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Abstract

The next generation of telescopes will usher in a new era of precision cosmology capable
of determining key parameters of a cosmological model to percent level and beyond. For
this to be effective, the theoretical model must be understood to at least the same level of
precision. A range of subtle physical spacetime effects remain to be explored theoretically,
for example, the effect of backreaction on cosmological observables. A good understand-
ing of this effect is paramount given that it is a consequence of any space-time theory of
gravity. We provide a comprehensive study of this effect from the perspective of geomet-
ric averaging on a hyper-surface and averaging on the celestial sphere. We concentrate on
Friedmann-Lemaitre-Robertson-Walker spacetime with small perturbation up to non-linear
order . This enables us to quantify by how much this effect could change the standard model
interpretation of the universe. We study in great detail key parameters of the standard
model, Hubble rate, deceleration parameter and area distance. We find that the Hubble rate
depends on the choice of definition of the Hubble rate and the spatial surface on which the
average is performed. Within the ACDM model, the backreaction effect on the background
Hubble rate is of order 1% at a scale of 100 Mpc, and much less on larger scales. We find
that for the deceleration parameter adapted to observation, the perturbation theory gives
divergent answers in the UV and corrections to the background are of order unity or more
depending on the choice of UV cut-off. For the area distance, we identify a range of new
lensing effects, which include: double-integrated and nonlinear integrated Sach-Wolfe con-
tributions, transverse Doppler effects in redshift space distortions, lensing from the induced
vector mode and gravitational wave backgrounds, in addition to lensing from the second-
order potential and we also identify a new double-coupling between the density fluctuations
integrated along the line of sight, and gradients in the density fluctuations coupled to trans-
verse velocities along the line of sight. We conclude that the precision cosmology would be
unsuccessful without the effect of backreaction being properly taking into account in param-
eter estimation. Also we need to re-think our theoretical approach to sub-horizon universe

because un-renormalized perturbation theory appear not to be working.
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Chapter 1

Origin of Structures within the
Standard Model

1.1 Introduction

The cosmological principle supported by ‘Occam’s razor’ is one of the fundamental pillars
of modern cosmology. It puts strong constraints on the type of spacetime and matter field

that could describe the universe on large scales. The two key constraints are [2]:

e when the universe is averaged over sufficiently large scales, the mean motion of radia-
tion and matter in the Universe with respect to all averaged observable properties are
isotropic. This implies that every observable must be rotationally invariant on large

scales.

e all fundamental observers experience the same history of the Universe, i.e. the same
averaged observable properties, provided they set their clocks suitably. Such a Universe
is called observer-homogeneous. This means that the statistical property of observable

must be translationally invariant.

The biggest observational support for the isotropy constraint comes from the Cosmic Mi-
crowave Background radiation (CMB) [3,[4] and the ability to understand small angular scale
physics of the CMB using the linear theory provides support for large scale homogeneity in
the early universe.

The isotropy constraint requires that clocks be synchronised such that the metric tensor
vanish, go; = 0 for the spacetime in comoving cordinates. The only metric that satisfies these

constraints is the Friedmann-Lematre-Robertson-Walker-metric(FLRW) and it is given by

ds* = —dt®+a(t)’ [dx* + fR(x) (4% + sin®6d ¢*)] | (1.1)

1



1.1. Introduction 2

where K2 sin (K%{) (K >0)
fe(x) = x (K=0)
(—K)? sinh [(—K)%X} (K <0)

with fx(x) and K -3 having the dimensions of length and the constraints also require that
the 4-velocity of the comoving observer be given by u® = (1/a,0,0,0). If we define the radius
of the 2-shpere as fx(x) = r, then equation (1.1)) has an alternative form,

dr?

2 2 2

+ 72(d 6% + sin® 6d ¢2)} : (1.2)
Here a(t) is the scale factor, ¢ is the cosmic time and the constant K is the mean-spatial
curvature of the hyper-surface or the spatial surface. It could take a positive, zero, or a
negative value, where each K value corresponds respectively to closed (elliptic), flat, or open
universe (hyperbolic). Transformation to more user-friendly conformal time is achieved by
rescaling dt = ad n. The evolution of the scale factor is determined by the Einstein equations

of general relativity [5]

1
Gab = Rab \ §gabR = 87TGTab - Agab? <13)

where Ry, R, Ty, and G are the Ricci tensor, Ricci scalar, energy momentum tensor,
gravitational constant, respectively. A is the cosmological constant. The metric ((1.2)) admits

a perfect fluid and it is given by the energy-momentum tensor

Tab - ()0 + p)uaub + PGab (14)

where p and p are the energy density and pressure of the universe. Contracted Bianchi
identity requires that the divergence of T}, vanishes, resulting in a conservation equation for
the matter field,

V.T* =0, (1.5)

where V denotes the covariant derivative associated with the metric g,,. Computing the
Einstein tensor G, from the metric given in equation ((1.2)) and substituting the energy-
momentum tensor (|1.4) into equation ([1.3|) gives a system of equations that govern the
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evolution of the scale factor and the energy density:

8rGp K
H? = — = 1.
o X (1.6
a e
o= —T(P+3p), (L.7)
p = —3H(p+p), (1.8)

where the first, second and the third equations are the Friedmann equation, the Raychudhuri
equation and the energy conservation equation respectively. We have also defined the Hubble
parameter as H = a/a. Assuming that matter in the universe could be characterized as a
barotropic fluid, its equation of state is given by p = wp. If the universe is dominated by
a non relativistic matter we have w ~ 0, by a gas of relativistic particles, w = 1/3 and
by a cosmological constant, w = —1. The evolution of the scale factor and the energy

density in different universe scenarios is given in Table [I.1} In our universe, several species

| [w pla) [a®) | al) | i |

Radiation dominated | 1/3 | a=* | ¢!/2 n 0
Matter dominated 0 | a3 |3 n? 0
curvature dominated | - | a2 | t | e | _oo
A dominated —1| a® | ] ' | —o0

Table 1.1: Possible FLRW solutions with one form of fluid dominating the energy budget.
Mini 1s the conformal time at the early time.

with different equations of state coexist, and it has become customary to characterize their

relative contributions by the dimensionless parameters

87TG,0(Z-)
3HZ

Qu = (1.9)
where the p(;y denotes the present energy densities of the various species (for example €,
stands of contribution from non-relativistic matter) and Hy is today’s Hubble parameter.
The current best fit parameters for the observable universe is given in Table [[.2} Applying
equation (1.9) to equations (1.6) and (L.8)), the Hubble rate and the Raychaudhuri equation

become

H*(z) = Hi[1+2)'"Qo+ (142)°Uno+ (14 2)° Qo+ Qo) (1.10)

q = 5 (Qn+29, —204) , (1.11)

1
2



1.1. Introduction 4

where ¢ is the declaration parameter and we have introduced the redshift z,which characterize
the change of a signal emitted by a source with a 4-velocity u?, e.g a galaxy (here denoted

as ‘s’) and the signal measured by an observer with 4-velocity u?

Here k” is the photon 4-vector or a tangent vector to the photon geodesic. For H(z,) = Hy
and using equation ([1.10) the constant mean curvature may be defined in terms of energy

density parameter for different specie
K = Ho* (Q0 + Qo + Qo — 1), (1.13)

where we have set the scale factor today to to unity (ag = 1). In a matter dominated
universe, the dimensionless energy density parameter for the non-relativistic matter and the

cosmological constant may be written as

Qn(z) = 8nGpoa? _ Qno(1 + 2)3 (1.14)
" 3H2(z) (14 2)"Qo+ (14 2)3Qno + (14 2)* Qo + Qo] -
A 0
Ou(z) = = A (1.15)

3H2(2)  [(1+2)*Q 0+ (14 2)3Qm0 + (1 + 2)2Qx 0 + Q0]

1.1.1 Distances in Standard Cosmology

The comoving coordinate distance, y, which characterizes the distance between two points

measured along a path defined at the present cosmological time may be derived from equation

(L.1)

1 ? dz
Z =
x(z) apHy /0 V oL+ 2)3 + Qo1+ 2)4 + Qa0 + Qo1 + 2)?

: (1.16)

The area distance and the luministy distance follow directly from equation (1.16]) with some

assumptions about the observed luminosity

Dp(z) = (1+2)f(x(2)),  Da(z) = f(x(2))- (1.17)

Notice the duality relation Dy = (1 + 2)2D 4. In general, the area distance is given by

Di = ramem (Vo [ i) (118)
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where

= = U+ 200+ (L4 2D + (14 2)200 + Qn ] (1.19)

0), equation (1.18), may be

In an Einstein de Sitter universe (2,0 = 1,Q,0 = 0,10 =

integrated to give

2 1
Dal2) = e [1- (1+2)73] . 1.20
A(Z) H()(l _I_Z) ( +Z) 2 ( )
Observationally the luminosity distance is given as a distance modulus
Dy,
=m—M =51 — 1.21
fo =m 0g (Mpc> : (1.21)

where the apparent magnitude m and the absolute magnitude M are logarithmic measure

of flux and luminosity respectively.

Class  Parameter WAMP 7-year ML | Class Parameter WAMP 7-year ML
Primary  100€Q,h? 2.270 Derived o 0.803
Q.h? 0.1107 Hy 71.4km/s/Mpc
Qa 0.738 Qp 0.0445
N 0.969 Qe 0.217
T 0.086 Q,,h? 0.1334
AZ (ko)© 2.38 x 1079 Zreion. 10.3
to 13.71 Gyr

Table 1.2: The summary of maximum likelihood cosmological parameters for the ACDM
model. Here the superscript ¢ stands for the estimation performed for A% (k) =
k3 Pgr(k)/(272) with ko = 0.002 Mpc™' and b represents the mean of the poste-

rior distribution

1.1.2 The Inevitability of an ultra-rapid expansion

Although very successful in some aspects of its attempt to describe the universe, the standard
Big Bang picture of the universe suffered from a couple of problems so much so that in less
than four decades was almost unappealing despite its initial successes. The major reason for
some of these problems is that for normal matter, only decelerating expansion is possible.
An attempt to find a solution to some of the problems requires that the universe at a certain

stage in its evolution underwent an ultra-rapid expansion. Some of they problems include

e Horizon Problem: This is a problem associated with the fact that different patches in

the sky that are just entering the Hubble volume, (aH)™!, do not have enough have
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time to interact in the past within the standard Big Bang theory, because the physical
distance or the comoving particle horizon between them was very short. The comoving
particle horizon is the maximum causal distance within which particles can exchange
information at the speed of light, This implies that if this distance was smaller than
the comoving Hubble radius, (aH)~! in the past, the two particles could never have

communicated in the past.

Yet the CMB we observe today show that different patches in the sky appear to have
had enough time to talk to each other at the time of last scattering when they were
first emitted.

Mathematically, the maximum causal distance between particles is given by

tar ¢ da @ 1
— _ [ 2% [ dmal— 1.22
4 /0 aty ~ Jy Ha? /0 na(aH) ’ (1.22)

For a perfect fluid dominated universe, the comoving Hubble rate depends on the

equation of state parameter, w, according to (aH) ! = Ho_laé(H?’w). In a standard
Big Bang scenario, with the equation of state parameter, w=>0, the fraction of the
universe in causal contact also grows with time 7 a2(73%)  This shows that the
size of the comoving horizon increases monotonically with time, hence the comoving

horizon was very small in the past.

A simple fix to this problem looking at equation (|1.22)) will be to find a way to get
the comoving Hubble radius, (aH)™!, to shrink or keep H constant at the early time
before decoupling, so that the particle could communicate and after the standard big

bang evolution continues.

e Flatness problem: The universe we observe today appear to be well-described by a flat

Euclidean space. However, according to the standard model where

1—Q(a) = —h : (1.23)

this is unlikely, because the comoving Hubble radius, (aH)™!, increases with time
and equation. ((1.23]) says that the quantity |2 — 1| must diverge with time. Thus
the critical value €2 = 1 or the condition for flatness within the standard model is

an unstable fixed point. In fact the universe was flat even at the time of Big Bang
Nucleosynthesis (BBN), |Q(agpn) — 1] < O(10716)

In order to reconcile with the standard Big Bang cosmology, the comoving Hubble

radius has to decrease at early time so that it drives the universe toward flatness.
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o The origin of large-scale structure in the universe:

We see structures (galaxies and clusters of galaxies) in the sky, even up to the largest
possible scale. The general understanding is that these structures formed via gravita-
tional instability from some seed perturbations. The origin of these seed perturbations
was not predicted by the standard Big Bang model. Also the existence of these struc-
tures on large-scale is also unlikely within the standard model because the particle

horizon was very small in the past.

A fix to the problem of initial condition for structure formation will be to require that
the comoving horizon decreases or that the Hubble rate remains constant at some early
time, so that the required perturbations could be generated by a quantum mechanical
process on the sub-horizon scale, which then exit the horizon once the Hubble radius
becomes smaller than their comoving wavelength. At the superhorizon scale, they
become classical perturbations that will in turn re-enter the horizon in the subsequent
evolution of the universe to provide the seed fluctuations that would form the large-

scale structure we see today through gravitational collapse [6].

e Monopole Problem:

The early universe had more particle symmetries than what exist today. This implies
that some of these symmetries were broken at some point during the evolution of the
universe. Most particle Physics models predict that whenever a symmetry is broken,
some exotic particles are created, for example Monopole, Domain walls, etc. Most of
these particles evolve like normal matter (i.e protons) but with energy density signif-
icantly larger than that of the normal matter. This implies that if they were created
large enough in the early universe, their presence would have forced the universe to

re-collapse.

But if there was a period of rapid expansion in the early universe, these particles would

be redshifted away.

Finally, to solve all these problems, all that is needed is to find a mechanism that would
effectively shrink the size of the comoving Hubble radius, (aH)~! during a brief period in
the early time and returns the evolution back to the standard Big Bang model afterwards.

One mechanism that elegantly realizes this is called cosmic Inflation.
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1.2 A Brief Period of Accelerated Expansion

The key requirement from any mechanism that will solve the problems above is that the
Hubble volume shrinks d (aH)~'/dt < 0 and from equation (1.8, the Hubble volume is
related to the accelerated expansion d (aH)™'/dt = —i/(aH)?, therefore the decrease in
comoving Hubble radius implies an accelerated expansion d?a/dt?> > 0 . Using the Ray-
chaudhuri equation , an accelerated expansion puts a constraint on the equation of
state of the required matter, p < —%p, thus, matter with a negative pressure is needed to
achieve an accelerated expansion. A negative pressure matter violates the strong energy
condition (SEC), but does not undermine the elegance of this mechanism because it does
not violate causality for particle interactions.

The action of a single scalar field ¢ hereafter called the inflaton, minimally coupled to

gravity is given by

S = /d4x\/—_g BR + %gwa#gz) 8,6 — V(8)| = Sen + Sy . (1.24)

where Sgy is the action of the gravitational field, the gravitational field is described by
general relativity, and S, is the action of a scalar field with canonical kinetic term and a
potential term. The potential V' (¢) describes the self-interactions of the scalar field. The
variation of the action, Sy, with respect to the metric gives the energy-momentum tensor
for the scalar field

70 = 2 95
RN T

and variation with respect to the inflation gives the equation of motion for ¢

= 0,000~ g (376004 V(®)) (125

054 1 av
99 _ 0,(v/—=g0"d) + — =0, (1.26)
0 =g " d¢
It is possible to deduce the energy density and pressure associated with the energy-momentum
tensor T,Ef) by comparing equation 1} with the general expression for the energy-momentum

tensor for a perfect fluid (equation ([1.4))

po= 38+ V(6) + 5(Vo), (1.27)
Py = %éz ~V(¢) - é(%)z. (1.28)

Specializing to the case of a homogeneous field ¢(t,x) = ¢(t), leads to an equation of state
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for ¢ _
po 124V
Equation (1.29) shows that an inflaton can lead to a shrinking Hubble sphere if the potential

energy term, V' (¢), dominates over the kinetic energy, %gb{ that is whenever V' > %éQ, imply-

(1.29)

ing that a negative pressure (w, < 0) dominates and expansion of the universe accelerates

(ws < —1/3).

1.2.1 Conditions for a Slow-Roll Inflation

The evolution of a homogeneous inflaton on an FLRW spacetime is determined by

$+3H¢+2—‘;=0, (1.30)
H? = % (%& + V(¢)> : (1.31)
O pt8p0) = B~ 2), (1.32)
where ,
> g(w¢+ 1) = %z—z (1.33)

Equation ([1.32)) is the acceleration equation for a universe dominated by a homogeneous
inflaton field. For large ¢, equation 1) shows that the inflaton experiences significant
Hubble friction from the term H¢ slowing down the rate of expansion. The slow-roll param-
eter ¢ is related to the evolution of the Hubble parameter

H din H

e (1.34)

where d N = Hdt. To drive the universe through an accelerated expansion phase, € must
be less than one (¢ < 1). As py — —pg, the spacetime tends to a de Sitter limit, which
corresponds to € — 0. In this case, the potential energy dominates over the kinetic energy,
P < V(¢) . Inflation occurs if the inflaton is evolving slow enough that the potential energy
dominates the kinetic energy, and ¢ is small enough to allow this slow-roll condition to be

maintained for a sufficient period. Thus, inflation requires

@ < V() (1.35)

. . d
b < lamdl & 1502 (1.36)



1.2. A Brief Period of Accelerated Expansion 10

Accelerated expansion will only be sustained for a sufficiently long period of time if the
second time derivative of ¢ is small enough and

this requires smallness of a second slow-roll parameter

gB 1 de

_ = 1.
Ho 2¢ed N’ (1.37)

where the condition, |n| < 1 ensures that the fractional change of € per e-fold is small. The

number of e-folds before inflation ends is given by

N(¢) = In fend
a
tend Pend H ¢
- Hdt:/ Hion [ Las. (1.38)
t 6 O bena Vo0

To solve the horizon and flatness problems requires that the total number of inflationary

e-folds exceeds about 60,
Qend

N = In >60. (1.39)

Qstart
The precise value depends on the energy scale of inflation and on the details of reheating after
inflation. The fluctuations observed in the CMB anisotropies are created by N, ~ 40 — 60

e-folds before the end of inflation.

1.2.2 Other Approaches to Inflation

There are other approaches towards realizing inflation in the early universe that deviate
slightly from the general well-behaved canonical kinetic term and minimally coupled single
field inflation, they include: Gauge Inflation [7H10] , Non-minimal coupling to gravity, Non-
canonical kinetic term, for example DBI inflation etc. There are also alternatives to inflation:
these are possibilities that could potentially lead to the type of universe we observed today
that do not involve any kind of accelerated expansion by a scalar field minimally coupled to
general relativity. They include: Ekyrotic/Cyclic Universe, Conformal Cyclic cosmology and
a group of Modified gravity theories such as higher derivative gravity and a class of f(R,G,T)
theories. Other groups with link to quantum gravity include: Horava-Lifzshit gravity (the
Lorentz invariance is broken to retain high energy renormalizability), Brane Collision (String
theory inspired approach where the present universe might be a product of high energy
collision of two branes in the past), Supergravity inflation (most Supergravity theories live
in higher dimensions, their dimensional reduction could provide a fundamental scalar field

that drives the accelerated expansion of the universe), String or M-Theory inspired approach
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(M-theory is a theory of quantum gravity, hence could naturally provide a consistent guideline

not only on inflation but on the initial conditions of the universe [11, 12]), etc.

1.3 Quantum Origin of cosmological Structures

The density inhomogeneities we observed today were seeded by the initial vacuum quantum
fluctuations of the inflaton in the sub-horizon region and were stretched out of the horizon
where they got converted to classical cosmological perturbations before re-entry into the

horizon [13], [14]. The detail of this scenario is given below:

1.3.1 Origin of Curvature Perturbations

The necessary part of the action for curvature perturbations, R, is given by [15]

S= % / drddz [@’)2 +(90) + %ﬁﬂ (1.40)

v=2zR , with 22 = aQ% = 2a%¢c , and we have switched to conformal time with a notation

7 to avoid confusion with the slow-roll parameter. In Fourier space the equation of motion

from (equation (1.40))), is given by
" 2 Z

Equation (1.41)) resembles that of a harmonic oscillator with a time dependent mass. In de

Sitter space (2”/z = a” /a = 27?), the general solution is given by

1 i ,
=/ —=(1=— ) 1.42
Uk 2% ( /w) € (1.42)

where we have selected the mode that matches the Minkowski vacuum, i.e Bunch-Davies

vacuum. The power spectrum in quasi-de Sitter space time for the field (@k = a0y [6],

. . 2

() (r)) = (260 +K) (1.43)

where we have taken the superhorizon limit, |k7| < 1. We have also used the generic
quantization technique to arrive at equation [1.43] Equation. (|1.43]), allows to calculate the

power spectrum of the curvature perturbation R = %w at horizon crossing, a(t,)H (t.) = k,
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2 2
ig % — (2735 (k + 1) P (k) (1.44)

(Ri()Rie (1)) = (2m)%(k + K)
From equation dimensionless power spectrum may also be defined in terms of Pg (k)

A% (k) = k—3PR(kz) : (1.45)

272

1.3.2 Gravitational Wave: Tensor Perturbations

The action for tensor fluctuations is given by

2

M
S=7§/H“W%ﬂmwﬁwa%PL (1.46)

where h;; a rank two trace-less tensor which denotes the gravitational waves and the prime ’

denotes derivative with respect to the conformal time. h;; may be expanded in Fourier space

as.
d3k s s ik-x
b= [ Gy O )R (1.47)
s=+,x
where ¢;; = k'q;; = 0 and qf](k:)qf]/ (k) = 20,¢. It is convenient to re-define, vy = § My by, so

that the action becomes

"

S— Z % / drdk [(vfg)? _ (k:2 _ %) (vi)g] | (1.48)

After going through a similar quantization procedure in the scalar field case, the dimen-

sionless power spectrum of the two polarization states of tensor fluctuations is given by

2 K2

A2 =2A% (k) = ——% 14
T n(k) M7 (1.49)

where A% stands for the dimensional power spectrum for two polarization states of the
gravitational waves while A? (k) is the dimensional power spectrum for a single polarization

state.

1.3.3 Interesting Things for Observation

e Tensor-to-Scalar ratio:

The tensor-to-scalar ratio provides a link to directly measure the energy scale of infla-

tion. It relies on the link between the tensor power spectrum and the inflaton potential,
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A% oc H? ~ V, so that given the tensor-to-scalar ratio

A% (k)
=(k)’

and assuming a nearly scale-invariant scalar power spectrum, the height of the inflaton

(1.50)

ﬂ
Il

P

potential may be written in terms tensor-to-scalar ratio

1/4 Yt e
1% N(W) 10° GeV . (1.51)

If the tensor-to-scalar ratio, » > 0.01, this implies that inflation happened at the GUT

scale energies.

o Number of e-folding: The power spectra of the scalar and tensor fluctuations created

by inflation are given by

1 H?1
AL (k)= AL (k) = ———— 1.52
p k=aH
2 H?
[ S P

tensor-to-scalar ratio evaluated at the horizon crossing k = aH is related to one of the

slow-roll parameters through

2
=_"1T _16¢,. 1.54
Az Ge (1.54)
where I H
n
= — } 1.
N (1.55)

Hence, tensor-to-scalar ratio provides a constraint on the number of e-foldings a single
inflaton field could generate.
e Scale-Dependence of power spectrum

The scale dependence of the spectra follows from the time-dependence of the Hubble

parameter and is quantified by the spectral indices

:dlnA% :dlnAQT
= dmk 0 T dmk

nR — (1.56)

a short derivation shows that the spectral indices relate to the first order Hubble slow-
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roll parameters according to

ng — 1 =2n, —4e,, (1.57)
nr = —2¢,. (1.58)

These imply that any deviation from perfect scale-invariance (ng = 1 and nr = 0)
provides an indirect window to probe the inflationary dynamics as quantified by the

parameters ¢ and 7.

e Inflationary Potential

In the slow-roll approximation the Hubble and potential slow-roll parameters are re-
lated as follows

£~ €y, NN — €. (1.59)

where ¢, =V, and 1, = V44 It is possible to express the scalar and tensor spectra

purely in terms of V(¢) and €, (or V)

1 V1 2V
2 2
kY~ ——— AL(R) " ——+ : 1.60
R( ) 247T2 M;)ll €y ? T\’,( ) 37T2 ]\441 ( )
k=aH P k=aH

Using equation ([1.59)), we notice that the scalar spectral index is given by ng — 1 =
2ny — 6€; , while the tensor spectral index is given by ny = —2¢, and the tensor-to-
scalar ratio then becomes

r =166 . (1.61)

We see that single-field slow-roll models satisfy a consistency condition between the

tensor-to-scalar ratio r and the tensor tilt nr
r=—8nr. (1.62)

Within the slow-roll approximation, measurements of the scalar and tensor spectra
relate directly to the shape of the potential V(¢), therefore, measurement of the am-
plitude and the scale-dependence of the cosmological perturbations encode information

about the potential driving the inflationary expansion.
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1.4 Non-Gaussian Signature in Cosmological Observ-

ables

There are various sources that could contribute a non-Gaussian signal to any cosmological

observation. The major sources include:

e Primordial non-Gaussianity

This is non-Gaussianity in the primordial curvature perturbtion R or the gravitational

waves produced in the very early universe by inflation.

e Second-order non-Gaussianity

This type of non-Gaussianities may be generated when perturbations which have exited
the horizon, re-enters and due to non-linearity of gravitational field equations, they get

amplified.

e Secondary non-Gausssianity

Non-Gaussianity generated by ‘late’ time effect after recombination, for instance weak
gravitational lensing. This is likely to be the dominant source of non-gauassianity in

the large scale structure surveys.

e Foreground non-Gaussianty

This form of non-Gaussianity mainly get imprinted in the CMB signal due to back-

ground Galactic and extra-Galactic sources.

