positive from the weak energy condition [62], implies a
negative pressure during inflation.

In order to be entirely critical of inflation, we should state that inflation does not
completely remove the initial flatness problem. To begin an inflationary phase, there
must exist a Planck-scale patch of spacetime that is roughly smooth at an early time.
It is hoped that the tuning necessary to achieve this is less than that required to
suppress the spatial curvature at early times in the absence of an inflationary phase,
but this is not necessarily true; it may be much worse. Similarly, one might argue
that inflation does not entirely solve the relic problem, depending on the model of
inflation, since some hybrid models may produce topological defects as a by-product
of their operation. Thus, it is too simplistic to claim that inflation solves all the
problems completely, however any further investigation into this is beyond the remit
of this thesis.

The most popular type of matter which can drive inflation is a scalar field. A

scalar field has a Lagrangian density of the form

where X is the relativistic kinetic energy, X = % 9" ¢, which, for a homogeneous
field, is then X = —%gp'oz, where q(t) is the scalar field. Inflationary models can
be classified according to the form of the Lagrangian, and whether they contain a
single scalar field or multiple fields. The most simple single field inflationary model

has a Lagrangian
p(X,p0) = X = Ul(po) , (1.36)

where U(yy) is the potential of the field. This simple model can take very different

forms depending on the choice of this potential function. More exotic models have
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been considered more recently which modify the Lagrangian through changing the
dependence on X as well or instead of changing the potential. These models have
been of interest since they enable us to evade observational bounds placed on the
simple, canonical, single field models.

For the simple, canonical model, then, we can write down a pressure and energy

density for the scalar field as

1

Po = 59502 + U(po) , (1.37)
1.
Py = 5@02 —U(yo) - (1.38)

Then, using the energy conservation equation (1.26) we obtain the Klein-Gordon

equation for the homogeneous field
Yo +3Hpo +U, =0, (1.39)

and the Friedmann equation (1.23) becomes

(G 1.
A useful approximation exists, which consists of neglecting the first term of

Eq. (1.39) and the last term of Eq. (1.40), to give

H? ~ ?U, (1.41)
SHyo ~ —U,, (1.42)

which, for this approximation to be true, demands two parameters defined as

v\
(o) :47TG<7> : (1.43)

(o) = 871G Ug’“" , (1.44)

to be small (i.e. much less than 1). This approximation is called the slow-roll
approzimation, and if it holds guarantees that inflation will occur. In fact, inflation
ends when € becomes 1. We do not discuss specific models of inflation here, instead

pointing the interested reader to one of the many textbooks available on the topic
[87].
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To close this brief section on inflationary cosmology, we consider some observa-
tional signatures of the early universe. Since this is somewhat beyond the main
aim of this thesis, we simply present some results, and refrain from any derivations.
To begin, we use the two point correlator of the linear scalar field perturbation,
(0p,0p,), defined later on, which one can then relate to the spectrum of the curva-
ture perturbation that will source the anisotropies in the CMB, e.g. the comoving
curvature perturbation (RyR4), which is defined in Eq. (2.143). This can then be
evolved forwards using a Boltzmann code [86, 138, 154], to give predictions for the
anisotropies in the CMB.

In the notation of the WMAP team [77], the primordial spectrum is then taken

to be a power law with amplitude Az (kg)? and spectral index ny

Br(h)? = Aalho)? ()" (1.45)
where Ag (kg)? = 2.38 x 107 and ng = 0.969, at the pivot scale of ky = 0.002Mpc ™.
The observations are compatible with the mostly adiabatic and Gaussian inflation-
ary initial condition, but are incompatible with other a priori equally motivated
suggestions, such as density perturbations induced by topological defects. Con-
straints on inflationary model building are discussed in detail in, e.g., Refs. [5, 6].

Similarly, we can write the spectrum for tensor perturbations as

Bk = i (1) (1.46)

and we can then define the tensor-scalar ratio, r, as [77]
r=——. (1.47)

Inflationary models can then be tested according to their predictions for these
observables. The scalar spectral index is well constrained by WMAP observations,
and in fact a generic, successful feature of inflation is its ability to generate a near
scale invariant spectrum [87]. However, the tensor-scalar ratio is less constrained,
and different inflationary models make varying predictions for r (e.g. Refs. [4, 5, 99,
142] and references therein). It is hoped that we will be able to narrow the error
bars on the tensor-scalar ratio by future observations of the polarisation of the CMB
from the sky (Refs. [1, 21]) and from the ground (e.g. Ref. [53]) which will in turn

enable us to rule out some models of inflation.
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1.3 Notation

To close the introduction, we briefly state some of the notational conventions that

will be used in this thesis.

e We use the mostly positive metric signature, (— + ++), and the (+ + +)

convention in the notation of [116].

e Coordinate time is denoted with ¢ and an overdot denotes a derivative with

respect to coordinate time; the Hubble parameter is H = a/a.

e Conformal time is denoted by n and a prime denotes a derivative with respect

to conformal time; the conformal Hubble parameter is H = a/a.
e Greek indices {y, v, ...} cover the entire spacetime and take the range {0...3}.
e Latin indices {7, 7, ...} cover the spatial slice and take the range {1...3}.

e The index 0 (as in u°) denotes conformal time, and an index ¢ (as in u') denotes

coordinate time.

e The order in the perturbative expansion is denoted with a subscript, ¢, or
with a subscript enclosed in parentheses if the meaning could be ambiguous,

Y,
as in u,,.
(0)

e A comma denotes a partial derivative so, e.g.,

0X 0X
X :aMXEW, or, when X = X(Y), X’YEG_Y'

e A semicolon denotes a covariant derivative with respect to the full spacetime

metric, g, 1.e.,

e The Lie derivative along a vector field £ is denoted £¢ and takes the following

forms for a scalar ¢, a vector, v,, and a tensor, t,,:

Lep = 94, (1.48)
£€Uu = Uu,aéﬂ + Uafa,u ) (149)
£§tuu = tuu,)\f)\ + t,u)\f/\,zz + t)\ug)\,u . (150)



2 Cosmological Perturbations

As discussed in the introduction, cosmological perturbation theory is an extremely
useful, and successful, tool to study the universe in which we live. In this Chapter
we introduce cosmological perturbation theory in the metric approach (i.e. where we
consider perturbations to the metric 4 la Bardeen [16]) in a more formal and quan-
titative manner. We introduce the line element for the most general perturbations
to FRW, and then define the perturbed energy momentum tensor for both a perfect
fluid and for a scalar field (with both a canonical and non-canonical action). We
then derive gauge transformations for the different types of perturbation (scalar,
vector and tensor), and use these to define choices of gauge and gauge invariant
variables. We focus on gauge choice at linear order and give an illustrative example
of how to choose a gauge at second order. We close this Chapter by considering
the thermodynamics of a perfect fluid, defining what we mean by non-adiabatic, or
entropic, perturbations, and briefly discuss how such perturbations can naturally

arise in multi-field or multiple fluid systems.

2.1 Metric Tensor

We consider the most general perturbations to the flat FRW metric, which gives a

line element of the form
ds? = a®(n)| — (1 + 2¢)di? + 2Bidaidn + (5i; + ZC'ij)dxidmj] @)

We choose a flat background metric because it agrees with observations and is math-
ematically easier to work with, but should note that all the techniques used in this
Chapter are valid for a background spacetime with non-zero curvature.

The perturbations of the spatial components of the metric can be further decom-

23
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posed as

5

1
Cij = _'Lp5z‘j + Eﬂ'j + F(@j) + éhm . (23)

The perturbations are classified as scalar, vector and tensor perturbations according
to their transformation behaviour on spatial three hypersurfaces [112, 120]. The
scalar metric perturbations are ¢, the lapse function, 1, the curvature perturbation
and E and B, which make up the scalar shear. S; and F; are divergence free
vector perturbations, and h;; is a transverse, traceless tensor perturbation. The

perturbations therefore obey the following relations

25" =0, (2.4)
OF' =0, (2.5)

Since the perturbations are inhomogeneous, they depend upon both space and
time, e.g.

¢ = o(a") = ¢(n,2"). (2.7)

The scalar perturbations each contribute one degree of freedom to the perturbed
metric tensor, each divergence free vector perturbation has two degrees of freedom,
as does the transverse, traceless tensor perturbation, so we see that, in total, there
are 10 degrees of freedom — the same as the number of independent components of
the perturbed metric tensor. Each perturbation can then be expanded in a series:

For example the lapse function is split as
En
L, L3
:€¢1+§€¢2+§€¢3+'“7 (2.9)

where the subscript denotes the order of the perturbation and € is a fiducial expan-

sion parameter. We will often omit € when not required for brevity and write

1 1
¢:¢1+§¢2+5¢3+-”, (2.10)

In order to define this expansion uniquely, we choose the first order quantity, ¢1,

to have Gaussian statistics. The series is then truncated at the required order.
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Performing this split then gives us the covariant components of the metric tensor

up to second order

goo = —a” (1+2¢1 + ¢o) (2.11)
goi = a* (2B1; + Bai) (2.12)
gi; = a* (6 + 2C1;5 + Cayy) - (2.13)

The contravariant components of the metric tensor are obtained by imposing the
constraint
g/wgw‘ = 5,u>\ ’ (214)

to the appropriate order. To second order this gives

1
g% = —$(1 — 201 — ¢ + 40 — Blka> : (2.15)
. 1 . 1 . . .
= ¥<B§ + 5By = 26,8} - 2By CY) (2.16)
g = (89 =200 — o 4 4ctC - BB]). (217
a

2.2 Energy Momentum Tensor

The matter content of the universe is described by the energy momentum tensor.
Since General Relativity links the geometry of spacetime to its matter content,
perturbations in the metric tensor invoke perturbations in the energy momentum
tensor.! In this section, we outline the perturbed energy momentum tensor for a

perfect fluid and a scalar field, to second order in perturbation theory.

2.2.1 Perfect Fluid

The energy momentum tensor for a perfect fluid, i.e. in the absence of anisotropic

stress, is as presented in the previous section,
", = (p+ P)utu, + P&", , (2.18)

where p is the energy density, P is the pressure and u* is the four velocity of the

fluid. Note that, for the purposes of this thesis, we define a ‘perfect fluid’ to be a

IThere are, in fact, works where this is not the case and, for example, only the energy momentum
tensor is perturbed. However, in order for the work to be consistent, one should perturb both
the geometry and the matter content of the spacetime.
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fluid with a diagonal energy momentum tensor as in, e.g., Ref. [57].
The energy density and the pressure are expanded up to second order in pertur-

bation theory in the standard way

1
p=po+opi+50p2, (2.19)

1
P = Py+ 0P + 56P;. (2.20)

The fluid four velocity, which is defined as

B dxt

b= — 2.21
=" (221)

where 7 is an affine parameter, here the proper time, and is subject to the constraint
wu, = —1. (2.22)

To second order in perturbation theory the fluid four velocity has the contravariant

components
. 1 . 1 .
ut = a (Ull —+ 5@21) y (223)
1 1 3 1
u’ = p (1 —¢1 — §¢2 + §¢§ + §U1kvlk + UlkBlk) ; (2.24)
and the covariant components,
1 k
u; = a vy + By + 5(”% + By;) — ¢1 By + 2C101" ) (2.25)
1 1, 1 ,
u=—a|l+a¢+ §¢2 - §¢1 =+ 501 Uik | (2.26)

where v* is the spatial three velocity of the fluid. Then, by substituting the com-
ponents of the four velocity along with the expansions of the energy density and

pressure into Eq. (1.18), we obtain the components of the energy momentum tensor,
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up to second order

1
T% = —(po + Po) (1" + Bi")voi — (po + p1 + 50P2), (2.27)
1
T = (po + Py) (Uu + By + 5(021 + Ba;) — ¢1 (v + 2By;) + 201z‘k?11k)
+ (5p1 + 5P1>(U11‘ + Blz) y (228)

. 1 . ,
;= (Po + 0P + 5‘5132) 6'; + (po + Po)ui*(v1j + Byj) - (2.29)

2.2.2 Scalar Field

As shown in Section 1.2, scalar fields play an important role in modern cosmology
through the theory of inflation. The energy momentum tensor for a scalar field
minimally coupled to gravity is defined through the Lagrangian density. For a

canonical scalar field, the Lagrangian takes the form

1
L= —59’”%“% - U(yp), (2.30)

where U(p) is the potential energy of the scalar field. The variational energy mo-

mentum tensor (or Hilbert stress-energy tensor) is then defined as [87]

oL

Tuu = —QW + guyﬁ, (231)
and, for a scalar field ¢, we obtain
e HA W 1 ap
T v =g SO,/\SO,V - 5 v U(QD) =+ 59 w,agpﬁ . (232)

Expanding the scalar field in the usual way, and using the definition of the metric

tensor given in Section 2.1, gives the components of the energy momentum tensor for
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a scalar field up to second order in perturbation theory (see, e.g., Refs. [3, 105, 123])

12 5 / 5 / 2
T = _% [1 — 2y +2 ;0,1 +4¢y% — BiyBY + 20164 — ( ;‘fl> (2.33)
0 0
80y 100 5!
# —®2 = ‘PE)Z} — Ulpo) — Udpy — U,W(SSD% — U0y,
. 2 S d , . Bidw. 0060,
TZO = 90_3 [Bi + 90_}’ — 2¢lBi _ 2Blk0{m +92 1 /901 + Y1 ,;017
a Yo %o ¥0
8o, . C9 1, byt
- 2—90;]6 Ly 5(3; + zZ’ ). (2.34)
! 81001 1
T = _% [5901,1‘ + # = 2¢100; ,; + 55902,1'] ; (2.35)

0
T _90_62[Bi5901,j L 000,

| = 65{U00) + Usbipr + Ui + Uiy

7T ezl g o
2 5o 5o Bk§
_90_()2[1_2¢1+2 ('0,1+4¢12—B1ka+4¢1 /901_2 1 %,01,1@
2a %o Yo %o
N AN 3¢
B —( ,1) — 6o - 22|} (2.36)
20 20 %o

We can write down a pressure and energy density for the scalar field by comparing
the components of the scalar field energy momentum tensor to that of a perfect fluid

given in Egs. (2.27)-(2.29). In the background this gives, as shown in Section 1.2,

Po = %9062 + Ul(po) , By = %9062 — Uleo) , (2.37)

and, to linear order,
op1 = %(&pi% - dwé?) + U091, (2.38)
5Py = 5 (0eich — 616) — Usbipr (2.39)

We can also express the fluid velocity in terms of the field by comparing Eq. (2.28)

to Eq. (2.35) to give
_5901

/ Y

%o

‘/1:

(2.40)

where V; = By + v;.
There has been a lot of recent interest in scalar fields with non-canonical actions:

early work in the realm of the early universe such as k-inflation [12, 56] and more
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current work including the string theory motivated Dirac-Born-Infeld (DBI) infla-
tion [9, 66, 88, 135, 140] . Scalar fields with non-canonical actions have also recently
been considered as dark energy candidates (see, e.g. Ref. [149]). These models all

modify the Lagrangian (2.30) to the more general function?
L=p(X ), (2.41)

where X = —%g“”(p,#gp,,,. The Lagrangian for DBI inflation is then given by

p(X,9) = =T(p)V/1 = 2T ()X + T(p) = V(p), (2.42)

where T'(¢) and V() are functions that further specify the model.
The energy momentum tensor for the general Lagrangian (2.41) is then obtained
from Eq. (2.31) as
T, = pxgorpw +6"p. (2.43)

This has the components, up to linear order in perturbation theory, and in coordinate

time, t,

T' = (po — 2p.xXo) — [(p.x + 2Xop,xx) 0X1 + 2Xop x.001 — D O@] ,  (2.44)
T' = —p.x$odpy; (2.45)
T'; = (po+ px0X1 4+ pde,) 05, (2.46)

where we have defined 0.X; = gp’o&pl — 162, and X = %@02. As in the canonical
case, we can define a pressure and energy density for the scalar field. The background
quantities are

po=2pxXo—1p, By =p, (2.47)

and the linear order quantities are

5p1 = (p,X + 2X0p7xx)(5X1 + (2X0p,X<p — pm)égol s (248)
0P = p x0X1 4+ p 00, . (2.49)

20mne could, of course, cook up even more general Lagrangians. However, typically if higher-order
derivatives of the scalar field are present then the model will exhibit Ostrogradski instabilities
(see Ref. [47] for an outline of Ostrogradski’s original argument).
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2.3 Gauge Transformations at First and Second
Order

Gauge transformations play an important role in cosmological perturbation theory.
General relativity is a theory of differential manifolds with no preferred coordinate
charts, and is therefore required to be covariant under coordinate transformations.
However, when we come to consider perturbations in general relativity we must, for
consistency, consider perturbations of the spacetime itself. That is, in the language
of differential geometry, we consider a one parameter family of four-manifolds M.,
embedded in a five-manifold N [108, 144]. Each M, represents a spacetime, with
the base spacetime, or unperturbed ¢ = 0 manifold, M,. The problem comes in
perturbation theory when attempting to compare two objects which ‘live’ in different
spaces. In order to deal with this, we introduce a point identification map p, : My —
M, which relates points in the perturbed manifold with those in the background.
This correspondence introduces a new vector field, X on N, and points which lie on
the same integral curve v of X are regarded as being the same physical point.

However, the choice of this point identification map and, therefore, the vector field
X is not unique. The choice of the correspondence between the points on the M
and those on M, or, equivalently, the choice of the vector field X is called a choice
of gauge, and X is then the gauge generator. A gauge transformation then tells us
how we move from one choice of gauge to another.

There are two approaches to gauge transformations. First, consider a point p on
My. Two generating vectors X and Y then define a correspondence between this
point p and two different points s and t on M,. Clearly, then, these choices induce
a coordinate change (gauge transformation) on M.. This is known as the passive
view. Alternatively, consider a point p on M.. We then find a point s on M, which
maps to p under the gauge choice X and a point ¢, also on M, that maps to p under
the choice Y. In this case, a gauge transformation is induced on the background
manifold, M. This is known as the active view. We can think of the active approach
as the one in which the transformation of the perturbed quantities is evaluated at
the same coordinate point, and the passive approach where the transformation of

the perturbed quantities is taken at the same physical point.

In this section we go on to discuss the active and passive approach briefly then,
adopting the active approach, we derive the gauge transformation rules for scalars,

vectors and tensors up to second order in the perturbations.
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2.3.1 Active Approach

In the active approach to gauge transformations, the exponential map is the starting
point [108, 119]. Once the generating vector of gauge transformation, £#, has been
specified, we can immediately write down how a general tensor T transforms. The
exponential map is

T =efeT, (2.50)

where £, denotes the Lie derivative with respect to the generating vector £&# which,
up to second order in perturbation theory, is
_oen Lo
§' = el + oG 4 (2.51)

The exponential map is then

1 1
exp(£e) =1+ efg + §€2£21 + 562,,552 + - (2.52)
up to second order in perturbation theory. Splitting T order by order, we find that
the tensorial quantities transform at zeroth, first and second order, respectively, as
(30, 119]

6Ty = 6T, + eLe, Ty, (2.54)
6255:/‘2 = 62 <5T2 + £§2T0 + £21T0 + 2£€15T1> . (255)

By noting that the Lie derivative acting on a scalar is just the directional deriva-
tive, £¢ = £*(0/0z*), the exponential map can be applied to the coordinates z* to

obtain the following relationship between coordinates at two points, p and ¢*

6/\8

x/‘(q) = e Bz

v 2"(p). (2.56)
Expanding this to second order gives

(q) = () + <€) + 5 (DA + D)) (257)

3Note that, in some of the literature, a different sign is taken in the exponent in this equation to
obtain correspondence between the active and passive approach at linear order. Since we are
not solely working at linear order in this work, there is no advantage gained by making such a
choice.
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This coordinate relationship is not required to perform calculations in the active

approach, but will be useful for the discussion in Section 2.3.2 below.