To properly extract non-Gaussian signal from observation, it is crucial we understand prop-
erly the signatures of each source of non-Gaussianity on the observed signal. Our interest
is on primordial non-Gaussianity and there are plausible mechanisms to generate it, they

include:

e Self-interaction of the inflaton field: Self-interaction of the inflaton field generate non-
Gaussianities on subhorizon scales which gets amplified through its coupling to the

metric perturbations.

o Multi-field inflation field: In the multi-field case, non-Gaussianities are generated on
superhorizon scales either during or after inflation. This is mainly due to non-linear
coupling of the scalar field to gravitational field. Since they are generated on super-
horizon scales, the mechanism involved is classical, which is opposite to non-Gassianity

generated from self-interation of the inflation field.
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e Subtle Mechanisms: Other subtle mechanisms that could produce a detectable amount
of primordial non-Gaussianity include: the violation of the slow-roll condition, non-
canonical kinetic energy term, deviation of the initial vacuum state from the Bunch-

Davies vacuum.

For a single field inflation scenario, presence of non-Gaussianity will induce corrections
to a Gaussian inflaton fluctuation and the gravitational potential ® ( or Ry). This may
be estimated by evaluating the coupling between ® and the inflaton fluctuation at horizon

crossing [16]

b0+ -1
D(x) — 127TG/ [61nH} do.
@

5 o
127G [OlnH] ™! 67G 0 [O0lnH
5+ ——— 96

5 O 5 d¢
-1
271G 0? {3111 H} 5% + O(54Y). (1.63)

5 062 | 00

0

Q

-1
| o

The gravitational potential (or the Bardeen potential, Newtonian curvature) may also be

expanded locally in real space according to
O(x) = @y(x)+ f1 (P5(x) — (P;(x))) + f2Py(x) + O(P)), (1.64)

Comparing the leading order term in the expansion of equation ([1.63|) to the leading or-
der term in equation (1.64), we notice immediately that ®,(x), carries Gaussian random

fluctuations from d¢. The higher order terms can then be written as

£o— _§ 1 92InV
YT 68rG 0¢2
25 1 2mvV\> #BhmvVomV
k= Swer (o) - e e | (109

where V' (¢) is the inflaton potential and f; corresponds to the so-called fyy, parameter while
fo corresponds to the gy parameter. Equation (1.64) may also be written in terms of the
curvature perturbation (® = (3/5)R,). Equation (1.63) may also be written in terms of the

number of e-foldings. For a single field inflation, non-linearity parameters may be written in
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terms of the slow-roll parameters

e = 2(77—26) (1.66)
gL = %(267;—277%52) (1.67)

1.4.1 Primordial Curvature Bispectrum

Assuming statistical homogeneity and isotropy, the functional form of the bispectrum of the

primordial gravitational potential is given by
(®(ky))P(ky)P(k3)) = (27)*0p(ky + ko + k3) Ba (K1, k2, k3) (1.68)

where Bg(k1, ko, k3) is the spatial bispectrum of the gravitational potential. Its actual form
depends on the details of the mechanism that generates the primordial fluctuations. The
delta function in equation enforces that the three wave number vectors form a closed
triangle. Depending on the inflation models, the maximal signals arise from several triangle
configurations. The shape and amplitude bispectrum is determined through the function
FAA223 (k) ey kes) (ko /k1)?(ks/k1)? which in most cases is plotted as a function of ky/k; and
k3/ky for ks < ko < ki . The limits on the magnitude of ki, ko, k3 determine various shapes
of the triangles, for example squeezed limit (k; & ko > k3), elongated (ky = ko + k3), folded
(k1 = 2ky = 2k3), isosceles (ko = k3), and equilateral (k; = ko = k3). thus, specifying the
shape of the non-Gaussianity is a powerful probe of the exact mechanism that lead to the

primordial fluctuations [17, [I§].

1.4.2 Shapes and Amplitude of Non-Gaussanity:Bispectrum

e Local Shape: Here the primordial gravitational potential ® is generated by a local
quadratic expansion in real space is given by equation . The dimensionless
constant fyr, sets the magnitude/amplitude of the bispectrum and non-gaussianity
is localized at a given point in real space and fyr, — fi5® (a local type nonGaussian-
ity). The first signal for the bispectrum comes from the lowest order terms of this

kind (p"M¢pM¢®). Using equations (1.68)) and (1.64) and Wick’s theorem, the local
bispectrum is given by

Bo(ky, ko, ks) = fisc Flocal (k) ke k), (1.69)
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where

Flocal(kl’ k27 kg) = 2 [P<I>g (kl)Pd)g(kZ) -+ P‘I’g (kl)Pq:.g(kg) -+ P@g<k2)P¢g<k3):| (170)

1 1
— 2AZ%.
R ((k‘1k2)3—(n5—1) + (Kyks)3—(ns=1) + (k2k3)3—(ns—1))

where Pg(k) is the gravitational potential power spectrum, defined through
(Dy (k1) Py (ko)) = 6* (ki + ko) Po, (k1) = 6% (ki + ko) Ag - k=57 (1.71)

with scalar amplitude Ar and the spectral index n,. The bispectrum of the local non-

Gaussianity is largest in the squeezed limit: k3 < k; = ky with the momenta ordered

such that k3 < ky < ky. In slow-roll single scalar field inflation, fiof® is relatively very

small due to suppression by the slow-roll parameters [15]. There exits a consistency
local

relation for a single field slow-roll inflation between local f™ and the spectral index,

N

5
local
=—(1-— 1.72
NL 12( ns) ) ( 7 )

for n, = 0.963 we have fioral =0.015. fior2! could be large in a multi-field inflationary
case [19-26].

e Fquilateral Shape: The equilateral shape bispectrum is given by [27]

FoUky, ko, ks) = 6A% -

1 2
- — 9 ) =
( (kikz)3—(ne1) perm > (k1k2k3)2_%(n3_1)

1
kl—%(ns_l)k2_%(n3_1)k37(n571)
1 2 3

+

+ (5 perm.)] : (1.73)

This type of bispectrum is associated with inflationary models where scalar fields have
non-canonical kinetic terms, for example Dirac-Born-Infeld (DBI) inflation [28] [29],
where fS oc —1/¢2 for ¢, < 1 with ¢, being the effective sound speed of propa-
gation of the scalar field fluctuations. The normalized equilateral primordial bispec-
trum Fe9(ky ko, k) (ko /k1)?(k3/k1)?, is maximized at the equilateral limit, namely,
ki = ko = ks. At present fy] is constrained by the CMB to be —125 < f{] < 435

(95% C.L.) [30].
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e Orthogonal type: This bispectrum shape was constructed such that it is nearly orthog-
onal to both the local-type and equilateral-type non-Gaussianities [30].

3 8
Forthog(k'la ko, k3) = 6A7 {—— + 2 perms.} — ——
R (kle)(Zlins) <k1k2k3) ( - s)
3
+ TS TOE, + 5 perms. ] . (1.74)
ky ® ok, 0 kST

This shape approximately represents the forms of non-Gaussianity that arises in a linear
combination of the higher-derivative scalar-field interaction terms. Each contributes a
form similar to the equilateral shape. Senatore et al. [30] showed based on an effective
field theory approach to inflation [31], that a certain linear combination of similar
equilateral shapes can lead to a distinct shape which is orthogonal to both the local
and equilateral forms. The orthogonal bispectrum Fo™™°8 (ki ko, k3)(ko/k1)?(ks/k1)?
has a positive peak at the equilateral configuration, and negative valley along the

elongated configurations.

e Folded Shape: This form of non-Gaussianity is generated when the choice of a vacuum

deviates from an adiabatic Bunch-Davies vacuum state as initial state [32].

1 3
FoU (k) ko ks) = 6AZ [ ———————— + (2 .
(K1, kg, k3) R ((k1k2)3—("s—1) + (2 perm.) + (k1k2k3)2_§("5_1)

— 21 -5 perm.)) . (1.75)

-1 Ns— —53Ns— — —
ki 3( 1)]{;; 3( 1)1{;3 (ns—1)

The primordial bispectrum for this model is maximized by configurations with modes
obeying the momentum configuration ko ~ k3 ~ ki/2. It is sometimes called flat

shape.

1.4.3 Trispectrum

The trispectrum of ®(k) is the connected part of the four point correlator in Fourier space,
(O(k))P(ky)P(k3)P(ky))e = (27)°T(ky, ko, k3, ky)0p(Kioss), (1.76)

where T'(ky, ko, ks, ky) is the spatial trispectrum of the gravitational potential. Just like in

the case of bispectrum, the delta function imposes a constraint on k; - - - ky. We will consider
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Figure 1.1: Shapes of Non-Gaussianity. The x & y coordinates are the rescaled momenta
ko /ky and k3/k; respectively. Momenta are ordered such that ks/k; < ko /ky <
1 and satsify they the triangle inequality ko/ky + k3/k; > 1. Figure adapted
from [6].

only the local form trispectrum and the leading order contribution is given by

Tq;(kl, kg, kg, k4) = 6gNLPq>(k31)Pq>(k52)Pq>(k?3) + (3 CyllC) (177)
+2f 3 Po(k1) Po(ks) [Po (k1 +ks|) + Po(Jki + ka|)] + (11 cylic).

In general, the coefficient of the trispectrum is not related to the non-linearity parameter
especially for the multi-field inflationary models, hence the f%; in equation (1.78)) is replaced

with a new term, 7y,

T@(kl, kg, kg, k4) = 6gNLPq>(k’1)Pq>(k’2)Pq>(k’3) + (3 Cth) (178)
25 .
+1_87'NLP<I;(]€1)P<I,<]€2) [P@(‘k]_ + k3‘) -+ Pq><|k]_ -+ k4|>] —+ (11 CYhC).

where 7yz = (6 fnz/5)?. We will not go into a detailed discussion of other shapes of trispec-

trum because they are not used later in this work.

1.5 Structure Formation via Gravitational Instability

The large scale structures we see on the night sky today, were seeded by the tiny quantum
fluctuations created during during inflation. The wavelength of these fluctuations was co-
moving with the expansion of the universe, as a result they exited the horizon during inflation
but re-enters at a later time as classical perturbations. It is these classical perturbations
lead to the initial over-density that kick started the formation of the structures we see today

on the night sky.



1.5. Structure Formation via Gravitational Instability 21

The well understood theory of formation in the universe relies on gravitational instability:
the regions that contains more matter tend to attract more matter into its potential well
unitil it collapses under its own weight. The distribution of inhomogeneities in the universe

is normally expressed in terms of the density contrast

S(x, ) = L0 = p) (1.79)
p(t)
In a universe that consists only of non-relativistic matter with w = 0, the background density
is given by p(t) o< 1/a(t)? . Rearranging equation gives the total energy density content
of the unverse universe as
p(x,t) = p(t)[1 + d(x,1)]. (1.80)

The evolution of matter density, p(x,t), velocity field, u(x,t) and pressure, p(x,t) is
governed by three equationﬂ: the continuity equation, which describes conservation of mass
201,

dp
— x-u=0, 1.81
(%) +o9s-u (181)
the Euler equation, which specifies conservation of momentum,
ou Vxp
— - Vx = -V, 1.82
( ot )x e Vu p (52

and the Poisson equation, which describes gravity in the Newtonian limit
V20 = 47Gp. (1.83)

We transform to the comoving coordinates by setting r = x/a(t) and define comoving time
derivatives as
=—+u-V. (1.84)

Using equation ((1.84) and and equation [1.79)), we find an equation which describes the

evolution of density fluctuations in the universe

d%§ s 2, _
i + 2HE = Evra +47Gpd (1.85)

where V2 is the Laplacian in comoving coordinates [20]

'Here we limit the discussion on structure formation to the Newtonian treatmenﬂ a general relativistic
treatment in given chapter
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We can gain more insight by expanding density contrast in Fourier space as plane waves

5(r,t) = / (;‘F’T’“)gexp[i(k-r—wtﬂak(t), (1.86)

where k is the vector of spatial wave-numbers, and w is the oscillation frequency. In terms

of these Fourier modes, eqn. becomes
O + 2H b, — 0,(4nGp — k) = 0. (1.87)

Equation ((1.87) describes the fluctuations of density modes with a “drag” term due to
Hubble expansion (2H (5k) According to equation lb the rate of growth of perturbations
0 depends on the balance between the gravitational force through 47Gp and the pressure

through k?c2. The scale A\; = 27 /k; where the two forces balance is called the Jeans length:

)\J = Cgq | —=—- (188)

Jean’s length characterizes the scale above which pressure cannot halt gravitational collapse.
Notice from equation [1.88] that Jean’s length is directly proportional to sound speed ¢, =
(W) < (The derivatives are taken at a constant entropy), and sound speed depends on
partial variation in pressure which in ture makes the Jean’s length sensitive to the equation
of state of the total energy in the universe.

Now consider two important regimes in the early universe: radiation dominance and
matter dominance. In the regime where radiation dominates the energy density, the equation
of state w = 1/3 leads to ¢ = ¢?/3. In a flat universe, the Jeans length in a radiation

dominated era may be expressed

\0) — TeV8 (1.89)
J 3H :

The Jeans length in a radiation dominated era is of the same order as the horizon scale,

A\s =~ 2¢/(H+/3). This implies that sub-horizon modes cannot collapse during the epoch
when the universe was dominated by radiation energy density. In the matter-dominated
era, there are two possibilities: if radiation and matter are coupled, then the pressure comes
from the radiation component while the density is dominated by the matter component.
This gives 2 ~ 2Q,./Q ~ (1 + 2)Q.0/Qmo. Using the data from WMAP experiment
[34], we find approximately c, ~ 1072¢\/1 + 2.

If radiation and matter are decoupled, the pressure comes from the nonzero temperature

2

of matter itself: c;

~ kT /m,, where m, is the proton mass. If matter in the universe is

in thermal equilibrium with the CMB, its temperature depends on the redshift according
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to T o (1 + z). Using observational constraints from the WMAP experiment, we find
cs ~ 1077cy/1 + z. Therefore the Jeans length during the matter-dominated epoch is given
by

10~2 before d li
A 2 ADVTEZ x crore ecouP e (1.90)
10~7 after decoupling ,

where the units of Jeans length is in Mpc. The redshift of decoupling is approximately
z ~ 1100 [6 B5]. This implies that prior to decoupling, growth below approximately sub-
horizon scales is suppressed by pressure. After decoupling, the Jeans length shrinks by at

least five orders of magnitude, allowing linear structure on this scale to form.

1.5.1 Structure Growth Beyond the Jean’s Length

The rate of growth of structures on scales larger than the Jeans length may be understood
by defining the linear growth factor D(t) such that

d(r,t) = do(r)D(t). (1.91)

We will neglect pressure at scales greater than the Jeans length. Using p = Q,,p., it is

possible to rewrite equation [I.85] as

- . 3
D+2HD — §QmH2D = 0. (1.92)

The general solution to equation ((1.92), admit a growing mode and a decaying mode:
D(t) = A1 Dy (t) + AaDo(t). (1.93)

In cosmology, we consider only the growing mode solution and the growth factor in a flat

universe is given by [20]

a da/
D(a)oc/o WH@)E (1.94)

where the normalization is usually chosen such that D(a) = 1 at the present day. A full

relativistic treatment of structure formation is given in chapter 2

1.6 The Aim of the Study

Cosmological Principle remains the bedrock of our current understanding of the universe
even when it has not been thoroughly verified through rigorous mathematical and obser-

vational techniques. Our interpretation of parameters of a given cosmological model will
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have to be revised, if the Cosmological Principle turned out to be invalid. Given the stakes,
especially now that we are headed towards a precision cosmology era, there is an urgent
need to consistently and systematically verify the bedrock upon which estimation of all the
fundamental and derived parameters of the ACDM model of the universe is based.
Recently there has been a great deal of efforts directed towards mapping out or identifying
the regions of the universe where the cosmological principle could be valid [36]. This is
motivated by the fact that the Universe is clearly not homogenous and isotropic on regions
so far covered by observation (see figure , however, it is likely that on large enough scales
(= 100h~'Mpc in ACDM), the distribution of matter may be assumed to be ‘statistically
homogeneous and isotropic’. In principle this implies that the small-scale inhomogeneities as
shown in figure may be considered as perturbations which have a statistical distribution
that is independent of position and direction in space. This assumption is yet to gather

sound observational or theoretical support.

Figure 1.2: Distribution of galaxies in one slice of the sky from the Sloan Digital Sky Survey
(SDSS). Different colors indicate different kinds of galaxies on the sky. We are
located at the bottom vertex of the cone. There is obviously a rich structure of
voids and filaments, The distribution thins out far away from us, simply because
galaxies become fainter and harder to find and not that the structures are absent or
homogeneously distributed. The statistical properties of the measured distribution
of galaxies reveal important information about the structure and evolution of the
late time universe.

One indirect support so far is from the early universe inflation. A single field inflationary
theory based on FLRW spacetime predicts a relatively small level of density fluctuations
on all scales, i.e. the primordial density power spectrum was close to scale-invariant. This
prediction has been verified by the WMAP, QUIET, ACT experiments of the CMB [37-

39]. The spectral index n,, which quantifies the scale-dependence of the primordial power
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spectrum, is measured to be close to 0.96 [34], while a scale-invariant power spectrum has
ns = 1. Also the anisotropies in the temperature fluctuations of the CMB implies that the
density fluctuations induce fluctuations in the metric, 0®, which are virtually independent
of scale, and are of the order of §®/c* ~ 107° [6, 40]. The smallness of these perturbations
implies that the FLRW metric on which they live was valid at the time when the primordial
radiation was emitted, it does not imply that they remain small till today. The theory of
structure formation in the universe has it that the small perturbations at early time did grow
into the type of inhomogeneities we see today on night sky (see figure , which clearly do
not have small level of density inhomogeneities on small scales.

The presence of non-vanishing levels of inhomogeneities on small scales compelled Ellis
[41] to initiate a search for the best fit FLRW model of the universe given that the observ-
able universe is not after-all homogenous. This exercise later evolved to be known as the
‘averaging problem’ in general relativity (more on this in chapter . Mathematically, aver-
aging problem is a consequence of non-linearity of the equations of general relativity. The
non-linearity ensures that the curvature (G[g] ~ dT' + I'?) of an average/smooth spacetime
does not commute with the average of the curvature of an inhomogeneous spacetime leading

to a modification of equations of general relativity. The modified version is given by
(Glg]) ~81G(T) - C (1.95)

where the additional term C = (T'?) — (I')? is called the backreaction term or the correlation
tensor [42447]. Notice that the backreaction term C occupies the same position as the
cosmological constant (Agy, = 87GT,, — Gap). Equation ((1.95) and the coincidence problem
in the standard cosmology are the two key factors that inspired works that tend to link
the cosmological backreaction and dark energy problem. Equation (1.95)) also tells us that
whenever we fit a cosmological observation to a model based on the FLRW spacetime, there
is an additional term that is not being taking into account.

Apart from the size of the backreaction term giving us information about the scale of
homogeneity of the universe, it will give us information about the scale, where large scale
interpretation of cosmological observables are likely to break down. This thesis is devoted
towards quantifying the magnitude of the backreaction term within the standard model of
cosmology. Specifically we will calculate the effect of backreaction on the Hubble rate,
deceleration parameter and the distance-redshift relation.

Out approach to the problem is mainly theoretical but focused on the FLRW model of
cosmology with special attention to the ACDM model and the Einstein-de Sitter model of the
universe. More importantly, our spatial averaging formalism is based generalized Burchert

formalism [48], [49]. In order to cover all physically possible options, we smooth observables
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on the hypersurface where the gravitational field is at rest and also on the hypersurface
comoving with the fluid, this is mainly useful for fitting of Supernovae Ia (SN Ia) light
curves [50H53] and the former being suitable for the CMB experiments [54, 55]. We cover
all possible choices of definitions of averaged quantities that have been used in literature to
enable us provide a comprehensive argument on the actual size of the backreaction term in
equation ([1.95)).

The second approach we used in this study is based on the Kristian and Sachs series
expansion [56, 57]. This is a series expansion of the distance-redshift relation in an arbitrary
inhomogeneous spacetime, the results/predictions from this approach is considered physical
because it is based on the past light cone and there is no hypothetical averaging hypersurface
involved [58H60]. Our approach is to take the general expression for the distance-redshift
relation from this formalism and fit it to the corresponding one from an FLRW spacetime.
This is exactly how some cosmological observations are fitted to an FLRW model [61]. We
expect the result of this approach to carry actual physical degrees of freedom because they
free from gauge problems that cast doubts on the observational relevance of spatial averaging
formalism [62].

The third approach used in this thesis involves calculating the area distance up to non-
linear order and taking the all sky average after a full sky spherical harmonic decomposition.
Since this does not involve any series approximation, its results are valid at all epochs where
cosmological perturbation theory could be trusted.

Finally we provide a custom-made review of cosmological perturbation theory in chapter

to familiarize the reader to the symbols and notations used in the rest of the report.



Chapter 2

Post-Inflationary Growth of Large

Scale Structures

2.1 Introduction

The general relativistic treatment of the evolution of structures in the universe involves
solving the Einstein equations of general relativity order by order in perturbation theory.
The Newtonian approach described in chapter one breaks in the neighborhood of the Hubble
scale. Apart from providing a completion to the Newtonian treatment, general relativistic
treatment allows the treatment of the evolution of gravitational waves and induced vector
waves propagating on an FLRW background spacetime.

The most general metric for describing the evolution of classical perturbation is given by

ds® = a*[-(1+20)dn” + 2w;dz'dn + [a*(1 — 2U)y,;; + hylda’da’] (2.1)

where a is the scale factor of the universe. From here on, 1 is the conformal time and it is
related to the cosmic time, ¢, according to dt = ad 7.

Since our background is homogenous and isotropic with mean constant curvature, K, of
the spatial surface, it is easier to perform a scalar-vector-tensor (SVT) decomposition of the

perturbed variables on a homogenous background

hi; = 2H; + 0,H; + d;H; +20,0;H, (2.3)

v

where B;, H; and ﬁij are transverse (8'H; = &'B; = 8’]?@ = 0), and ﬁij is traceless

27
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(H % = 0). There are four scalar degrees of freedom (®, ¥, B, H), four vector degrees of
freedom (B;, H;) and two tensor degrees of freedom (H;;). Fortunately at first order, dif-
ferent degrees of freedom do not mix, so they may be solved independently. The indices
of the perturbed variables are lowered and raised by the background metric, i.e v and 7;;.
Because the spacetime itself is a dynamical field, the idea that the perturbation variables live
on the background spacetime introduce some gauge problems. This problem is mitigated by
considering two different spacetimes and performing a gauge transformation to relate quan-
tities in the two spacetimes [63]. At first order in perturbation theory, it is straight-forward
to identify gauge invariant quantities, however, at higher order, Nakamura has identified a
clever way of identifying gauge invariant quantities at any order [64-66] and we provide a
detailed description of this in the appendix. To be more precise, we will restrict our choice

of gauge to conformal Newtonian gauge or Poison gauge.