2.3.2 Passive Approach

A natural starting point for discussing the passive approach to gauge transformations
is the coordinate relationship Eq. (2.57) since, in the passive approach, one states
the relationship between two coordinate systems and then calculates how variables
change when transforming from one coordinate system to the other. However, since
in the passive approach quantities are evaluated at the same physical point we need
to rewrite Eq. (2.57) [108]. Choosing p and ¢ such that z#(q) = z*(p), Eq. (2.57)

enables us to write

a#(q) = a#(p)

= o(q) — €l (p) ~ 5 [EAPIE D) + & ()] (259)
Using the first terms of Eq. (2.57),
z(q) = 2(p) + €1 (p) , (2.59)

allows us to Taylor expand &' as

&' (p) = &' (¢ (q) — €€t (p))
= &) — €)'\ (& (9) (2.60)

which is valid up to second order. Substituting Eq. (2.60) into Eq. (2.58) gives the

relationship between the two coordinate systems at the same point, ¢

q) = a(q) — €l (o) — 3 [€hla) ~ A0} )] (261)

Having highlighted the two approaches to gauge transformations we now focus on

the active approach and give some concrete examples.
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2.3.3 Four Scalars

We will now look at the transformation of four scalars, choosing the energy density,

p, which can be expanded as in Eq. (2.19),
1 1
p=pot0pit50pat iyt (2.62)
as an example.

First Order

Before studying the transformation behaviour of perturbations at first order, we
split the generating vector £}’ into a scalar temporal part o and a spatial scalar and

divergence free vector part, respectively 3; and 7;%, as

& = (o, B + ). (2.63)

Since the Lie derivative of a scalar p with respect to the vector £* is simply

Lep=E"py, (2.64)

from Eq. (2.54), we then find that the energy density transforms, at linear order, as
dp1 = dp1 + pyon - (2.65)

We see that, at first order, the gauge transformation is completely determined by
the time slicing, o;.
Second Order

At second order we split the generating vector &5 in an analogous way to first order

as

& = (o2, B +72') - (2.66)

Then, using Eq. (2.55), we find that the second order energy density perturbation

transforms as

0ps = 0ps + phyavs + ar(plhan + phedy +26p7) + (28p1 + phar) w(BF + %) . (2.67)

“Note that o1 does not generate a foliation of spacetime by spatial hypersurfaces — this is inherited
from the foliation already present in the background spacetime. Instead, cay labels the time
slicing.



2.3: Gauge Transformations at First and Second Order 34

Thus, at second order, the gauge transformation is only fully determined once the
time slicing is specified at first and second order («; and aw) and the spatial threading

(or spatial gauge perturbation) is specified at first order (3; and ;) [112].

2.3.4 The Metric Tensor

We will now focus on the transformation behaviour of the metric tensor. Again, the

starting point is the Lie derivative, which for a the metric tensor, g,,, is given by
£§g,u1/ = guu,)\f)\ + gu)\f/\’y + g)\ug):u . (268)

First Order

At first order, the metric tensor transforms, from Eqs. (2.54) and (2.68) as

1 0 0 0
Sgu =69 + g &t + g L+ e (2.69)

We can obtain the transformation behaviour of each particular metric function by
extracting it, in turn, from the above general expression using the method outlined
in Ref. [112]. From Eq. (2.68) we obtain the following transformation behaviour for
Chij

2C1;; = 2C13; + 2Hadyj + iy + g (2.70)
From this we can extract the transformation behaviour of the spatial metric func-

tions. Here we do not focus on the details, but instead quote results. We find that

the scalar metric perturbations transform as

Q?l = ¢1 + HOél + Oé/l s (271)
U1 =1 — Hay, (2.72)
E = B1 — + ﬁi s (273)
Ey = E\ + 5, (2.74)
the vectors as
Sf’\l/i = Sli — ’71“, (275)

Fii=F"+v", (2.76)
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and, as is well known, the tensor component, hy;;, is gauge invariant. Finally, the

scalar shear, which is defined as
oy =E] — By, (2.77)

transforms as

071 =01+ o s (278)

which will be useful later when we come to define gauges and gauge invariant vari-

ables.

Second Order

At second order we obtain the transformation behaviour of the metric tensor from

Egs. (2.55) and (2.68), noting that
£3T = £¢(£,T). (2.79)

The metric tensor therefore transforms as

2 0 0 0 1
dgi) =692 + g &3 + gNEy , + g, +2 [592%6? +0ginEY , + og%,) & ,,J
IR + Gl o + 2|9, + gD+ g8 8]

0D (6 Lol + 6 o8 L) + 00 (6] LS+ 60 WE8 L) (2.80)

from which we can extract, as at first order, the transformation behaviour of individ-
ual metric perturbation functions. It is a little trickier to obtain the transformation
behaviour of vy from this expression. However, we note that the expression in

Eq. (2.80) gives the transformation of Cy;;, namely,”
252@' = 2055 + 2Hapdi; + &aij + §2ji + Xij (2.81)

where X;; contains terms quadratic in the first order perturbations and is defined
below in Eq. (2.87), and so we need intermediate methods in order to extract the
transformation of a particular component. Again, we we do not go into the unnec-
essary details here, but instead refer the interested reader to Ref. [112]. After this

5In the following and for the rest of this section, we do not split up the spatial part of the gauge
transformation generating vector into scalar and vector parts for brevity. We denote the spatial
part of &* by &°.
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calculation we obtain

1

~ 1
@/)2:@/)2—7‘[062——)(]2"”4

1 VoA (2.82)

We find that the other second order scalar metric perturbations transform as [112]

Gy = by + Hag + ' + oy [0 + 5Hay' + (H' + 2H2) ay + 4Hey +26)]  (2.83)
+ 2(1/1/ (Oéll + 2¢1) + 51]@ (Oéll + HOél + 2¢1)7k + fik [alff - 2B1k - f/] ,

- 3 o1
Ey=Ey+ (5 + ZV—QV—%”M - ZV‘QX’“k , (2.84)
EQ = B2 — Q9 + ﬂé + V_QXB]CJC s (285)

where A, and &j; are defined as

Xp;, =2 [ (2HBy; + BY,) an + Bripy — 2¢1a0,; + B1k€f .+ Bua) + QCukff/]

+4Ho (511 —ay;) + CVll (517, —3ay,) + o ( 1/1' - 0/1,2')
+ ff/ (Erie + 261k) + 3 (fizk - al,ik) - Oél,kff i (2.86)

and
a//
X = 2[ (H2 + ;) o +H (0410/1 + Oé1,k§1k) ]5ij + 2 (Byiou,j + Bijon ;)
+4 [al (C{U + 27‘[011']') + Ch‘j,kglk + Cuké}k J + Clkjélk ,ii|

+ AHon (€5 + E1ja) — 200,005 + 2603607+ ar (6 + €L54)
+ fli,kfik jT flj,k§1k it E01; + gijal,i + (&1ije + &1jin) &~ (2.87)

Furthermore, the vector perturbations transform as

Soi = Sai — Yai' — X + Vask (2.88)
Foi = Foi 4o + V72X, F = V2V 2K (2.89)

and the tensor perturbation which at second order, unlike at first order, is not gauge
invariant, as

~ 1 1

V(X B X T (2.90)

Lo ok
+§V X ij
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2.3.5 Four Vectors

Finally, we move on to the transformation behaviour of a four vector. The Lie

derivative of a vector, W,, is given by
LWy = Wyab® +Wak® . (2.91)

First Order

A four vector transforms at first order, from Eq. (2.91), as
SW 1y, = SWh, + Wiouan + Wionéd, (2.92)
which gives, for the specific case of the four-velocity, the transformation rule
Vii= Vi — aus, (2.93)
where the quantity Vi; is defined as
Vii= vy + By (2.94)

Then, on splitting the velocity perturbation into a vector part and the gradient of
a scalar, as
V1 =0y + V1, (2.95)

recalling that the metric perturbation By; can be split up as
By = B1; — Sui s (2.96)
and making use of Eqs. (2.73) and (2.75), we obtain the transformation rules

U = v — O, (2.97)
7;:\” =0yt — . (2.98)
Second Order

At second order we find that a four vector, Wy, transforms as

W oy, = Wy, + Wpy, a2 + Wiy, + Wipy,03 + Wi ,a1a6r (2.99)
+ 2W(/0)00410517N -+ W(o)() (51\&1#)\ + OéLAff‘,#) + 2 <(5W1#7)\§f\ + 5W1>\ff‘“u> .
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Focussing again on the fluid four velocity, we obtain from the ¢th component of
Eq. (2.99), the transformation behaviour of V5;:

—~ 3
Voi = Voi —an; + 4§flcik + 20 <fi + By — —041,i> + o (2V]; — O‘/Lz‘)

2
+ 2(&ig + Eapd) (EF — 0F) + 2Hay (2By; — vy + 3€5;)
+ & (2Vig + ) + ffi(QVUg — o) +201(8§] — 20,) . (2.100)

Then, using the transformation behaviour of By;, given by

—~

By = Byi + & — g + Ay, (2.101)
we find that the second order three-velocity, vy;, transforms as

Vg = Ug; — g;z + 511‘(2(251 + 0/1 + 2Hay) — 04151/ - éféizk
+ &R 1 4 200 (V) — Huy) — 2050 5 4 201 168 (2.102)

2.4 Gauge Choices and Gauge Invariant Variables

As mentioned previously, a central element to Einstein’s theory of general relativity
is the covariance of the theory under coordinate reparametrisation. However, a
problem arises when undertaking metric cosmological perturbation theory since the
process of splitting the spacetime into a background and a perturbation is not a
covariant process (see, e.g., Ref. [48] and Section 2.2 of Ref. [108]) Therefore, in
doing so, one introduces spurious gauge modes so that variables depend upon the
coordinate choice. Observational quantities should not depend upon the choice of
coordinate used, and therefore this so-called gauge problem of perturbation theory
seemingly would introduce confusion and erroneous results. However, as long as one
is careful to remove the gauge modes, this will not pose us a problem.

The gauge problem was first ‘solved” by Bardeen in a consistent way in Ref. [16],
and has been studied in much detail, and extended beyond linear order, in the
decades since. The solution lies with the introduction of gauge invariant variables,
that is, variables which no longer change under a gauge transformation. Bardeen
constructed two such variables for scalar perturbations, which happen to coincide
with the lapse function and curvature perturbation in the longitudinal gauge (see
Section. 2.4.2). However, the systematic approach can be extended to other gauges:

one simply inspects the gauge transformation rules presented in the previous sec-
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tions, and chooses coordinates such that, e.g., two of the scalar metric perturbations
are zero. This enables one to remove the gauge dependencies a; and 3, rendering
the other scalar perturbations gauge invariant. Similarly, this can be extended be-
yond scalar perturbations, and one can inspect the transformation rules for a vector
perturbation, setting it to zero, and thus removing the dependency on 7:.

Finally, let us emphasise the ‘gauge issue’ by considering degrees of freedom of the
metric. In four dimensions, the metric starts with 16 degrees of freedom: 6 are lost
because of symmetry, 4 more because of coordinate invariance (gauge choice) of the
metric and 4 to do with the Hamiltonian constraints, which arise when writing down
the field equations — also called a gauge choice. This leaves 2 degrees of freedom for
the two polarisations of the graviton. But this is so far not related to perturbation
theory. By perturbing the metric, one introduces further degrees of freedom which
are not addressed by the above — the option to change the gauge, or map. These
are the degrees of freedom addressed by the perturbation gauge choice.

This paragraph does well to highlight that ‘gauge’ is a well used term in theo-
retical physics, and is often used to mean different (albeit closely related) things.
When discussing cosmological perturbation theory, and for the rest of this thesis, we
reserve the phrase ‘choice of gauge’ to mean a specification of the mapping between

the background and the perturbed spacetimes.

In this section we concentrate on the linear theory, present the definitions of
various gauges commonly used throughout the literature, and define some gauge
invariant variables. We then give an example of how the theory works at second
order, by describing the uniform curvature gauge. This section is mainly a review,

and more details can be found in Ref. [112].

2.4.1 Uniform Curvature Gauge

A possible choice of gauge is one in which the spatial metric is unperturbed. At
linear order, this amounts to setting E = = 0 and }A?; = (0. This specifies the
gauge generating vector, &', using Eqs. (2.72) and (2.74), as

1 =1 — Hoy =0 (2.103)
U

= Qiflat = o (2.104)
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Ei=Fy 48 =0 (2.105)
= ﬁlﬁat = —E1 , (2106)
and
Fi=F'+y=0 (2.107)
= e’ = —F1". (2.108)

The other scalars in this gauge, which are then gauge invariant are, from Eqs. (2.71)
and (2.73),

Ginat = b1+ Y1 + (%) , (2.109)
Bites = B1 — % — B (2.110)

The gauge invariant vector metric perturbation is, from Eq. (2.75),
Sifat’ = S1" + Fy°. (2.111)

Note that the scalar field perturbation on spatially flat hypersurfaces is the gauge
invariant Sasaki-Mukhanov variable [118, 133], often denoted by Q,

Q = 001, = 001 + ‘PB% . (2.112)

2.4.2 Longitudinal (Poisson) Gauge

The longitudinal gauge is the gauge in which the shear, o, vanishes. It is also known
as the conformal Newtonian or orthogonal zero-shear gauge. Its extension to include
vector and tensors is called the Poisson gauge. This gauge is commonly used in the
literature, since the remaining gauge invariant scalars in this gauge are the variables
introduced by Bardeen [16].

At linear order the temporal part of the gauge generating vector is specified by
the choice o7 = 0 as, using Eq. (2.78)

071:0'14-0[1:0 (2113)
= Q= —01, (2.114)

where the subscript ¢ denotes the value in the longitudinal gauge. The generating
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vector is fully specified, for scalar perturbations, by making the gauge choice El =0
(and hence B; = 0) as

Ey=FE+6 =0 (2.115)
= b= —E. (2.116)

The other two scalar metric perturbations in this gauge are then

10 = ¢1 — Hoy — o}, (2.117)
Yo =¥ + Hon (2.118)

which, by using the definition of the shear, Eq. (2.77), give

b0 = ¢ — H(EY — By) — (BY — By, (2.119)
Vi =y + H(E/ — By). (2.120)

These are then identified with the two Bardeen potentials, ®; and Wy, respectively
(or, in Bardeen’s notation, ®,Q® and —®5Q©).

In the Poisson gauge, the generalisation of the longitudinal gauge beyond scalar
perturbations, the spatial vector component of the gauge transformation generating

vector by demanding that é?’ = 0 gives, using Eq. (2.75),

Spi= S+ 3" =0 (2.121)

= = / Sy'dn + Fy' (), (2.122)

where F* is an arbitrary constant three-vector. Thus, when having fixed the Poisson
gauge, there still exists some residual freedom in this choice of constant vector.
The remaining gauge invariant vector metric perturbation in the Poisson gauge is
then
Fi=F + /Sﬁ'dn + Fi (7). (2.123)

2.4.3 Uniform Density Gauge

As an alternative to the gauges above, we can define a gauge with respect to the
matter perturbations. One example is the uniform density gauge which is based
upon choosing a spacetime foliation such that the density perturbation vanishes.

At first order we can fix o; by demanding that 5Ap/1 = 0. Using Eq. (2.65) we
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obtain

5p1 = 6p1 + phoy =0 (2.124)
0n

-
0

= Q5 = — (2.125)
We still have the freedom to choose the spatial scalar part of the gauge transforma-
tion generating vector, which can be done unambiguously by choosing, e.g., E = 0.

An especially interesting variable is the curvature perturbation in this gauge, (i,
which is a gauge invariant variable and defined as

— 5
— G = gy =ty + HEL (2.126)

Po
where the sign is chosen to agree with that in Ref. [17]%. This quantity will come
in useful in later chapters because it is conserved on large scales for an adiabatic

system, as will be shown in Section 3.1.1.

2.4.4 Synchronous Gauge

The synchronous gauge was popular in early work on cosmological perturbation
theory, and was introduced by Lifshitz in the groundbreaking work of Ref. [89]. It is
characterised by ggl =0= El/i, so that the gog and go; components of the metric are
left unperturbed and any perturbation away from FRW is confined to the spatial
part of the metric. It can be thought of physically as the gauge in which 7 defines
proper time for all comoving observers. This gauge is also used in many modern
Boltzmann codes such as CMBFAST [138], and is discussed in detail, and compared
to the longitudinal gauge in Ref. [102].

The synchronous gauge condition fixes the temporal gauge function through

S =y +Hon+d, =0 (2.127)
= ady + d'aigyn + ad, = adr + (a0ig,) =0 (2.128)

1 .
= Qg = —— (/aqﬁldn - C(:c’)) , (2.129)

6See Ref. [151] for a detailed comparison of different sign conventions and notation used for the
curvature perturbations in different papers.



2.4: Gauge Choices and Gauge Invariant Variables 43

and the spatial gauge functions as

ﬁlsyn — /(alsyn - Bl)dn + D(l‘l) s (2130)

Yo = [ St + E1(c"). (2.131)

The function D;(x*) 4 &;(2*) affects the labelling of the initial spatial hypersurface.
However, the function C(z*) affects the scalar perturbations, and so the synchronous
gauge does not determine the time-slicing unambiguously. It is therefore not possible
to define gauge invariant variables from the metric in this gauge, since the remaining

scalars (for example the curvature perturbation), have spurious gauge dependence:

@/Dl\sy/n = + %(/aqbldn — C(:zc’“)) : (2.132)

In Lifshitz’ original work, the gauge mode was removed using symmetry arguments.
Nowadays a systematic approach is used to remove this gauge mode, and a further
gauge condition is taken, setting the perturbation in the three velocity of the dark

matter fluid to zero. Then,

e~

Vicdm,syn — U1 — ﬁisyn =0 (2133)

= a(vy + By) + /a¢1d77 —C(z") = 0. (2.134)

However, we then refer to the field equations, Eq. (3.2) which, in the synchronous
gauge guarantees that for the cold dark matter perturbation (where ¢ = 0 = dP),

Viedm = a(v1 4+ B1)|cam is & constant (in conformal time). Thus, we obtain

C(z") =a(v, + B))| (2.135)
cdm
which removes the gauge freedom. Note that we can only choose the dark matter
fluid with which to define the gauge since it is pressureless. The same does not
hold true for a fluid with non-zero pressure. In order to see this we need to use an
equation that we will derive in full detail later from the momentum conservation,
Eq. (3.7) which, in coordinate time, is
cop

Vi — 3HAEV, + — 2L =0. 2.136
1 7—{Cs 1+p0+P0+¢1 ( )
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In the synchronous gauge, B; = 0 = ¢4, so this becomes

c2op

avy; — 3HAav, + = =
' s po+

(2.137)
If we then set the three-velocity to zero, in order to specify the threading, Eq. (2.137)
becomes

025p1
——— =0, 2.138
po+ Fo ( )

which states that the fluid is pressureless. Therefore, we can only define the syn-
chronous gauge as comoving with respect to a pressureless fluid, e.g. cold dark

matter, and not with respect to a fluid with pressure.

2.4.5 Comoving Gauge

Another example of a gauge defined by the gauge transformation of a matter variable
is the comoving gauge. This is defined by choosing the gauge such that the three-
velocity of the fluid vanishes, v1; = 0. Furthermore, this choice implies that \N/h =0.
Then,

Vi=Vi—a; =0 (2.139)
= com = ‘/1 =v + Bl > (2140)

and
= 5lcom = /U1d77 + :/t(flfk), (2142)

where F(2*) denotes a residual gauge freedom. However, note that scalar pertur-
bations are all independent of F(x*). One of the remaining scalars is the curvature
peturbation on comoving hypersurfaces, which is quite popular in the literature, and
often denoted R:

R = room = 11 — HVi . (2.143)

2.4.6 Beyond Linear Order

At second order the procedure is very much the same as at linear order, and the
various gauges are defined in an analogous way to linear order. Of course, the

expressions obtained are much longer, due to the fact that the second order gauge
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transformations contain many more terms than those at first order. Since we do not
intend this work to be a comprehensive summary of gauge choice and gauge invariant
variables (this topic has already been covered in full, gory detail in Ref. [112]), we
instead sketch how the gauge choice and construction of gauge invariant variables
work at second order for one choice of gauge: the uniform curvature gauge.

As at linear order, detailed above in Section 2.4.1, we determine the components
of the e gauge transformation generating vector through the conditions z/)Q Ez =0
and Fy; = 0. The first gives, from Eq. (2.82),

o 1

Aoflat — H + E (V 2szl;t ij Xéﬁatk> s (2.144)

where Xj,i;; is defined as Eq. (2.87) with the first order generators given above in
Egs. (2.104), (2.106) and (2.108), and the second condition gives

3 o9 i 1.
Pottar = =By — 7V VX 1V 2 Xtk - (2.145)
Finally, imposing the condition 132/Z =0, gives

Vottati = —Foi — V2 Xiparir,” + V2V EX i (2.146)

As an example of a gauge invariant variable at second order, we present the
lapse function in the uniform curvature gauge, ¢oga. Using Eq. (2.83) along with
Egs. (2.104) and (2.144), we obtain

Hl
a +—+=||H—-—= ]+
¢2ﬂ t — ¢2 H H H n
1 H 1 H
+ —2(¢1//¢1 +2¢0%) + (2 — —> i + (5 - 6—) Y1hy + <Z51 Y1

b din + o [An+ 206 ] €l o [Aue - 2B (2147

——— Ay 1

(V20— ]

where we have defined

Ay = Py + (H - —) Yn) - (2.148)
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2.5 Thermodynamics of a Perfect Fluid

Considerable physical insight can be gained by studying the thermodynamic proper-
ties of a system [80, 96]. In this section, we study a single perfect fluid system. Such
a system is fully characterised by three variables, of which only two are independent.
Here we choose the energy density, p and the entropy, S, as independent variables,
with the pressure being given by the equation of state P = P(p,S). The pressure

perturbation can then be expanded, at linear order in perturbation theory, as

oP

0P =
PYS

oP
59 —‘ Sy . 2.149
oo + ap s P1 ( )
This can be cast in the more familiar form
SP, = 6Pyaq1 + 0p1 (2.150)

by introducing the adiabatic sound speed

2 )

ik

, (2.151)
S

and by defining the non-adiabatic pressure perturbation, which is proportional to
the perturbation in the entropy, as [152]
oP

—' 55 . (2.152)

5Pnad1 = 85

Note that 0 P,.q; is gauge invariant. This can be shown by considering the gauge
transformation for the energy density perturbation, Eq. (2.65), along with the anal-
ogous equation for the pressure perturbation. One can extend Eq. (2.149) to higher

order by simply not truncating the expansion at linear order, that is

oP oP

1|0%P 2P 9%P

— | =552 5pdS + ——8p° . 2.153
T3|852% T a5 T | T (2.153)

The entropy, or non-adiabatic pressure perturbation at second order, for example,
is then found from Eq. (2.153), as [110]

2
dc; o

5P2nad = (5P2 — c?&pg — a 2 5P1 . (2154)
1%
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2.5.1 Entropy or Non-Adiabatic Perturbations from

Inflation

One way in which a non-adiabatic pressure perturbation can be generated is through
the relative entropy perturbation between two or more fluids or scalar fields. For
example, the relative entropy or isocurvature perturbation, at first order, between
two fluids denoted with subscripts A and B is [113] (dropping here the subscripts
denoting the order, for brevity)

O 5’“) . (2.155)

Sap=3H| — — -

PoB  Poa

In a system consisting of multiple fluids, the non-adiabatic pressure perturbation is
split as [75, 112]

5Pnad = 5Pintr + 5Prel 5 (2156)

where the first term is the contribution from the intrinsic entropy perturbation of
each fluid, and the second term is due to the relative entropy perturbation between
each fluid, Ssp, and is defined as

0Prel = %Pf) Z PoaPos <CQB - 0,24> San, (2.157)

A,B

where ¢ and ¢% are the adiabatic sound speed of each fluid. Thus, for a multiple
fluid system, even when the intrinsic entropy perturbation is zero for each fluid,
there is a non-vanishing overall non-adiabatic pressure perturbation. This can be
extended to the case of scalar fields by using standard techniques of treating the
fields as fluids. Much recent work has been focussed on the discussion of entropy, or
isocurvature perturbations in multi-field inflationary models. See, e.g. Refs. [7, 19,
31, 32, 54, 59, 76, 78, 81, 82, 84, 93, 94, 101, 127, 134] and references therein.



3 Dynamics and Constraints

In this Chapter we give the governing equations for perturbations of a FRW universe.
The background evolution and constraint equations are presented in Chapter 1, so
here we consider the equations at first and second order in perturbation theory.
Starting with the linear order theory we present the governing equations for scalar,
vector and tensor perturbations for a universe filled with a perfect fluid without
fixing a gauge. We then make three choices of gauge, the uniform density, uni-
form curvature and longitudinal gauges, and solve the evolution equations for scalar
perturbations in the latter two case. Next, we present the evolution equation for
a scalar field — the Klein-Gordon equation — for a field with both a canonical and
non-canonical Lagrangian, highlighting the importance of the difference between the
adiabatic sound speed and the phase speed for a scalar field system. We finish our
discussion of linear perturbations with an investigation into the perturbations of a
system with both a dark matter and a dynamical dark energy component.

Having discussed linear order perturbations, we then move on to the second order
theory. We derive the governing equations for a perfect fluid in a perturbed FRW
universe from energy momentum conservation and the Einstein equations, without
fixing gauge. We go on to present the equations for scalar and vector perturbations
in the uniform curvature gauge, which will come in useful in Chapter 4, and then
for scalar perturbations only, including now the canonical Klein-Gordon equation
at second order. Finally, to connect with other parts of the literature, we give the

equations for scalars in the Poisson gauge.

3.1 First Order

In this section we give the evolution and constraint equations at first order in cos-
mological perturbation theory for a universe filled with a perfect fluid, in a gauge
dependent form,! and for all scalar, vector and tensor perturbations, neglecting

anisotropic stress. We also present the equations in some commonly used gauges,

!By gauge dependent, we mean that the equations are presented in a form where the gauge
functions «, 8 and ~* have not yet been specified

48
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present the evolution equation for a scalar field — the Klein-Gordon equation — for
both a canonical and non-canonical field, and solve some of the evolution equations.

First, in gauge dependent form, energy conservation at linear order gives
(Spl, + 3H((5p1 + (5P1) = (po + Po)(3¢1, — VzEll — ’Uh',i) 5 (31)

where V2 denotes the spatial Laplacian, V? = 0,0*,> while momentum conservation

gives
0P

po + Fo

Vi + H(1 = 3¢2)Vis + { + @} =0, (3.2)

where we have introduced the covariant velocity perturbation as Vi; = vy; + By;.
Note, Eq. (3.2) is the analogue of the Euler equation in an expanding background
(see Chapter 4).

The Einstein equations give the energy constraint equation
SH(Y) + Her) — V(U + HEY) + HV?B, = —47Ga*5p, (3.3)
and the momentum constraint
Yl 35+ oy = —4mGa’(po + Po)Vi. (3.4)

Finally, the (i, j) component gives the equation

El,l;’ + QHELl;- + (77/)1 — ¢1)7 lj — 5(8,7 + 27‘() (QBLZ]‘ — {7]' — Slj,z)

2 2 (@ I i 2 2a" 1"
(02 + 2HO, — 92 (Bl 4+ iy ) + 858 = 200 (H2 = =) 4 20

+V3(¢1 — EY — ¢ + BY) + 27—((2%’ + V3B, — E}) + ¢1/> }

=81Ga*(Py+6P)5';.  (3.5)

Simplifying now to scalar perturbations, the energy-momentum conservation equa-

2Since we are working with a background whose spatial submanifold is Euclidean, the position
of the Latin indices does not have a meaning. However, we preserve the position in order to
keep with notational conventions such as the summation convention, and for ease of future
generalisation.



3.1: First Order 50

tions then become

(Spll + 37‘(((5,01 + (5P1> = (po + Po)(3¢1/ — VQ(E{ — U1>) y (36)
0P,
Vi +H(1 -3¢V, =0, 3.7
1+ H( Cb)1+p0+P0+¢1 (3.7)
and the Einstein equations are
SH(Y) +Hepr) — V(W + HEY) + HV?B, = —47Ga’6p, , (3.8)
V) + Hpy = —4rGa®(po + Po)Vi, (3.9)

it ir i ir i i 2a"
BV 2HE 4 (b — ¢1) Y — By — 2HBL Y + 5]-{ — ¢y <H2 -= )
+ V261 — BY =1 + BY) + 200" + 2H (200 + V(B — E}) + 1) |
= 87Ga*(Py+ 6 P)d'; . (3.10)

We can obtain from Eq. (3.10) two scalar equations. Firstly, by applying the operator
0;07, using the method outlined in Ref. [109], we obtain

2all

a

1"+ 2HY + Hoy' + ¢ < - H2> = 47Ga*5 P, (3.11)
and then, taking the trace of Eq. (3.10) and using Eq. (3.11), we obtain
(B — E})+2H(B1 — E}) +¢1 — 11 =0, (3.12)
which can be recast in terms of the shear (o7 = E] — B;) as
oy +2Hoy — g1+ 11 =0. (3.13)

3.1.1 Uniform Density Gauge

We now work in the uniform density gauge which, as we saw in the previous chapter,
is specified by dp; = 0, and consider only scalar perturbations. Eq. (3.6) evaluated

in this gauge is

— — — o
3H5P15p = (po + P()) [3¢15p — VQ(EMP — Ul(gp)] . (314)
Noting that 121\5; = —(; is the gauge invariant curvature perturbation on uniform

density hypersurfaces, introduced in Eq. (2.126), and &515/,, = 0P,aq1, this then
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becomes .
mapnadl — V2(El;, — V1sp) - (3.15)

Recall, as mentioned in section 2.4.3, that the uniform density gauge condition does

3 = -

not specify the spatial gauge function, 3;. The transformations of E; and v; do
not depend upon the temporal gauge function, so EL;/p = E, and similarly for v;.
However, the combination E, — 07 is a gauge invariant variable, the three-velocity
in the longitudinal gauge, and so Eq. (3.15) can be written solely in terms of gauge

invariant variables as

3SH
3¢ = ————— 6P — VZvu1s. 3.16
Cl (Po + PO) d1 14 ( )
We then recover the known result that, on large scales, the evolution of the cur-

vature perturbation is proportional to the non-adiabatic pressure perturbation:

¢ = _ﬁépnadl : (3.17)
Thus, the curvature perturbation on uniform density hypersurfaces is conserved on
large scales for adiabatic perturbations such as those from a single fluid or a single
scalar field [152].

Let us now consider whether a general scalar field can support non-adiabatic per-
turbations. We can calculate the non-adiabatic pressure perturbations for a general
scalar field with Lagrangian £ = L(X, ¢), Eq. (2.41). Noting that the pressure and
energy density are both functions of X and ¢, and so their perturbations can be

expanded in a series as

oprP orP
and 5 5
_ 9 o

the non-adiabatic pressure perturbation can then be obtained by substituting Eqgs.
(3.18) and (3.19) into Eq. (2.149), giving

P P
6Pnad1 = P <_<p — C?) (5g01 + P.X <—X — Cg) 5X1 . (320)
P P.x

In such a system and on large scales, the relationship between d¢, and §.X; is [37]

0X1 = Godey (3.21)
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which, when substituted into Eq. (3.20), along with the definition for the adiabatic
sound speed, ¢Z, yields

8 Prad1 = 0. (3.22)

Therefore, the curvature perturbation on uniform density hypersurfaces is conserved
on large scales in an expanding universe not only for a canonical scalar field, but for

any scalar field with Lagrangian (2.41).3 This result is in agreement with Ref. [83].

3.1.2 Uniform Curvature Gauge

Now, returning to the full equations, we neglect tensor perturbations and work in

uniform curvature gauge, where £y = 1 = F} = 0. The energy conservation

equation then becomes*

(5,01/ -+ 3H((5,01 -+ 5P1) -+ (po + P())’l)ll"i = 0, (323)

while momentum conservation gives

0P
po+ H

Vi + H(1 = 3¢2) Vi + { + ¢1} =0. (3.24)

X3

Let us now consider the dynamics of scalar, linear perturbations in the uniform

curvature gauge. The energy-momentum conservation equations then reduce to

5,01/ + 3H(5p1 + 5P1) = (,0() + Po)V2U1 s (325)
0P
Vi +H(1 -3V + +¢1 =0, 3.26
e (3.26)
and the Einstein equations give
3H%¢, + HV?B, = —41Ga’p; (3.27)
Heoy = —4nGa®(po + Po)Vi, (3.28)
2 "

Ho' + ¢y ( Z - HQ) = A1Ga?6 Py, (3.29)
B, +2HB; + ¢, =0. (3.30)

We will now solve this set of equations for the energy density perturbation of

a perfect fluid. Let us first rewrite the equations in terms of the ‘new’ velocity

3Note that, in a contracting universe this is not true (see, e.g., Ref. [73]).
4We omit the tildes and gauge subscripts for brevity.
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perturbation
Vl = (Po + Po) (1)1 + Bl) . (331)

This enables us to write Eq. (3.28), using Eq. (1.23), the background Friedmann

equation, as

3H
- _ - 3.32
¢1 2 00 Vl 3 ( )
and using this, Eq. (3.27) becomes
9 H? 3H
2B =2y - 2, .
\V4 1 5 2 Vl 5 % L1 (3 33)

Then the evolution equations, Egs. (3.25) and (3.26) are

3 9
5p + §H (34 w)dp; + 3HIP, — K*V) — §H2 (1+w)V, =0, (3.34)
V' + g (5—=3w) V1 + 0P =0, (3.35)

where w = Py/py defines the background equation of state,” and we are working
in Fourier space, k being the comoving wavenumber. Equations (3.34) and (3.35)
make up a system of coupled, linear, ordinary differential equations. Given an
equation of state and initial conditions, this system can be solved immediately (for
a given k), numerically. One can also obtain a qualitative solution by considering a
system of two equations such as this one. However, if one wants to solve the system
quantitatively, and analytically, it is easier to rewrite the system as a single second
order differential equation, which we do in the following. We solve Eq. (3.34) for V,

and get
1

<

where T = k% + JH? (1 + w) .
After some further algebraic manipulations of Eq. (3.36), and using Eq. (3.35),

3
V (6,0’1 + 5H (34+w)dp1 + 3H6P1) : (3.36)

we arrive at the desired evolution equation

" Y , 3 H' w’ T 1
5p1—|—(7H §)5p1+2H(3+w){H+(3+w) ‘Z+2H(5 3w)}5p1
H F 3
P A BV P =0.
+ 3HO 1+[3H(H g)+2H (5 3w)+‘35}(5 =0

(3.37)

5We do not demand that w be constant here.
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Equation (3.37) is a linear differential equation, of second order in (conformal) time.
It is valid on all scales, for a single fluid with any (time dependent) equation of
state. Furthermore, it assumes nothing more than a perfect fluid and hence allows
for non-zero non-adiabatic pressure perturbations.
Having derived a general governing equation (3.37) valid in any epoch, we now
restrict our analysis to radiation domination, where the background equation of
1

state parameter is w = 3 and the adiabatic sound speed is o % We recall from

Eq. (2.150) that the first order pressure perturbation can be expanded as
6Py = c25p1 + 0Poaay

where 0P,,q; is the non-adiabatic pressure perturbation, which is proportional to
the perturbation in the entropy, and is defined in Eq. (2.152). Then, the general

governing equation, Eq. (3.37), becomes, during radiation domination, where H o<
1/n

3H2 1 T2HA
5 11 4 2 5 / 2 - k2 2 )
P+ H( +—k2+6H2) p1+<6H +3( +6H)+—k2+6H2) p1
, H?
+ 3HO Pyad) + [9712 H0 e T kQ] 0Prad1 = 0.

(3.38)

For the case of zero non-adiabatic pressure perturbations the second line in Eq. (3.38)
vanishes, and the resulting equation can be solved directly using the Frobenius
method, to give [40]

5p1(k,m) = Ca(l)n > cos (%) kn — 2sin <%) V3|

+ Co(k)y~® [2 cos (%) V3 + sin (%) kn] , (3.39)

where C; and C5 are functions of the wave-vector, k, and k is the wavenumber,
k = |k|. For small kn, the trigonometric functions can be expanded in power series

giving, to leading order, the approximation
dpr(k,1) = A(k)kn™ + B(k)n~, (3.40)

for some A(k) and B(k), determined by the initial conditions.

In order to solve for a non vanishing non-adiabatic pressure, we make the ansatz
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that the non-adiabatic pressure grows as the decaying branch of the density pertur-
bation in Eq. (3.34), i.e.,

6 Poaai (K, ) = D(k)E > (3.41)

This assumption is well motivated, since we would expect the non-adiabatic pressure
to decay faster than the energy density, and in fact observations are consistent with a
very small entropy perturbation today. Furthermore, if one is considering a relative
entropy perturbation between more than one fluid or field, as time increases the

system will equilibriate and one species will dominate.® This gives the solution

Spi(k,n) = Cy(k)n~> [cos (%) kn — 2 sin (%) \/5]

+ Cy(k)n° [2 cos (%) V3 +sin <’%) kn] —3D(k)k 0.

(3.42)

3.1.3 Longitudinal Gauge

In this section we consider scalar, linear perturbations in the longitudinal gauge in
order to make a connection with the literature. In the longitudinal gauge, F; =
By =0, and ¢y = Uy, ¢; = ®q, and so Eq. (3.12) tells us that, in the absence
of anisotropic stress, ®; = W;. Taking this into account, the energy-momentum

conservation equations become

(Spll + 37‘[(5/)1 + 5P1) = (,00 -+ Po)(B(I)l —+ V2v1) s (343)
oP;
L+ H( = 3)v; + +®, =0, 3.44
U1 ( ;)1 00+ By 1 ( )
and the Einstein equations are
SH(®, + HP,) — V20, = —4wGa’Sp , (3.45)
O+ HP, = —47Ga*(po + Po)vy, (3.46)
2 "
QY + IHD, + D, ( Z - HQ) = 4nGa*S P, (3.47)

2

Assuming adiabatic perturbations, in which case §P; = ¢?dp; and w = ¢

, We can

50f course, given a specific model of the early universe this relative entropy perturbation can be
calculated.
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combine Egs. (3.45) and (3.47), using Eqgs. (1.23) and (1.25) to give
O+ 3H(1 + )P + 2K*®, =0, (3.48)

which, in radiation domination (where we recall from section 1.1 that ¢? = 1/3 and

H o< n~ '), then becomes
" / 1 2

This equation can then be solved (see, e.g., Ref. [10] for the general method) to give

o= G o () (1)

() am(F] o

3.1.4 Scalar Field Evolution and Sound Speeds

In this section we consider the dynamics of a scalar field. Many oscillating systems
can be described by a wave equation, that is a second order evolution equation of
the form
Lx v r@a o, (3.51)
Con
where X is, for example, the velocity potential, F(X, %) is the damping term, and
cf)h is the phase speed, i.e. the speed with which perturbations travel through the
system [79, 141]. The situation for a scalar field is not dissimilar, and the evolution
equation in this case is the Klein-Gordon equation, where X = ¢ is the scalar
field. The Klein-Gordon equation is obtained by substituting the expressions for
the energy density and the pressure into the energy conservation equation. The
background equation is given in Section 1.2 and here we focus on the perturbations.
There is some confusion in the literature on the meaning of adiabatic sound speed
and phase speed. Although this seems not to affect the results of previous works, and
the adiabatic sound speed is often simply used as a convenient shorthand for P, / Po,
as defined in Eq. (2.151), it is often confusingly used to denote the phase speed.
The adiabatic sound speed defined above describes the response of the pressure
to a change in density at constant entropy, and is the speed with which pressure

perturbations travels through a classical fluid. A more intuitive introduction of the
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adiabatic sound speed is using the compressibility [79],
) (3.52)

which describes the change in density due to a change in pressure while keeping the
entropy constant.