2.2 Derivation of Einstein field equations

Our target now is to derive Einstein’s field equations based on the metric in equation ([2.1))
for evolution of perturbations on a flat homogenous background. We focus on Einstein field

equations in this form
Gab =81 Tab — Agab, (24)

where the energy-momentum tensor for perfect fluid is given in equation (1.4). Since our
interest is to understand late-time universe, we will set pressure to zero. We will also make
use of the background solutions given in chapter one.

We expand the matter variables, u® and p that appear in the energy-momentum tensor

up to second order around a homogeneous FLRW background. For matter 4-velocity we find

1 1
u’ = - (58 + Sub + 552ub) . (2.5)

where du® and §%u® stand for the first order and second order perturbations of u’. Using the

normalization condition for time-like particles u‘u, = —1 and u, = gyu’, to solve for Ju’

and 6%u® and we find
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1 1 1 : ) 1 4
u = a (_1 _ 0w _ 5@@) +5 (®D)? — 5@”1}”” — i D™ — §Div<1)D‘v(1)) ,
u = a (vfl) + wi + %wf) + %vz@ — WM — 20D — 20D, ™ (2.6)
1

5D + 2007 4 21] <1>Djv<l>) ,

where we have decomposed the velocity perturbation v*(") into a scalar (irrotational) and a

vector (solenoidal) part, as
0" = Diy™ 4 4' ") (2.7)

with D;v'(") = 0 (divergence free).
The energy density p may also be split into a homogeneous background p(n) and a
perturbation dp(n, x') as follows

p(n,a') = p(n) + 6p(n, a*) = p(n) + 6 p(n, 2*) + %5‘2)/)(77, '), (2.8)

where the perturbation has been expanded into a first and a second—order part in the second
equality.

Substituting equations and in the expression for perturbed energy-momentum
tensor (equation gives at first order:

ST = —dp, (2.9)
0T = plw'® — (Div® + v ™)] (2.10)
5T = p(Div® +u;M) (2.11)
STF = 0, (2.12)

and at second order,we find

§*T,° = —2pDv VD™ — §%p, (2.13)
8T, ° = p(Dw® +v?; — 20D Dw®) + 25pDv ™, (2.14)
T, = p (wm) — DW® — '@ — 6pM Div(l)) — 26pDiy™® (2.15)
T = 2pDODIv™ (2.16)
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For the components of perturbed Einstein tensor at first order we find

1
3G = —— [-6HU'D 4+ 2v200 — 6120M] (2.17)
0 CL2
1 1
oG = 5 [QDZ-\IJ’“) + 2HD;d0 — §V2w§1>1 : (2.18)
a
, 1 , ‘ 1 ;
0Gy = — {2]31\1:'@ +2HD'Y 4 o (V7 4 4 — ) w“”} : (2.19)
a
. 1 )
0G] = = {D;D? (¥W — W) 4 [-VUO 4 20" 4 4N PO (2.20)
a

T
FIHE' + WDV + 21200 + V20 of — o (D 4 D)

. X 1 1 . .
+H (D’ + D) + 5 (hg @+ 2HE] — v%g) }

where ' = d/dn, and H = d’/a is the conformal Hubble rate. At second order we will
follow the approach of [66] to split the Einstein tensor into purely second order part and the
part that contains product of two first order terms. Also in order to reduce complexity at

non-linear order, we set
wi(” = O, hi]‘u) =0. (221)

when considering second order perturbations. The pure second order part of Einstein equa-

tion is given by

1
0%G" = — {-6HV'® 4 2V20® — 6120}, (2.22)
a
1 1
iG," = - <2D7;\11/(2) + 2HD;®® — §V2Wz'(2)) ) (2.23)
a
) 1 . . 1
Gy = {QDZ\I/’(” + 2HD'O® 4 o =V 4 4H* — 4H) wz‘”} : (2.24)
a
A 1 A
G = = |DiD7 (B® — @) 4+ {(20"® — VU@ 4 4HV'®)
a

L (2HD'P + AHDD 1+ 2D 1+ VREP) ), T L [D i 4 Do
i :
+2H (D’ @ + Diw,®)]

1 , , .
+5 (h{ 7 +2HHK; 7 = V°h7) |. (2.25)

According to the characterization of gauge restrictions by [64], 66HGS], this part is gauge-
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invariant, while the part quadratic in first order terms is gauge variant and it is given by

2
FG° 0,8 = = {12%@“” (T — BN — 12H2 (BD)?
a
-3 (Dk\IJ(”D’“\I!‘“ + (\Iﬂ<1>)2> - 8\1:<1>v2\1/<1>} , (2.26)
. 4 ) ) .
§G, [@,0] = — {2HD'®@M (TW — W) + WD (20" — ¢M) + 4UIDW M} (2.27)
a
4
0G,[@,0] = — {4HPVDOY — W'WD; (20 — W) — 2D, W'V (WP — O}, (2.28)
a
§G7 [@,®] = = |D;@VD (@M — UMW) — DUOD! (@ — 3¥W) 42D, DI (91 — )
a

+4\1;(1)DZ,DJ’\I;(1) + {(@/(1))2 — 20/ M Pp'M + AP (\If(l) _ CD(l)) _ 87_[(1)(1)(1)/(1)
FEHY'D (WD — V) — 4 (2H +H?) (V)
_QDk\I;(DDk\I,(l) _ Dkq)(UDkq)(l) 1+ 92 (\Il<1> _ q)(l)) V2pW

—4UOVIYO Y A, f] (2.29)
For perfect fluids, Bardeen potential equals the gravitational potential at first order
vl =W = @, (2.30)

Implementing the constraint from equation (2.30) to the set of first order equations, the

scalar part of the linear perturbation equations become

V?® — 3HD' — 3 (H*®) = 4 Ga’dp, (2.31)
D;® + HD;® = —4rGa*pDv™, (2.32)
D" + 3HD + 2H'® + H*® = 0. (2.33)

On small scales or the Newtonian limit, Equation. reduces to the Poisson equation for
the gravitational potential ® induced by the energy-density perturbation dp. Equation ([2.32))
relates the velocity potential to the gravitational potential and equation is also called
the Bardeen equation, it determines the evolution of primordial curvature perturbation.
Using the equation of state for a barotropic fluid, we obtain the master equation for the

scalar perturbation[69]:
D"+ 3H(1+ )P — V2O +2H'® + (1 +3A)H?® = 4nGa’nS, (2.34)

where S encodes the perturbation of the entropy. Setting & = 0 describes adiabatic pertur-
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bation. The scalar perturbations are completely determined by this master equation. The

evolution of vector and tensor perturbations at first order are determined by

w; +2Hw; =0, (2.35)
s+ 2Hhl; — V?hi; = 0. (2.36)

We will study equations (2.31}f2.32] [2.33] [2.35) and (2.36]) in greater detail in the follow-
ing subsections. Furthermore, we impose the vanishing anisotropic stress tensor constraint

(2.30), on ®G b [®, ®] and it simplifies further

§G (@, 0] = % {3Dk(I>D’“<I> +3(9)? + 8DV2D + 127{2@2} , (2.37)
G, (0,0 = % (4H ®D;® — &'D;®), (2.38)
§G, [@, D] = % (®'D'® + 40D'®’) (2.39)
5G] [®, 8] = % 2D,® D/® + 49 D;D/® — (3D, D*® + 49 VP (2.40)

(@) 4 SHO® + 4 (2H +H?) @%)

Putting everything together at second order, 6°G,° + 6°G,° [®, ®] = §°T,° , we find

SHU'® — VU 4 31?0 +4nGa’d’p = —T,(2.41)
1
QDi\I’,(Q) + 2H Diq)(z) — §V2wi<2) + STFGCZQE (Div(2> + U(Z)i) = Fi; (242)
Y @ _ @ "2) _ 72y @) (2) /(2) 'H2)
D,D7 (U® — @) 4 {2¥ VAU®  AH U@ + QH D' + AH'D
H2HPOP 4+ V2P |, (2.43)
) . 1 ) . ) )
— [Daw? + 21D + 5 (b 7+ 2H B T = Vi ) = T,

where
Iy = 81Ga’pD'vD;v — 3D;® DF® — 3 (¥')° — 8D V2P — 12H2P2, (2.44)
I, = —167Ga*5pDv + 12H & D;® — 4® D; &’ — 40’ D;® (2.45)
I,/ = 167Ga’pD;vDIv — 4D, D'® — 80 D,D/®’ + 2 (3D, D¥
HAD V2D + (0)% + 4 (2 +H2) (D) + SH O cb’) . (2.46)

The vector and scalar parts of the perculair velocity may be obtained by taking the
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divergence of (2.42)),

—2D;¥'® — 2H D;®® + D,V DT, = 87Ga*pDv? (2.47)
1
§v2w;2> + (I; = D,V DFIy) = 8nGa’pv®;. (2.48)

2.3 Solving Perturbed Einstein equations

2.3.1 Scalar Perturbations

At first order, scalar perturbations are described by the Bardeen equation (equation [2.33))
D" 4+ 3HDY + a*ADP =0 =D +4HD + AD. (2.49)
The solution to the Bardeen equation that describes the growing mode may be written as:

(I)(nv X) 3 g(n>q)0(x) ’ (250)

where ®(x) is the Bardeen potential today (n = 19, z = 0) and g(n) is the growth factor,
which may be approximated, in terms of redshift [70] [71],

0z) = 2000 (2) {Qm(z)4/7—QA(z) + [1+ %Qm(z)} [1+ iQA(z)} }_1 (251)

2 70
and ¢.. is chosen so that g(z = 0) = 1. The Bardeen potential ®(n, k) may be separated
into primordial fluctuation and the transfer function ®(n, k) = Ts(n, k)®(k), where Ty (n, k)
is the transfer function for @, it evolves the primordial fluctuation from early time to now.

The power spectrum of the primordial fluctuations is given by

()P ()) = 25 Py (k)3p (k+ K) (2.52)
where
P(k) = gA%(ko) (k%) - (2.53)

where ng and Ag(ky) are respectively the spectral index and the power spectrum of the
primordial scalar field defined in chapter [ Whenever the transfer function is written as
Ts(n, k) in this work, it means that it could further be decomposed into time dependent

part and the spatial part Ty (1, k) = g(n)Te (k). The transfer function for the matter density
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contrast, Ty(k), is related to the transfer function for the Bardeen potential Tg(k) on small

scales through

T5(n k) = —g (%) To(n, k) (2.54)

The most accurate transfer function with the right initial conditions may be generated with
any Boltzmann code but some fairly good approximate fitting functions exit. The simplest

fitting function approximation is given by [6]

1 k < ke
Ts(k) ~ 4 (2.55)
(ke /K)? k> keq

This is not accurate enough because of the break in the spectrum at k& ~ keyq. The trans-
fer function for the cases of Adiabatic CDM, Adiabatic massive neutrinos ( 1 massive, 2

massless), and Isocurvature CDM is given respectively by Bardeen et al [72]

Ts(k) = W [1+43.89g + (1.61¢)> + (5.469)° + (6.719)*] /", (2.56)
Ts(k) = exp(—3.9¢ —2.1¢%) , (2.57)
3 51124 o1
Ty(k) = (1 + [15.0q+ (0.99)% + (5.6¢) } ) , (2.58)
where ¢ = k/ (Fh Mpc_l)
I = Quhexp(—Q — V20, /) - (2.59)

More accurate fitting function may be found in Eisenstein and Hu [73], but for the most
accurate result one will have to solve the Einstein-Bltzmann system with correct initial
conditions.

The evolution equation for the second-order Bardeen potential, ¥ , is obtained from the
trace of the Einstein equations (for details see[74]):

T’ 4 3HT'P L 2N — S(n,k), (2.60)
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where the source term, S(n), is given by

(f = 1)2<I>o(k)2 +2 (2(f —V 3, 3> (2.61)

_ 2 2
Sin.k) = g7 mH O, Q. Q,

X (VQ (8i¢0(k)8¢®0(k>) —3V9, (aiq)O(kqu)O(k)) )]

+g° % <£—i + g) V720,07 (8'Po(k)0;Po(k))
— (0'®o(k)9; o (k)) | (2.62)
and I D )
£ln) = drllm; 14 ﬁg(gs) , (2.63)

where V™" represent the inverse of the Laplacian operator and Dy = a(n)g(n). Using the

traceless part of the Einstein equations,

4 2
VU k) = VIV k) 4Rl — (D1 D) (26

X [W(@@O(k)a@o(k)) — 3aiaj(aiq>0(k)ajq>0(k))] :

It is possible to disentangle the second order Bardeen potential, ¥ and the second order

gravitational potential, ®® [74],

T (n,x) = (Bl(n) —29(n)gm — %(am — 1)g(n)gm> F(x) + (Bz(n) - gg(n)gm)

X

V_Q (6’@0(X)6Z@0(x)) — 3V_48i6j (8Z®0(X)8]q)0(X)) ] (265)
+B3(n)V 20,07 (9'®(x)0;Pg(x)) + Ba(n)d' P (x)0;Pp(x),

¥ 0x) = (Bila) + 16°0) 200109 ~ 3 (an — Vgl ) 230

* 3 2 3

Ba(n) + 24°(n) (e<n> T 5) - ‘—lgm)gm]

V72 (0" 0o (x)0;Po(x)) — 3V 10;07 (9'Dy(x)0;Po(x)) ]

+Bg (n)V‘2(9i(9j (81(1)08)(1)0(}()) + B4(77)31<I>0 (X)azq)()(X) y (266)
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where
Bi(n) = Hy” (fo + 3Q0m/2) " Bi(n) (2.67)

with the following definitions

By = [ a6 - 1000, (2.68)
Bl = 2 [ @06 - 0 s sem]cnn. 2
B = 3 [ o (e +3) o, (2.70)
B = - [ ancma), 2.11)
Clai) = 5ol s H(A) — o() S DA ()] 27

and finally e(n) = f%(1n)/Qn(n). The initial conditions for ¥® are deduced from the con-
servation of Ry according to Mukhanov equation, such that during the matter domination
epoch in the linear theory, ’R}Cl) is related to ® according to Rﬁj) = —59m®Po/3 and beyond
the linear theory, the effect of non-gaussainity is incorporated through R{ = %Oanl g2, @2, for
further details on this please see [74].

On small scales, [Bs(n)V 20,07 (9'®0; o) + Ba(1) 0" ®o0; o] dominates and it is responsi-
ble for the Rees-Sciama effect due to the non-linear evolution of the gravitational potentials.

Equations (2.65) and ([2.66) may be expanded in Fourier space:

U (n k) = /<C;71:>13/dk2613 (k1 + ko — k) | foo (0, ki, ko, K)P(ky )P (ko) |, (2.73)

dk, [ |

Iy k) — / G / ks 6p (k1 + K — K) | fi (m, K1, Ko, K)D(k ) Do) | (2.74)
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where

ok ) = | (1) = 20000~ 3 o = Dot ) + (Balo) ~ Go(0)an

3

y {(klk.zkg) 3k - kk)4(k-k2)} © By) (ky - k;ﬂgk - ko)

+Bi(n)ki - k| Te(no, k1) Ts (00, k2|) » (2.75)
fo (n, ki, ko k) = (Bl(n) + 49%(n) — 29(n) gm — 1—30(%1 — 1)g(n)gm> + [ B2(n)

+§92(?7) (e(ﬁ) + ;) - gg(n)gm] X {(klézkz) R k/ifk ' kz)]

+Bs(n) <k1'k,)€§k'k2) + Ba(n)ky - ko | To(no, k1) T (1o, k2) . (2.76)

Here the second order Bardeen potential and the second order gravitational potentials equa-

tions (2.73]) and (2.74) have been expressed as a convolution of two first order gravitational

potentials.
We obtain the power spectrum of second gravitational potential by assuming statistical
homogeneity and isotropy
272

(T (n, k)T (1, k)) = FPW) (n,k)op (k +K') . (2.77)

Substituting equation (2.73]), we find

(W (. k)T (5, K)) = / (‘iTk;g,fw(n,kl,k) / %fw(n,fq,l%) (2.78)

(0 (k1) ([k — ki )2k )2 ([k — k)

Using the Wicks theorem, we may split the four point function into the connected part

and non-connected part. Non-connected part may be written in terms of the irreducible
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two-point function

(®1(k; )P (ko )Py (ks) Py (ky)) = (27)° Py, (k1)Po,(k3)dp (ki 4+ ko)op(ks +kg) (2.79)
Pg,(k3)Ps,(k2)op (k1 + k3)dp (ks + ka)
+Psy,(k2) Py, (k1)dp (ki + ky4)op (ke + k3)

+(27)3 Ty (k1, ka2, ks, ka)Op (k1 + ko + k3 + ky),

Comparing equation (2.77)) to equation (2.78]), we find the power spectrum for U® may

written as

Py (10, k) = Py (1, k) + Py (k) (2.80)
where
Py (1, /4—7T5dk1/ d Q, {f\p 2 (M, k1, k) (fpe (12, ki, k) (2.81)

Pk — ki|) P(k1)
k-ki® k&

+foe (2, k1, k))]

and the linear trispectrum contribution

d3k d3k
’P\I,(z ( ) == /(271')2/( )2 f\y<2>(771>k1,k kl)f\p@)(nlvkla k_k2) (282)

xTp(ki, k — ki, ko, —k — ko).
We repeat the same procedure for the power spectrum of ®®* (7, k), which we define through

2

T Pac (i, k)p (k+K). (2.83)

(@ (9, )2 (1,10)) = =

After simplification, the power spectrum becomes

Poe (. k) = Plis) (0, k) + Py (0, k) , (2.84)
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where
PS?(kﬁzz(/——dk{/ A%, [ o (s ks K) (oo (2, k1 K) (2.85)
Pk — kq|) P(k1)
+f<b(2)(7727k17k)>] |k—k1|3 kl ’
d3k d3k
P10 = [ G [ G e lm ki k=) e n i~k =) (256)

XT@(kl,k — khkg, -k — kg) .

Any observable calculated consistently up to second order in perturbation theory, would con-
tain contribution from the cross-power spectrum between U® and ®®, therefore assuming
statistical homogeneity and isotropy we define the cross-power spectrum between ®® and

U gs:

) 27
(@ (n, k)W (n,k)) = —5 Paeue (0, k)op (k +K) . (2.87)

Substituting equations ([2.73)) and -, we find

«wmmww®>=/ffAMM%mw/fﬁmemmmw%>
X (P(ky)P (|k—k1)(I>( 1)@(|k—k1)>-

After comparing equation (2.87) and equation (2.88)), we find the cross-power between ®®
and ¥® to be

Poewp@ (0, k) = P,;)I\(I;)Xq,(z) (n, k) + Pé,%)x‘l,(z) (n, k) (2.89)

where

f<I><2) (771; My, kla k>f\Il(2> (7727 k17 k) ; (290)

Poosye (0, k) = /ﬁdkl/ d Q,

P(lk — ki|) P(k1)
k—ki® ki

+f\I/(2) (7]17 Mk s k17 k)f{:v@) (7]27 Hky k17 k — kl)

d3k d3k
Pécémm(mk) = /(ZW);/( )qu><2>(771,k1,k ki) foe (1, k1, —k — ka) (2.91)

XT@(kl,k — kl,kg, —k — kg) .
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2.3.2 Vector Perturbations

At first order, for a dust dominated universe, the evolution equation for vector perturbation

is given by
w; +2Hw; = 0. (2.92)

Equation can easily be solved, w ~ a~2. This implies that metric vector perturbation
becomes negligible as the universe expands. Also their power spectrum is not generated by
any physically plausible inflationary model, hence we will not consider it any further, At
second order, the vector perturbations may be sourced by the product of two first order

scalar perturbations. It is most convenient to determine the induced vector perturbations

from [75],
o 16

YT 320,

where V' indicates that we are only interested in the vector contribution. We expand the

V’Q{V% 0, (¥ + HD) }V . (2.93)

vector perturbation in Fourier space as

d*k _ _ ox
wi(xu 77) = / (271')3 {W(k7 n)ez(k) + W(k, n)ez(k)] € 8 ) (294)
where the two orthonormal basis vectors e and e are orthogonal to k. w(k,n) and w(k,n)
are possible polarization states of the vector perturbation. In order to extract just the vector

mode, we define an appropriate projection operator, V',

Vil = / ((;:;3 e [e;(k)e' (k) + ei(k)e' (k)] wi(k). (2.95)

Using the projector of vector perturbation (equation (2.95)) ) in equation (2.93)) in Fourier

space, we find

d3k
w(Q) (777 k) = / (27T)gd3k26l) (kl + k2 - k) fw@) (777 M, k7 kl)q)(kl)(b(kZ) ) (296)

where

160 [ (ks -ko)
fw(Q) (7]7 Hi, klu k27 k) = SHQQm 1- :ui [kl 2]{32 2 (Té’(nv kl)T‘I)(nv kQ) (297)

+HTo(n, k1) To(n, ka))] ;
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and we have made use of

k- -k
iV Mi, i = PV (2.98)

Assuming statistical homogeneity and isotropy, the power spectrum for the vector mode

Q
—~
~

&
S~—

I

(—bﬁ
/\v

oy
S~—
B

[

ol

may be defined as

<w(2)* (k,n)w® (l_(, 77)> 2}: 5 (k + k) P (k,n). (2.99)

using equation (2.96|) and Wicks theorem (equation (2.79))), we find

1
<w(2)* (k, 1) w® (k, 77)> = O0pk+k) /dkl/ d prfo@ (1, e, k, k) (2.100)
-1
Pk — ki|) P(k1)
2 k, k k,|k—k
X [fw()(na,uk:) ) 1)+fw(2)(nauka 7| 1|)] |k_k1|3 k’%
Hence the induced power spectrum for the vector mode becomes
where
1
PO = [ db [ dmFoe(n k-l Pk -a)P(), (2102
-1
d 3k, d 3k,
©) \
P (2) (?77 k) ~ / (271')3 / (271') fw(2) (777 k17 k — kl)fw@) (777 k17 -k — k2) (2103)
XT(I)(kl, k — kl,kg, -k — kg) ,
with
/{3
Fo (0, k1, [k —kal) Tk — fo (0, i, K, K ) [ (0, i, ko kq) - (2.104)
1

+fw(2)(nnu’k7k7|k k1|)] :

An alternative derivation of non-connected part of this result may be found in [75, [76].
The most power from the induced vector modes according figure [2.3.2| appear at the
equality scale, and it has the same spectrum as ® below this scale, but with <1% of the
amplitude. Given that the induced vector mode has its largest power around equality, it
might be possible to observe its imprint on Redshift-space distortion, Large-angle CMB,

weak lensing, etc [70].
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Figure 2.1: The power spectrum today of vector modes generated at second order by first
order scalar perturbations. Pg — P, is plotted along side power spectra
of first-order Bardeen potential, the density perturbation § = dp/p and also
comoving density perturbation A = § — 3Hv™, and ®. The computation did
not include contribution from the primordial trispectrum. Figure credit [76].

2.3.3 Tensor Perturbations
At first order, the equation of motion describing the propagation of tensor perturbations is
given by

W+ 2Hh; + k*hi; = 0. (2.105)

Equation ([2.105) is simply a wave equation with a damping term 2?—[]%, therefore, h;; de-
scribes gravitational waves propagating on an FLRW background with the Hubble expansion

tending to dampen its propagation. In Fourier space, tensor perturbation may be expanded
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as

d3k + + X X ik-x
hiy = / 2y LR () + e (h (k)] e (2.106)

The power spectrum for the two polarization modes of h;j,

<hs<77> k)hs’<77/7 k>/ )) = (27T)353(k - k/)dss’%TTO% k>TT(77/7 k)Ph<k)> (2'107)

~
-

where ej;(k), s = +, X, are transverse (with respect to k) and traceless polarization tensors
normalized such that efjesl W = 26%'. We assume both polarizations to be independent of
each other and to have equal power spectra: It is most convenient to expand the gravitational

waves, in helicity basis [77]

Ak T 42) 4005 (+2) (=2) (1 (—2) o
hz‘j—/(%)g [eij (K)h T2 (k,n) + e 7 (k)W T (k,m) | e (2.108)

where we have defined helicity+2 polarization tensors, h*? and Fourier amplitudes
e = el ke (2.109)

1
hsy = 5(h+ +ih>). (2.110)
The corresponding power spectrun is given by
1
(W R (X)) = (2m)°0%(k = K)dswr 5 Tr(n, k)T k) Py (k), - (2.111)

where Trp(n, k) is the tensor transfer function. Note that Py, (k) = Py(k)/8. We define
the power spectrum of the tensor perturbation as the sum of the power spectra for the two

polarization states, A? = 2AZ%, which may also be expressed in terms of tensor spectral

nr (kx)
index, A?(k) = Ap(k.) (f) . A? and Ays are defined in chapter one and Ay, is the
amplitude of the tensor fluctuations.