A collection of scalar fields can also be described as a fluid, but the analogy is not
exact. Whereas in the fluid case the phase speed cf)h and the adiabatic sound speed

c? are equal, this is not true in the scalar field case and the speed with which per-

turbations travel is given only by cf)h. The phase speed, cf)h can be read off from the
perturbed Klein-Gordon equation governing the evolution of the scalar field. This is
just a damped wave equation, like Eq. (3.51), and so by comparing the coefficients
of the second order temporal, and second order spatial derivatives, we obtain the

phase speed.

We first focus on the canonical scalar field with Lagrangian (2.30); the background
equation is given in section 1.2. The equation for linear perturbations is, in the

uniform curvature gauge,
5] + 2HOQ, + 2a°U 1 — V2 By — V250, — opdr’ + a*U,,dp, = 0. (3.53)

We can express this in closed form, that is containing only matter perturbations, by
replacing the metric perturbations using the appropriate field equations. Doing so
gives (e.g. Ref. [106])

5o 4+ 2HEY, — V35,

(G

, »8TG
+ Cl2 U,(p(p + 7 (2@0[]& + 50027 (900))] (5901 =0. (354)

Similarly, we can calculate the Klein-Gordon equation for a scalar field with the

non-canonical Lagrangian, (2.41). We obtain

1 - 3H . k2
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where the coefficients C] and C5, both functions of ¢ and X, are

2

Cy = p%h [P = 3Hp x%0 — pxebo’] [Bp.xxbo + bo’pxxx]
X

1 .. )
+ ]; [@op,xw + 8003P,XX¢] , (3.56)

2
Coh . )
Cy=—2"[py — 3Hp xBo — P.xpP0’]
Px
4rGpop, x
H

P.x%0
H

X {p,xw + Go°Pxxp — (560°p.xx + Go'Pxxx + QP,X)}

. 47TG¢0
H cf)h
1 .. )

+ IE [9002P,X<p<p — Dy T+ SH()OOp,Xgo} . (3.57)

[SH%p,X py = PP Loy 4 (ot + p,@ﬂ

The constants in this equation of motion can be interpreted physically: C} is an
additional damping term, and Cy affects the frequency of the oscillations. The

phase speed is then read off as

2 P.x
2 = , 3.58
ph px +2Xop xx (3:58)
which, using Eq. (2.37) reduces to [56]
P
2 =X (3.59)
P0,xX
The adiabatic sound speed for the Lagrangian (2.41) is given by
= PXP0 ¥ Py —. (3.60)
PxPo — Py T PXXP0"Po + P xpP0
Finally, the adiabatic sound speed for the canonical Lagrangian is
2U
2 ®
=1 3.61
CS + BHQPOI ? ( )
and becomes ¢? = —1 in slow-roll. The phase speed for a canonical scalar field is

2, = 1, as can be read off from Eq. (3.53).

Thus we note that, although in classical fluid systems the adiabatic sound speed
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and phase speed are the same, they are different in the scalar field models studied
here, with only the phase speed describing the speed with which perturbations travel.
We emphasise that only the definition for the adiabatic sound speed, Eq. (2.151),
enters the definition of the pressure perturbation. Similarly, in the adiabatic case
when 0 P,.q1 = 0, Eq. (2.152) reduces to P, = ¢2dp;. Again, this convenient relation
between the pressure and the energy density perturbation is only correct when using
the adiabatic sound speed, as defined in Eq. (2.151).

3.1.5 Combined Dark Energy and Dark Matter System

In this section, as an application of gauge choice and the linear equations, we consider
perturbations of a combined dark matter and dark energy system. The importance
of considering dark energy perturbations in such a system is still under discussion.
Recently, in Ref. [126], it was shown that ignoring the dark energy perturbations
results in gauge dependent predictions. The authors showed this by first taking the
governing equations for the dark matter/dark energy system calculating, using a
numerical simulation, the matter power spectrum in three gauges: the comoving
gauge, the uniform curvature gauge and the uniform expansion gauge. As expected,
the same result was obtained for each gauge. They then ignored perturbations to
the dark energy component, and repeated the analysis, this time obtaining different
results for each of the three gauges. They then concluded that it was crucial to
include the dark energy perturbations when analysing such a system. Thus one
cannot use the familiar evolution equation for the dark matter density contrast,
e = 0pe/pe,

b, + 2Ho, — 4nGpede =0, (3.62)

which is obtained by ignoring dark energy perturbations once the equations have
been put into a gauge comoving with the dark matter.

In this section we consider a similar question, and ask whether we can come
to the same result without using numerical simulations, but instead by using the
formalism of cosmological perturbation theory. The section contains work published
in Ref. [35].

We consider here the linear governing equations for scalars only in coordinate
time and without fixing a gauge (dropping the subscript ‘1’ in this section for ease
of presentation). Though some of the equations from previous sections are replicated
here, since we are using a different time coordinate in previous sections, we give all
equations used for completeness. We assume that the dark matter and dark energy

are non-interacting, and so energy momentum conservation for each fluid is given
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by
VTl = 0. (3.63)

Note that this assumption is for brevity, and to allow us to deal with more man-
ageable equations. The results highlighted in this work will still hold in the case
of interacting fluids for which the overall energy-momentum tensor is covariantly

conserved, but the components obey
V,U,T(/ié)l/ - Q(a)u ) (364)

where Q(q), is the energy-momentum transfer to the ath fluid [70, 112].
Then, we obtain an evolution equation for each fluid from the energy (temporal)
component of Eq. (3.63),

. V2 .
0pa +3H (0pa + 3Fa) + (po + Po)—5 (Va + 0) = 3(pa + Pu)¥, (3.65)

where the covariant velocity potential of each fluid is defined as V,, = a(v, + B).
Considering the dark matter fluid and the dark energy scalar field, respectively,
Eq. (3.65) then gives
. A VL
o =3 — 5 (0 + Vo), (3.66)

2 2

5o+ 3H8p + (UW . %)5@ _ ¢>(31/} _ %a n gz'a) —2U, 6, (3.67)

where we have used the expressions for the energy density perturbation and pressure
perturbation of a scalar field given in Section 2.2, and note that the dark matter
is pressureless. We have also used the background evolution equation for the dark
energy scalar field

Go+3Hpy+U,=0, (3.68)

the background conservation equation for the dark matter,

pe+3Hp. =0, (3.69)
and the expression
V, = o (3.70)
o o .

There is also a momentum conservation equation, coming from the spatial compo-
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nent of Eq. (3.63), corresponding to each fluid

0P,

Vo, —3HEV, + ¢+ =
“ ¢ po + P

0, (3.71)

where 2 = P,/p.

The Einstein field equations give (from the previous section or, e.g., Ref. [111])

3H(¢ 4+ He) — Z—;(z/z + Ho) 4 47Gép =0, (3.72)
U+ Ho+ 47G(po + Bo)V =0, (3.73)
G+ Ho—¢+1p=0, (3.74)
U+ 3HY + Hp+ (3H* + 2H)¢ — 4nGSP = 0, (3.75)

where the total matter quantities are defined as the sum of the quantity for each
fluid or field, i.e.

6p = 0py + Ope (3.76)
5P =6P,, (3.77)
(p+P)WV = (py+ Pp)Vip + pcVe, (3.78)

and we have used the fact that the dark matter is pressureless, i.e. P. =0 = §P..
Introducing a new variable Z, both for notational convenience and to assist with

the following calculations, defined as

2

Z=3+ Ho) — %0, (3.79)

we can rewrite Eq. (3.75), using Eqs. (3.72) and (3.74), as

2

Z 4 oHZ + (3H + %)gﬁ — 47G(3p + 36 P). (3.80)

Then, from Eq. (3.66),
2

Z=0,+3H¢+ %vc , (3.81)

and from Eq. (3.71) for the dark matter fluid (for which ¢? = 0),

¢=—V,. (3.82)
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Differentiating Eq. (3.81) gives
L. V2, .
Z = do+3(Ho) + — (VC - 2HVC> . (3.83)

Substituting this into Eq. (3.80) gives

O + 2Hd. — 4nGpede = 8TG (26000 — U ,0¢)
+ Vo(6(H + H?) + 167Gpo?) + 3HV.. (3.84)

The evolution equation for the field is then obtained solely in terms of matter per-
turbations from Eq. (3.67) by using Egs. (3.82) and (3.81):

2

- . v . V2 . . . .
5 + 3H6p + (Upp =~ )00 = ¢ (0 + — Ve BHVe + 3HV, = Vo) + 20,V
(3.85)

It is worth restating that we have derived these equations in a general form with-
out fixing a gauge. If we set the dark matter velocity to zero, i.e. V. = 0, then
they reduce to those presented in, for example, Refs. [34, 70] (for the case of a zero

energy-momentum transfer).

We now want to consider fixing the gauge freedoms in this set of governing equa-
tions. In order to do so, we need to consider the gauge transformations of the

variables under the transformations

t=t—a, (3.86)
T =1 -, (3.87)

where the generating vector is then defined as
¢ = (a,8). (3.88)

Note that, since the choice of time coordinate is different to that used in the previous
chapter, the following gauge transformations will differ from those presented in, e.g.,
Section 2.3.4 due to the different definition of £*. Then, scalar quantities such as

the field perturbation transform as

5o = S + par, (3.89)
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the density contrast transforms as

be = b + 2, (3.90)

Pe

and the components of the velocity potential as
Ty = Vg — af. (3.91)

Furthermore, by considering the transformation behaviour of the metric tensor we

obtain the following transformation rules for the scalar metric perturbations

O=0¢+ , (3.92)
=1 — Ha, (3.93)
- 1 )
B:B—aa—kaﬁ, (3.94)
E=E+3, (3.95)
and so the scalar shear transforms as
c=0+4+a. (3.96)

Finally Eq. (3.91) gives the transformation behaviour of the components of the
covariant velocity potential
Vo=Vo,—a. (3.97)

Turning now to the case at hand, choosing the gauge in which the perturbation

in the dark energy field is zero, chp = 0, fixes a as

9

; (3.98)

Since none of the gauge transformations of the quantities involved in the governing
equations depend upon the threading 3, we do not need to consider fixing it explicitly
here. (Of course, one can rigorously fix 3 by choosing a suitable gauge condition, as

outlined in Section 2.4.) The governing equations in this gauge are then

~ ~

5 + 2H6, — 4nGpedy = V(6(H + H?) + 167G?) + 3HV,, (3.99)
92 BY 2 _ BY
A S (3.100)

Yo a?
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where the hat denotes that the variables are evaluated in the uniform field fluctuation

gauge. That is, in this gauge, (/5; and \Z are gauge invariant variables defined as

be=6.— 6o, V=Vi+ 2. (3.101)

Alternatively, choosing a gauge comoving with the dark matter, in which ‘7; =0
fixes the generating vector as

a="V,, (3.102)

and reduces the governing equations to

Oe + 2H3, — 4mGpde = 87G (26009 — U ,09) (3.103)
= = VQ = N
S+ 3H5p + (UW - ?)w = oo, (3.104)

where the bar denotes variables in the comoving gauge and we have

5y = 0 + Z—v 8o = 8o + oV (3.105)
c

By studying the above systems of equations, it is evident that choosing the dark
energy field perturbation to be zero is a well defined choice of gauge, reducing the
governing equations to Eqs. (3.99) and (3.100). Then, having done so, we are no
longer allowed the freedom to make another choice of gauge. Alternatively, choosing
a gauge comoving with the dark matter uses up the gauge freedom, and so we are not
permitted to neglect the perturbation in the dark energy field. In fact, doing so will
result in erroneous gauge dependent results. It is clearest to see why this is the case
by considering the set of governing equations. By making our choice of gauge we
are left with a set of equations which is gauge invariant: that is, performing a gauge
transformation will leave the set of equations unchanged. However, by neglecting
the perturbation in the dark energy field after having chosen the gauge comoving
with the dark matter amounts to setting the right hand side of Eq. (3.103) to zero.
This resulting equation will, in general, then no longer be gauge invariant.

Thus, we conclude that the dark energy perturbation must be considered in a
system containing a mixture of dark matter and dark energy. Our result is consistent
with that of Ref. [126], though we have shown this by simply using the formalism
of cosmological perturbation theory instead of relying on more involved numerical

calculations.
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3.2 Second Order

We can extend the governing equations presented in the previous section to beyond
linear order by simply not truncating the expansion of each variable after the first
term. Doing so, we obtain equations with similar structure to those at linear order,
however with new couplings between different type of perturbation. In fact, these
couplings will turn out to be the reason for the qualitative difference between the
linear and higher order theories. In this section, we will present the full second order
equations for scalar, vector and tensor perturbations in a gauge dependent format.
These equations have been derived previously, for example in Ref. [123], though are
derived in a slightly different way, using the ADM split, and so are written in terms
of the extrinsic curvature. The energy conservation equations have also been derived
in Ref. [112].

Conservation of energy momentum again gives us two equations: an energy con-

servation equation

0p2’ + 3H(0ps + 0 P) + (po + Fo)(Co; + v2i") + 2(0p1 + 6 P1) vy
+ 2001 + 6P (CY; + vii) + 20 + Po) [ (Vi + 0])Vi, + v 60

—2C1,,CY +vi(CLji + 261 ;) + 4HV (Vi + vu)] =0, (3.106)

14j

and a momentum conservation equation

!/

(po + Po)Vai| + (po+ Po)(¢2; + 4HVa) + 0P ; + 2 [(501 + 5P1)V11}

+2(8p1 + 0Py)(p1i + 4HVA,) — 2(po + Po)’ [(Bli + Vii)o1 — 2011']'1){]

+2(po + Do) | Vii(CY) + v] ;) — Bu(¢' + 8Hen) + (2C130])

+ 0](Viig = Bis + 8HCy) = 61(Vis + Bl + 201, + 4How)| =0, (3.107)

where we have not expanded the terms in Cj; in order to keep the equations compact,
but recall from Eq. (2.3), that

1
Cij = —=¥0ij + Eij + Fuj) + Ehij : (3.108)
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The Einstein equations give the (0 — 0) component

V205, — Coij 7 + 2H(—Ch; + By + 3Hoo) + QC{j,i(écfkf — 20 )

. -/ PR 1 ) ) )
+ 2B [C{ gi— Cul + 3 (V2B — Byyi’) + 2H (CY;; — 2C1557 — 1) ]

& ki D ki
4407 [201jk,ﬁ — CFpiy — V2Chyy + 2H(Cy, — Bw)} +200(CFT = STt

Lij

3 1, - o1, .
+ 207 (Byy? = 501 5 + 4H8) + 4CY Gt + 201, (GO - BLY)
+ §Blj,i(Bi,J + B{') — 6H*(4¢] — By;B}) — B} ;B1;’ — 8HBj i1
— _8rGa? [Z(po + Py) Vo, + 5,02} , (3.109)

and the (0 — ¢) component

I ! ]_ -/
Clri— Cor* — 3 (Bak,” — V?By;) — 2Hpo; + 16Her ;01 — 2CY ;614
1ij <20fj,k: — CF) + ¢1,j> + 40y [Ch‘k,j = Cijpi + 5 (Bukij — Bli,ka’)]

+2B] (Cuii® = Criis + Crana! = V2Chij — 2HB1 ) — (Bli’j * Bm) #?

+2C

1 ) ) ) ) )
+2 (B, — Biji) (50{“,{7] — kav’f) —2C1; (BY) — Bi ) + 2B ;61
+2¢1 [Blj,ij — V?By; + 2 <C’1ij7j - C'lj/j,iﬂ - Qij/C'kj,i
1 k

We present the full (i — j) component in Appendix A.

The equations for scalar perturbations only in a gauge dependent form are then
obtained by substituting C;; = —¢d;; + E;; and B; = B, at both first and second
order, into the above. The energy conservation equation then becomes

5p21 + 3H<5P2 -+ (SPQ) -+ (po -+ PQ) <V2(E2, + 'UQ) - 3¢2/) -+ 2((5p1 + 5P1)7ﬂ)1i

+2(6p1 + 011) (VQ(Ell +v1) — 3¢1/> +2(po + o) |:<‘/1/,2' + 4Hv1,:) (Vi + viy)

+ 3011 + Viurdy — (U1 VPE) + By BV 4 01, (201 — 341, + VQELZ-)] =0,

(3.111)
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while the momentum conservation equation is

!/

[(Po + Po)Vl,z‘]/ + (po + P) (9252 + 4HV2>J + 0P, +2 |:‘/1,i(5p1 + 5P1)]

+2(0p1 +6P) <¢1 + 47'(‘/1) —2(po+ Ry’ |:(‘/1 + B1) i1 — 2(Erzu) — 1/11?11,1')]

N3

+ 2(po + ) [Vu (Vz(Ell + 1) — 3¢1/) — Bii(¢1' + 8Hepr) + Ul,j(Ul,zj + 8HE ;j)

+ 2<U1,jE1,z‘j — @/111)1,1‘)/ — O ((‘/1 + B1) +2¢1 + 4H'Ul> T 87"@/)1”1,1} =0.
| (3.112)

Turning now to the Einstein equations, the energy constraint is

3H(us' + Hon) + V2 (H(By — B) — 1) + V2B, (V2(BY - %Bl) o)

+ By, (H(3HBlf —OVEE = 2(hy + 1)) — wlf’) + 28, (i — 2HBY)
+ AH (b — 1) (3¢1’ VB - Bl)) + Elfj’<4HE1 + %El’ - Bl)’ij
Ty <2V2(E1’ _OHE)) — 3¢1’)) + 1y [(2V2E) — 3¢hy) + 2V (V2E) — 44by)
—12H2¢,% + %(BWBLU + V2B VRE T — By By R — V2E1’V2E1’>

— _4rGa? (2(p0 + PV v + (5p2) , (3.113)

and the momentum constraint

Uoly + Mo — Er'y;(r + ¢+ V2E)) ! + By ;(2HBy + 1) !

— [P B = )] = 6n, (H01 + 201" + V(B - By))

= By + 201 "B+ By By = (V2B ddn) — Vi By
— 4rGa? [(,00 4R (v2 — 26, (Vi + By)s — (v, — El’ikvljk))

+ 25 + 5P1)VLZ-] , (3.114)
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while, from the trace of the i — j component, we obtain

"

BH(20s + 62) + V(B + 2B + 2 — BY — 65 + 2HBy) — 36n(H2 =22 ) + 34"
+ (U1 = 60) (12001" + 2H0) + 4V (61 + (BL — 1)) + SHV2(B1 — By'))

) /5
+ B9 (SHEB = Bi)gg + 20y — 4n,, — 4B1 ) + By Y (DB, — Buy)

+ 2V2E1/<4¢1/ A 231)) + VQEl,i(szl,i +2¢1,; —4HB,; — 231&-)
+ wlf <2V2El,i - 4HBl,i — 2(¢1 + ¢1),i — 231:i> — Q(bll(szl + 12H¢1)
= 201,01 + 2V (VP EL — d41) + ¢1’(3¢1’ —6¢1' — 8SHV?E; — 2V*(E; + Bl))

+2B, (H(3Bl’ —24)) — 3¢1’) +5 <BMJBL” — By By R v231v231)
1
+A(E B — V2B + 3<H2 - 2%) (4¢12 — Bl,ZBlf)

= 4rGa® (35132 +2(py + PO)ULZVLZ-) . (3.115)

We can obtain, from the ¢ — j component a fourth Einstein equation, as at linear
order, by applying the operator 9;07. However, since we do not require this equation
for the work in this thesis, as one can always use the energy-momentum conservation

equations in place of the ¢ — 5 equations, we omit that equation here.

3.2.1 Uniform Curvature Gauge

We now present the second order equations in the uniform curvature gauge, where
@Z =F= E = 0, at both first and second orders. We also consider only scalar and
vector perturbations in this section, i.e. we choose to neglect tensor perturbations,
and so Cj; = 0, at both first and second order. We obtain the energy conservation

equation

0p2’ + 3H(8ps + 6Ps) + (po + Po)vai* + 2(6p1 + 6P) 705 + 2(0p1 + 0P vy,
+2(po + ) [(Vf’ F UV + vl + 208y, + AHU (Vi + vu)] 0, (3.116)
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and momentum conservation equation

[(po + PO)V%] + (po + Po) (¢, + 4H Vo) + 0P + 2 [(591 +0P)Vii
+2(0p1 + 0Py ) (1 + AHVA,) — 2(po + Po)' (Bii + Vi)
+2(po + Fo) [Vlz‘?}{,j — Bii(¢1' + 8Her) + U{(‘/li,j — Buji)

— ¢1(Vi; + By +2¢1; + 4HU1¢)] =0. (3.117)
The Einstein equations give us an energy constraint

. .1l .
OH (B, + 3Heps) + 2B [5 (V2Byi — By;i) — 2H¢M]
+ 5 Busa(BL + BL) — 6H3(463 — BuBY) — BiiBy! — $HBL 0,
= —87Ga? [2(p0 + PO)Vlkvlk + 5p2] , (3.118)

a momentum constraint

1 .
(V2B2i - BZk,ik) — 2H o + 16HP1 i1 — 47'(3{31]',1‘

DO |

— <Bli,j + Blj,i> ¢1,j + 2B{,j¢1,i + 2¢1(Blj,ij — V231i)

1

and a third equation from the (i — j) component

1 it it i i i
= 5(Bay+ By") = ¢y — H(By + Byy)
, 2a" , .
854200 (T — H) 4 TH(BL e+ 04) + Bk + Vo0 ) + 201701,

+ B (By;'x + Biju — 2Buw';) + (B; + Bu;,") (¢ + BY ) — Bu,'BY j — By "Bi
+ Bi(Bix* — V?Bi; + 4H¢1 ;) + 261 [Ba;” + Bi" j +2¢1"; + 2H(B;' + By’ )]
2a//

a

20 { (W = =) (46 = BuBi") = 261[BY i~ V61 + 2H(20) + BY 1)

1
BY[V?Byy — By + 2H(By, — ¢14)] — Z(2Bf,k31z,l — ByBY ' =3B ByF)

— ¢\ By — ¢1,k¢1,k} = 381G [Q(Po + Po)viVi; + 5ij5P2] : (3.120)
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Considering scalar perturbations only, energy conservation gives

(5p2/ + ?)H((Spg + 5P2) + (po + Po)v2U2 + 2(5p1 + 5P1)7ﬂ)1i
2(6p1 + 6PV + 2(po + Po) [(V{ﬂ. S+ AH) (Vi + vis)

+ V20191 + 21}1,%14 =0, (3.121)
and momentum conservation gives

[(Po + Po)Vl,i] + (po + D) <¢2 + 47'”/2) 0P +2 [‘/1,1'(5p1 + (5P1)]
+2(dp1 + 6 Py) <¢1 + 4HV1> = 2(po + Po)' (Vi + B1)in

+2(po + Pp) [Vw%l — Bui(¢n' + 8H¢n) + vi vy

— ¢ <<Vl + B1) + 261 + 4Hv1) ] =0. (3.122)

1
Finally, the Einstein equations for scalars only in the uniform curvature gauge are
2 2 L con 2 i i
SH ¢y + V"HBy — 19 — §(V B1)* + HBy ;(3HB, " —2¢1") + 4H¢1 By

1 -
~12H20:* 4+ By B Y = —drGa? (2000 + PVa orsc+0p2) . (3.123)

Hes, + Briy(2HBy + ¢1)7 — <8H¢1 _ v231>

= —47TG612 |:(p(] + Po) <V.271 — 2¢1(Vi + Bl),i) + 2(5,01 -+ 5P1)‘/1,z] s (3124)

and

3Hey' + V*(2HBy — By — ¢s) — ¢y (4V2(¢1 +By) + 8’HV231>
— 201" (V?By 4+ 12H¢y) — 261 01" + 2HB1’i(3Bll B Z(bl) ‘

N2

1 . " :
+35 (BWBL” — VZBlszl) + 3<H2 - 2%) (4¢12 — BB~ ¢z)
= 47TGG2 (35P2 -+ 2(p0 -+ PO)Ul,i‘/i,i> . (3125)

The Klein-Gordon equation can be obtained at second order by using the same
technique as at first order: comparing the energy-momentum tensor for the scalar

field to that of a perfect fluid and using energy conservation. The equation for a
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canonical scalar field is

5y 4 2HEply — V250, + CLQU’@@(S(’OQ + aQU’@W&Of + 2a2U7§0¢2 — p(V2By + ¢5)
+ 4y Br " + 2(2Hepl + a’Uy) BBy + 491 (a*U ppdpy — V2000;) + 411
— 2004 (V?By + ¢1') — 46, B, F = 0, (3.126)

where we are yet to use the field equations to remove the metric perturbations. See
Refs.[65, 67, 68, 106] for the closed form of the Klein-Gordon equation at second

order and for detailed work on the second order Klein-Gordon equation.

3.2.2 Poisson Gauge

In this section we present the second order equations in the Poisson gauge, in order
to connect with the literature which often uses this gauge (for example, Ref. [3]
presents the Einstein equations with scalar field matter in this gauge). The gauge
is defined by E=0=2B , and then 5 = o and QZ = W. In the absence of anisotropic
stress, as is the case for this work, Wy = ®; (though note that this does not hold
true for the second order variables ®5 and W,). Note also that, in this gauge, V = v.

Energy conservation then becomes
5p2/ -+ 3H(5p2 + (SPQ) + (po + Po) (VQUQ — 3\11/2> + 2(5p1 + 5P1)7i7)1i

+2(0p1 +6P) (V201 = 38]) + 2(po + Fo) [ 2(0], + 4Hvr vy

430, @, + V2B, — vlf'cbl,l} ~0, (3.127)

while the momentum conservation equation is

/

[(Po + PO)UZz}/ + (po + Fo) (‘I)z + 4HU2),¢ +0P; +2 [U1,i(5p1 + 5P1)]

+2(0py + 0 PY) (@1 + 4Hv1> "~ 6(po + o) Byvn

32

+ 2(p0 + Po) [Ul,i (Vzvl — 3@3) + ’U17j’017ij — (I)l <"U/1 + 2(1)1 + 47’{’01) )

N2

/
— 2((1)11}171') - SH(I)lei] =0. (3128)

Then, the Einstein equations (where we here do not decompose the velocity into
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a scalar and divergenceless vector) are

SH(V, + HDPy) — VU, — 30|, — 30, 'y, — 8V?D, D) — 12H? D]
= —ArGa? <2(p0 + Py)viFory, + 5p2> , (3.129)

Wy, + HPy + 4(P1;P) — Oy (SHP, + 20)) — 40 ;04
= —47TGCL2 [(po + P())(’Ugi — 6(I)1Uh‘) + 2(5p1 + 6P1)U1{| y (3130)

and

2 "
WY 4 H(2Ws + By + - VE(By — W) + (% - H2><I>2

2" 8
4 A2 <H2 ¢ ) — 20,01 — SHO @) — S V2010, — 3(0})’
2

— 4rGa <5P2 +2

(po + Po)or’ vh) . (3.131)

For completeness, we present the fourth field equation, obtained by applying the
operator 9;0” to the i — j component of the Einstein equations, Eq. (A.1):

20//1

Wy (20, + @) + (5

- H2> (1)2 = 47TGCL25P2 + 87TGG2(p0 + PO)V*Q@(W (Ulivlj)

4 4 24"
= V{201,007 4401 /5017 — V2|01 + 0] + 208 (H2 - =)

+ o (4V4<I>’1 — 3V, + 2HV2¢>1> } , (3.132)

where V72 is the inverse Laplacian operator. Finally, combining Eqs. (3.131) and
(3.132), we obtain

Vz(‘IIQ - CI)Q) = 247TGa2(p0 + PO) [Uivli V2 (aiaj(vivj))] + 12(1)% <H2 B 22 )

— 18HP, P — 3V*2{2q>1,k'q>1,’“ + 40, 10, 7 4+ D) (4VID, — 3V + 2HV2®1)}

) 2 "
C 60Dy By D+ ()2 4 20 (H2 _ ) . (3.133)

a

which is the second order analogue of the equation which, at first order, tells us that

the two Newtonian potentials are identical in the absence of anisotropic stress.
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3.3 Discussion

In this chapter we have presented the dynamical equations for general scalar, vector
and tensor perturbations of a flat FRW spacetime at both linear and second order.
The case of linear perturbations is relatively simple since the different types of
perturbation decouple from one another. However, as one moves beyond linear
order, this is no longer the case and so things necessarily become more involved.
As we have seen, at second order the energy-momentum conservation equations,
for example, not only depend upon the true second order perturbations, but also
involve terms quadratic in first order perturbations. So, while in this chapter we
have managed to solve the linear equations analytically in, for example, the uniform
curvature gauge, doing this at second order would be far more complicated. But
with this complication comes great reward, since this coupling between lower order
perturbations provides a source which can result in qualitatively new results, and
thus new observational phenomena. In the next chapter we will discuss one such

example: vorticity generation at second order in perturbation theory.



4 Vorticity

Vorticity is a common phenomenon in situations involving fluids in the ‘real world’
(see e.g. Refs. [2, 79]). There has also been some interest recently in studying
vorticity in astrophysical scenarios, including the inter galactic medium [44, 155], but
relatively little attention has been paid to the role that vorticity plays in cosmology
and the early universe.

In this chapter we will consider vorticity in early universe cosmology. Starting
with a summary of vorticity in classical fluid dynamics as motivation, we show
that vorticity is generated by gradients in energy density and entropy. We then
consider vorticity in cosmology, for which we need to use general relativity and
cosmological perturbation theory. At linear order, there is no source term present
in the evolution equation, and any vorticity present in the early universe will decay
with the universe expansion. At second order, however, vorticity is induced by linear
order perturbations. As mentioned in Chapter 1, while at first order perturbations
of different types decouple, this is no longer true at higher orders. Recent work
in the area of second order gravitational waves has exploited this fact [11, 13—
15,20, 114, 117, 125, 132, 148], as have recent studies of induced vector perturbations
[97, 98]. Though Ref. [98] assumed the restrictive condition of adiabaticity which
therefore could not source vorticity at any order, we show that, in analogy with the
classical case, vorticity is sourced at second order in perturbation theory by a term
quadratic in energy density and entropy (or non-adiabatic pressure) perturbations.
Finally, we present a first estimate of the magnitude and scale dependence of this
induced vorticity, using the expression for the energy density derived in Section 3.1.2
as an input power spectrum along with a sensible ansatz for that of the non-adiabatic
pressure perturbation. We close the chapter with a discussion of the results, and

highlight some potential observational consequences. The results in the chapter have

been published in Refs. [38-40].
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4.1 Introduction

In classical fluid dynamics the evolution of an inviscid fluid in the absence of body

forces is governed by the Euler, or momentum, equation [79]

1
— -V)v=—-—-VP 4.1
G+ V= — VP, (1.1
where v is the velocity vector, p the energy density and P the pressure of the fluid.

The vorticity, w, is a vector field and is defined as
w=Vxwv, (4.2)

and can be thought of as the circulation per unit area at a point in the fluid low.! An
evolution equation for the vorticity can be obtained by taking the curl of Eq. (4.1),
which gives

ow

1
E:Vx(vxw)jLEVprP. (4.3)

The second term on the right hand side of Eq. (4.3), often called the baroclinic
term in the literature, then acts as a source for the vorticity. Evidently, this term
vanishes if lines of constant energy and pressure are parallel, or if the energy density
or pressure are constant. A special class of fluid for which the former is true is a
barotropic fluid, defined such that the equation of state is a function of the energy
density only, i.e. P = P(p), and so (1/p*)Vpx VP = 0.

For a barotropic fluid, the vorticity evolution equation, Eq. (4.3), can then be

written, by using vector calculus identities, as

D 0

F‘:Ea_‘:+(v-V)w:(w-V)v—w(v-v), (4.4)
where D /Dt denotes the convective, or material derivative, which is commonly used
in fluid dynamics. From Eq. (4.4) it is clear that the vorticity vector has no source,

in this case, and so w = 0 is a solution.

F:%v-dl,
c

where C' is the boundary of the surface S. Then, using Stokes theorem, this becomes

F://S(va)-dS,

which gives the result that the vorticity is the circulation per unit area at a point in the fluid
flow. O

IThe circulation, I, is defined as
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Allowing for a more general perfect fluid with an equation of state depending not
only on the energy density, but of the form P = P(S, p) will mean that, in general,
the baroclinic term is no longer vanishing, and so acts as a source for the evolution
of the vorticity. This is Crocco’s theorem [43] which states that vorticity generation

is sourced by gradients in entropy in classical fluid dynamics.

4.2 Vorticity in Cosmology

In General Relativity, the vorticity tensor is defined as the projected anti sym-

metrised covariant derivative of the fluid four velocity, that is [75]
Wy = Puapuﬁu[a;ﬁ} ) (4.5)
where the projection tensor P, into the instantaneous fluid rest space is given by
P = g + upty. (4.6)

Note that, in analogy with the classical case, it is possible to define a vorticity vector
as wy, = %%Ww’”, where €,,, = u‘se(guw is the covariant permutation tensor in the
fluid rest space (see Refs. [62, 98]). However, since this is less general we choose
to work with the vorticity tensor when deriving the equations, and only switch to
using the vorticity vector when solving the equation in Section 4.4.

The vorticity tensor can then be decomposed in the usual way, up to second order
in perturbation theory, as w;; = wy;; + %wgij. Working in the uniform curvature
gauge, and considering only scalar and vector perturbations, we can obtain the
components of the vorticity tensor by substituting the expressions for the fluid four
velocity, Eq. (2.23), along with the metric tensor into Eq. (4.5). At first order this
gives us

wiij = aVipj), (4.7)

and at second order
w%j = a‘/g[iJ} + 2CL ‘/1/[@‘/1]} + (bl,[i (‘/1 -+ Bl)j] - ¢lBl[i,j] . (48)

The first order vorticity is gauge invariant. In order to see this we recall, from

Eq. (2.94), that V3; transforms under a gauge transformation as

‘711' =V, - Q1 (4-9)
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so the first order vorticity transforms as

P

wiij = aVipg) = a(Viig — auiy — Viga + au i) = wiij (4.10)

and is therefore gauge invariant.

4.3 Vorticity Evolution

In order to obtain an evolution equation for the vorticity at first order, we take the

time derivative of Eq. (4.7) to get

Noting that, from Eq. (3.24),
0P
i) ( Wi g ot Fo o1 . (4.12)
which gives
1
‘G,[i»j] == —H(l — 303)‘/1[1’]] == —EH(]. — 3c§)wh~j s (413)
and so, from Eq. (4.11),
wiij - 3HC§W1U =0. (414)

This reproduces the well known result that, during radiation domination, |w;;w?| oc

a~? in the absence of an anisotropic stress term [75].

At second order things get somewhat more complicated. We now take the time
derivative of Eq. (4.8), to give
wyij = a'Vafig) + aVapiy) + 24 [Vf[iVlj] + é1i (Vi + Bi)jy — 1B
20| Vi Vag + ViV + 0t (Vi By + 60 (Vi + By
— ¢ Bujig) — ¢lBi[z’,j]} - (4.15)
Therefore we now must use the first order conservation and field equations to elim-
inate the first order metric perturbations as well as the second order conservation

equations in order to eliminate the second order metric perturbation variables. This

process involves simple algebra, but is very tedious and so we omit the intermedi-
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ate steps and instead quote the result. We arrive at the evolution equation for the

second order vorticity

0P, +dp1
po+ B
+2 (VF = XT) wiine — 2 (X3 = Vi) wua + 2 (X7, — V%) wiji

/

a
= 3H (V1i0 Poad1.i — V10 Paadi s
Po + PO{ H ( 1 di,j 1j d1, )
1
+ 5 5Pna 1_6 iéPna j }7
pO + PO ( plv] dl, p17 le)

where X;; is given entirely in terms of matter perturbations as

ArGa?
H

Eq. (4.16) then shows that the second order vorticity is sourced by terms quadratic
in linear order perturbations.
In fact, even assuming zero first order vorticity, i.e. wy;; = 0, the second order

vorticity evolves as

2a

2
w;ij — SHcway = po+ Fo

(4.18)

0p1 1:0 Phadii
{SHVMPMM + M} ,

po+ Ho

and so we see that there is a non zero source term for the vorticity at second order
in perturbation theory which is, in analogy with classical fluid dynamics, made up
of gradients in entropy and density perturbations. Note that, in the absence of a
non-adiabatic pressure perturbation, we recover the result of Ref. [98] that there is

no vorticity generation.