At second order, for the late-time universe the propagation equation for tensor pertur-

bation is given by [78]

hi; + 2Hhl; = V?hy; = —1690;,0;® — 80;90;®

+

4
0 [H?0,20;® + 2H0,99;9' 4+ 0,9'9;9']  (2.112)
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We define a projection tensor for the source term in Fourier space as

Tig" Sim = / (@217?1){3 e [egi ()™ (k) + 55 (k)e™ (K)] S (k) (2.113)

where T denotes the tensor projection [79] and Sy, (k) is the Fourier transform of the source

term, Sp, (x')

S (K) / X ieag, (x) (2.114)
m(k) = e m(X) . )
! (277 ¢
Using these tools, we may re-write equation (2.112)) in Fourier space as

R (n, k) + 2HK (n, k) + k*h(n, k) = S(n, k) (2.115)

where the source term is a convolution of two first-order scalar perturbations

sk = [ f‘;‘;k?u—@liwam—1>Tq><n,kl>n<n,|k—k1|> (216)

4 !
T 2420 (2HTs(n, k1) To(n, |k — k|1)

—I-T&)(n, lﬁ)Té(U, |k — k1|))] (k) P(|k — ki)

where we have made use of

_ o _ k-k
e(k, k) = e’ (k)kik; = k[l — 117], - (2.117)

A particular solution to equation (2.115)) is using the Greeen function’s approach and it is
given by

W, k) = % / diig(n; 7, K)a(7)S (7, k) (2.118)

where the Green function g(n, k) satisfies the following equation
12

7039+ (1= 2 .10 = o0~ ). (2.119)

In the matter universe, equation (2.119) may be solved exactly g(n;7, k) = sin[k(n — 7)]/k
and during the radiation domination we have g(n; 7, k) = (sin(k7) cos(kn) —sin(kn) cos(kn)).
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It is more convenient to have equation (2.118)) given as

d3k
h(n,k) = / ld k25D(k1+k2 )fh<2)(77>/ik7/ﬁ,kz,k)@(kl)@(kz)7 (2~120)

2n)?
where
Foco (1 1 e Ko k) = % [ gt lalme 1~ ) (2.121)
| o O = ) Tal ) Ta 3, 42
e (HT 0 k) Toli )+ Ta(o, k) Ty 0. )

Assuming statistical homogeneity and isotropy, the power spectrum of induced gravitational

waves is given by

(h(n, XN (n,k)) = ﬁph( n,k)op (k+k) . (2.122)

substituting equation (2.118]) into equation (2.147)) and performing the delta function integral
we find

B LK) = oplk+ ) / (d ﬁlfh@(m,uk,kl, K)

P(lk — ki|) P(k1)
k—k [ K

Tne (, pe, k, k) (2.123)

+fh(2> (7717 Hi, ka k — kl)

where we have made use of Wicks theorem. Comparing equation (2.122)) with equation

(2.123)), the second order power spectrum for the scalar induced gravitational waves becomes
Puey (0, k) = Py (0 k) + Py (0, k) (2.124)
where

[e'e) 1
PO, k) = / dk, / A 1P ([ — K| YPo (k) F (ks ko e 11) (2.125)
0

o Bk [ APk
Ph(z) (77= k) = (27T)3 ( ) fh(Q) (771) k17 k — kl)fh(Q) (7717 k17 -k — k2) (2126)

XTcp(kl,k — kl,kg, —k — kg) ,
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with

/{3

Fin(k,ky,y pg,m) A5k |k — ky |3

fh<2) (nlnulmklak) [fh@)(nlay“kak7 kl) (2127)

+ fre (1, g, k k — kl)] -

Figure[2.2)shows the power spectrum of induced gravitational waves at three different epochs,
notice that it also peaks in power around the equality scale, and is surprisingly larger than

the primordial background on these scales.
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Figure 2.2: The power spectrum of tensor modes generated at second order by first or-
der scalar perturbations (lower curves) plotted along side the scale invariant
power spectrum of the primordial tensor modes (upper curves). The spectra
of induced tensor modes are shown at three different epochs, (1 + z) = 3400,
100 and 1. The contributions to induced power spectrum today ((1+ z) = 1)
cross the primordial counter-part at intermediate wavelength. The trispectrum
contribution was not included in the computation. Figure credit [78§].
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2.4 Velocity Perturbations

The first-order velocity potential, v, is obtained by taking divergence of the off-diagonal
component of the Einstein equation (equation [2.32)),
2

V= s (HO + ). (2.128)

In Fourier space, equation (2.128) may be split into the primordial gravitational potential

and transfer function parts
v(n, k) =T,(n, k)®(k), (2.129)
where

T,(n, k) = (HTs(n, k) + Ty(n, k)) . (2.130)

C3H2Q,,
The power spectrum for the velocity perturbation is given by

(v(m, k)v(n, k)) = %Tv(m, k)T, (02, ') Pa(k)ép(k + k') . (2.131)

At second-order, the velocity perturbations may be decomposed according to the field that
sources the second order perturbation. For example, the velocity perturbation sourced by

vector perturbation is given by
w ]_
H2Q,, [V + D] = 5V = 3K (2.132)

and the component sourced by second order gravitational potential and the Bardeen potential

is given by

2
1

H2Q,, [V + D] = —20,[HO® + v, (2.133)

and finally, the contribution from terms quadratic in first order gravitational potential

2 4
H2Q,, [0 + D] @) = o (@ = 2)(HED,@ + &'D;@) — (2 + 30,) D,
8 1
—= 3HP'D;® — VD, 9’ — HV*PD;®) . 2.134
o (MDY - VeDY T 8D,0) 2130
For simplicity, we let V; = [vf) + Div@)] since in all our equations they appear in this

combination. It is better to work in helicity basis, thus we decompose the velocity in real
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space as
Vi(n,x) = pVj(n,x)n, + Vi(n,x)m + V_(n,x)m; (2.135)
and in Fourier space, it may it may be decomposed as
dSk ik-x + —
‘/i(n7 X) = (271')36 [:U"/H (777 k>€3¢ =+ V+(77; k)ez + V_ (777 k)ez } ) (2136)

we have aligned e3; to our line of sight, such that 631'63: =0and Vo =V -e;. e3 and n' have
similar properties. The line of sight component of the velocity perturbation may be given

by

V\\(Z)(n’k) = /?27:{);;

_'_@X@FUH (777 M, k17 k)] q)(kl)q)(k - kl) )

w (2)
( )FVH(Q) (?7, M kl, k) + Y FVH (77, Mk, kl, k) (2137)

where
(2 /32 2k ,
FVH (nuu’kakl’k) - _3Q Hz [HFQ’(Q)(TI)M7 klak) + F\IJ(Q)(U7M7 k17k)] (2138)
() k) = L e | ky k) (2.139
\/H(Q)(nnukv 1, ) = er}_lg M2 6 - m 5(2)<77nua 1, ) ( . )
4
PEE, (0, s k1, k) = B2 1) |:(Qm = 2) (HTo(ky,m)To(n2, k2)

+ T (1, k1) To (0, k2)) — (2 4 3Qm) To T (12, kz)] ,

8
90, H2 [3HT&><771>]‘51>T51>(7727]§2) — k*To (1, k1) (2.140)

X To(n2, ko) — HE To (1, k1) To(n2, k2)]

and the transverse velocity component may be given by

d3k
(2) _ 1
VJ_ (/’77 k) - / (27_‘_)3

+¢)X¢)Fm_ (777 M k17 k)] q)(kl)q)<k - kl) )

(S)va) (777 HE, kla k) + \I/(2>/<I>(2) FVL (777 Mo k17 k) (2141)
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where
2k
\I}(Z)/(I)(Q) FVJ_ (?77 M, k17 k) = - 3Q Hg V 1- /’1’2 [HF<I><2) (777 Ly k17 k) (2142)
+F\i}@) (777 s kla k)] )
1 1

(S)FVL@) (77, Mk kl, k) = QmHQ |:6k2 - HQQm} FS<2> (77, My /{1, k) s (2.143)
4

PXPE, (1, ke, ki k) = mv 1= p2 [(Q2n — 2) (HTo(k1,m)Te (12, k2)

+Tg (01, k1) Ta (1, k2)) — (24 32) ToTa (12, k2)]

3HT&>(771, kl)T&>(nm k2)

B 8
90, H?
—kQTq)(nl, ]{Zl)Tq><7]2, ]{72) — %k2T<1><7]1, k1>T¢(772, k2) (2144)

Equation (2.137) and equation ([2.141)) may be written in a more compact form

d 3k,
Voo (k) = | SENf o (0, s ky, k) ®(k, )D(k — ki) | 2.145
) = [ G (gt 1090) 00— o) (2.145)

where

Ty, ot k) = | O Fy (oo )+ Py (e da k) (2.146)

Y

‘l‘q)Xq)FvHJ_ (777 HE, kla k)

With the subscript of VH(/Ql indicating both the transverse and the parallel contributions.
Should one be interested in the second order gravitational potential and the Bardeen po-

tential, he will simply set f ) (1, u, ki, k) — V2@ (), e, Ky, K), a similar treatment
7+
applies to other effects. If we define the velocity power spectrum following the general

prescription
2

_ 21
ViV, (. K) = TP,

”(/2)l (77, k)(SD (k + R) (2.147)

The power spectrum for the velocity perturbation then becomes

Py (k) =P (k.n) + P (k.n) (2.148)

7+ /L /L
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where
0 1
P (k) = / dkl/ d uPs(|k — ki|)Po (k1) F, ) (k, kr, ey ) (2.149)
Vizd 0 1 /L
d3k d3k
«© = : 2 ki, k—k ki, —k — ky) (2.150
P00 = [ G | Gt e k=100 Gk, e~ ) (2150
xTo(ki, k — ki, ko, =k — ky)
with
/{33
‘F‘/H(?l(kakla,ukan) = 4W5k1|k_k1|3fVH/L(771aMk:klvk) fW|/L(7717/’Lk7k7k1> (2151)

+fVH/L(7717/'Lk7k7k - kl)]

Evolution of velocity perturbation in the matter dominated universe is described by the

following equations:

v+ Ho+ P =0 (2.152)
@y 4 D@y + @G 4 3 (DS + @b DDy + 20D + D*PD  (2.153)
+2D D’vD% — 49'Dbv = 0

2.5 Matter Perturbations

As shown in equation ([2.154]), the energy density p may be split into a homogeneous back-
ground p(n) and a perturbation dp(n, z*) as follows

| 1
p(n, ") = po(n) + 0V p(n, 2") + 56 p(n, ) . (2.154)

At first order, time-time part of the Einstein equations (equation (2.31]) ) gives the matter-
density,

3HY — V2@ + 3H*® = —4nGa*dp. (2.155)
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The matter density at second-order is also given by the time-time part Einstein equations

(equation (2.42))
SHUP 4 3H2DP — VU — 2V292 — 121292 — 3 (d')* + D,;®D'® — 46V
1
= —3H*Q,, (55@) + 0(1)2) , (2.156)

where v is given in Section Density contrast may be defined as §(x) = p(x)/p — 1 and

up to second order may be decomposed as [74], R0]

d(n,x) = 6" (n,x) + 6" (n,x), (2.157)
where
1 2 /
6 (n,x) = CTORCTE [V20 — 3H (&' + HP)] | (2.158)
1 2 A/(T) 2 2 B! (7_)
(2) - _1\2 2 ¥ - 2 2
0 (nax) Qm (f 1) 92 H ggA(T) 1](1) ngg H
ig 4 4, 3
gﬂgm + By(71) gggm + gg (e + 5) a(x,T)
2 By(1) o j /A 2 Bi(1) i
v T 00;P) Qg g ieoe
2 I 10 v2(1)2
30,42 | P17 ~ 209 — 5 (ax. = ggin + 29°| =73
2 [ 4 A, 0, DD
— = _|By(7) — =ggin — -2 — ¢* — 3H*B
+3ngz 2<7—) Sggm 30, g 3H 4(7’) 2
2 | 3B 4 3H’B ! V20,07 ("0, ®
+3Q—mf — 3B5(7) + 499 — 3(7) 12 ;07 ( ,P)
8 OV 2 Bs(7) ) i 2
. DO P) 4+ ——
LT T TR R TR U L Towpe
Ba(T »
X ;EQ)VQ(c‘?@aicb), (2.159)
With
A(r) = Bi(7) = 299w — (10/3)(ant. — 1)99in » (2.160)

a(x) = V2(0'90,0) — 3V 10,07 (0'90;®) . (2.161)
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The density contrast given in equation (2.157) may be expanded in Fourier space,

1
o(n. k) = 6% (n,k) + 589 (n. k) (2.162)

1 &’k d’ks M M
= 6"(n,k)+ W Kse (n,ki1, k2)0" (0, k)6% (n, k)dop(ki + ko — k).
where the kernel KCs(n, k1, k) is given as a sum of the traditional Newtonian terms and the
contribution due to primordial non-Gaussainity [S1], [82]

3 A X
Kso (n. ki ko) = K§'(n,ki, ko) + §QmH2fNL(777klak2) 4 (2.163)

g(n) kik3 '

where k% = |k; + ks|* and K (n, ki, ko) is kernel for the second-order ‘Newtonian’ contribu-

tion, it is given by [81],

30,
4 g2

(k - kp)(k - k)
kik3

k2(k; - k)
Kk

K5 (n,k1, ko) H2 | By(n) + Bu(n) (2.164)

The second term in equation (2.163)) appears due to non-vanishing non-Gaussainity. In a
flat matter-dominated (Einstein-de Sitter) universe, where g(n) = 1 and B(n) = Bs(n) =0,
while Bz(n) — (5/21)n* and By(n) — —n?/14, equation (2.164) leads to the well known
Newtonian kernel from Newtonian perturbation theory [83],

5, 2(ki-ko)® Tk -k (A 4 K3)

Ninky,ky) = =+ =

(2.165)

The non-linearity parameter is then defined as a collection of terms that do not fit into the

traditional Newtonian kernel

5 g 1Bim)| (ki +k)yg
ki k = |- -1 1—-— — - — - 2.166
fNL(n’ L 2) [3(CLNL ) + Jin 2 9Gin k2 Gin ( )
(ki - ko) |2 9 lyg 2 1Bs(n) | 3,,,Bin)
+ k2 3 e(m) Gin * 2 Gin * 3 2 ggm * QH 90in
k-ki)k-k 3. .8 3B
n ( 1)( 2) 2qp2 3(n) 942 2(n)
k4 2 99n 2 gGin
(k-ki)(k-ko) k{ + 453, 5,  Bs(n) ki +k5 3,5,  Biln)
_ — — 7 (k- k — — .

In order to obtain equations ([2.165)) and (2.166|) in their present form, we have performed
an expansion in orders of (H/k12) < 1 up to terms (H/k;)>.
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The Fourier transform of galaxy two-point correlation up to non-linear order is defined

(0(n, k)d(n, X)) = (2m)° Ps(k)ép(k + X') , (2.167)

where Ps(k) = [Ps11(n, k) + 2P512(n, k) + Psa2(n,k)]. Using the Poisson equation or equa-
tion ([2.158)) for (H/k) < 1, the gravitational potential, ®(n, k) is related to the density field

according to
E®(n,k) = 4rGa®pd™ (n, k) = gHng(l +2)6M (5, k) . (2.168)

The time dependent part of the growing mode solution to the density perturbation equation

is given by

) H “ dad

Do (a) = 20,,, @) / ° (2.169)
2" Hy Jo (@ H(a)/Ho)

where 2,0 denotes the present value and D, (a) is normalized such that, D(a) = Dy (a)/D4(a

1), so that D(1) = 1, where D(a) is related to the time dependent part of the Bardeen’s

potential, g(z) = (1 + 2)D(2),

2 k2T (k)

0 = S0

D(2)®(k) = M(k)D(2)d(k). (2.170)

Using equation (2.170]) in equation (2.167)) we find that the matter power spectrum at late-

time up to first order may be given by

872 [D.(a = 1)] k )ns<kp>+%asln(ki) -

2
Py 11(k) = gwA%(kp)Dz(z)TQ(k) <k:_
0°“m

P

where ag is the running index, k, is a pivot wavenumber, it depends on the observation
and ng is the spectra tilt for the scalar curvature perturbation. The linear power spectrum
for the density field may also be normalized by fixing og. 0y is a r.m.s density fluctuation

smoothed by the spherical top-hat window function of radius 8 Mpc/h, it is given by

3P,
o2 = /d lnkk;’—H(k)WQ(kR) : (2.172)

2
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where

sin(kR)  cos(kR)

W) =3 " mp ~ )

: (2.173)

with R = 8Mpc/h. The next leading order correction to density clustering according to

equation (2.167) comes from non-Gaussian contribution, Ps12(k) in the form of bispectrum

d3k
Ps12(k) = / W’C(sm (n, k1, k — q1)Bs(k', ki, k — ky). (2.174)

The primordial bispectrum of a local shape (equation (1.68])) is given by

Bq;(Z, kl, k‘g, ]{73) = QfNL [Pq;.g (k?l)P.:pg(k?Q) + (2perm)} . (2175)

The matter-density bispectrum is defined by evolving the primordial bispectrum (equation
(2.175))) to the present time

Bg(Z, /{31, ]{72, kg) = 2fNLD3<Z)M(/€1)M(]€2>M(k3) [Pq;g (lﬁ)P@g(ng) + (2[)61‘111)}(2176)

so that the leading order non-Gaussian correction to matter-density power spectrum becomes

Psaa(z k) = 4fneD*(z)M(k) / %

X Py, (k1) [2Pa, (k) + Ps, (Jk — kq)] -

M(kj)./\/l(lk - k1|)’C5(2)(T], kl, k — k1X2177)

The first non-linear correction to the two point correlation for the density field comes from

the product of two second order terms, i.e
(62 (k)6® (K')) = (27)° Psga(k)dp(k — K') . (2.178)

where Pjoo(k) depends on the product of four first order density contrast, hence we use
Wicks theorem to simplify further
(6D (k)0 (ko)6M (k3)0 M (ky)) = (27)° | Ps(k1)Ps(ks)op(ky +ks)op(ks +ky) (2.179)
Ps(k3) Ps(k2)op (ki + ks)op (ko + ka)
+Pys(k2) Ps(k1)dp (k1 + kq)dp (ko + k3)

+(27T>3T5(k1,k2, k3, k4)(5D(k1 -+ k2 + k3 -+ k4) .
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Substituting equation (2.179) into equation (2.178]), we find that it is more convenient to

split Ps22(k) into the Gaussian part and non-Gaussian part

Psos = Ps, (k) + Ps,2(k) (2.180)
where
d3k,
Figoa(k = (Zﬂ)ng(k:l)Pgﬂk — ki[)Kse (m, e ki, k) (2.181)

X [’CJQ)(Th?/'Lka k7 kl) + ]C(S@)(Th?/vbka k7k K| kl) )

d 3k, d 3k,
P5NG722(k) = (27T)3 (27T>3IC5(2) (nkly k 4 kl)IC(S(Q) (77, kl, _k - kQ) (2182)

XTg(kl, k — kl, kg, -k — kg) A

where the linear trispectrum, Ts(ky, k — ki, ko, =k — k), for the density field is defined in

terms of the primordial trispectrum of curvature perturbation

T.:p(kl, kg, k3, k4) = 6gNLP<I>g(k)l)P.:pg(kQ)P@g(k?g) + (3 Cth) (2183)
25 .
—|—E NLPQg(kl)Pq;g(kg) [P@g(|k1 + k3|) + P@g(|k1 + k4|)] + (11 Cth).

The matter-density trispectrum is then obtained by evolving the primordial trispectrum to

the present time
Ts(ki, ko, ks, ka) = 6gnrD*(2)M (k1) M (ko) M (k3)M(ks) | Ps, (k1) Po,(k2) Pa, (ks)2.184)

+(3 oylic)| + %TNLD“(z)M(kl)M(l@)M(k;g)/\/l(k:4)

X Pq;g(k?l)P@g(k'Q) (P@g(|k1 +k3|) + P@g(’kl + k4|)) + (11 CyllC) .

2.6 Coordinate Independent Description of the Uni-

verse

Our universe may also be conveniently described by some fluid variables which do not depend

on a particular set of coordinates [84]. The key ingredient in the formulation is a 4-velocity
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vector, u® of the fundamental observers

u = uu, = —1, (2.185)

where 7 is the proper time measured along the world lines of the observer, the 4-velocity
is time-like from the normalization condition in equation (2.185]). Every quantity has an
interpretation in terms of observers comoving with u“. The metric on the hypersurface
orthogonal to u® is given by

hay = Gab + Uqus, (2.186)

where g4, is the spacetime metric. h,, also serves as a projector of a given quantity onto the

hypersurface and it satisfies the following conditions
heRg = b, h%, =3, hgu® = 0. (2.187)
Anti-symmetric tensors are projected using the alternating Levi-Civita tensor
Nabed = 2U[a€bjcd — 2€abcl] » €apc€’ = S!h[adhbehc}f ) (2.188)

One of the key features of this approach is the decomposition of covariant derivative of u®

into irreducible parts
1
Vu, = — Ay up + §®hab + €apewS + Ogp - (2189)

where A% is the acceleration of the fundamental observers, © describes the expansion of
the fluid lines or the hypersurface in the case of an FLRW spacetime, w® is the vorticity, it
describes the twisting of the fluid flow lines and o, is the shear. Apart from the expansion,
every other quantity vanishes in the special case of a highly symmetric FLRW spacetime.
Proper time derivatives and the spatial derivative of a given tensor J* ., are defined as

a component parallel to u® and a component orthogonal to the observer respectively
JO = UV J y, Dy = h AR VI (2.190)

Note that D.h,, = 0 = Dgé€gpe, While hab = 2uuy) and €. = 3u[aebc]dud. The projected

symmetric tracefree (PSTF) parts of vectors and rank-2 tensors are given by
1
Viy = haVi, Stay = { iy - gthhab}Scd. (2.191)

The skew part of a projected rank-2 tensor is spatially dual to the projected vector, S, =



2.6. Coordinate Independent Description of the Universe o7

%each el and any projected rank-2 tensor may be decomposed
1
Sab = gShab + EachC + S{ab) ) (2192)

where S = S.4he. The technique for decomposing higher rank tensors is given in [85, [86].
The projected derivative D, defines a covariant PSTF divergence, divV = D*V,, divS, =
D%S,p, and a covariant PSTF curl,

curl V,, = €DV, curlSy, = ecd(aDCSb)d. (2.193)

The PSTF dynamical quantities describe the sources of the gravitational field: the (total) en-
ergy density p = Tutub, isotropic pressure p = %habT @ momentum density ¢, = —7, <a>bub,
and anisotropic stress mq, = T\ap), Where Tg, is the total energy-momentum tensor. The lo-
cally free gravitational field, i.e. the part of the spacetime curvature not directly determined
locally by dynamical sources, is given by the Weyl tensor Cypq. It splits into the PSTF

gravito-electric and gravito-magnetic fields

1

Eab = Cacbducud7 Hab = EeachCdbeue ) (2194)

which provide a covariant description of tidal forces and gravitational radiation. By manip-
ulating the Ricci and Bianchi identities,

1

v[avb]uc = Rabcdud> deabcd = _V[a{Rb}c - 6

Rgb]c}, (2.195)

one arrives at a set of fundamental evolution and constraint equations governing the covariant
quantities. Einstein’s equations are incorporated via the algebraic replacement of the Ricci
tensor

1
R® =T _ ETCCgab + Ag®. (2.196)

The resulting equations, in fully nonlinear form and for a general source of the gravitational

field, are:



2.6. Coordinate Independent Description of the Universe 58

FEvolution Equations:

p+ (p+p)O +divg = —24%, — 01y, (2.197)
.1 1
O+ §®2 + §(p +3p) — A — divA = 0,40 + 2waw® + A A%, (2.198)
. 4 .
q(a) + 56%1 + (P + p)Aa + Dap + leTra = _gabqb + Eabcwch - Abﬂ-ab ) (2]—99)
2 1
Wy + g@wa + icurlAa = o, (2.200)
, 2 1 .
O (ab) + §@0-ab + Eay — §7Tab - D(aAb> = —0c(a0b) — W(aWh) + A(aAb> ) (2201)
i 1 1, 1 1
Epy + OFy — curlHy, + 5(,0 + D)o + 5 Ttab) + g@ﬂ'ab + §D<aqb> (2.202)
1

= — Ay + 2A%cio Hy" + 300 By — woecaEr® — 500<a7fb>c

1
_§wcecd(aﬂ-b)d )
) 1
H gy + OHgp + curl By, — écurlﬂab = 30 Hp) — wcecd(aHb)d (2.203)

c c 3 1 c d
—2A%qa By — JWal) + 50" @€pead” -
Constraint Equations:
divw = A%w, , (2.204)
2
dive, — curlw, — gDa@ + Gy = —2€apew’A°, (2.205)
curloyy, + Dygwyy — Hap = —2A,wyy (2.206)
1 1 1

divE, + §div7ra — 5Dap + g@qa = €ape0 g H — 3H p” (2.207)
‘I‘l b 3 b c

50a — S €abcW 9

5 ) 5 €ab q

1 1

divH, + 5(3111'1 o — (/) + p)wa = _€abco-deCd - §€abcabdﬂ'6d (2208)

1
+3E 4w’ — §7Tabwb .
The energy and momentum conservation equations are the evolution equations (2.197)) and
(2.199). The dynamical quantities p,p,q., Te in the evolution and constraint equations
(12.197)—(2.209) are the total quantities, with contributions from all dynamically significant

particle species. We made extensive use of these equations in Chapters three, four and five.
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2.7 Covariant equations in Perturbation theory

The irreducible quantities defined in equation (2.189) may be calculated in cosmological
perturbation theory based on the line element given in equation (2.1)). The easiest way to
calculate these quantities is use the matter 4-velocity given in equation (2.6). Using the

definition of expansion in terms of u®, © = h®V,us, we find that in perturbation theory, ©

is given by
3
Ve = —H, (2.209)
a
3H® 3¢ D,D*
mg - _3HE 3V DD (2.210)
a a a
3/ HATV Ay 3 9HDP? D,DF®
@g = -2 (H —) + 2 (® —20) gy 2HE | DD (2.211)
2 a a a 2 a a
3 Dyv'DFv  Dy®DFy  D,¥D*
+—HDkakv Y R T Y
2a a a a

The vorticity, which is defined covariantly as W, = hghgv[cud], in perturbation theory, it is

given by
(O)Wij = 0, (2.212)
Wy =0, (2.213)
1 1

For the shearing of the matter fluid defined as o, = h;hgv(cud) — %@hab, we find

Og,; = 0, (2.215)
1

(1)0'1‘]‘ = aDiDjv—ga%jDkav, (2216)

@, _ 1oy oo 1550 1y e

oij = 3a hz-j—{—QaD(l vj)+2a D,D;*v 3D;CD v (2.217)

1
—2a¥ (DiDj’U + géijDkaU) .
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Finally the covariant form of the acceleration is defined in terms of the 4-velocity A, =

u®Vup and in perturbation theory A, is given by

04, = 0, (2.218)
WA, = D®+HDw+ D/, (2.219)
1 1 1

1
—H (P +2¥) Dw = 20Dy + 5 (HD;Pv + D)
—(® +2¥) Dy’ + D*oD; Dy,

In the subsequent chapters, we made use of these expressions without going into detail on

how they were calculated.

2.8 Conclusion

We have described the evolution of post-inflationary perturbation from the time of decoupling
to the present time where dust approximation is valid. This chapter provides us with the
basic tools we will need to understand the key questions, this thesis was designed to address.
We derived evolution equations for all the perturbed metric variables and provided a solution
in each case in the form that would be most convenient for us to use them in the subsequent
chapters. We will make extensive use of 1 + 3 covariant equations and the solution to
the irreducible quantities in perturbation theory given in Section in in chapter 5] The
solution to the Bardeen equations and the power spectrum given in Section will be used
in chapter [p| and chapter [6]



Chapter 3

Evolution of Large Scale Structures

on Average

3.1 Introduction

The world looks completely different depending on the scale of description chosen: for ex-
ample a fluid looks wholly different on an every day scale (say 1 m) as opposed to atomic
scale (say 107''m). The same is true for astronomy and cosmology. The background models
in standard cosmology are the FLRW models, which ignore all local structural details. More
realistic models include linearised perturbations about this background, in principle repre-
senting the largest scale growing structures down to the scale of clusters of galaxies (10’s
of Mpc) from early times to today; but they do not represent the non-linear smaller scale
structures, such as our galaxy or the solar system, at later times. The universe looks far
from homogeneous when viewed on any scale of from 1 AU to 1 Mpc, and only approaches
statistical homogeneity past 100 Mpc (though even this is in dispute [87, 88]) — see figure. [3.1}

In order to describe the Universe on its largest scales, one has to make approximations
that postulate or derive a high degree of symmetries for the metric of space-time. Practically,
this means that one wants to calculate the large scale observables using a background geom-
etry, i.e. a geometry that ignores, on average, the details present on small scales and that are
not probed by the observables. Such a background is usually found in a FLRW solution to
the Einstein Field Equations (EFE). This issue is referred to as the fitting problem [41]: what
is the best-fit FLRW model to the lumpy Universe? In the standard concordance cosmology,
the existence of this background is postulated, and no smoothing mechanism to obtain it
from the real lumpy Universe is provided. Despite the success of this approach in fitting the
observations there still remains the problem of properly defining the background geometry

in relation to the real lumpy universe.

61
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Figure 3.1:

Structure in the Millennium simulation [89] (from [00]). Can we describe the
universe as smooth on scales of order 150Mpc, shown here in the black and
white boxes (top panel)? The averaging problem is shown in the bottom row:
how do we go from left to right? Does this process give us corrections to
the ‘background’; or is it the ‘background’ itself? How does it relate to the
‘background’ left at the end of inflation?
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For example, which set of observers (worldlines) are associated to the background, i.e.
are supposed to measure an homogeneous and isotropic Universe? It is clear that such a
fitting procedure needs an explicit method of averaging or smoothing. This averaging can
be performed with different techniques and on different quantities. For example, one can
argue that homogeneity is a spatial property and average quantities that define particular
spatial hypersurfaces, such as densities, pressures, or expansion rate of geodesics bundles. In
that case, the background is defined by surfaces of constant density, pressure or expansion
rate and the average quantities are used to fit the background. Another possibility is to
fit the model via averaged observable relations such as the magnitude/redshift or number
count /redshift relations; then the average has to be performed in some sense on the past-null
cone of the observer. Of course, these procedures will, in general, give different results and
the FLRW fitting model reconstructed will depend on which method has been used.

The construction of the background is a crucial issue: if the wrong background is com-
pared to the data, it will imply the existence of a backreaction that may disappear if a
better background is chosen. This emphasizes the fact that a gauge choice is always part
of an averaging procedure. As such, all the approaches listed and commented on in what
follows somehow intend to clarify the (usually unstated) way this is handled in the standard
approach to cosmological modeling in most papers on cosmology.

We have three closely related but distinct problems to consider:

Averaging Coarse-graining of structure, such that small-scale effects are hidden to reveal

large scale geometry and dynamics.

Backreaction Gravity gravitates, so local gravitational inhomogeneities may affect the

cosmological dynamics. How this is calculated depends on the degree of coarse graining.

Fitting How do we appropriately fit an idealized model to observations made from one

location in a lumpy universe, given that this ‘background’ does not in fact exist?

3.2 Averaging/Backreaction

Although we have distinguished between averaging and backreaction in the previous section,
both effects are technically related. There are general relativistic effects, simply because
they both vanish in the Newtonian limit [91]. In most cases, averaging leads to backreaction
effect, as a result we will treat both effects under one subject heading providing distinction
where necessary. The averaging/backreaction effects within a geometric theory of gravity

arise mainly due to :
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1. non-linearity of the equations of general relativity,

2. non-commutativity of the proper time derivative of an average defined on a lumpy

space-time.

This effect is best illustrated by considering the relationship between the Einstein tensor and
the Christoffel connection is given by G[g] ~ OI' + I'> and that the Christoffel connection
relates to the metric as I' ~ dg. Let us then consider N number of standard candles (i.e it
could be Supernovae Ia (SN Ia) data sets that provides evidence for accelerated expansion)
within a local lumpy volume V. If we measure the luminosity distances to a particular
standard candle as d; and the corresponding recession velocities as v; = cz;, where z; is the
redshift of a particular standard candle. The Hubble rate today may be calculated from this

set-up as

(3.1)

&|®

X
Nl a
In the limit of a very large sample, one gets an average over the lumpy volume as Hy =
% J4dV b2, 92], where V' = /g (i.e the square-root of the determinant of the metric of
the lumpy local universe). In relation to the Einstein tensor, this operation may be denoted
as (G[g]). But we know that distances in cosmology is model dependent, as a result the
traditional practice is to use the distance from a large scale smoothed FLRW space-time to

fit to cosmological models, this operation may be denoted as G[(g)]. The point here is that

these two operations do not commute

Gl(g)] — (Glg]) ~ (T%) —([)* #0, (3.2)

where we have made use of G[(g)]ay = 87G(T,). The average general relativistic description
of the universe will have an additional term as (G[g]) ~ 87G(T)—C, where C = (I'*) —(T')? is
called the backreaction term or the correlation tensor. Notice that the backreaction term C
occupies the same position as the cosmological constant (G, = 87GTy,—Agap), a coincidence

that boosted renewed interest in cosmological backreaction in relation to dark energy.

3.3 Non-perturbative Approach to Backreaction

One approach is to build a model of the universe ‘bottom up’. Advocated by Buchert [43], 03,
94], Zalaletdinov [44) 46], Wiltshire [95H97], Résanen [58, 59 O8], among others [47, 99-102],
these approaches dispute the idea that one needs a background to work from: rather the

background model and its dynamics should emerge as a large-scale approximation to a more



3.3. Non-perturbative Approach to Backreaction 65

detailed inhomogeneous model, which can be compared with a FLRW model for the universe
assumed ab initio as in the standard approach. As explained in previous sections, the field
equations for such a model may be expected to be different from those in a standard FLRW
model: we want to understand that difference.

Non-perturbative approaches fall into two main categories. One are generic averaging
formalisms, which aim to understand the nature of the backreaction terms in general, a bit
like deriving and understanding the macroscopic Maxwell Equations. The other approach
is to create fully relativistic inhomogeneous or even N-body models by use of simplifying
assumptions; then, by comparing observables in these models with their averaged FLRW
counterparts one can hope to quantify non-perturbatively the backreaction effect and the
magnitude of the fitting problem. Let us consider each proposal in turn, with some of the

main attempts in the literature.

3.3.1 Averaging Formalisms
Buchert’s approach

Alonggside early attempts by [T03H107], Buchert [43][93] builds on the Newtonian averaging by
Buchert and Ehlers [42], 91] to provide a bare-bones approach to the problem, concentrating
on averaging scalars on spatial hypersurfaces. The kinematic scalar equations for vorticity-
free perfect fluid are averaged, to give evolution equations for the averaged expansion and
shear scalars. Several authors [48, 59, [86, 03, 108, 109] have generalized this approach to
any arbitrary space-time, but we will illustrate with the original Buchert proposal.

Let us assume a dust space-time, and observers and coordinates at rest with respect to
the dust. The average of a scalar quantity S may be (non-covariantly) defined as simply
its integral over a region of a spatial hypersurface D of constant proper time divided by the

Riemannian volume:

(S(t, )y = vip /D Jdethd®z S(t, @) (3.3)

Taking the time derivative of Eq. (4.14) yields the commutation relation
[0, (-)p)S = (BS)p = (O)p (S)p (3.4)

where © is the expansion of the dust, and we assume the domain is comoving with the

/3 which ensures

dust. The dimensionless volume scale factor is defined as ap x Vp
(©)p = 30;Inap. Then, the second derivative of the scale factor is given by the averaged

Raychaudhuri equation:

32—” +47G{p)p = A + Op, (3.5)
D
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where Op = 2 [(©%)p — (0)3] —2(0?)p is the kinematic backreaction term and 0% = Z04,0%

is the magnitude of the shear tensor. The non-local variance of the local expansion rate could
potential act in similar way as the cosmological constant, causing the average expansion rate
to speed up, even if the local expansion rate is slowing down. Even more tantalisingly, if this
were the cause of the observed acceleration, the coincidence problem would be solved in the
most natural way: as structure forms the variance in the expansion rate grows, as matter
coalesces and virialises [I10]. This is a truly remarkable possibility in moving from local to
non-local quantities on a non-trivial geometry, and is the reason for the recent excitement
in the averaging problem.

One can see how this counter-intuitive idea works as follows [111]: If the average scale
factor of a universal domain, ap, can be written as a union of locally homogeneous and
isotropic regions, each with its scale factor a;, then the acceleration of the universal domain
D is given by [53, 98| 112]:

. . 2
2 a; a;
2 . 2.. 2. 2 : 3 3 i J
J

where a; represents the locally defined scale factor in the i-th sub-region, and, ap = (a} +
a3 + )3, Acceleration of the universal domain, dp > 0, can easily be achieved, for
example, for a two disjointed dust filled FLRW sub-region in which one might be expanding
while the other is contracting at a time ¢, i.e @3 = —as (assuming same sized sub-regions
a = a; = ay), one obtains ahip = 2a® {% +4 (3)2} = Ik%a®p > 0. Here one easily obtain an
acceleration for the universal domain, dp > 0, even when the two sub-regions are decelerating
a1 < 0, dy < 0; i.e all observers see only deceleration. However, it has been argued [62] that
acceleration found in this toy model does not necessary imply that the physical universe is
accelerating, since this model have not been shown to satisfy other rigorous observational
tests. It also ignores problems due to matching conditions, adding scalars at different space-
time points, and so on.

In Buchert’s scheme, all tensor contributions appear as scalars in these equations, and
are collected into unknown source terms. Of course, the system of scalar equations is not
closed, so one has to make an ansatz about the effect of averaging the shear terms; so it is
very difficult to say how big the backreaction effect is. One can derive an evolution equation
for the averaged shear scalar; but that would be sourced by products of Weyl curvature
tensors, amongst other things, and one quickly sees that the system of equations can never

close. So the method of averaging only scalars reaches this limitation quickly. This feature



3.3. Non-perturbative Approach to Backreaction 67

can further be understood by considering the integrability condition:

5 0(Qoth) + 3 0((R) ah) =0 (3.7
where (R)p, is the average local curvature. This coupling between the curvature and the
volume scale factor implies that if (R), ~ a52 as it is in FLRW cosmology, the kinematic
backreaction term will scale as Qp ~ a{)G, which mimics the behavior of some kind of dark
fluid.

Having said that, [I13] has suggested that, if the so-called scalar curvature invariants
can uniquely characterise any space-time, a scalar averaging scheme can work in general by
averaging these invariants. He thus arrives at a complete, closed way of averaging space-time
using only scalars. Whether it is practical remains to be seen.

The averaged quantities in Buchert’s formalism do not have a clear observational mean-
ing. Nevertheless, it is worth noticing that [58, [59] argues that in a statistically homogeneous
and isotropic Universe, the average quantities are approximately the ones that describe ob-
servations along the past lightcone. It will be interesting to see if such an argument can be

made rigorous.

Zalaletdinov’s Macroscopic Gravity

A comprehensive approach to covariantly averaging tensors was initiated and explored by
Zalaletdinov [44], [46] and later by others [47, [102]. It is a foundational attempt to average
the complete set of Cartan structure equations, in order to define Einstein field equations
for the averaged quantities. This approach is directly inspired by the way in which a macro-
scopic theory of electromagnetism can be obtained from the microscopic Lorentz-Maxwell
theory [46]. Once averaged, the ‘macroscopic field equations’ resemble Einstein’s, but with
a source term — analogously to the polarization term in macroscopic Maxwell equations.
The core issue of averaging tensors covariantly is managed by using bi-local extensions
of tensors, so that they transform as tensors at some point of interest, x, but as scalars in a
neighbourhood of the point. Because of that, they can be averaged over that region . The

covariant space-time average is defined as [44]

7o) — o A A (0 T (01 =g
a Js \/Wd‘lx’

where A% (x,2') is the bi-local transport operator. The backreaction generated by the

(3.8)

smoothing procedure takes the form of a correlation tensor for the gravitational degrees

of freedom which appears as an effective source in the Einstein field equations. Alternatives
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to this definition, and the resulting averaging scheme were initiated in [47].

Implementing this operation results in a completely covariant smoothing procedure pro-
vided the transport operators satisfy certain conditions. The result is formally independent
of the averaging scale and as such can be seen as generating a universal description of the
collective behaviour of local gravitational degrees of freedom when only their very large
scale properties matter (much the same way as thermodynamics encompasses the collective
behaviour of particles on very large scales compared to the particles themselves).

This approach makes an extensive use of transport of tensorial quantities along geodesics,
but by using the natural parallel transport the metric is invariant so that no smoothed metric
is obtained. Hence, it relies on a specific choice of bi-tensor that satisfies a set of differential
equations and conditions, in order to imply the correct properties of the average. This bi-
tensor is used to evaluate integrals on finite domains, and it is not clear how the formalism
is affected by the choice of this bi-tensor [102]. Additionally his averaged Einstein equations
rely on some “splitting rules” (see eqns (45) and (48) of [45]) which can be questioned
(although they are consistent with an analysis of high frequency gravitational waves, see eqn
(68) of the same paper).

In [114H116] it is shown that in a flat FLRW macroscopic background, the correlation
tensor is of the form of a spatial curvature, while [I17] showed that Zalaletdinov’s MG
reduces to Buchert’s equations with corrections in an appropriate limit. It has further been
employed to evaluate the backreaction effect in a perturbed FLRW model [II7HI19], but
the requirement that a FLRW background exists makes this attempt fall under the category
described in Sec. [3.4] While the amplitude of backreaction is similar to that obtained by
simpler means, the details of using such a covariant approach might be important for an

effective fluid description of perturbations at second-order, such as [120].

3.3.2 Other approaches

Another rigorous approach is based on the deformation of the spatial metric of initial data
sets along its Ricci flow [121) 122]. In principle, this method is a nice, natural way of
smoothing a space-time that can be linked to the standard renormalization group approach
of effective field theories [I03], but the non-linearity of the Ricci flow equations is a serious
complication that can lead to the development of singularities along the flow; that makes its
use in a cosmological context particularly difficult, but it might possibly be done using the
surgery approach introduced by Perelman [123] [124]. A renormalisation group approach to

coarse graining in the very early universe is given in [103] 125H127].
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3.3.3 Model building Approach
Timescape Cosmology

Another very original viewpoint called by its instigator the Timescape cosmology, has been
proposed and investigated by Wiltshire [95, 97, [128]. It is a brave but contentious attempt
to seriously look at the status of binded regions of space-time and their interaction with an
expanding cosmological model.

The idea is to separate the Universe into expanding, underdense regions whose boundary
are overdense regions enclosing virialized regions (galaxies) such as the one we, as observers,
live in. An average is then performed spatially (using Buchert’s formalism [94]) to define a
reference cosmic background. Interestingly, the amount of backreaction in these models is
at most of order a few percent (when normalized as a fraction of the energy density) and
is not solely responsible for explaining the apparent cosmic acceleration: the non standard
effects principally come from the desynchronization of local clocks (in the virialized regions)
with respect to cosmic clocks defined via the average background. Indeed, the gravitational
redshift effects imply different ticking rates for clocks inside the voids and in the virialized
regions. Wiltshire argues that the effect is cumulative when an average is performed to define
the background clocks. A possible interpretation of the model is that the extra redshift effects
change the observable relation in the effective FLRW background. As such, the model is
not actually accelerating, but the extra redshift account fully for the dimming of supernovae
because they appear to be at lower redshift than expected. A detailed discussion of the
observational consequences of the Timescape cosmology can be found in [129, 130].

On the other hand, Wiltshire’s proposal is more original since rather than simply viewing
the problem as one of backreaction of structures on the overall global dynamics, it also
recognises that the position of the observer (in virialized structures as opposed to voids)
may be important to the fitting problem when the variance in local geometries becomes
large. Nevertheless, it suffers from its own problems, among which one is the use of a
pure two-zones model to describe the Universe, without any care for the proper junction

conditions between the zones (this problem is emphasized in [131] [132]).

Swiss-Cheese Models

The Swiss-Cheese model consists of one or more spherically symmetric vacuum regions, each
described by the Schwarzchild region metric, joined across spherical boundaries to an FLRW
model [I33HI37]. This set-up represents a very natural way to model the part of the universe
that we see, for example relationship between bubbles at the end of inflation, the boundary

of a galaxy and intergalactic space, effect of the expansion of the universe on the motion of
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planets, etc.

The Swiss-cheese type construction can be adopted to study the effect of inhomogeneities
on cosmological observations in a fully non-linear and relativistic manner. The algorithm
commonly in use is to start with FLRW metric and cut out comoving holes and fill it with
the Schwarzschild metric, while making sure through the matching conditions that the mass
in the holes equals the mass that was there before. Hence, Swiss Cheese models do not affect
the global dynamics of a lumpy universe, i.e there is no dynamical backreaction effect.

Another more interesting construction is to modify the homogeneous FLRW metric by
the introduction of spherical regions of the spherically symmetric Lema itre-Tolman-Bondi
(LTB) dust space-time [138-H146] and a quasi-spherical Szekeres model can also be introduced
[147]. One has to ensure through the matching conditions that the spherical regions of
inhomogeneities is comoving and mass compensating, to ensure that the LTB and FLRW
regions evolve independently. Thus again there are no dynamical backreaction effects.

There are however significant observational differences from standard cosmology. These
space-times model precisely the difference between Weyl and Ricci focussing of null geodesics.
The null geodesics in the void regions are focussed only by shear induced by the Weyl tensor.
One of the critical problems in this area is the relation between Ricci curvature and Weyl
curvature, and Swiss-cheese models are a very interesting way to study this. We refer to
other papers for a discussion of these observational effects: see [I38-144, 146] for differing

viewpoints.

Lindquist-Wheeler type models

All the preceding models relied on the hypothesis that a cosmological fluid can be employed
to model the distribution of matter in the Universe. On the contrary, Lindquist-Wheeler
type models are a genuine approach at constructing an expanding universe model out of
locally static domains. It consists in modelling the Universe by approximately paving its
compact spatial sections (topologically homomorphic to S?) with Schwarzchild domains that
stand for the static regions constituting the ‘particles’ of cosmology (such as galaxies) [14§].
Of course, the matching cannot be exact, and shells have to be introduced at the boundaries
between the cells. These boundaries then obey equations of motion that produce an overall
expanding and recollapsing model that closely mimics a £ = 1 FLRW Universe.

This approach fundamentally differs from a Swiss-Cheese model in that no reference
to a FLRW metric is needed in addition to the static regions: the dynamical properties
really emerge from the interaction between the static cells encoded in the motion of their
boundaries. As such, the fluid approximation is not required and the fluid-like behaviour

only appears when the dynamics is coarse-grained over the detailed, local, structure. An
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interesting point is that it leads to a solution that is only similar to the equivalent FLRW
k = +1 solution, but different in the details (for example, the relation between the total
mass and the maximum radius is modified).

It has recently been extended interestingly by Clifton and Ferreira [149] [150] in their
Archipelagean cosmology. They showed that the optical properties of such a model are quite
different from the ones of the "equivalent” FLRW model and can lead to a correction in the
fitted value of Q4 of order 10%. However, the solution is not, as such, self consistent: it is
only an approximation that neglects the interaction between neighbouring cells, interaction
that would result in the deformation of the geometry around each vertex and the appearance
of anisotropies. But the approximation is plausible and is worth exploring because it is a
neat way to explore the emergence of a collective expanding Universe formed by locally static

regions. More recent progress in Lindquist-Wheeler type models my be found in [I51 152].

3.4 Backreaction in the standard model

All these approaches are enlightening, but do not yet result in detailed models that can
be directly compared with precision cosmology observations. For that we need to turn
to the standard perturbed FLRW models, which enable us to comprehensively investigate

backreaction effects in the linear and weak non-linear regime.