4.4 Solving the Vorticity Evolution Equation

Having derived an evolution equation for the second order vorticity in the previous
section, we now seek an analytic solution to this equation (or, more precisely, the
power spectrum of the vorticity governed by this evolution equation), using suitable,

realistic approximations for the input power spectra.
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4.4.1 The Vorticity Power Spectrum

In order to keep our results conservative and our calculation as simple as possible
and hence analytically tractable, we assume that the source term in Eq. (4.18) is
dominated by the second term.? Then, choosing the radiation era as our background

in which ¢ = 1/3, the evolution equation simplifies to

9a
wij — Huwi; = 8_)025p,[jépnad,i] ; (4.19)

0
where we note that, for the remainder of this Chapter, we omit the subscripts
denoting the order of the perturbation in order to avoid notational ambiguities, and
to keep the expressions as compact and clear as possible: the vorticity is a second
order quantity and the energy density and non-adiabatic pressure perturbations are
first order quantities. We define the right hand side of Eq. (4.19) to be the source

term,

9a(n)
Sij(x,m) = 8p0—(77)25p,[j5Pnad,i] 5 (4.20)

which on defining the function f(n) as

9a
= 4.21
1) = o (421)
is written, for convenience, as
Sij<m7 77) = 2f(77)5p,[j5Pnad7i] . (422)

Since we want to solve the evolution equation we move to Fourier space, in which

the source term becomes the convolution integral

f(n) AP ;

ko) = —h S [ @Rk = Bk P(kbm(k—R). (423)

where k is the wavevector, as usual. Instead of considering the vorticity tensor w;;,

it is easier, and more natural in this case, to work, in analogy with the classical case,

2This is a reasonable assumptions since we are working on small scales and the first term has a
prefactor 1/k2.
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with the vorticity vector. This is defined as®
wi(wu 77) = eijkwjk(wu 77) ) (424)

where €5 is the totally antisymmetric tensor, and we can define a source vector in

an analogous way:

Si(% 77) = eijksjk(a:7 77) . (425)

Note that the vorticity is an axial vector (that is, it arises from the generalisation
of the cross product), and so both w; and S; are pseudovectors. Thus, under the
transformation of the argument @ — —a the vector vorticity transforms as w; —

—w;, and similarly for S;. The source vector is then Fourier transformed as

_ 1 3 ik-ax
with the source vector in Fourier space then being split up as

where S, are the amplitudes, with A € {1,2,3}, and the basis vectors are

k.
e, e, et = {ei(kz),éi(k:),—l
{ K]

In order to keep a right handed orthonormal basis under the sign reversal of k

k} , (4.28)

(k — —k), the basis vectors must obey

61(_k) = 61(’{3> ’ 4.29
&i(—k) = —ei(k); (4.30)

the basis vectors are also cyclic:
€ijk 6{6; = €3; - (431)

Given these definitions, the evolution equation, Eq. (4.19), can then be written as

w/A(kv 77) - HWA(kJ 7)) = SA(kJ 77) ) (432)

3Though strictly this is a covector not a vector, since we are working in a flat background the
two are equivalent up to raising or lowering of indices by the Kronecker delta. Therefore, we
are slightly loose with terminology here, and do not differentiate between the two.
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for each basis state, A (though we omit the subscript in the next few lines, since
the evolution equations is the same for each polarisation). The left hand side of

Eq. (4.32) can be expressed as an exact derivative, giving

a <M> =S(k,n), (4.33)

a

which, in radiation domination when a = 7, becomes

(“’(k’ m) = 'Sk, ). (4.34)

n

This can then be integrated to give

n

wlhn) =n [ 7Sk 7. (4.35)
10

for some initial time ny. Having solved the temporal evolution of the vorticity, we

now move on to considering the power spectrum. In analogy with the standard case

for scalar perturbations, we define the power spectrum of the vorticity P, as

27
<w*(k17 ’I’])Cd(kig, 77)> = ﬁ(xkl - kQ)Pw(ku 77) ) (436)
where here the star denotes the complex conjugate, and k = |k| is the wavenumber,
as usual. On substituting Eq. (4.35) into Eq. (4.36), we can write the correlator for

the vorticity as
2 ! ~—1 ! ~—1 ~ ~ ~ g~
o wtean)) = [ [ (S e )S s ) i, (437
70 10

and so, in order to obtain the vorticity power spectrum, we must calculate the
correlator of the source term. Thus, we need to consider how the Fourier amplitudes,
Sa(k,n), behave under complex conjugation. From Egs. (4.26) and (4.27) we can

write

1

Si(x,m) = W/d?’k[&(k,n) ei(k) + Sa(k, n)ei(k) + Ss(k,n)ki| e™®,  (4.38)
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whose complex conjugate is then

1

Sil@n) = Gy / d3k’[81‘(k,n) ei(k) + S5 (k,n)ei(k) + S5 (k,n)k;| e~ *=

(4.39)

Alternatively, under the change k — —k, on which S; — —5;, as mentioned above,
Eq. (4.38) becomes

Si(w,m) = (2;)3/2 /d%[_sl(—k,n) ei(—k) — Sa(—k, n)e(—k)

— S5(—k,n) - (=k;)| e *= (4.40)

Comparing Eqs. (4.39) and (4.40), we can then read off the relationship between the

Fourier amplitudes and their conjugates:

Si(k,n) = =Si(—k,n), (4.41)
S;(k,n) = S(—k,n), (4.42)
S;(k,n) = S3(—k,n). (4.43)

Then, from the definition of the vector source term, we obtain the Fourier amplitudes

Si(k,n) = — ( 2];(;2/2 / d*k - 2ke;k' S Poaa (b, )01 (k — k., 7) (4.44)
82(k’ 77) - (2{5—)773)/2 /d3’; : 2k6il~€i5Pnad(k7 77)501(’“ - i;:7 T]) ) (445)
Ss(k,n) =0. (4.46)

This last equation tells us that the projection of Eq. (4.38) onto the basis vector k;
gives zero (since contracting Eq. (4.38) with k; contracts two copies of k with the
permutation symbol, automatically giving zero). The complex conjugates are

f(n) ;

Silhon) =~ / BR2kET S Pona (o, )3p(— (K + ), 1) (4.47)

(é};(;?/z / d*k2keik'0 Poaa (K, 0)0p(—(k + k), n). (4.48)

S5 (k,n) =
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Having now obtained the required amplitudes and their conjugates, we can com-
pute the correlator of the source terms for the A = 1 mode in Eq. (4.37).* Assuming
that the fluctuations dp and 0 P,.q are Gaussian, we can put the directional depen-

dence into Gaussian random variables E (k), which obey the relationships
(B (k) B(ky) ) = 6°(ky — ko), (Bl E(ka)) = 6% (ke + kz),  (4.49)

and write, for example,?
op(k,n) = op(k,n)E(k). (4.50)

The correlator then becomes

fifs
(2m)

(8™ (K1, 71)S (2, 12)) = APk 2k k18,0 Poaa (K1, 71)0p(| K1 + ks |, 771)

3
/ S 2halessh Pt (R, 2)5p( s — Rl 732)

k) E(—ky — k) E(k) B(ky — 2)) - (451)

where we have introduced the notation f; = f(7;). Wick’s theorem (see, e.g.,
Ref. [46]) then allows us to express the correlator in the above in terms of delta

functions as

eyl
k!
eyl
|
F
|
k!

() B(—kr — kr) B (o) B (s — o) ) = (B 1>><E<k2>E<k2 k2>>
(B B(kz) ) (E(~ky — k) E(ks — k)
(k) Eky — ko) ) (E(~k1 — ki) E(ks) )

5 (k1 + ko — ko)8%(—k1 — k1 + k2)
(4.52)

= 83 (ky + ko)0% (—ky — by + ks — k)

4Note that we need only consider one orthogonal component of the source vector, since we can
make an appropriate choice such that its component in one direction is zero.

5In making this choice, we are assuming that dp and §P,.q are completely correlated variables.
This is perhaps not the most physically motivated assumption, since one might expect some
level of decorrelation between the two variables. However, this assumption will likely give
the largest signal (the partially decorrelated case will, in its simplest form, require a new
parameter less than one, which characterises how decorrelated the two variables are — this
parameter can be determined from the specific model for the production of the non-adiabatic
pressure perturbation), so is suitable as a first approximation. We leave the case where the two
variables are decorrelated for future work.
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which gives

(S (i) S O )) = 22 [k [ @bl o Pl )0l + i)
X kzéilz’é(spnad(lzfg, ﬁg)ép(“{?g — 1232|, ’172)} (453)
x {53(/2:1 + Een) 0% (Fey — Joy — Joy — Jo) + 03 (g — oy + ko) 0% (e — Ky — 12:1)} .
(4.54)

By integrating over the delta functions, and collecting terms, we arrive at

(5 (k. 70)S e 1)) = 203, — k)2 [ PR P )00 [ + B )

% |6 Puaa|k + EJ, )91 (k. ) — 0 Paaa (o) (1K + K. 1)
(4.55)

from which we can read off the power spectrum:

k‘52 T 2 . -
4:4 //fif§771 17721dmd772/d3k(eik )26 Poaa(k, )0p1 (K + K|, 71)

X |0Puaa (ke + K, 72)0p1 (R, o) — 6 Pasa (s 7)0p1 ([ + Kl 712)| . (4.56)

Po(k,n) =

Now, as a first approximation for the source term, we can expand Eq. (3.42) to

lowest order in kn to give

Sp(k,n) = Ak n~*, (4.57)
5Pnad(ka 77) = Dka 77_5 ’ (458)

where A and D are yet unspecified amplitudes, and o and 3 undetermined powers.

Using these approximations gives

81 k°n? n 2
Ptk = g e any ()]

« /d%(eiz}i)%ﬂk PR (ke + RE Rk RP) (450)

where we have performed the temporal integral by noting that as mentioned above,
a « 7 during radiation domination, and thus py oc =% To perform the k-space
integral, we first move to spherical coordinates oriented with the axis in the direction

of k. Then, denoting the angle between k and k as 0, the integral can be transformed
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ke o T
/ &k — 2r / k2dk / sin 06 , (4.60)
0 0

where the prefactor comes from the fact that the integrand has no dependence on

as

the azimuthal angle, and k. denotes a cut-off on small scales. This cut-off is chosen
to be smaller than the typical separation of galaxies, and therefore much smaller
than the continuum limit, solely for the purpose of studying this toy model. Noting
that, in this coordinate system k;& = ksin @ the integral in Eq. (4.59) becomes

B/2

ke T - - ~
I(k) =2n / / ke sin 0 dO dk sin® 0k° |1 + (k/k)? + 2(k/k) cos 9]
0 0

X (km + (B/K)? + 2(k/k) cos 0)°/2k° — kP (1 + (k/k)? + 2(k/k) cos e)ﬂﬂ)
(4.61)

Finally, we change variables again to dimensionless u and v defined as [11] (or

similarly [27])

]% = =
v= s w= Ut (/R + 20 /) cosd =TT 07 Tocosh,  (46)

for which the integral (4.61) becomes

I(k) = kHo+h)+ /kC/k/U l‘uduv dvuPv (1——(u2—v —1) )[uavﬂ—vauﬁ].
(4.63)

4.4.2 Evaluating the Vorticity Power Spectrum

In order to perform the integral Eq. (4.63) derived above, we need to specify the
exponents for the power spectra of the energy density and the non-adiabatic pressure
a and (B. The energy density perturbation on slices of uniform curvature can be
related to the curvature perturbation on uniform density hypersurfaces, {, during

radiation domination through [112]

6
dp=—2C=4p 4.64
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and hence the initial power spectra can be related as (0pinidpini) = 16,0371111 (CiniCini),

and we get the power spectrum of the initial density perturbation

k %(ns_l)
5,Oini X Cini X (—) ) (4-65)
ko

where ky is the WMAP pivot scale and ng the spectral index of the primordial
curvature perturbation [77]. This allows us to relate our ansatz for the density

perturbation, to the WMAP-data which gives

k —4 k
o () o)

From this, we can read off that g = %(ns + 1) ~ 1 and the amplitude A = Ajp;poini-

We have some freedom in choosing «, however would expect the non-adiabatic pres-

N|=

e (i) o (4.66)

Mo

sure to have a blue spectrum, though the calculation demands o # 3. Using the

notation of Ref. [77] we get
A? = p5i Pr(ko)® = poiniko *A% D? = piiPs(ko)® = poinikio *As (4.67)

where we also have the ratio®

A% a(ko)
A% 1 —a(ky)’ (4.68)
and therefore,
(ko) 8 4 512
AD)? = 0 A8 e ) 4.
( ) 1 — Oé(k'o) Rp01n1k0 ( 69)

We can then substitute in numerical values for A% and «a(kg) from Ref. [77] later
on.

Then, making the choice a = 2, the input power spectra are

op(k,n) = A (kﬁo) (%) h , 6 Poaa(k,m) = D (%)2 (%) B . (4.70)

for which the integral Eq. (4.63) becomes

6The parameter «(kg) is introduced in Refs. [22, 77] in order to quantify the ratio of A% to A%.



4.4: Solving the Vorticity Evolution Equation 87

We can then integrate this analytically to give

1 12 4
I(k) = 0 pore 4 12 pmp0 _ 2 psps

I 4.72
135 ¢ 245 ¢ 1575 ¢ 7 (472)

which clearly depends upon the small scale cut-off, as expected.” For illustrative
purposes, we choose k. = 10Mpc ™' and plot the solution (k). Fig. 4.1 shows that
the amplitude of the integral grows as the wavenumber increases. Fig. 4.2 shows a
turn around and a decrease in power at some wavenumber (in fact, for a non-specific
cutoff, this point is at 3.7375k.). However, we note that this value is greater than
our cutoff, and therefore not physical. As long as we consider values of k less than
the cutoff, our approximation will still be valid.

Then, using the above, and noting that the input to the temporal integrals are

—4
a X (ﬂ) ) Po = Poini (E> ) (4-73)
Mo Mo

we obtain the power spectrum for the vorticity, for general k. as

2
81 . n* 1 n a(ko) N
' k = _k5__] 2L S S VA, 5 12A8 4 .kS
P ( 777) 256 047T4 péini n (770) <1 _ Oé(ko) 0 R Poini Ve

16 k(BN 12k (kN 4 [(E\"
X | ==l ) te=5 ) — ===+ . (4.74)
135 k5 \ ko 245 k§ \ ko 1575 \ ko
Substituting in values of parameters from Ref. [77], as presented in Table 4.1 taking

a conservative estimate for a(kg), being 10% of the upper bound as reported by

WMAPT, we obtain the vorticity power spectrum

Mo 0 0

N’ A
P, (k,n) = n*In? (1) [0.87 x 10712k? (k—) Mpc!'! 4 3.73 x 107 '8%] <k—) Mpc?

k 11
—7.71 x 1072°k (k—) Mpc7] : (4.75)
0

"It should be noted that if one were to reduce the assumption of 100% correlation between the
energy density and entropy perturbation, this could soften this dependence. However, this is
left for future investigation.
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Figure 4.1: Plot of I(k), Eq. (4.71), for the illustrative choice of k. = 10Mpc™*;
small range of k < k.
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Figure 4.2: Plot of I(k) for the illustrative choice of k. = 10Mpc™'; wide range of k
including k > k..
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Parameter WMAP7 value

ko 0.002 Mpc™*
AZ (ko) 2.38 x 107?
(ko) 0.13 (95% CL)

Table 4.1: Parameter values from the WMAP seven year data [77].

and for our above choice of k, = 10Mpc ™",

BN’ EN?
Po(k,n) = 7]2 In? <£) 0.87 x 1073 <—> +3.73x 10711 <_)
Mo ]{30 kO

Lk 11
—7.71 x 1072 <k—) ]Mpc2. (4.76)
0

This shows that, under our approximations, the vorticity spectrum has a non-
negligible amplitude, with a huge amplification of power on small scales. We plot
this, for illustrative purposes, in Figs. 4.3 and 4.4, where we have ignored the time
dependence and focused only on the scale dependence of the spectrum. We should
emphasise that we are studying the generation of vorticity in the wavenumber region
ko < k < k. and do not expect the dynamics to be dominated by an “inverse cascade”
(i.e. a feedback of power from smaller scales to larger scales). Therefore, the physics
around the cut-off wavenumber cannot influence the vorticity generation. To study
this phenomenon in detail, a much more detailed calculation including backreaction

effects would have to be performed, beyond the scope of this thesis.

4.5 Discussion

In this Chapter we have studied the generation of vorticity in the early universe,
showing that second order in cosmological perturbation theory vorticity is sourced
by first order scalar and vector perturbations for a perfect fluid. This is an extension
of Crocco’s theorem to an expanding, dynamical background, namely, a FRW uni-
verse. Whereas previous works assumed barotropic flows, allowing for entropy gives
a qualitatively novel result. This implies that the description of the cosmic fluid as
a potential flow, which works exceptionally well at first order in the perturbations,
will break down at second order for non-barotropic flows. Similarly, in barotropic

flow Kelvin’s theorem guarantees conservation of vorticity. This is no longer true if
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Figure 4.3: Plot of P, (k), i.e. the scale dependence of the vorticity power spectrum.
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Figure 4.4: Plot of P, (k), for a narrower range of k values than Figure 4.3.
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the flow is non-barotropic.

Having derived the qualitative result, we then obtained the first realistic calcu-
lation of the amount of vorticity generated at second order. As an input spectrum
for the linear energy density, we used the solution obtained in Section 3.1.2 approx-
imated for small kn and normalised to WMAP7. Then, making the ansatz that the
non-adiabatic pressure perturbation has a bluer spectrum than that of the energy
density in order to keep the non-adiabatic pressure sub-dominant on all scales, we
obtained an analytical result for the vorticity. Our results show that the vorticity
power spectrum has a non-negligible magnitude which depends on the cutoff, k., and
the chosen parameters. As this is a second order effect, the magnitude is somewhat
surprising. We have also shown that the result has a dependence of the wavenum-
ber to the power of at least seven for the choice a = 2, where « is the exponent
of the wavenumber for the non-adiabatic pressure input spectrum. Therefore the
amplification due to the large power of k is huge, rendering the vorticity not only
possibly observable, but also important for the general understanding of the physical
processes taking place in the early universe.

The consequences of this significant power are not immediately clear as the model
under consideration is only a toy model. Although vorticity is not generated in
standard cosmology (at linear order), the vorticity generated at second order will
not invalidate the standard predictions, as it is, on large scales, very small and
can only be of significant size on small scales. However, any possible observational
consequences will depend on the wavenumber at which the power spectrum peaks
(to be determined by an actual model).

One prospect for observing early universe vorticity is in the B-mode polarisation
of the CMB. Both vector and tensor perturbations produce B-mode polarisation, but
at linear order such vector modes decay with the expansion of the universe. However,
vector modes produced by gradients in energy density and entropy perturbations,
such as those discussed in this chapter, will source B-mode polarisation at second
order. Furthermore, it has recently been noted that vector perturbations in fact
generate a stronger B-mode polarisation than tensor modes with the same amplitude
[55]. Therefore, it is feasible for vorticity to be observed by future surveys such as the
space-based CMBPOL [21], which is currently in the planning stage, or the ground
based experiment POLARBEAR [53], which is due to start making observations in
2011.

Finally, a non-zero vorticity at second order in perturbation theory has important
consequences for the generation of magnetic fields, as it has been long known that

vorticity and magnetic fields are closely related (see Refs. [24, 61]). Previous works
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either used momentum exchange between multiple fluids to generate vorticity, as in
Refs. [58, 72, 74, 103, 115, 139, 146], or used intermediate steps to first generate vor-
ticity for example by using shock fronts as in Ref. [129]. However, we do not require
such additional steps. Therefore, an important extension to the work presented in
this chapter is to consider the magnetic fields generated by our mechanism which
could be an important step in answering the question regarding the origin of the
primordial magnetic field. We will discuss more future prospects in the concluding

chapter of this thesis.



5 Third Order Perturbations

In the preceding chapters we have developed cosmological perturbation theory at
both linear and second order. However, one does not need to stop there: it is
worthwhile and feasible to consider perturbation theory even beyond second order.

In this chapter we explore aspects of cosmological perturbation theory at third order.

We have already seen that extending perturbation theory to second order reveals
new phenomena which arise due to quadratic source terms in general, and the cou-
pling between different types of perturbation which is not present at linear order.
At third order a new coupling occurs in the energy conservation equation, namely
the coupling of scalar perturbations to tensor perturbations. This will allow for
the calculation of yet another different observational signature, highlighting another
aspect of the underlying full theory.

There has already been some work on third order theory. For example, Refs. [69,
71] considered third order perturbations of pressureless irrotational fluids as “pure”
general relativistic correction terms to second order quantities. The calculations fo-
cused on the temporal comoving gauge, allowing the authors to consider only second
order geometric and energy-momentum components, and neglected vector pertur-
bations. Ref. [85] includes a study of third order perturbations with application to
the trispectrum in the two-field ekpyrotic scenario in the large scale limit. There
has also been reference in the literature of the need to extend perturbation theory
beyond second order. For example, in Ref. [42] UV divergences in the Raychaudhuri
equation are found when considering backreaction from averaging perturbations to
second order. The authors state that these divergences may be removed by extend-
ing perturbation theory to third, or higher, orders.

In this chapter, we develop the essential tools for third order perturbation the-
ory, such as the gauge transformation rules for different types of perturbation, and
construct gauge invariant quantities at third order. We consider perfect fluids with
non-zero pressure, including all types of perturbation, namely, scalar, vector and
tensor perturbations. In particular allowing for vector perturbations is crucial for

realistic higher order studies, since vorticity is generated at second order in all models

93
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employing non-barotropic fluids as shown in Chapter 4. Hence studying irrotational
fluids at higher order will only give partial insight into the underlying physics. We
present the energy and momentum conservation equations for such a fluid, and also
give the components of the perturbed Einstein tensor, up to third order. All equa-
tions are given without fixing a gauge. We also give the Klein-Gordon equation for a
scalar field minimally coupled to gravity at third order in cosmological perturbation
theory. This work is published in Ref. [36].