3.4.1 Short Wavelength Approximation

The problem associated with the ill-definition of an average was examined by Green and Wald
in [153], generalizing earlier work by Burnett [I54]. They replaced averages by the notion
of weak limits in the weak field approximation, and thereby obtained strong restrictions on
back-reaction effects (in this context) through a mathematically precise point limit process.
In this approximation, they show that if the small-scale motions of matter inhomogeneities
are non-relativistic, the effect of small scale inhomogeneities on large scale dynamics can be
written as an effective trace-free (radiation) stress energy tensor, and hence cannot lead to
acceleration via a negative active gravitational mass.

However the degree to which this analysis captures the physically relevant degrees of free-
dom is questionable because of the nature of the ultra-local limiting process, which ignores
all details of the actual clustering of matter; but we have seen above that whether backreac-
tion effects are significant or not depends crucially on the nature of that clustering. Unlike
the analysis in [120], the Green and Wald method is unable to analyze the interrelationships
between different length scales, because it ignores all details of finite length scales. Further-

more, this analysis is based on the work in [I54], which centers on handling a singular limit
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at the origin (a vanishing energy momentum tensor at all points away from the origin has a
non-zero limit at the origin) arising through behaviour of the ‘zsin(1/z)’ variety. But that
does not realistically represent any real physical matter distribution in cosmology. Indeed it
seems likely that the crucial quantity representing this discontinuity (fmnabes i [154], flabedes
in [153]) will vanish for any realistic matter distribution: the kind of ultra-local backreaction
mechanism envisaged in these papers will not occur in physical reality. It is not generically
the same as the backreaction due to averaging over finite volumes that is the concern of
this paper[T] although it might be a limit of such a mechanism in specific singular geometric

circumstances.

3.4.2 Effective Fluid Approach

In order to avoid the divergence problems caused when  exceeds unity, Baumann et al
[120] have considered a reorganization of the perturbative expansion, using a coordinate
based Euclidean smoothing to separate long and short wavelength modes. Further, as we
have discussed, v* ~ (0®)? ~ ® in magnitude, and on small scales when § ~ 1 a natural
expansion variable is v2, provided each spatial derivative reduces the order by v. The field
equations are linear in the matter variables, so there is no need to expand 0. Using this,
averaging over suitable scales, one can derive effective pressure and densities which, when
averaged, obey Newtonian-like equations [I55] for the kinetic and potential energies on small
scales and proving a viral theorem for local systems imbedded in the expanding universe.
From this they argue that backreaction is always small, even in a model with no radiation era,
and (in agreement with Green and Wald) cannot generate a negative active gravitational
mass (p + 3p > 0 always) . In effect, the potential for a negative gravitational mass to
be generated by Buchert’s averaging process is vitiated because of the existence of local
equilibrium states characterized by their virial theorem.

The main idea behind the effective fluid approach proposed in [120] is to re-write the

Einstein equations into the background, forms linear in X, and those non-linear in X:
G+ (Gap) [ X] + (Gap)V[X?) = T - (3.9)

and to assume that the background equations, Gg, = T,p, and the linearized Einstein equa-
tions, (Gap)™ = (Ty)", are defined in the standard way. Then the Einstein equations may be
written in a form that is very similar to the linear equations, (Gu)" = (74 — Tup), Where the
effective stress-energy pseudo-tensor 7,, may then be defined as, 7., = Ty — (Gab)NL. The

second part in this process requires that the perturbation on the right hand side of the field

!The integrals in [153] are related to definition of weak limits, not to averaging over finite volumes.



3.4. Backreaction in the standard model 73

equation be performed in orders of the peculiar velocity instead of density, since the density
contrast is ill-defined at non-linear scales.
Then each linear term is split into short wavelength modes and the long wavelength

modes as, X = X, + X,, and the non-linear splits as,

(fo)n = fege + (fsgs)n + %er Vg +..., (3.10)

After smoothing, the effective energy momentum pseudo tensor becomes,

(Ta) s = (Tan) + (Tap)* + (7). (3.11)

The subscripts ‘s’ and ‘¢’ denote the short wavelength and the long wavelength part of each
term, and A is the cut-off for the effective theory and last term in equation stands for
high derivative terms that appear after smoothing . The tensor 7%, is conserved by virtue of
the linearized Bianchi identity, and can be re-written into the form of a fluid with density,

pressure and anisotropic stress,

Peff = <Tab>sﬁ?ﬂ2 , 3Pett = <7_ab>8,ygb 7Z<ij>eff ~ F<ij>7 (312)

where u® is the renormalized matter 4-velocity and overline denotes ensemble average. It
was shown in [I120] that non-linear terms in 7., may be re-written in the form of the kinetic
energy x and the potential energy w and can be organized as 3peg = pm(2k + w), and
its equation of state becomes wegx = ]ZZ_: = %(2& + w) . The point here is that virial scale
decouples from the effective long wavelength expansion of the universe and effective pressure
vanishes: 2k + w = 0. The more detailed version of this proof in [120] relies on the fact that
within the sub-horizon region, one can safely ignore the expansion of the universe (so one
can set @ = 1) and that the smoothing domain is much larger than the size of the system.
Setting a = 1 is equivalent to imposing a stationary orbit condition as was done in [I56] for

a general relativistic version of the virial theorem.

3.4.3 Buchert Averaging and the Standard model

The standard model of cosmology ignores all the complexity of smoothing the space-time
and assumes that on ‘large’ scales (say larger than a few Mpc) we can model the universe
as homogeneous and isotropic, with linear fluctuations describing structure propagating as
smooth fields on this background. On smaller scales we can jump to Newtonian gravity, and
model the universe as discrete particles in simulations. Because it is the only model we have

where we can calculate anything realistically at all, it is provides a good test arena to study
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backreaction in detail.
We shall give a comprehensive overview of the issues involved in the subsequent chap-
ters, which illustrate more about the backreaction effect on the Hubble rate, decceleration

parameter and the area distance in the standard model.

3.5 Fitting Problem in Cosmological Observations

The process of averaging is one form of fitting of a large-scale smoothed-out model to a
more realistic lumpy model of the universe [41]. In this more general process, one starts
out a priori with a smoothed out exact FLRW model, represented by a metric g((lzos), and
uses some best-fitting process by which it is adapted to be a background model for the more
realistic lumpy models on scales represented by metrics gfj;‘?a“, gé%al) or ggf’s). This is the
fitting process underlying the standard use of FLRW background models in cosmology.

Averaging is in some respects a fitting process, but does not necessarily correspond to
any actual observational procedure. So a key issue is how this all relates to cosmological ob-
servations. One can do a null fitting, where one in effect averages astronomical observations.
Here one will have to take into account not only the effect of averaging on the geometry
and dynamics (as represented by but also the effect of lumps on null geodesics and on
observational relations.

In the real universe, as pointed out in [56, I57HI59], observations take place via null
geodesics lying in the empty space-time between galaxies, which are focused only by the
curvature actually inside the beam, not the matter that would be there in a completely
uniform model. The effect on the observational relations of introducing inhomogeneities into
a given background space-time is twofold: it alters the redshift and it changes area distances.

The major modification to the redshift comes from the peculiar velocity, while the area
distance is modified mainly by the gravitational lensing effect. Weinbergin 1976 [160] argues
that on average, the luminosity distance or the apparent magnification produced by randomly
distributed masses is exactly the same as that in a homogeneous universe of equal mean
density. This is based on the assumption that photon number is conserved in an expanding
universe, hence the magnification produced by the clumps is largely cancelled by the de-
magnification by the under-dense region. Most justification for the use of FLRW space-time
approximation rely on this argument, so it is what exploring further. Consider a celestial
sphere with a source at (comoving distance) xy = 0 and observer telescope positioned at

X = Xobs - The surface area of the celestial sphere is given by 4w D% = 4ma?,  (t)x?%,, where

2

21s(t) is the cosmological scale factor and D4 is the general

in an exactly FLRW universe, a

expression for area distance. If a source at a comoving cordinate y = 0 emits N number of
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photons, and the observer at, s, with a telescope of area Ar catches n number of photons,
the ratio of the two photon numbers is given by
—4m§§;ﬁbs = % (3.13)
Now if we introduce matter into the sphere, the number of photon measured by the telescope
will change due to gravitational lensing, however, if we impose the conservation of photon
number, we immediately notice that since the area of the telescope is fixed, the area distance
in a universe with matter must be equal to the area distance of an exact FLRW space-time.
Weinberg result (equation is not scale independent, within the strong field region,
caustics can lead to a non-vanshing gravitational lensing effect [161]. Also it has been shown
in [162H165] that non-linear inhomogeneities of the form (§2) lead to more photon in an
inhomogeneous universe than in a homogeneous universe without violating the conservation
of photon number.
Nobs  To

obs > 1 (3.14)
NFLRW  TFLRW

On super-Hubble scales, contribution from non-lninear inhomogeneities of the form §2 is
almost vanishing, hence equation (3.13)) remains valid. However, light from ‘point sources’
such as supernovae is observed with a beam width of order of the sources’ size — typically less
than 1 AU. Such a beam probes matter and curvature distributions that are very different
from coarse-grained representations in N-body simulations, which are smoothed on scales
much larger than 1 AU. The beam typically travels through unclustered dark matter and
hydrogen with a mean density much less than the cosmic mean, and through dark matter
mini-halos and hydrogen clouds. Large dark matter halos are rarely encountered directly
and so are mainly experienced through their Weyl (tidal) curvature. How observations of
many such beams averages this Weyl curvature into the Ricci curvature of the background
is not understood.

These effects induce, in particular, a dispersion of the observed SNIa luminosities and
hence an extra scatter in the Hubble diagram [166-H169]. “Precision cosmology” within the
standard approach could be compromised by the effects of lensing on the interpretation of

SNIa data — and thus it is crucial to characterise the magnitude of these effects precisely.
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3.6 Light Propagation on a General Spactime

From a theoretical point of view, the effects of matter inhomogeneities can be described
by the geodesic deviation equation, which describes the evolution of a bundle of geodesics
x%(A, s), where A is the affine parameter and s labels the geodesics. The past lightcones of
the central observer are given by w = const, where w is the phase. Then k, = 0,w, so these

curves are irrotational null geodesics:
k', = 0, K'Vyk, =0, Viuky = 0. (3.15)

The connecting vector n* = dz®/ds relates neighbouring geodesics with tangent vector
k* = dx®/d\ to an arbitrary reference geodesic of the bundle, z%(\) = z%(\,0), giving the
distance between neighbouring geodesics and hence the physical size and shape of the bundle
as one follows it down into the past. The connecting vector can always be chosen such that

k®n, = 0 and it evolves according to the geodesic deviation equation:
kKON o Vn© = R qapk k0P, (3.16)

This equation describes the change of shape of the bundle.

For fundamental observers with four-velocity u® (u®u, = —1), the redshift is defined by
(kau®)x

1+ z(\) = , 3.17

() = G 3.7

where the past-directed photon four-momentum is
k= (14 z)(—u® +€%), e'u, =0, ee, = 1. (3.18)

Here e® is the spatial direction of observation, and the spatial direction of propagation is
n® = —e®. The affine parameter increases monotonically along each ray and coincides in an
infinitesimal neighborhood of the observation point with the Euclidean distance in the rest
frame of u®(0). Note that while it depends on the 4-velocity u®(0) of the observer, it does
not depend on the 4-velocity u’(z?%(s)) of the observed source.

The screen space at each point along a ray is in the observer’s rest space and orthogonal
to the ray direction. It is spanned by unit vectors n¢ (i = 1,2), with gabnfn? = 0;; and

nu, = nlk, = 0, that are parallel transported along the ray (k*V,n = 0). We can choose
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the connecting vector to lie in the screen space, so thaiﬂ n* = mnd + nens. By (3.16)

d2

where Ri; = Rapeak?knin{ is the screen projection of the Riemann tensor. We write

P 0 —ReV¥y ImW
Ry=|[ + ¢ %o o (3.20)
0 q)oo Im ‘If(] Re \IIO
with 1 1
oo = _§Rabkakba Vo = —5 wbeam“ K'mk?, (3.21)

where m? = n¢ — ing. The Einstein equations give R k%k? = 87GT,,kk®, where T, is the

total energy-momentum tensor,
Two = (p + p)uatty + Pgab + Tap + qatip + Qotla- (3.22)

Here m,, is the anisotropic stress and ¢, is the momentum density. (For a perfect fluid
Tap = 0 = q,; for more general fluids, we can always choose ¢, = 0, corresponding to the

frame where comoving observers see no momentum flux). Then we find

Doo(A) = —4nG[L + 2(N)]? (p + p + 2ga® + mape’e’) (3.23)
zo(X)
Note that a cosmological constant A makes no contribution to ®g.
The linearity of (3.19)) implies that
'(A) =DiHN) — .24
where Dy is the Jacobi map. By (3.19), we have the Jacobi matrix equation
d2 i i Mk % dD} i

This second-order linear equation can be rewritten as a first-order nonlinear equation:

7 i ek __ )
2This is the Sachs basis, unique up to transformations n¢ — rij(c)ng + pik®, where r;;(a) is a rotation
through angle «, and p; are constants.
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by defining the deformation matrix

d 7 7
=05 = DiSE. (3.27)

The Jacobi map Dj- or equivalently the deformation matrix S]’: are the central quantities to

describe the distortion of the geodesic bundle. The deformation matrix is usually decomposed

af] A
; 0 0 O Y
Si = o N LR (3.28)
0 6 09 —6'1

which defines the optical scalars  (null expansion) and & = 6, + i6y (null shear). These

satisfy the Sachs equations [170]

dé

a + 6> + ‘(3’2 = Dg, (3'29)
do Aa
~ 1 } 1 S
0= 5Viki, (6% = JVikV'k 0. (3.31)

The evolution of a ray bundle can then be discussed in terms of Ricci focussing (Pgp)
and Weyl focussing (¥y). The first is generated by matter inside the beam [see (3.23)] while
the second derives from matter outside the beam, which can generate a non-vanishing Weyl
tensor inside the beam. This distinction leads to the problem raised by Zel’dovich [I71] and
Feynman [172], and posed in terms of the curvature tensor by Bertotti [I73]: if the matter
of the universe is clustered in massive galaxies, the bundle propagates almost exclusively
in vacuum, or at least in underdense regions, and is thus mostly subject only to the Weyl
focussing; by contrast, the cosmological effect is modelled using a homogeneous fluid which
generates only Ricci focussing (Weyl tensor vanishes in FLRW space-time). Dyer and Roeder
[T74, [175] (see also [I76HIT78]) effectively reproduced Zel’dovich’s idea and proposed an ansatz
to model the propagation in regions with no intergalactic medium. Weinberg [I179] disputed
this model, arguing that multiple Weyl deflections by individual masses average to mimic
the Ricci effect of a fluid with equal average density. Weinberg’s argument has been disputed
[161], 163]. Later work (e.g. [164], [165]) has not produced a definitive answer to the question,
in particular for the case of the very narrow beams involved in SNIa observations.

In order to properly describe a thin geodesic bundle, we need to have a good description
of the matter distribution on the scales of the extension of the bundle, and determine how the

effect of the inhomogeneities average during the propagation of the bundle, with two main

3The null rotation g, = V(akp) vanishes by ||
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issues in mind: (1) determining the typical amplitude of the effect and (2) understanding
why the description by a smooth universe seems to provide a good description and determine

its validity.

3.6.1 Area distance

The Jacobi matrix can be diagonalized by rotations:

D) = r(—ay) ( %* lg >r(a2), (3.32)

where the shape parameters Dy are nonzero almost everywhere. Their absolute values give
the semi-axes of the (elliptic) cross-section of the bundle. Once D, are fixed, the angles oy o
are unique at all points where the bundle is non-circular.

The area distance or angular diameter distance is then defined ad]]

Da(X) = /det[D(N)] = /| D4 (v) D_(A)]. (3.33)

For a bundle converging at the observer, D4 relates the cross-sectional area A at the source
to the opening solid angle at the observer. It depends on the 4-velocity of the observer, but
not of the source. From (3.31)), the null convergence is

0= ——VA, (3.34)

and ([3.29) becomes

d?Dy4 .
W = — (|O"2 — q)()()) DA. (335)
For T,,k*k® > 0 we have ®yy < 0 by (3.23), so that |6|> — $go > 0. Thus
d?2Dy
A4 < :
e = 0, (3.36)

in any cosmological model, as long as the null energy condition holds, irrespective of the

value of the cosmological constant. In order to compare to observations, we need the relation

“Note that the terminology ‘angular diameter distance’ has two interpretations: as an area angular
diameter distance, as used here, and as a linear angular diameter distance which are Dy and D_ [180].
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between v and z. We have dz/dv = d(uk)/d\ = k*Vy(uk,) = k*k*Vyu,. Now
1
Vatty = 20 (gab + tathy) + Tap + wap = tally, (3.37)

where © is the expansion, o, is the shear, w,, is the vorticity and A® is the acceleration.

In a universe containing CDM and baryons with four-velocity u®, and A (where radiation is
dynamically negligible), we have A, = 0. By Egs. (3.17) and (3.18)), we obtain [I81]

d 1
ﬁ =(1+ 2)2 (g@ + oapee’ — Aa€a> . (3.38)

For any quantity X evaluated along the ray bundle

dx _dx
T (1+ 2)2H||(z,e )E, (3.39)

where H| is the observed expansion rate along the line of sight [181],
a 1 a, b b
Hy(z,e") = 56 + ogete’ — Age’. (3.40)

The observed expansion rate is made up of an isotropic expansion monopole, an acceleration
dipole and a shear quadrupole.

The set of equations , and is the basis for analyzing the effect of
inhomogeneities. There are four physical effects induced by inhomogeneities that need to be

taken into account:

e area distance modifications: due to the difference between Ricci focussing (when the
rays move through a uniform medium) and Weyl focussing (due to the tidal effects of

nearby matter);

e redshift adjustment: due to the differences between the true redshift of a source and

its redshift in a smoothed out model;

e affine parameter distortions: since inhomogeneities change the relation v(z) (this is

actually where A affects observational relations);

e displacement of the light beam: since the ray path is shifted sideways by inhomogeneities
and so experiences different Weyl and Ricci terms at the same v because it is at a

different space-time point.
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3.6.2 From affine parameter to redshift dependence

The evolution equations (3.30)), (3.35]) for the null shear and angular distance are in terms

of the unobservable affine parameter \. We need to convert to the observed redshift, using

(3-38)). Using (13.39)), we obtain

dZZ apbi.c
W = K"K’k vaVbUc,
2 1
— _5(1 +2)°H)© — 5(1 + 2)%k°V.0 + (1 4 2)k“k°V A,
+(1 4 2)2H K Ay — K kPN 0 (3.41)
The last term can be evaluated by expanding k¢ with (3.18) and using u®uVoy, = —04,A°
and u’e*Voy, = —o4ecV ub. Tt follows that for any quantity X,

d2X 4 2d2X
d)\2 - (1—'_2) Hll dz2

dXxX
1 S0— 42
F(1+2PQ (3.42)
where

2 1. 1 .
Q = SOH| =30+ A,A"+ (= SV.0 + HiAy — Ay = u'VuAy + 200 A"
2
+ et <§@oab — Oap — 20,0 — 2wa wep + VaAb) — €%’V .0y - (3.43)

This form of @) is completely general, for any space-time geometry and energy-momentum
tensor, and independent of the field equations. It is convenient to write H H2 and @ in terms
of covariant multipoles, using a covariant generalization of a spherical harmonic expansion
[181]. We expand in terms of the trace-free products e{®e?, ef%e’e® and e(®ee’e? | and use

the spatial covariant derivative D,. Then we obtain [I82]:

1 1 2 2 4
2 2 a ab a b
HH == §@ + gAaA + 150-ab0- —€ |:§@Aa + EA O-ab:|

2 4
+elaeh) [AaAb + §@U“b + ?O'ca(fbci| — 2e4%be9 A 0. + el%elee? 00, (3.44)
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and
e 1 1 2
= 4+ 3p) — =A @2 . — Zwapw® + A,A — ZDA,
Q 3 —(p+3p) gA+ 307 +0 o S Wan ™+ 3
1 2 . 4 17
“1-D,O + =Dbo,, + A, — —OA, — — A, — Abw,
+ e 3 + 5 Oab -+ 3 5 Oab Wab

+ eleeh [Eab — A Gray + 2004 + 30408 + WaWep + 2Weq0p¢ — 2DaAb]

+eltebe? |D [ a0 — A ch] (3.45)

where we also used the covariant evolution and constraint equations of GR (see [183]).
Here E,, = Cugqu‘u? is the electric part of the Weyl tensor (generalizing the Newtonian
tidal tensor). These expressions show clearly the covariant monopole and higher multipoles;
for example, the octupole of @ is D05 — A@wowy. Note that the monopole of Hﬁ has
contributions from the shear even though the monopole of H| does not.

Finally we can rewrite the evolution equation for the angular distance in terms of
redshift:
|o]°

: et

d*D dD
(1+2)? HHQVQA +(1+2) Qv =4 [47rG<p +p+ 2q.e” + Wabe“eb> +

This is a completely general and nonlinear equation, valid in any space-time, with any matter
content, where H ﬁ and @ are given by equations (3.44) and (3.45).

3.7 Conclusion

We have discussed various approaches that have been developed to study the effect of back-
reaction in cosmology and we have also made a case on why averaging is very crucial in
cosmology, especially in a precision cosmology era. We discussed extensively the general
theory of light propagation since our only means of extracting information from an evolving
universe is through the photons that arrive at the observer’s telescope here on earth (Gravi-
tational wave astronomy is still in its infancy and will not replace the traditional techniques
that rely on light propagation).

In the subsequent chapters, we will be focussing attention on three key parameters of the
standard model: the Hubble rate, deceleration parameter and area distance. We will study
these parameters in great detail with the aim quantifying the actual effect of backreaction
on them within the standard model. We hope that our approach to the problem will help

resolve some of the discrepancies in literature relating to whether backreaction in cosmology
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is important or not.



Chapter 4

The Influence of Structure Growth on

Expansion of the Universe

4.1 Introduction

The late time Universe is not perfectly homogeneous and isotropic, and the overdensities
and voids that develop via gravitational collapse make it significantly inhomogeneous. As a
result, the notion of a background, highly symmetric, geometry, that is at the core of the
standard concordance model needs to be addressed carefully. Specifically, one would like
to construct such an average model, suitable to describe the Universe on sufficiently large
scales, as a coarse-grained version of the actual distribution of matter and energy in the
Universe. In the last decade, this issue has attracted considerable attention in cosmology, in
particular through the so-called averaging problem (see [94] and references therein), mostly
because it is sometimes believed that it could provide an answer to the Dark Energy problem
(see e.g. [98, 110, [184]). Even though this has not been shown to be the case, the physics of
averaging are still be worth investigating; the parameters for cosmological concordance are
quite sensitive to the backreaction effect — important in the era of precision cosmology.
One method for evaluating this backreaction lies within the standard cosmological model.
That is, one can evaluate the backreaction from the perturbations which describe structure
formation. At second-order in perturbation theory, this gives rise to corrections to the local
Hubble flow. This idea was first investigated in an Einstein-de Sitter model in [184] [185],
and followed up in more detail in [51) 52, 92]. This was extended to include the case of
a cosmological constant in [86l 108, 186, 187] . On the face of it there appears to be
some discrepancy between these results: While [511, 52, 92] found an important effect from
backreaction, [62] found much smaller changes to the value of Hy. Our aim in this chapter

is to reconcile these results, and present them in a unified framework.

84
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Bearing this idea in mind, in this chapter, we will be using the averaging formalism as
developed in [43] 48, 86] in order to estimate the corrections to the averaged local Hubble
flow induced by the small scale inhomogeneities in the matter distribution. Such studies
have been performed in the past, [51, 52, 86l 02, 186, 187], with different definitions for
the Hubble rate, different slicing for averaging, and/or different approaches to perturbation
theory. Specifically, on the one hand, [I86] [I87] defined the averaged Hubble flow in the
longitudinal gauge by following the expansion of the coordinate grid adapted to the gauge;
this is the expansion associated with the gravitational potential [86]. On the other hand,
[511 52, 86l 92] looked at the expansion of the matter fluid in the comoving synchronous gauge
[51, 52, 92] and in the longitudinal gauge [86]. The results and the claims inferred from these
results differ from one analysis to the other. To clarify the issue and evaluate precisely the
corrections to the concordance model due to the backreaction effect, we propose to compare
quantitatively the different definitions and results. We will discuss how a consistent second
order treatment of the backreaction effect in perturbation theory changes in the value of
the Hubble rate. We will also analyse the intrinsic variance created by the fluctuations that
could affect the measurements of H.

This chapter is organized as follows: In Sections[f.2land[4.3] we briefly recall the averaging
formalism to be used, and discuss the definitions of the averaged Hubble rate in two different
hypersurfaces of interest. In this section, we will also use the gauge invariant formalism
developed in [109] [I88] to calculate the averaged Hubble rate defined in the fluid frame. To
the best of our knowledge, it is the first practical calculation making use of of this gauge
invariant formalism to study backreaction effect. The discussion of our results is presented
in Section |4.4] and a fitting formula for the variance of the Hubble rate will be given here. We
also show that the two classes of definitions can be clearly distinguished. A brief comment on
their relevance is also given. Finally, in Section .5 we draw some conclusions and discuss
future works. We present in Section detailed expressions of the various Hubble rates

considered in this paper, at second oder in cosmological perturbation theory.

4.2 Equations of Motion

Buchert’s averaging formalism [43], 93] (a similar averaging formalism was presented earlier in
[104]) and its generalization to arbitrary coordinate systems [48] 59, [108], [187] rely on Einstein
equations written in the Arnowitt-Deser-Misner form. Within this formalism, one considers
a set of observers defined at each point of the spacetime manifold, and characterized by a
unit 4-velocity field, n®, that is everywhere timelike and future directed, i.e. n%n, = —1, with

zero vorticity. This 4-velocity field induces a natural foliation of spacetime by a continuous
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set of space-like hypersurfaces locally orthogonal to n®. The projection tensor field onto
these hypersurfaces is defined as hqy, = gap + nanp. The line element can then be written

with respect to this foliation:
ds® = —(N? — N;N")dt* + 2N;dtdz" + h;;dz'da’ (4.1)

where we have introduced respectively the lapse function N (z?) and the shift 3-vector N*(x?)
. The components of the 4-velocity of the fluid comoving with the coordinate grids is given
in relation with the lapse and shift functions as

n® = %(1, —N%), n, = N(=1,0,0,0) .1t is orthogonal to the hypersurface h, . The
intrinsic curvature of the hypersurfaces is given by R = h®R,,, where Ry is the 3-Ricci
curvature of the hypersurfaces and the extrinsic curvature (or second fundamental form):
Ky = —hflh,‘fnc;d.

Here we will consider only the Hamiltonian constraint and the evolution equation for
the metric of the spacelike hypersurface.(for the complete set of ADM decomposed Einstein

equations see [48]).

(Ot - ,Czt) hz’j = —QNK” 5 (42)
R+ K? - K;;K7 = 16me, (4.3)

where € = n*n’T,;, and T, is the energy momentum tensor defined to include the cosmological

constant as Ty, = (p + plugup + (p + A/(87G))gap - u® is time-like 4-velocity for the matter

field normalized to u®u, = —1, it is related to n* through

1
V1—0v%,

The vector v* is spacelike and it is orthogonal to n® (v*n, = 0).

u® = y(n® +v*) , where v = (4.4)

The non-local, free gravitational field is described by the Weyl tensor. Given a timelike
vector this is split into electric and magnetic parts. For example, with respect to n® these
are

EC(LZ) = Cypan’n® and H (Z) = *C’acbdncnd, (4.5)

a

where Cypeq is the Weyl tensor and *Cypeq is its dual. Analogous definitions exist for the
vector field, u®. This means that observers in the frame of the fluid and observers in the
coordinate frame observe this electric-magnetic split differently (see [I89] for the transforma-
tion relations between the two), analogously to boosted observers measuring different electric

and magnetic parts of the electromagnetic field. In particular, in certain gravitational fields
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there may exist a special frame whereby one of these two components vanishes. For example,
in so-called silent universes which are not conformally flat, there exists a preferred frame in
which the magnetic part of the Weyl tensor is zero — such a frame may be considered the rest-
frame of the gravitational field. In spacetimes where this is possible, it is unique as follows
from the transformation laws in [I89], and there exist (at least) two physical, well motivated,
frames: the rest-frame of the fluid, and the rest-frame of the non-local gravitational field.
So far we have defined two different 4-velocities, which according to standard 1 + 3
decomposition of a covariant derivative of 4-vector, will imply defining respectively two

expansion rates.

4.2.1 Decomposition of velocities

The covariant derivatives of the two 4—velocities, u® and n®, as well as the spacelike relative
velocity v*, may be invariantly decomposed with respect to the coordinate frame, n®, (this
corrects the decomposition presented in [48]; however the expression for the Hubble rate is
not affected):

1
vanb - _nahb + gfhab + Z(;Lb ) (46)
c (2 : 2, 0 1 c
Vaoup = —v0v (7 Ve + nc) NgNp — Y (7 Vv, + gﬁva + YacV ) ny
1
+YNg (’)/QUC@cUb -+ 7’L<b> + U<b>) + g@hab + Ogp + Wap (47)
1 1
Voo, = _,,;chc NNy — na®<b> + (gfva + Zcwvc> np + gﬁhab + Bab + Wap
(4.8)

where:

1
5 = habvanb ) ZJab = hghgv(cnd) - gghab )

1
0 = h®V uy . Oap = REREV gy — gehab ,
Wap = hChEV cug) k= h"Vuy ,

1
Bap = hEREN (va) — gmhab . Wa = hehiVivg -

Where we have used the notation Aa...b = nV_ .A,..p, the angle brackets denote symmetric,
trace free, and projected with respect to n,. V denotes the spatially projected covariant
derivative.

Here £ and 6 are the expansion rates, while & is the divergence of the 3-velocity v*; ¥4, Tap
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and B, are the shear, while w,, and W, are the vorticity in the respective definitions. Every
quantity defined here has a natural interpretation in terms of observers comoving with the
fundamental 4—velocity n*. Provided these definitions are unique and consistent, all related
quantities have a direct physical or geometric meaning with respect to the fundamental
4—velocity n®. Any difference between such 4-velocities will be of O(e) in perturbed FLRW
case and will disappear in the FLRW limit [I89] . Note that:

1
0 —~E =9k (1 - 5721)2) + 30’ B, (4.9)

in FLRW limit, v and v? are of the order O(€?), hence 6§ ~ £. The decomposition of the

a

matter 4-velocity, u®, is quite unusual, since it is with respect to n®. One can calculate

directly the normal acceleration, vorticity and shear and so on; for us the intrinsic expansion

rate is important:
0 = Vo' =0+ w" (0, + na) - (4.10)
The following relations between expansion rates will be used later:

E=7"10+0p), (4.11)

Eij =7 ! 044 + UBij) . (412)

where 6 = —yk — 3B and for the shear: op;; = —8; — v* (Bij) — 3Bhi;). The tensor
By, is defined as

1
Bab = g/ﬁ;(vanb + Uavb) + 6cavcnb + ﬁcavcvb + Wcavcnb + Wcavcvb ) (413)

and its trace is given by B = %mﬂ + Bapv®0?.

4.3 Averaged Hubble rates
In general, the average of a scalar quantity S(¢,z) may be defined as:

_ [ dPxJS(t, @)

(S(t,2))p = s (4.14)
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where J = /A is the square root of the determinant of the metric on the hypersurface
orthogonal to n®. The time derivative of Eq. (4.14)) leads to a commutation relation [48]

[0, () plS(t, ") = (NES), — (NEY, (S)p (4.15)

as is usual in the averaging context.

There are different definitions of the averaged Hubble parameter Hp in the literature,
and we would like to be able to compare them in the context of the standard model, up to
second-order in cosmological perturbation theory. We shall employ the longitudinal gauge
below in order to calculate averages in the concordance model, which fixes our coordinate
frame n®. In the longitudinal gauge the magnetic part of the Weyl tensor vanishes, and
the electric part is a pure potential field in the absence of anisotropic stress [86] (see also
Appendix , making this the rest-frame of the gravitational field, or Newtonian frame. In
this sense, both n® and u® are physically well defined reference frames.

There are different local expansion rates:

e &: the expansion of the family of coordinate observers. In the longitudinal gauge we

employ below, this is the rest-frame of the gravitational field.
e O: The expansion of the fluid, as observed in the fluid rest-frame.
e 0: The expansion of the fluid, as observed in the gravitational rest-frame.
When performing averaging, there are two spatial hypersurfaces of interest:
e ()p: Averaging in the gravitational frame.
e ()7 Averaging in the rest frame of the fluid.

Finally, when averaging expansion rates associated with the gravitational field, there is the
issue of the time coordinate to use: we can associate the time coordinate ¢t with the proper
time of the ‘averaged observers’, which, when using n® requires an extra factor of N in the
expansion rate [86].

Definitions based on &

As argued in [I80, 188], one can consider the evolution of the metric of the hypersurface:
2
Othij = gNhijg +2N%,;; + D;N,; + D;N; (4.16)

1/3
and also assume that the dimensionless domain scale factor can be defined as ap = (%) where
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Vp is the volume of the domain. It is easy to show from equation (4.16)), that

1
3i, = 2V _ L (N€¢ + DpN¥) Vhd?x
VD V’D D
= (N&+ DpN®) . (4.17)

This definition describes the average expansion of the coordinate grid and says nothing
directly about the matter field. It has been used in the recent literature for calculations in
the longitudinal gauge [I86] [I87], in which case it can be interpreted as the expansion rate
of the gravitational rest frame. We will find that this definition exhibits some interesting
features, such as weak scale dependence of backreaction effects.

With this definition, the averaged Hamiltonian constraint ([4.3)) becomes:

6H} = 167G (N> (p+v?p)), +2(N?A), — (N*R), — Qp+Pp, (418)

Qp = ; <N252>D - g <N€>2D —2 <N222>D ’
4 2
Pp = 3 (N&)p <Dka>D + 3 <Dka>D )

where Qp is the usual backreaction term and Pp is an additional backreaction term which
arises because of the inclusion of the shift parameter N*. This definition was used in [186)
187]. One can also choose to define the Hubble factor without the lapse function as 3Hp =

(€)p and the corresponding averaged Hamiltonian constraint becomes

6H7 = 167G (v* (p+v°p)), +2(A)p — (R)p — Op, (4.19)

0 = Z(E)p— 3 (5 —2(), .

Definitions based on ©

Assuming all types of matter follow the same 4-velocity, the local expansion of the matter
is given by ©. If we average this on spatial surfaces orthogonal to u®, we have 3Hp = (O) 1.
This definition is equivalent to that studied in [52] [02) 190], and is the same as the expansion
of the coordinates if we choose the synchronous gauge. The equations in that case are well
known and presented in [94]. This choice might be most natural for supernova observations,
where the observer here on earth is assumed comoving with the source.
Definitions based on 0

A final definition of the expansion we consider is given by 6: the derivative of the matter
observers worldline projected into the rest-space of the gravitational frame. This was intro-

duced in [48, B6] as a way of recognising the fact the rest-frame of the matter before and
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after averaging are not the same. Hence, a useful definition of the average Hubble factor is:

3Hp = (N6)p . This will lead to the following averaged Friedmann’s equation:

6H7 = 167G ((v'N?p), + (V*(v* —1)N?p) ) + 2A (N?7?) (4.20)
—(¥*N°R), — Qp+ Lp ,
Qp = 3 (N0, — (NO)3) —2(N%?),, .
Lo = 2N}, — 2 ((N6s)), — 5 (N*05),,

where 0% = 007 /2 and 0% = 0';0%,/2+0;;0% had being adopted for simplification purposes.
In the same vein, we can also consider a definition of average Hubble factor without scaling

with lapse function as 3Hp = (6), in this case the averaged Friedmann’s equation becomes

6Hp = 167G (<74P>D + <72(72 - 1>p>D) +2A <72>D - <72R>D —Qp+Lp,(4.21)

% = 2O 03) ~2(0%)
Lo = 2(o3), — § ((65)%),, — g (605).

Notice that the Friedmann part of the Buchert equations averaged on the comoving hyper-
surface may be recovered from the last two definitions in the limit where v; — 0, v — 1
and (0), — (©)7 [94]. The equations above contain the standard backreaction
term OQp and additional backreaction term L£p. The additional £p term exist because of

the non-varnishing peculiar velocity, v®.

subdominant O(e?).

In almost FLRW metric, its contribution will be

4.3.1 Spatial averaging of a perturbed FLRW model

The equations derived in Sec. are not closed, but physical information can be extracted
from them if we suppose that the Universe is well described by a perturbed FLRW back-
ground. We shall consider perturbations in the longitudinal (Poisson) gauge, where the

metric may be written as
ds® = — (14 2® + ®y) dt* + a® (1 — 2 — Wy) §;da'da’ . (4.22)

Here, the coordinates are chosen to coincide with the n® frame such that n, = —NO,t,
where the lapse function is N = (1 + o+ %(I)g — %(1)2). We have used the trace-free part of
the momentum constraint to set: ¥; = ®; = & (that is, there is no anisotropic stress at
first-order). It was shown in [75] [76] [79 0] that the vector and tensor modes induced by
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scalars are subdominant at second order, hence this line element is sufficiently accurate for
our purposes. The expression for the peculiar velocity v' is given in Chapter 2

In this framework, the average quantities on the hypersurface orthogonal to n® can easily
be expanded to second order in perturbation theory, so that one would rather evaluate
Euclidean integrals (the metric or the determinant consists only of unit elements) instead of
a Riemann integrals (the determinant depends on space time position) [184]:

(S)5 = So+ (1) + (S5) + Jio (S0 1) — — (S0 () (4.23)

1
D
where Jy and J; respectively stand for the background and the first order piece of the square
root of the determinant of the 3—metric, v/h, while Sy, S; and S, are the background,
first order and the second order component of any perturbed scalar on the hypersurface
orthogonal to n*. Note the important terms of the form () () which appear due to the
Riemann average — such terms do not appear if we average perturbations on the background

only (‘asin [I20] for example).

Frame switching

In order to perform spatial averages on the hypersurface comoving with the matter fluid, i.e.
on the hypersurface orthogonal to u®, while using the coordinate system of the longitudinal
gauge presented in Eq. we employ the technique developed in [I8§]. This will allow
us to perform an average in a frame which is tilted with respect to the coordinates. We do
this because the longitudinal gauge is well defined at second-order, and the solutions up to
second-order are known in the case where the cosmological constant is non-zero [74].
Before applying the formalism of [I88] to the particular case of interest here, we sum-
marise it and generalise it for our purposes. When defining the average of a spacetime scalar
there is considerable freedom in the definition, and this freedom can be used to switch from
an average defined in one frame to that in another ([I88] used it to define gauge-invariant
averages). Consider defining the average of a quantity using a spacetime window function

WQZ
fM4 d*z\/—g S Wa(x)

S g = 4.24
540 Jon, d4w/=g Wa(z) (424)

where a a suitable window function might be:
Wa(z) = 0(A(x) — Ag)H(rg — B(x)) . (4.25)

In this definition of the window function, H is the Heaviside step function and B(z) is
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a positive function of the coordinates with space-like gradient, V,B, and A is a suitable
scalar field with time-like gradient, V,A, such that it takes on a constant value Ay on
the hyper-surface of interest. The scalar field A then defines the foliation of spacetime for
averaging. The range of integration across the hyper-surface is specified by inserting a step-
like definition of the spatial boundary using the function B(x), which is then bounded by a
constant positive value ry > 0.

It was argued in [109] [I88] that one can consistently integrate out the coordinate time
to define an average of the scalar field S on the hypersurface of constant A by performing a
suitable change of coordinates that transforms the integration variable from ¢ + ¢. This can
be achieved by defining t = f(#, 2), where the function f is chosen to ensure that the scalar
field S transforms as S(f(f,z),x) = S(f,z). By the use of the Jacobian factor dt/0f, the
3-metric is also transformed from h;; into another metric fzm The function f ensures that
the scalar field A(z,t) is homogeneous in the tilde frame: A(f(f,z),z) = A({,z) = AO({)
(see [188] for details). Inserting this into Eq. (4.24)), one finds:

sz Bz S(ty, )
0
fEAO d3xJ

(S)a, = , (4.26)

where the tilde quantities are evaluated in the new coordinate system. According to [I8§],
this represents a gauge invariant prescription for the average of a scalar object S on the
hypersurface ¥4, of constant A = Ay.

In cosmological perturbation theory, the square root of the determinant of the metric gy,
and the scalar field S can be expanded to second order in perturbation theory to give the

average of a scalar field in the new coordinate system:

(S, = S0+ (S +(S) + Ji (75) - Ji (5) (7). (4.27)

where Jy = v/—go and J; = \/—§; are the background and the first order piece of the square

root of the determinant of the metric g,, respectively. The metric g is still a 4-dimensional



4.3. Averaged Hubble rates 94

metric. By making a gauge transformation [63] back to the original coordinates, we obtain:

1

(S)ag = Sot (S} + (S + 5 (4S1) = T (S1) ()
_% {(Ag + Jio (AL + <A2>} + 2%% (Aidy) - A'io [(Ai8r) + (s14y)]
% j_z ) SAS? 20, ? S| a2y 4 j—z -2 C (s
r2- T (g ) - |- BRI () - | Ty DRI g
_j-_%<A1> <A1>+A-i0<51></11>- (4.28)

Here Jy = v/—go and J; = \/—g; are the background and the first order piece of the square
root of the determinant of the four dimensional metric g respectively. This is the major
difference between this averaging prescription and the conventional one defined in equation
. Once the scalar variable A is chosen to specify the averaging hypersurface, the above
averaging prescription can easily be applied. Eq. was first derived in [I8§], but the
authors set the spatial average of a first order scalar quantity (S;) to zero (see Eq. (3.10) in
[188]) before performing the gauge transformation, thereby neglecting the terms of the form
(S1) (A1), (S1) A1), ete, which are non-zero and are explicitly scale dependent at second
order [86]. We have inserted them as they play an important role in the average of the
Hubble rate.

To fix the definition of A in terms of the quantities of the perturbed FLRW background
and at the same time fix the foliation of interest, we employ the technique used in [I84]. This
involves relating the scalar field A to the time, 7, measured by the observers with 4-velocity
u® comoving with the fluid: u°9y + u'd; = 0,. The scalar field A can be expanded to second
order in perturbation theory, subject to the condition A(t, x) = Ag(t)+ A1 (t, 2)+As(t,z) = 7
[109] to give (using u*V,7 = 1):

3 ~

1 1 . L
(1—o— 56132 + §<I>2 + viv )0, A(t, ) + @(vi +v5)0;A(t,z) = 1. (4.29)

We can now calculate the higher order A in terms of ®; and ®; of the perturbed FLRW
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background. This gives:

Ag(t) = t, (4.30)
t
Ai(t,z) — / Bydt, (4.31)
10 t 1 t t t 1 )
Ay(t,z) = = / Podt — = / P2t — / VRV pdt — / — v 0; At (4.32)
2 Jo 2 /o 0 o @

The average Hubble factor calculated using this prescription is given in the Appendix [4.6]

4.3.2 The ensemble average and the variance

With the tools developed in Section. [4.3.1] we have performed a consistent second order

perturbative expansion of the Riemann average defined in Sec. to obtain a correspond-

ing Euclidean average. Given a specific realisation of a cosmology, we could now calculate

spatial averages directly. Alternatively, we can calculate the ensemble average of a given spa-

tial average which will tell us the expectation values of spatially averaged quantities. The

ensemble-variance tell us how much we expect that to vary from one domain to another.
The ensemble average of a spatial average may be written as:

=y / P W (2/ Ro) X (@), (4.33)

where the overbar denotes an ensemble average. We have specified the domain though the
window function W. The Euclidean volume of the spatial domain of averaging D is then
given by: V = [d*xW (z/Rp) which in the case of a Gaussian window function which we
mostly employ is V = 47R% [ y*W (y)dy = (27)%2R}, for any Rp. The inverse Fourier
transform of this window function reads: W(kRp) = + [ d*xW (z/Rp) e *® . The Fourier

and the inverse Fourier transforms of any scalar quantity ® are given as

d(x) = (273)3/2 / Brd(k)e*®, (4.34)
_ 1 3$ T e—ikzm
d(k) = (27r)3/2/d () . (4.35)

For statistically homogenous Gaussian random variables, we have: ®(k) = 0, and the power

spectrum of ® is defined by

272

SR)D(K) = —Pa(k)3(k + k). (4.36)
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Assuming scale-invariant initial conditions from inflation, this is given by

3Ar

5900) g(2)T(h)? (4.37)

Po(z, k) = (
where T'(k) is the normalised transfer function, A% is the primordial power of the curvature
perturbation [34], with A% ~ 2.41 x 107 at a scale kcap = 0.002Mpc™" (for the definitions
of g(z) and g, please see equation in Appendix [4.6).

It is not difficult to notice from the equations displayed in the appendix that most of the
terms we are dealing with are scalars which schematically appear in the form 0™®(z)0"®(z)
where m and n represent the number of derivatives (not indices), such that m + n is even
so that there are no free indices. (For example, 9;$9%0'® has m = 1 and n = 3.) Then
from the results of [86], the ensemble average of these kind of terms, if a Gaussian window

function is assumed, is given by:

(=1)tmtsmr mAn—173

TR = / A KDy (k). (4.38)
Using ® = g(t)®o(z), g(t) being the growth suppression factor and ®g(x) the spatial

dependent initial condition (see the Appendix), the terms that appear with a time deriva-

tive of the gravitational potential can be re-written to pull out the time component before

evaluating the ensemble average:

b(t,1) = —(1+Z)Hd;ng

O(t, z). (4.39)
z

For the details of the calculation of the ensemble average of the inverse laplacian appearing
the second order Bardeen potential refer to [86].

The ensemble variance in the Hubble factor is given by

5 2
Var[Hy) = H2 — H , (4.40)

where Hy can be any definition of averaged expansion rate we are studying. With this
definition, it is easy to see that pure second order contributions drop out of the variance, so

that only terms that are quadratic in first order quantities remain.

4.4 Results and Discussion

We shall now investigate the expectation values of the different average Hubble rates, along

with their variances. For this we will consider an Einstein-de Sitter model, and a standard
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concordance model. We shall use length scales intrinsic to the model as reference points for

averaging: these scales are the equality scale, k:e_ql, and the Hubble scale, kﬁl:

keq = T7.46 x 1072Qoh*Mpc ™!, (4.41)
h

ky ~ ——Mpc?

i 3000 °¢

where , and € are the baryon and total matter contributions today and Hy = 100 h kms~'Mpc~!.

We shall also use two models for comparison. The first is an Einstein-de Sitter model with
h = 0.7 and 5% baryon fraction (WMAP [34] whose estimate as an energy density is given
as 0 ~ 0.046). This has k;e_ql o~ 27.9Mpc. The other model we shall use is the concordance
model with €y = 0.26,h = 0.7, fparyon = 0.175 (this is the WMAP best fit [191]). The key
length scales in these model are k:(;ll ~ 107.2Mpc and the Hubble scale k' ~ 4.3Gpc.

To calculate the integrals we shall use the transfer functions presented in [73]. All lengths
scales shown are in Mpc unless otherwise stated. Because some of the integrals have a
logarithmic IR divergence, all k-integrals have an IR cut-off set at ten times the Hubble
scale, it did not appear explicitly in any of our calculations. Moreover, the position of the IR
cut-off does not affect the result, that is one can set the IR cut-off within this range 10 — 10°
and the results shown here will remain unchanged. Since the divergence is logarithmic, the

result depends very mildly on where the cut-off is set.

4.4.1 Comparison between the different definitions

We can now turn to estimating and comparing the Hubble rates as well as their intrinsic
variances as defined above consistently up to second order in perturbation theory. When
determining the ensemble average of the Hubble rate, we shall consider two alternatives: a
kinematical ensemble average given by Hp, and a dynamical one, which arises from taking
the ensemble average of the Friedman equation: y/HZ. We shall find that the difference
between these two is large because the variance is large.

Fig. 77 presents the evolution of the averaged Hubble rate as functions of redshift for
different definitions of Hubble rate in a ACDM and an EdS scenarios. Fig. 7?7 depicts the
values of the same Hubble rates at z = 0 as functions of the averaging scale Rp, and Fig.
shows the scaling of their variances with the averaging scale Rp.