5.1 Definitions

As in Chapter 2 we take the perturbed metric tensor with covariant components
Jdoo = _a2(1 + 2§b) s Joi = azBi R gij = a2(5¢j + QOZJ) s (51)

In order to obtain the contravariant metric components we impose the constraint
Eq. (2.14), g,ug"* = 6,*, up to third order. This gives

1 . .
= (1 —2¢ + 4¢° — 8¢° — ByB" + 49 By B* + 2B’BJCij) : (5:2)
9" = (BZ —2¢B' — 2B,C* + 4¢* B’ + 4B,C*'¢ + 4CMV Cy' By, — BkBkBZ) :
(5.3)
97 =~ (5” — 207 +4C*Cy — B'B’ +2¢B'B’ — 8C* (7' Cy

+2BICY By + QBkBjCik) . (54)

Note that in this chapter we do not explicitly split terms up into first, second and
third order parts unless where necessary, since doing so would dramatically increase
the size of the equations presented. For example, expanding the 0 — 0 component

fully order by order gives

1 1
gOO = —g (1 — 2¢1 — qbz — §¢3 + QS% + 8¢1¢2 - 8¢? - BlkBlk - B2kBlk

+ 46, B, By, + zBliBlﬂ'Ch-j> , (5.5)

which when compared to Eq. (5.2) illustrates the increase in number of terms, and

thus why we refrain from splitting perturbations up.
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Furthermore, to third order in perturbation theory, the fluid four velocity, defined

in Eq. (2.21) and satisfying the constraint

uu, = —1,
has components
) 1 .
i T 5.6
u' =, (5.6)
o_ 1 3.9 9.4 1 4 k k, i k k
U = 1—¢+§¢ —§<;5 +§vkv + v BY 4+ Cpjv"v) — 200" By, — ¢v"vy, |
(5.7)
T T k
Ly 1.3 14 k k,j
Uy = —a 1+¢—§¢ +§¢ +§v vy, + PuRv” + Cv™v’ | . (5.9)

5.2 Gauge Transformations

We firstly need to extend the gauge transformations derived earlier to third order

in cosmological perturbation theory. Expanding the exponential map, (2.50)

T =e*T (5.10)

Y

to third order gives

1 1 1 1. . 1 1
exp(fg) = 1—|—€£51+§€2£§1+§€2£§2+6€3£§3+663£§1+Z€3£51£§2+163£§2££1—|—. ..
(5.11)
Splitting the tensor T up to third order and collecting terms of like order in € we

find that tensorial quantities transform at third order as

— 3 3
0Ty = T3 + (Ley + £3 + 5 Les Loy + 5 Les ey ) To
+3 (£ + £e,) 0T1 4+ 3£,6T,. (5.12)

Then, by expanding the coordinate transformation, Eq. (2.56) to third order we
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obtain the relationship

o(q) = () + <€) + 3¢ (L, DG () + D))
+ é (6 ) + (el + €selh) &°0)] + i (EAP)EP) + AP D)) .
(5.13)

relating the coordinates of the points p and gq.
In the rest of this section, we will derive the gauge transformations at third order

in an analogous way to those derived for first and second order in section 2.3.

5.2.1 Four Scalars

At third order we also split the generating vector &£ into a scalar temporal and

scalar and vector spatial part, as

& = (ag, 05" +3') (5.14)

where the vector part is again divergence-free (9yy;" = 0). We then find from

Egs. (5.12) that the energy density transforms as

~ . 3 3
5p3 - 5p3 + <£§3 + ”521 + §£€1£§2 + §£§2£§1>P0

+3(£21 + £§2) (5p1 +3£51(5p2, (515)

which gives

Ops = Ops + poas + pp ot + 3P3a1041,xff‘ + 0o (041,,\[35;[\ + Oél,)fﬁ 6) 15

3
+ 3pparan + P6§ (281 + 1p&3) + 3 (0p1ast + 0pinéd 5) &
+ 30p12E5 + 30pan&s . (5.16)
Similar to the second order case, we need to specify the time slicings (at all orders),

and also the spatial gauge or threading at first and second order, in order to render

the third order density perturbation gauge-invariant.

5.2.2 The Metric Tensor

We now give the transformation behaviour of the metric tensor at third order. The

starting point is again the Lie derivative, which for a covariant tensor is given by
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Eq. (2.68).

As above in the case of the transformation behaviour of a four scalar at third order,
the change under a gauge transformation of a two-tensor can be found applying
the same methods as at second order. We therefore find that the metric tensor
transforms at third order, from Egs. (5.12) and (2.68), as

3 0 0 0
Sgi) = 8982 + g\ & + g0€) L+ aller

1 1 2 2
;(Ll/))\€2 + 59M§2 vt 59( )52 Wi 59;81/)A§1 + 59;»\51 v T 59( )51 "

+ 5g,uz/ )\a§1 61 + 59;“/ /\fl agl +2 |:6gu)\ agtlygl Nz + 69/\1/ agl 61 S + 59(1)51 ,ugl I/:|

8650 () LalT + &) W€8 ) + 095 (6] bl + 6 68 )

3,
2

W ,\552 &+ QWA (52 551 + & ﬁfz) + 29,\@ (52 ufl ) ufi,u)

0 0 0
(058 + 950 + I 5 + 905, ) €+ (5D + g&)fég) &,
0
(9508 + 900685) €0, + (9sEhs + 0Sth + 9NE s + 90N €8
0 0
(951/ /\51 + g( )51 g) 521/ <géu))\§1 + 9 )51 ,@) fz,u]
(0) Ay 340 eAcach (0) ¢X  ¢aeB 0) A B ca
gy,y a[BAgl gl + guy,)\ﬁgl 61 gl,a + glu,z/)\fl,ozﬂfl gl + guu’)\gl,ﬁgl,agl
0 o o 0 o 0 o
+ 3gﬁg,A (e att, + €€ o ) + B9MAETEN S8R, + B0 nETENER,

+ g |E060€D ap + €D oD L, + EXED W62 5, + 260E0 g6, + 5?6?@5%,@]

+ 3953 (Geatn, +ErE0e0, ) + 390 \E0EL 560, + B0l EPENER,

0 o a o « o
+ g [ €0€0€ g + €L 6D 5EE L + EXED (£ 5, + 26067 56T, + 55’5%,0,51,@]

+ 694 667, + 390 [&iﬁ (600, +€0,80,) + &0 (€080, + E0.605,) ] } -
(5.17)

However, in this case it becomes even more obvious than in Section 5.1 that the
expressions at third order are of not inconsiderable size. This will also be clear

from the Einstein tensor components and the evolution equations given below in
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Section 5.4.
Now, following along the same lines as at second order, Eq. (5.17) gives the

transformation for the spatial part of the metric at third order,
2537;]' = 203@‘ + QHOégéij =+ 253(17” =+ X3ij s (518)

where Aj;; contains terms cubic in the first order perturbations. Extracting the
curvature perturbation gives

~ 1 1 ..
¢3 == 7#3 - HOé3 — —ngck —f- —V_QXU

: VA (5.19)

This expression is general, including scalar, vector, and tensor perturbations and is
valid on all scales. However, we shall detail here only the expression valid for scalar

perturbations and large scales and find that A3;; takes then the simple form

1
Xzij = 2@25@{ -3 [Om//l + 5041% + ardy (W + 2Hn) + af (Y] + 4Hyy)

a” a a
+ 2Hagthy + Honthy + 2 (; + H2) Of%%} + (7 + 37'(;) %
a/// )
+3 ( + HQ) ada) + Haoy <O/1/Oz1 + o )

a

3 "
+ 3 [H (o + o) + 2 <% + HQ) alag} } . (5.20)

Hence we finally get for the transformation of 3
. a a a
—77/)3 = —¢3 + Hag + (7 + 37‘(;) OZ? + 3 (; + HQ) Oé%()/l

3 "

+ Hoy (o/l’ozl + a'12> +3 [H (a1 + ajag) + 2 (% + Hz) (Jé10é2:|
1

-3 [@2@[)3 + 5041'¢é + OélO/l (7703 + 27_{1/11) + O(% ( i, + 4H¢£) + 2HO&277Z)1

a//

+ Hagtpy + 2 (Z + H2) oszl} . (5.21)

5.3 Gauge Invariant Variables

In the previous section we have described how perturbations transform under a
gauge shift. We can now use these results to construct gauge-invariant quantities,

in particular the curvature perturbation on uniform density hypersurfaces, (. In
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this section, as before, we consider only scalar perturbations, and restrict ourselves

to the large scale limit.

We first define hypersurfaces in different gauges as in Section 2.4. From Eq. (5.16)
we find the time slicing defining uniform density hypersurfaces at third order in the

large scale limit as

5ps 1 5p10p1 2001 5o\’
a :——+—[35 5o+ 606 —48p, P ]
36p P6 2P62 ( £100y 1 P2) po Po + Poopy p6

(5.22)

Similarly, the temporal gauge transformation on uniform curvature hypersurfaces is

defined by evaluating (5.21) and gives, at third order,

wQ " 4 2/)2
053ﬂat:1,f_; 2H2 3Yis + ;{1+6H¢1¢2+ 1?;(1}
Vit 37\ 8%
H4<a 2H>+H' (5.23)

We can now combine the results found so far to get gauge invariant quantities,
and as before choose the curvature perturbation on uniform density slices as well as
the density perturbation on uniform curvature hypersurfaces as examples.

One gauge invariant matter quantity of interest is the perturbation to the energy
density on uniform curvature hypersurfaces. This is obtained by substituting the
temporal gauge transformation components in the uniform density gauge into the

appropriate transformation equation, Eq. (5.16). This gives, at third order,

Y
H3

dp3fiat = 0p3 + ﬂ6—3 po

H T e s (200 A by ) + 3%

[2(/)6wl +Yipg) + w’{]

+ 31%}1 [0+ 204 — p&%ﬂ] — 99} %ﬁl (; )
+ ;i—z ol - spg(%” +3H) + 3ng(3§ ~ 1) + o (%)2 - %)] .
(5.24)

The curvature perturbation on uniform density hypersurfaces, (, as introduced in
Eq. (2.126), is defined as

— (= s, (5.25)

This is obtained by substituting the temporal gauge transformation components in

the uniform curvature gauge into the appropriate transformation equation, Eq. (5.21).
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Evaluating this on spatially flat hypersurfaces then gives, at third order

Sps  3H,_ , Hpl  sad"
G = —HL2 L 20 5 (0p2'0p1 +6p1"0p2) — —5 5pz5p1 [ o (— + HQ)]
Po  Po Po Lo a
3H 6H 3 a” o
— —/35p125p1 — 5p1 5p1 — —5p1 5p1 [ ( + Hz) - 3Hp_?:|
Po 0 Po
5 3 7\ 2 111 " a’
- 22 [an (p—?) ~H +—+3H——3p0< +H2)] (5.26)
Po Po Po a Po

There are different definitions of the curvature perturbation present in the litera-
ture, depending on different decompositions of the spatial part of the metric tensor.
A different definition to the one above, as discussed in e.g. Ref. [112], was used by
Maldacena in Ref. [104] to calculate the non-gaussianity from single field inflation,
and was introduced by Salopek et al. in Refs. [130, 131]. They define the local scale

factor a = e®, then

4
e* = a?(n)e* = a*(n)(1 + 2(sp + 2¢35 + gﬁgB) : (5.27)
Comparing to the expansion from perturbation theory
e* = a’(n)(1 +2(), (5.28)

one can obtain the relationship

¢ =C(sB+ 3+ %CSB : (5.29)

Splitting this up order by order gives, at second order

Cosp = Co — 2((1)?, (5.30)

and, at third order,
Gssp = (3 — 6G2G +8(Gr)P. (5.31)

Note that it is this definition, (5.31), of the curvature perturbation which occurs
in Ref. [85], though with different pre-factors since their perturbative expansion
is defined differently. It is perhaps worth mentioning that (sg, the variable first
introduced by Salopek and Bond and then employed for non-gaussianity calculations
by Maldacena, is extremely Gaussian after slow-roll inflation, as opposed to other (

variables which exhibit non-gaussianity, as can be seen e.g. from Eq. (5.30).
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5.4 Governing Equations

Having constructed gauge invariant quantities up to third order in the previous sec-
tion, we now turn to the evolution and the field equations. The equations presented
in this section in full generality are new; Refs. [69, 71] previously considered some
governing equations at third order in perturbation theory, however they focussed on

pressureless, irrotational fluids.

5.4.1 Fluid Conservation Equation

In this section, we give the energy momentum conservation equations for a fluid with
non-zero pressure and in the presence of scalar, vector and tensor perturbations.
The latter generalisation is important since at orders above linear order, all types
of perturbation are coupled.

As at linear and second order, presented in the previous chapters, energy momen-

tum conservation

v, ", =0, (5.32)
gives us evolution equations. Substituting the definition for the energy momentum
tensor, Eq. (2.18) expanded to third order, into Eq. (5.32) gives energy conservation
(the 0-component)

50/ +3H(5p + 6P) + (po + Po)(CY 4 vi") + (5p + dP)(C + v3,") + (6p + 6 P) 0

+ (po + Po) [(Bi +207) (V) + B)) + v 16 — 20,07 + 0/ (C7 5, + 20,) + 4H0' (B, + 2@}
+ (59 +6P)|(B'+ 20) (o) + BY) = 205,07 4 0'(C3+ 20+ 4H (s + BY) + v/ 19
+ (09" + P W' (B + v;) + (6p + 6P) ;00" + (po + Po)(2C"7vv; — Bv'eh + v'v;)

— (po + ) [QCij(CZ-j’kvk — 20jv; + BB} — 2C*CY,) + %v"ﬂ-@2 — ;)

+ (v' + B")(2Bj¢p — CVv;) — vj{BiBm + 0" + ¢(vj + 205 + 3Hv; — 205 + C' )

—2¢/B; + chjvi} + BI(B'Cl; + B;¢' + U}@} ~0, (5.33)
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and momentum conservation (the i—component)

[(po + Py)(v; + BZ-)}/ + (po + Po) (¢ + 4H(vi + By)) + 6P, + [(5,) +6P)(vi + B,-)]'

+ (6p + 0P)(d; + AH(v; + By)) — (ply + PL) [(zBi + ) — 2cijvj}

+ (po + Po) [(vi + B)(CV) + 7 ;) — Bi(¢' + 8Ho) + v/ (B, — By, + vi; + SHCyj)

+ (20,07 — 6(v) + 2B, + 26, + 4Hvi)} +(ph+ P [vj(Bivj + Bjv; + 2B:B; + %v,-vj

— 2C;0) + (%vi +4B;)¢* | + (po + Py) [qﬁ? (43; + gu;. + 2H(8B; + 3v;) + 4¢,i)

+ (v + 2B) (v B) = C7%¢) + (v; + B;) (BB — C},.C7%) + vj{ZBi(Bg. + v})

+ Bi(2B) 4 2¢; + v)) + 2H (v + 2B;)(2B; + v;) + 2C5(C*, 4+ vF ,, — 4He)

+ C"(Bi + i) + (B + ¢ 5) + v5(Bj + ¢) + v*(2Ci j — Cii.s)

+ (Bji — Bij — 2C})¢ + 2Ciku’f,j} + %(viujvj)’ —2C;0"'¢ + Bi(4¢'d — Uj7j¢)} =0.
(5.34)

As emphasised earlier, Eq. (5.33) highlights the coupling between tensor and scalar
perturbations which occurs only at third order (and higher) in perturbation theory.
At both linear and second order, no such coupling exists, since the only terms
coupling the spatial metric perturbation, Cj;, to scalar perturbations contain either
the trace or the divergence of C;; and the tensor perturbation, h;; is, by definition,
transverse and trace-free. However, at third order, terms like 5pC’Z(jC'ij occur in the
energy conservation equation which, on splitting up order by order and decomposing

C;; becomes dp1 I h,¥. Tt is clear that this term only shows up at third order and

1ij
beyond. Thus, as mentioned earlier, third order is the lowest order at which all the
different types of perturbations couple to one another in the evolution equations,

which will produce another physical signature of the full theory.

Scalars only

It will be useful to have energy and momentum conservation equations for only
scalar perturbations. These equations are obtained by making the appropriate sub-

stitutions Cj; = —0;;9 + E,;, v; = v,;, and B; = B into the above expressions. On



5.4: Governing Equations 103

doing so, we obtain the energy conservation equation

50+ 3H(0p + 6P) + (po + Po) (Vv + V2E — 3¢) + (0p + 6 P)(V*v + V2E — 3¢)
+ (Op+ 8P) 0 + (po + Po) [ (B + 201) (0, + BL) + V2ug — 2(/(30 — V2E)
—UVPE + Bl EY) + 0120, + V2E; - 30) + 4H0 (B, + 20,)]

T (0p+ 8P) (B +207)(; + BL) = 2(v/ (3¢ — V?E) — yV°E' + B, E")
+0(2¢; — 31 + V?E +4H(v; + B,)) + v%(p} + (00 + 0P (B, + v,)

+ (8p+ 6P) i¢v" + (po + Po)(v'v,¢ — B ' — 69w v; + EVv,v;)

~ (po+ Po) [2E7 (v} B = 2/ + BB} = 2B, ) — 2V2 By o *

—2¢ (vﬁ(VQE,k = 3¢) — 20v’ + BB + 6¢w') + %V%W —v'v)

T (0] + V2B + B)(2B6 + 30'v) — v/ { B'By; + v v - 20'B - 3u'v,
 Blv + 20+ BHu; — 20,5 — 3, + V2E;) + By}

+ BI(Byu + Ejyv) + B¢/ +1/,6)| =0, (5.35)

and the momentum conservation equation
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[(Po + Py)(v; + B,z‘)}/ + (po + Fo)(¢; + 4H(v; + B;)) + 0P,

+ [6p+6P)(wi + B + 60+ 5P) (0 + 4H (v, + B,)

~ (oh+ P | (2B, + 0:)6 + 200, — 2B 50

+ (po + Po)| (05 + B)(V20 = 3¢/ + V2E) — B (¢ + 8Ho)

07 (vig = SHy = Eyg)) = 200+ Egv) = 6(0), + 2B, + 26, + 4Hv,)]

+ (o + 1) [U,j(Bﬂ'U,j + Bjv; +2B,B; + %U,iv,j +20(¢0;; — Ey5))

+ (gv,i + 4B,i)¢2} + (po + Fo) [(v,i +2B,) (vjjB,J' — (3¢’ - VQE’)gzﬁ)

+ ¢° (43,’@. + gv; +2H(8B,; + 3v;) + 4¢,i> + (vi + By) (BjjB/' — 3y
+UVEE + YVIE — BB, ) + 07 {2B4(B) + ) + B(2B) + 20, +v))

+ 2H(v; +2B,;) (2B +v;) — (3¢ — V2E ) (B, +v,)

—2(0y; — E45) (Vv + V2E — 3¢/ — dH¢) + vi(B; + ¢5)

+ (B4 0.) = 200 + Eargo " + 0,5 + 20 — E i) — 200,

+ 2E,ikv,kj} + %(v,iv,jv/)’ + 2000 — 2E 5076 + Bi(4¢'¢ — V%qs)] =0. (5.36)
Considering the large scale limit, in which spatial gradients vanish, the energy

conservation equation becomes

6p" +3H(dp + 0P) — 3¢ (po + Fo) — 3¢'(0p + 0 P)
— 69 (po + Po) — 69’ (8p + 6P) + 12¢°¢/ (po + Py) = 0. (5.37)

Splitting up perturbations order by order, this becomes

0ps’ + 3H(0ps + 0Ps) — 3¢5(po + Po) — 995(dp1 + 0 P1) — 991 (0pa + 0 Py)
— 18(po + Po) (v + uty) + 72041 (po + o) = 0. (5.38)

In the uniform curvature gauge, where 1) = 0, this is

0 P01 + SH(0psnat + 0 Psgar) = 0, (5.39)
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and in the uniform density gauge, where dp = 0,

3HO Pssp + 385 (po + Po) + 9C50 Prs, 4+ 9¢16 Pas,
— 18(po + Po) () + Gi¢h) — T2¢7¢ (po + Po) =0, (5.40)

with ¢ as defined above. This can be recast in the more familiar form by introduc-
ing the (gauge invariant) non-adiabatic pressure perturbation. At linear order the

pressure perturbation can be expanded as, from Eq. (2.149),

oP oP
6Py = —=051 + —0p1 = 6Ppa 20p1 - 5.41
1= 5 1+8p P1 d1 + ¢op1 (5.41)
This can be extended to second order [37] and higher by simply not truncating the

Taylor series:

0c?

5Pnad2 = 5P2 — ngpg — aps 5p12 s (542)
oc? 02c?
5Pnad3 = 5P3 — 035,03 — 38_;5p26p1 — W;éplg . (543)

Thus, in the uniform density gauge, the pressure perturbation is equal to the non-

adiabatic pressure perturbation at all orders. Then, Eq. (5.40) becomes

H 3
e §Pgs = 6(GC + G+ 24 — ———(CLOPoaay + L0 Ponds) . (5.44
C3 p0+P0 d3 (C2C1 CICQ) ClCl po+Po (CQ d1 C1 d2) ( )

In the case of a vanishing non-adiabatic pressure perturbation, (] and (} are zero
and hence we see that (3 is also conserved, on large scales. This was also found in
Ref. [85], and previously in Ref. [52].

5.4.2 Klein-Gordon Equation

The energy momentum tensor for a canonical scalar field minimally coupled to
gravity is easily obtained by treating the scalar field as a perfect fluid with energy-

momentum tensor (c.f. Chapter 2)

1
T+, = ¢"p g, — 0", <§ga%,a90,ﬁ + U(sa)) , (5.45)

where the scalar field ¢ is split to third order as

) . 1 . 1 .
o(n,z") = @o(n) + dp1(n, 2°) + 55302(77, z') + g&pg(n,f) , (5.46)
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and the potential U similarly as
1 1
U(p) = Uo+ U1 + 50U + 5;0Us, (5.47)
where we define

UL =Uy0p1,  6Uy = U007 + U0y,
6Us = U 405 + 2U ,,601002 + U 103, (5.48)

and making use of the shorthand notation U, = g—g. Then, Eq. (5.32) gives the

Klein-Gordon equation

" 3500 .

8l =V 28y +AMOGh+ 0l = =2 (20 0=0 )= (V20020 4305 V201 )

6(5¢1)2
0

65" ) )
jQ( ¢8—2H5<P’1+s00¢’+%3’,i—C%eo6+4H%¢)—
0

(¢/'+B" i+4Hp—C")

650" X 650" .
— =7 (20001~ 8* + 20 6= 386+ B Biefy ) =71 [«pg(2¢f4¢2+Ble~)
+8¢><p6(H*2H¢f2¢/)+3i(Lp63£+264p/1,i+4713i)+2<p6{Bi,ﬂriblfci;(lf&b)
—QCij (Bjﬂ'—cl{j)-i-BiCji’j —2Cij N Bl—Bl¢71—2Bl,,¢} —QCZJ (5%017,']'

+8p1.4(BY+2HBI20% ,j+¢,i)} —38¢s,i(BY+C7; '+¢,1-2C j+2HB?)

ci i
7,

0

—63p1,; [B“Jrcjj,tzcij,jw,w +2HB'—2B;C%'+B'CI|+BIB;'~B/B' ;
—B'BJ j—2C" B —2C"Cky, j4+4CT Cjy, K —2CY ¢ ;2B ¢—B'¢/ ~2¢,'¢—4HB;C"
—4HBi¢+4c’vjcji,k—2c’vjcki,J} —12B° (8¢} ;+ 500} ;) +240) (Bip+C¥ B;)
602,15 C —6001,i5(4CH Cp'— B* BY) ~24Hpy (1-2p+46° ¢/ +3¢' )
—6¢y <2¢(172¢+4¢>2)+BiBi74BiBi¢f2BiBjCij> —6C ;o (Bip—2B;)
+6C% pl (1—2¢+4¢%—BJ B;)—6C7 ; ;04 (B*—2C* B, —2Bi¢)—6C' o}, (2C;;—B; B,
—40j¢p—4Cy,; C*;)—12¢, C¥ [2Bicjk’k+23kcki,j—Bj,i—BiB;.+Bi¢,j—Bkcji,k
+20ikBk,j+2Bj,i¢f4HB¢Bj] —6)) |:¢+Bi,i+BiB§fB"B¢Bj,jfBiBij,ifZLBiBZ’.zz&
+2HBB;—2B'B;¢/ —~8HB' B;¢p+4B'¢ ;—2B* ;¢+4B? ;¢>—B¢ ; | +6U,,a2=0. (5.49)
One can again see the coupling between first order tensor and scalar perturbations.
For example, the dp;,C%¢ ; contains a term that looks like d¢q;hi1” ¢y ;, which

occurs only at third order and beyond.

Again, we refrain from splitting up the perturbations order by order for ease of
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presentation. Once split up, one can then replace the metric perturbations by using
the appropriate order field equations. We present the Einstein tensor at third order
in the next section. Note also that Eq. (5.49) implicitly contains the Klein-Gordon
equations at first and second order. We refer the reader to, for example, Ref. [106],

for a detailed exposition of the second order Klein-Gordon equation.

5.4.3 Einstein Tensor

The Einstein tensor, which describes the geometry of the universe, is defined (as
shown in Section 1.1) as
1
G", =RV, — 56“,,]%, (5.50)

where R*, is the Ricci curvature tensor and R is the Ricci scalar. Here, we give the

components of the Einstein tensor up to third order:

a2GO0=—3H?+V2CI j—Ciy I +2H(~C¥ i+ Bi j+3H$)+C7 1 i (LCF =20 1) +C) (L'~ B )
+B? [Cj,jﬁifc;jyj?ké (VQBifBj’ij)+2H(ij7i*207;j,j*¢’i)i| +2C%4 [QCjk,ikfckk,ij —V2C;;
+2H(C;j_Bivj):| +Cjk i (CT 9= 3CIF 140V (B I - 10T j44H$)+2C% ;Cp *

+1B5i(B' I +B7 1) =3H?(4¢*~Bi B")— 3 B' i B; /4B ;¢+G, (5.51)

/

a2GO=C) ~Cl ¥ =1 (By*~V2B; ) ~2Ho i+8H 16+C,; (205 1 ~CFi I +¢.9)~C7 ;6 ;

/ /

+20ki [Cik,j_cjk,i+% (Bk:,ij_Bi,kj)] +BJ (ij,ik—Ckkyij'i'Cik,kj_V2Cij —QHB]"Z‘)

-3 (Bz‘,jJrBj,z‘) ¢,7+(Bi,j—Bj,i) (5C*k,—CI* ) ~Cip j(BF I=BI *)+BI ;6

+[B.9 —V2Bit2(Cl; 109 5| -4 Cry 1460, (5.52)



5.5: Discussion 108

a2Gi],:cvi"j+2Hci;7%(Bi’J+Bj1i’)7cllyji+cilyjli¢7ij7v20ij+0jl’il7H(Biyj+Bj’i)
+615{ (H2=222) (1-29) 421 (BF = CF ot )+ B —CM j—C¥' 1 V2 (6+C11) }
+Bk [cjkj’JrCi’k,j—2Ci’j,k+2H(cjkj+Cik,j—Cij,k)%(Bjjk+3i,jk—23k,i]-)]
H(CF = =B )(CV) =3 (B j+ By, )+ C* (Bj =20y, ) +Cp B M 46,165
+(Bk/_2crkl7l+cll7k+¢’k)(cjk’i_i_Cik’j_Cij’k)_'_%Bi(Bk’jk_v2Bj+4H¢!j_2ck/k’j+20;6jyk)
20k [% (B x+Bl;) ~Chs+6,56—Chas'~ jlylirVQij+Cll‘jk+H(Bj,k+Bk,j—2C,;j>}
—1(Bv,'B* j+B; B ) +¢ [(Bj,i’+Bifj+2¢,ij+2H(Bj,i+Bi,j)_gci;’—4HCi;}
+2(Cig 1 CF 5 1=Cly ROy 1 +CF Cy ) +2CM [Ck,,]-i— ﬂ,ik—cil’jﬁcij,kl} +Gi;
4675 { (H2-220) (46— By B)+2¢ [Ck”k—Bk’k—v2¢+2H(ck’k—2¢/—Bk,k)}
+B* [2cl’l,kfzc,’c,f+v23kfBl,kl+2H(B,’Cf¢,k7201k,l+cll,k)] +CH' (¢4~ Bu)
+2CH |:C]:l_V2Ckl+2HC;l+QClm,km_Cmm,kl_QHBl,k_Bll’k_(z’,kl] +2Bk/(cll,k_ckl,l)

+Ck/k (Blﬂl_%cl’l>+20kl’kclm’m+clm7k(Okm’l_%clm’k)_clhk(QCkmym_%Cmm’k)

+6' (CV k=B* 1) =% (2B* kB!~ BuxB* =3B! B, F )+ (C1, F =20 1= F) 461}, (5.53)

where G%, G%;, G'; are the third order corrections (the latter split into a diagonal
part G';, and an off diagonal part G!;) which we give in the appendix as Eqgs.
(B.1), (B.2), (B.3) and (B.4), respectively. Note that, in calculating the third order
components given above, we have implicitly obtained the full second order Einstein
tensor components for fully general perturbations (i.e. including all scalar, vector

and tensor perturbations).

5.5 Discussion

In this chapter we have developed the essential tools for cosmological perturbation
theory at third order. Starting with the definition of the active gauge transformation
we have extended the work presented in Section 2.3 to third order, and derived
gauge invariant variables, namely the curvature perturbation on uniform density
hypersurfaces, (3, and the density perturbation on uniform curvature hypersurfaces.
We also relate the curvature perturbation (3, obtained using the spatial metric split
of Ref. [112] to that introduced by Salopek and Bond [130], which is also popular at
higher order.
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We have then calculated the energy and momentum conservation equations for a
general perfect fluid at third order, including all scalar, vector and tensor pertur-
bations. The Klein-Gordon equation for a canonical scalar field minimally coupled
to gravity is also presented. We highlight the coupling in these conservation equa-
tions between scalar and tensor perturbations which only occurs at third order and
above. Finally, we have presented the Einstein tensor components to third order.
No large scale approximation is employed for the tensor components or the con-
servation equations. All equations are given without specifying a particular gauge,
and can therefore immediately be rewritten in whatever choice of gauge is desired.
However, as examples to illustrate possible gauge choices, we give the energy con-
servation equation on large scales (and only allowing for scalar perturbations) in
the flat and the uniform density gauge. This gives an evolution equation for the
curvature perturbation (3, Eq. (5.44). As might be expected from fully non-linear
calculations [100] and second order perturbative calculations [110], the curvature
perturbation is also conserved at third order on large scales in the adiabatic case. It
is worth noting that higher order perturbation theory, as discussed in this chapter,
has the advantage of being valid on all scales whereas fully non-linear methods, such
as separate universe approaches are gradient expansions (in powers of k/aH ), and
so are only valid on superhorizon scales.

Another application of our third order variables and equations, in particular the
Klein-Gordon equation (5.49), is the calculation of the trispectrum by means of the
field equations. Whereas calculations of the trispectrum so far derive the trispec-
trum from the fourth order action, it should also be possible to use the third order
field equations instead. The equivalence of the two approaches for calculating the
bispectrum, using the third order action or the second order field equations, has
been shown in Ref. [136]. Having included tensor as well as scalar perturbations it
will be in particular interesting to see and be an important consistency check for
the theory whether we arrive at the same result as Ref. [137].

A final advantage of extending perturbation theory to third order is that, in doing
so, one obtains a deeper insight into the second order theory. Also second order
perturbation theory, despite remaining challenging, becomes less daunting having

explored some of the third order theory.



6 Discussion and Conclusions

6.1 Summary

The main focus of this thesis has been the study of cosmological perturbations be-
yond linear order. In Section 1.1 we introduced the standard cosmological model,
giving the background evolution and constraint equations and briefly discussing
inflationary cosmology. In Chapter 2 we introduced the theory of cosmological per-
turbations up to second order, presenting the perturbed metric tensor and energy
momentum tensor for both a perfect fluid, including all types of scalar, vector and
tensor perturbations, and a scalar field. We then considered the behaviour of the
perturbations under a gauge transformation in the active approach, using this be-
haviour to define gauges and construct gauge invariant variables. Next, we discussed
the thermodynamics of a perfect fluid and defined the non-adiabatic pressure pertur-
bation, closing the chapter by considering how non-adiabatic pressure perturbations
can arise naturally in multiple-component systems.

In Chapter 3 we continued the discussion of the foundations of cosmological per-
turbation theory by presenting the dynamic and constraint equations, from energy
momentum conservation and the Einstein field equations, up to second order in the
perturbations. Starting with the linear theory, we gave the governing equations for
scalar, vector and tensor perturbations of a perfect fluid in a gauge dependent form,
i.e. without fixing a gauge. We then presented the gauge invariant form of the
equations for three different gauges: the uniform density, the uniform curvature,
and the longitudinal gauges, solving the equations for the latter two in the case
of scalar perturbations. We then presented the Klein-Gordon equation for a scalar
field, to linear order for both a canonical and non-canonical action, and highlighted
the important difference between the adiabatic sound speed and the speed with
which perturbations travel in a scalar field system (the phase speed). Finally, we
investigated the perturbations of a system containing both dark energy and dark
matter.

Having laid the foundations of the linear order theory we then discussed the sec-
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ond order theory, presenting the governing equations for a perfect fluid derived, as
at first order, from energy momentum conservation and the Einstein field equations.
We then presented all equations in the uniform curvature gauge, which we then used
in Chapter 4, and for scalars only in the Poisson gauge, in order to connect with the

literature.

In Chapter 4 we used the tools developed in the previous chapters to investi-
gate non-linear vector perturbations in the early universe. Using the qualitative
difference between the linear theory and the higher order theory we showed that, at
second order in perturbation theory, vorticity is sourced by a coupling quadratic in
linear energy density and entropy perturbations, extending Crocco’s theorem from
a classical framework to an expanding, cosmological background. In order to show
this, we first defined the vorticity tensor in General Relativity and calculated the
vorticity tensor at first and second order in cosmological perturbation theory using
the metric tensor and fluid four velocity presented earlier. We then computed the
evolution of the vorticity tensor by taking the time derivative, and using the gov-
erning equations from Chapter 3 to simplify the expressions and replace the metric
perturbation variables. We found that at linear order the vorticity is not sourced
in the absence of anisotropic stress, in agreement with the previous results known
in the literature. However, at second order we obtained the novel result that there
exists a non-zero source term for a fluid with a general equation of state (depending
on both the energy density and entropy) which is quadratic in linear energy density
and non-adiabatic pressure perturbations.

Having derived this qualitative result we then gave the first quantitative solu-
tion, estimating the magnitude and scale dependence of the induced vorticity using
simple input power spectra: the energy density derived in Chapter 3 approximated
for small k7, and an ansatz for the non-adiabatic pressure perturbation. We found
that the resulting spectrum has a surprisingly large magnitude, given that it is a
second order effect, and a dependence on the wavenumber to the power of at least
seven, given our assumptions. Thus, this spectrum is hugely amplified on small
scales, rendering the vorticity not only possibly observable, but also important for

the general understanding of the physical processes taking place in the early universe.

In Chapter 5 we extended the formalism of cosmological perturbation theory from
the second order theory to third order, starting with the gauge transformation rules
and defining gauge invariant variables. Then, considering perfect fluids and scalar,

vector and tensor perturbations we presented the energy and momentum conser-
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vation equations and the Klein-Gordon equation for a scalar field without fixing a
gauge. Finally, we gave the components of the Einstein tensor at third order also in

a gauge dependent form.

6.2 Future Directions

The work presented in this thesis can naturally be extended in several directions.
One clear extension is to study the vorticity generation in specific models, moving
beyond the simple ansatz for the non-adiabatic pressure perturbation used in Chap-
ter 4. As discussed in Section 2.5.1, non-adiabatic pressure perturbations naturally
arise in any system consisting of more than one component, such as a multiple fluid,
or multiple scalar fields model. Even in the case of zero intrinsic non-adiabatic
pressure perturbation, there exists a relative non-adiabatic pressure perturbation
between the different components of the system which is proportional to the rela-

tive entropy perturbation, i.e.

) )
§Pua  Spy = 3H| 2L 2L
Pos  Por

This can then be written in terms of field variables using the definitions in Chapter 2
in order to obtain an expression for the relative entropy perturbation in multi-field
inflation models.

Another way in which this work can be extended is to exploit the potential for
this mechanism to generate magnetic fields. As mentioned in Chapter 4, magnetic
fields and vorticity are intimately related. This relationship has been studied in
some detail in classical fluid mechanics and in astrophysical situations (see, e.g.,
Ref. [153] for a review), though there is still much work to be done on incorporating
magnetic fields into cosmological perturbation theory. Since the energy density is

related to the magnetic field, b°, through the expression

when considering linear perturbations of the energy density one often considers
perturbations of the magnetic field to ‘half order’. That is, one assumes that the
magnetic energy density as shown above to be of order 4%, is formally the same
order as the scalar density perturbation. ensuring that the perturbed version of

Eq. (6.1) holds at linear order (see, e.g., Ref. [26]). However, one does not need to
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use this technique and, in fact, when considering higher order perturbations it is
not immediately clear how this will work. Instead, one can consider and develop
cosmological perturbation theory to consistently include magnetic fields at integer
order. Having done that, it will be possible to obtain estimates of the primordial
magnetic field produced by the vorticity generated using cosmological perturbations
as shown in this thesis by using the simple ansatz considered in Chapter 4 [28].

A further extension to this work will be to consider the primordial magnetic field
generated from the relative non-adiabatic pressure perturbation in a system with

multiple components, such as a hybrid inflation model.

6.3 Outlook

Cosmological perturbation theory has matured over the last few decades and has
been incredibly successful in making predictions that agree with observations. How-
ever, with the data sets available to us continually growing in their size and quality
it is now a realistic aim to use perturbation theory even beyond linear order to make
predictions which are observationally testable.

The main observable with which we can constrain our cosmological models is the
CMB, of which we have, to date, collected much information, predominantly from
the successful WMAP experiment. The PLANCK satellite [1] will greatly improve the
temperature measurements of the CMB and together with the proposed CMBPoOL
satellite [21], will measure the polarisation of the background radiation. Since the
CMB is not affected by the astrophysics of the late universe, usually one prefers the
use of CMB data over other techniques for the study of higher order observables.

However, with the recent technological advances, Large Scale Structure (LSS)
surveys, such as the Sloan Digital Sky Survey (SDSS) [147] and the proposed 21cm
anisotropy maps are attracting more attention as a way to probe the evolution
of the universe at different epochs of its history. The 21cm signal, generated by
neutral Hydrogen left over after the Big Bang, can probe the era after decoupling
but before galaxy formation, i.e. between redshift 200 and 30, while LSS surveys
probe out to around redshift 1. The 21cm anisotropy maps contain much more data
than the CMB [95], though it should be noted that it is still not clear whether the
foregrounds can be removed with enough accuracy to enable reliable results.

This is but one area where calculations at higher order can be tested against
observations. Thus, the future study of cosmological perturbation theory will greatly

increase our understanding, serving to broaden and deepen our knowledge of the
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universe in which we live.



A Second Order ¢ — j Einstein

Equation

In this appendix we give the second order (i—j) component of the Einstein Equation

omitted from Section 3.2:
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Here, we give the third order corrections to the components of the Einstein tensor.

We do not split up perturbations order by order.
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