It is clear that the two types of Hubble rates defined here, i.e. those of the gravitational
frame, and the ones defined in terms of the physical matter flow can be distinguished as far
as the magnitude of their mean and variance are concerned.

First, the ones defined through the local expansion of the observers’ worldlines, (£),, and

(N&)p present a very small correction to the FLRW background Hubble rate, which is of
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Figure 4.1: Fractional change to the background Hubble rate as a function of redshift for
the different definitions of averaged Hubble rates under study. Here we have
averaged at the equality scale. Here, Ay = (Hp — Hy)/Hp.There is an overlap
of some of the lines in the plot.

A CDM universe 1Eins’[ein de-Sitter universe
: : ‘ : 10~ , : : :
—(Ng) —(NE)

/'\ &) B )
1072 —(©) | 10} —(©)

—(0) | —(6)

- —(N6 -3 —(NB) f
T 107 (N6) T 107 ,

-2

10

-4 N

107 L 10

-6 ‘ . -5 ‘
10 0 1 2 3 4 5 10 0 1 2 3 4 5

Figure 4.2: Fractional change to the background Hubble rate as a function of redshift for
the different definitions of averaged Hubble rates under study. Here we have

averaged at the equality scale. Here,0y = (\/ H% — Hy)/Hpy. Again there is an
overlap of some of the lines in the plot.

the order 1075 for ACDM and 10~* for an EdS scenario at 20 h~'Mpc . Such a small effect
was also reported from a study using numerical simulation [192]. Moreover, they appear to

be scale independent when compared with the definition based on 6. The scale dependence
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is determined by terms with two angle brackets (®) (®). For the definitions based on &,
for example, the variance in (), or (N§) is scale dependent but its scale dependence is
suppressed when compared with the definitions based on # because the dominant term in &
definition is (®) (®) which is of the order of 107! at 20 A~'Mpc while in 6 definition the
dominant term is (9?®) (9?®) which is of the order of 10™* at 20 h~'Mpc.

Second, the Hubble rates defined through the local expansion of the matter worldlines
systematically present corrections to the background Hubble rate, which is two orders of
magnitude bigger than the previous ones, and are indistinguishable from each other, except
when the averaging scale is much larger than the equality scale. It is interesting to note
that both the values of these averaged Hubble rates and their variances are indistinguishable
up to scales of averaging of order >100 Mpc, after which they start to differ. This scale
have been interpreted in a previous work [86] as naturally defining the scale of statistical
homogeneity of the universe (note that this is the case even for EdS; so it is not simply the
equality scale). Around the same scale the expansion rate of the gravitational frame becomes
comparable with the others because the peculiar velocity tends to zero.

Finally, let us note that the results are consistent, for a pure CDM Universe, with those

found on small scales in [52] [92]. This can be seen on Fig. |4.6]

A CDM universe Einstein de-Sitter universe

10

10

R, (h~"Mpc) R, (h""Mpc)

Figure 4.3: Fractional change to the background Hubble rate as a function of the averaging
scale for the different definitions of averaged Hubble rates under study. In
both models, (¢), and (N§),, almost coincide and are indistinguishable in the
figure. Notice the turn-down in (©) » definition in Einstein de Sitter Universe,
this feature has been reported earlier in [52] [92].

This analysis shows that the averaged Hubble rates defined through the expansion of the
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Figure 4.4: Fractional change to the background Hubble rate as a function of the averaging
scale for the different definitions of averaged Hubble rates under study. In
both models, (£), and (N§),, almost coincide and are indistinguishable in the
figure. Notice the turn-down in (©) > definition in Einstein de Sitter Universe,
this feature has been reported earlier in [52], 92].

Newtonian-like or gravitational frame, as in [I86), [I87], is not a good tracer of the expansion
of the cosmic fluid, except beyond the homogeneity scale. The fluid frame is more relevant
for local measurements since it is attached to the matter component of the Universe. The
‘gravitational frame’, as we have referred to it here, seems useful on much larger scales, which
is the situation in [I86, [I87] in which it was first evaluated — their domain was the Hubble

scale.

4.4.2 Fluctuations in the measurement of H

We would like to conclude this chapter by addressing the following questions:
e What is the physical relevance of the averaged Hubble rate and its variance?

e Can there be any signature of backreaction in the observations leading to the measure-
ment of Hy?

First, let us note that on sufficiently small scales, such as scales smaller than ~ 100 Mpc,
which are the standard scales at which the Hubble rate is evaluated, and in a statistically
homogeneous and isotropic Universe, spatial averages are expected to be a good approxima-

tion of what happens along the past lightcone on which observations are made. Along the



4.4. Results and Discussion

101

A CDM universe

—(Ng)

10°

Einstein de-Sitter universe

—(Ng)
®

—(®)

—(®)

—(N6)

Var[HD]
Var[HD]

Ry (h""Mpc) R_ (h"'Mpc)

Figure 4.5: Variance in the fractional change to the background Hubble rate as a function
of redshift for the different definitions of averaged Hubble rates under study.

past lightcone the monopole contribution to the Hubble rate, which is the one that remains
once a full sky average has been performed, is exactly the covariant quantity © = V, u®
[170].

Hence, our estimate of Hp on a scale Rp can be interpreted as the average Hubble rate in
a patch of the local Universe of size Rp as long as this size remains sufficiently small compared
with the Hubble scale. Moreover the variance we calculated is the intrinsic dispersion on the
measurement of Hy that comes from the fluctuations in the peculiar velocity of the sources
and gravitational potential. In a concordance cosmology, this dispersion appears small, of
order 1% at a scale of 100 Mpc, and even less on larger scales, as can be seen on Fig. m

This is consistent with previous estimates that were based on an estimate of the first
order velocity power spectrum [190, 193]. It is due to the fact that the pure second order
terms cancel out consistently at second order in our expression of the variance, allowing only
contributions of squares of first order quantities. As noted before, this is a similar effect
to that found in [52, 2], where the calculations were made in the comoving synchronous
gauge, for a pure CDM Universe. Our calculation of (0)r using the gauge-invariant ap-
proach of [I09] corresponds to a gauge-invariant version of the average expansion rate in the
synchronous gauge.

To quantify the backreaction effect on the variance for a large class of cosmological
models, we provide a fitting formula for the variance of the Hubble rate (defined via the flow

of matter), Var[H], that is accurate to a few percents across the scales of interest:
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Figure 4.6: Dynamical Hubble rate (©) » today, plus/minus the variance as a function of
the averaging scale (normalized to the background Hubble rate), where we have
used a top-hat window function to define our domain for comparison with [52}
92]. The blue curve represents the variance calculated in [52, 92]; differences
for small domains are a consequence of the different transfer functions used
here.

120 140 160 180

r;gpl\/lpc)

InVar[H] = —43.61 4 46.0Q0."%* —0.7969 f;***
+A(logyo R)® + v exp(—f(log, R)?) (4.42)
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where

= 10.32 — 9.084Q%:0169 _ 3 17 / 00497 (4.43)
= 1.309 — 2.355Q%:0° 1,073 21778

—1.805 + 3.26090.9%™ — 0.7180 f,-°°

= 1.222 4 0.033492%% 4 0.0591 f;-9*.

B ™ 2 >
Il

This formula gives the variance on the measurement of Hy, normalised to the value of Hy:
Q,, is the CDM density parameter, f, the baryon fraction, and R the length characteristic of
the survey, i.e. the distance to the farthest object (in units of A~'Mpc). Note that this fitting
formula is valid for a Gaussian window function. Top-hat window functions generically lead

to a slight increase of the variance.

4.5 Conclusion

In this work, we have presented the first comparison of the different definitions of the averaged
Hubble rate that can be found in the literature. We did this by calculating these various
definitions consistently to second order in cosmological perturbation theory. Also for the first
time we have calculated the average of the expansion rate using the formalism of [109], which
the authors claim is gauge invariant at some limit. We have also found that the definitions
that involve the flow of the dust matter component are consistent with each other at second
order in cosmological perturbation theory, but differ significantly on small scales from the
definition based one the expansion of the coordinate grids. In particular, we noticed the

following features of the averaged Hubble rate:

e On small scales all definitions which involve the matter flow agree, and give a small

sub-percent change to the background Hubble rate.

e The variance in the average of the expansion rate of the gravitational frame are very
small and appear to exhibit weak scale dependence when compared with the definition

involving the matter flow.

e On large scales (much larger than the equality scale) all definitions become scale in-

variant once their ensemble average is evaluated.

e The hypersurface used in averaging is not really important when computing the vari-
ance for perturbed FLRW model, the differences only show up on large scales and it

is only noticeable in Einstein de Sitter models.
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e Including N in the definition of the averaged expansion leaves a residual effect on
large scales, and it tends to reduce the backreaction effect. The inclusion of the lapse
function is made compulsory if one wants to keep the coordinate time ¢ as the proper
time in the averaged model (there is a discussion on this issue in [86]). But this is only
one possible choice, since no-one knows how to explicitly construct the average model

in this setting where only the scalars are averaged.

We have also derived the dispersion affecting the Hubble rate and arising from the peculiar
velocities of the matter flow. We found an effect consistent with previous estimates from
backreaction in the literature [52) 92], and our results are consistent with effects evaluated
previously [86, 190].

We close with a comment on the origin of the scale dependence of the various quantities.
The scale dependence we have found here comes only from ‘non-connected’ terms such as
(@) (0*®) since the domain size factors out of all other terms (for details on how this type
of terms appear see [80]). Non-connected terms only arise when we perform averages in the
spacetime itself, which many authors on backreaction have stressed is important. It is inter-
esting to note that these terms (i.e those ones involving laplacian of a gravitational potential,
for example (@) (9>®)) do not appear if we treat perturbations as fields propagating on the
background, and calculate average quantities only with respect to the background geometry

i.e., if we perform a Euclidean average and not a Riemannian one [120].

4.6 Some Follow-up Equations

We present the expressions for different definitions of the Hubble rate calculated consistently
up to second order in cosmological perturbation theory. The superscript determines the

quantity that has been averaged to define the average Hubble rate.
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HYS = H— <c1>> ~3 <<i> (@) + <<I><I>> - % (W) (4.44)
HS = H— <c1>> ~H (D) -3 <c1>> (®) + 2 <c1><i>> (Y 4 2 S (%) - % <x1/2> - %H (@a45)
HY = H - <<1>> ~3 <q>> (®) + 2 <1><1>> - % <\I/2> s Z)ak ok = 2 89;)2 [<02ci>> (4.46)

+H (020)] + %j;f EH (1 + %) <ak<i>ak<1>> + gm 14 Q) (9,00"D)

1 ( cpakcbﬂ 2 2194}[2)2 E (00%d) + §H (©0°0) ~ (6%0) (@) — H (6°0) <<1>>}
HY, = H- <<i>> ~ H (D) -3 <c1>> (®) + 2 <c1><i>> - % <\p2> H (®,) — 3H (®)> (4.47)

—2(919;?2 (020) + 1 (2] + D1 () + L2 ()

+2S§%};f (990"0) + 2H (00" @) + 2 <akc1>akq>>]

S [(doe) - () o)+ (00%8)] + 2 1 note)

_H (0°®) (3) + H (95°0)] (4.48)
HY = H - (&)~ (®)H [1 + ;QmH I} - 29(;;]22 (226) + 1 (6°0)] — 2 (0b)

D oty - [<%> — H (®,)] 3 (@)’ [(1 FgrH) 4 S0, Hor(1 - Hgﬁ}

< )(@)[1+ Hoy] + <c1>2>Q H[1—§Hg[§z (1—;1{91)]

2(1+ 2)
27QQH3

[
-[(

351)+1;2 [(1 —Hgf) <I>a2 (1 — gHgI) H(0*®) — (1 — %Hg,)
)~

<(7e) @ (1_‘H91) (& ><(D>—QmHng<CI>82(I)>} 3

(000*d) + 2H (1 +20 ) (0004 @) + HA(1+90,) <akq>akq>>}

+ 5 (Ao} H*Qg(4.49)

where g; = ﬁ f(fg(t )dt



Chapter 5

The Influence of Structure Growth on

Acceleration of the Universe

Within the past few years, there has been great improvements and breakthroughs on at-
tempts to map the universe on different scales. The most notable among them include the
WMAP [34], ACT [194], Supernovae Cosmology [195] and QUIET [39] experiments. These
experiments have generated large volumes of data on the origin and late-time evolution of
structures in the universe, this success has made our dream of a precision cosmology more
realizable.

However, in order to fit these sets of data consistently to a theoretical model of the
universe, we are compelled to introduce two new forms of matter with a questionable origin
within any particle physics model. These two forms of matter are called dark matter and dark
energy and the model that needs both forms of matter to explain cosmological observation
is called the ACDM model. In this model we need over over 70% of dark energy and 23% of
dark matter to explain why the present universe is expanding at an accelerating pace and
how structure formation takes place.

Apart from the fact that ACDM model introduced unknown forms of matter into the
equation, it could not also explain why the accelerating phase of expansion started about
a billion years ago. These unanswered questions opened up avenues for investigation into
the very foundations and assumptions made during construction of the ACDM model. One
of the key basic assumptions at the heart of the ACDM model is that the FLRW space-
time on which this model is built is the right space-time based in the cosmological principle
that describes the universe on very large scale. Less than two decades before the dark
energy crisis, Ellis et al [41] pointed out that smoothing observations over the sky in an
inhomogeneous mode might lead to a significantly different cosmology than the usual one

based on an FLRW space-time, which is spatially smooth on very large scale (this is known
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as the fitting problem).

One of the key motivations for this study is the place of the background FLRW space-
time assumption within general relativity, this is important because the space-time itself
is a dynamical quantity in general relativity and inhomogeneities that live on it evolve.
General relativity predicts that their evolution must leave some backreaction imprints on
the space-time. Another key motivation that is not always mentioned is the fact that some
of the cosmological observations (e.g. SN I) that we are fitting to a cosmological model
probe small angle curvature that is vanishing on an FLRW space-time and in the standard
approach. Other motivations include the fact that backreaction is a prediction of general
relativity, hence detecting its effect in a cosmological observation would be a breakthrough
on its own.

Because of the coincidence problem, some works [43, 91, 93], O8] 110, 184) T96-199] have
explored the possibility that the introduction of dark energy in the ACDM model might be a
misunderstanding of the model. There is a possibility that backreaction effects might be the
reason for the accelerated expansion, however, many in the community disagree with this
notion [62, 108, 120, 153, 200-212]. Other moderate views [49, 51, 52, [86l 90, 02, 104], 213]
claim that the effect of backreaction from structure formation is not large enough to explain
the present day accelerated expansion, however, their effect is large enough to be taken
into proper consideration during cosmological parameter estimation. Some members of the
community [62], 120}, [153] who use averaging formalism that do not calculate any measurable
quantity like the deceleration parameter claim that backreaction will have a negligible effect
on the measurement of present day cosmological parameters. These disagreements make the
backreaction effect on cosmological observables an area open to further exploration.

In this chapter we focus attention solely on the deceleration parameter. This is not only
because it is central to the determination of accelerated expansion of the universe, it also
incorporates all the effects of backreaction within the Buchert formalism, i.e it is a proper
time derivative of another averaged physical quantity, thereby incorporating the effect of
non-commutativity of proper time derivative of an averaged quantity with the average of a
proper time derivative of a quantity. This effect is totally vanishing for the Hubble rate.

We will approach the problem from two different observationally motivated perspectives:

e we will study the deceleration parameter using the Buchert formalism [43] on arbitrary
space-time, this is to enable us to understand the effect of the choice of spatial slicing

on the deceleration parameter.

e we will use the Kristian and Sachs approach [I70] to perform a null fitting of the lumpy
universe to the background FLRW spacetime. We will then quantify the all-sky average
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of the distance-redshift relation, because this quantity is central to the determination of
local acceleration. In principle the result from this approach corresponds approximately
to what is observed [61].

This chapter is organized as follows: in section [5.1] we present the equations of general
relativity in the AMD form. We introduce fluid variables and re-write the equations of
motion in terms of the fluid variables in section [5.2 We perform the spatial averaging
of these in section for different possible definitions of the deceleration parameter. We
study the definitions of the deceleration parameter that corresponds to the formalism used
by the group that reports negligible backreaction effect in section [5.4, We present the
covariant relations valid on any spacetime adapted to the past light cone in section [5.5] In
section we provide a technique for obtaining an FLRW best fit model from observation
in inhomogeneous universe. A description of our standard cosmological model is provided in
section [5.7. Results in the form of plots and discussion are presented in section Out final
conclusion is given in section 5.9} All the definitions of the deceleration parameter calculated

in perturbation theory are given in section [5.10}

5.1 Equations of Motion in the ADM form

The original Burchert averaging formalism is based on a spacetime manifold describable in
synchronous coordinates [121} [122] 2T4], This has be generalized for an arbitrary coordinate
system (see [48] 59, 109, [187] for different versions of the generalization). We shall utilise the
formalism of [48] with some modifications and corrections. Consider a foliation of spacetime
by a continuous set of spacelike hypersurfaces (¢ = constant) with normal vector n, = V,t.
The vector field n, is timelike n*n, = —1 and it must have zero vorticity. The projection
tensor field onto the hypersurfaces is defined as hg, = gap + nenp. Consider also a family of
reference timelike world lines with tangent vector u® that are in general not orthogonal to
these surfaces (we will choose them to be the fluid flow lines, see below)

The general line element with respect to the continuous set of spacelike hypersurfaces

orthogonal to n® may be written as:
ds* = — (N? — N;N") dt* + 2N;dtdz’ + hy;da'da’, (5.1)

where we have introduced respectively the lapse function N (z%) and the shift 3-vector N*(z?)

such that the the shift vector relates the normals n® to the reference field u* and the lapse
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function relates proper time along the normals to the coordinate time ¢. The relation

1 )
n®=—(1,—-N") ,n,=N(-1,0,0,0) . 5.2
S (LN = N ) (52)
The intrinsic curvature of the hypersurfaces is given by R = h®R,;, where Ry, is the 3-
Ricei curvature of the hypersurfaces. The extrinsic curvature (or second fundamental form)
is Kup = —hShin.q. The projected covariant three-derivative on the spatial hypersurfaces of

any tensor field ¢, . is defined as

Vat® e . o = RhSh% . SR AN, (5.3)
and the time derivatives along the normal is given by
of = f=n"V,f. (5.4)
The Einstein equations written in the ADM form are given by

Lok — R4 K 47G (3e — S) — 3A LG TN 4 L NET K (5.5)

N t - m € N k N k ) .
R = 16me+ Kijj K7 — K> +2A | (5.6)
Ohyj = —2NKij+2V Ny, (5.7)

where K = g% K, is the trace of the second fundamental form, € = n®n’T,; is the energy
density relative to the normal (not to the reference field), S;; = h“ihbjT wb 18 the stress energy
tensor, and J; = —Tabn“hbj is the momentum density relative to the normal (not to the
reference field). These quantities are defined in terms of the energy-momentum tensor Ty,

which is given by (for a perfect fluid),

T = (p + p)uatty + DYa, (5.8)

where p and p are the energy density and pressure defined with respect to the fluid four
velocity u®. The energy conservation equation holds, V,7% = 0 due to Bianchi identities.
The matter four velocity u® (or the reference field) is time-like and it is normalized such that

u®u, = —1. u® is related to n® through
u® = y(n® +v?), where v = 1/v/1 — v, . (5.9)

where v is the peculiar velocity. It is spacelike and orthogonal to n* (v*n, = 0). The

quantities of the energy-momentum tensor defined with respect to n® and those defined with
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respect to u® are related according to

e = Yp+p) —p (5.10)
Sy = 7°pvivy + plhij +7*vivy), (5.11)
Jj = (o +p; (5.12)

For further details on ADM decomposition and fluid variables see [48], 215] 216].

5.2 Equation of motion in terms fluid quantities

It is more convenient to have the set of equations in section [5.1] (i.e equations ([5.5) 5.7)
written in terms of fluid variables only, rather than the second fundamental form. To achieve

this, we decompose the covariant derivatives of the two 4—velocities, u* and n®, as well as

the peculiar velocity v*, with respect to the normal frame, n®.

1

Vang = —ngny + gfhab + b (5.13)
Cc 2 . 2 v 1 c 2 c- .

Vawy, = —70° (V?0c + 7te) nany — 7 | Y0 Vave + 360 + Tact® | 1+ (V2 00cvp + )

1

+0m) + 30has + 0ar (5.14)
1 1

Voo, = _hcvC NNy — nai)<b> + (ggva + Zowvc) np + glihab + Bab + Wap )

where the following definitions have been made:

1
6 = habvanb ) Eab = hzhgv(cnd) - gghab ;

1
0 = h®V uy | Oap = hEREV gy — gehab ,
Wap = h;hgv[cud] , k= h"V,u, ,

1
Bab = hSREV (vg) — 3hhay W = hehgN (va) -

We have used the notations (...) i.e the angle brackets at the subscript or the superscript to
denote projected (onto the hypersurface orthogonal to n®) symmetric trace-free tensor, (...)
for symmetric tensor, [...] for antisymmetric tensors and V denotes the spatially projected
covariant derivative. Other definitions we have made include ¢ which is the expansion of
the observer geodesics as seen by the observer himself, # is expansion of the fluid geodesics

as seen by the observer characterized by n?, while x is the divergence of the 3-velocity v®
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with respect to n®. We have three quantities that could be interpreted as shear with respect
to n% Xup, 0 and [y, while wy, and W, are the vorticity in the respective definitions.
We reiterate that every quantity we have defined has a natural interpretation in terms of
observers comoving with n* and these quantities are unique and consistent. As we shall
see later, the Buchert equations are recovered in the limit n* = u®, which corresponds to
the coordinate observers comoving with the fluid with a vanishing peculiar velocity. In a
multi-fluid universe, this is not a unique choice because observers do not necessary need
to be comoving with the fluid, hence it is important to explore other physically plausible
possibilities. With respect to the foliation we have adopted, the following transformation

relations exist:

1
0 = v +9k (1 + 5722]2) + VP u 0B, (5.15)
1
Eab = ’7_10-0,1) - 6ab - '72 <B(ab) - gBhab> ) (516)
Waw = 7_10%17 - fyzB[abh (517)

where the tensor By, is defined as [48]

1

Bay = 3#(vaty + vaty) + Beav®ny + Boat’ vy + Weavvy (5.18)
1

B = gI{U2 + By’ (5.19)

with B defined as the trace of By,,. To reduce clutter, we make the following definitions

0p = —yk—~°B (5.20)

1
opij = —VBij — ~? (B(ij) - gBhi]) ; (5.21)

so that we obtain important relations between £ and 6 and between ¥;;and o;; [48],

& = v H(0+05), (5.22)
Eij = ’7_1(0'2']' +UBij) . (523)

These relations make it easier to present the Einstein equations in terms of any quantity of
interest. For certain cosmological observation like the Supernova Cosmology Project (SCP),
the four velocity of the fluid and that of the observer are on average equal but it is more
instructive to treat it separately. Thus we decompose the covariant derivative of u®, in its

frame. This choice coincides with the synchronous coordinate system (the original Buchert
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equations were derived in this set of coordinate system). In terms of the metric it corresponds
to setting N = 1 and N*¥ = 0. The irreducible decomposition of the covariant derivative of

the fluid velocity u® in its frame is given by
Vaub - _uaub + = @hab + wab) + U( u) s (524)

where u*V, = 0. = and O, wab , ((IZ) have their obvious meaning with respect to this
foliation and h7, is the metric of the continuous set of hyper-surfaces orthogonal to .
There exists a relationship between quantities defined on both hypersurfaces, for example,

the expansion
O = O+ (7. + 1) , (5.25)

and similar relations hold for the normal acceleration, vorticity and the shear see [189]. Using
the relations we have defined in equation ([5.15)), it is now easy to have Einstein equations
(5.5]) written in terms of the fluid quantities:

2 2 4
YR = 167Gy%e + 2Ay* — 502 — 50?3 - 5993 +20% + 20% (5.26)
N*Dyy k
0 = —4AnGyYN (e+ S)+3N~yA + — S (9 +0p) — (0 +6g)+ N* (Db (5.27)
2N : N6O* N6%  2N66g
Difp) — — —0p — -=£- DyD*N
+Dy.05p) 5 (03 +0%) —0p 3 3 3 + Dy,
2
where 0% = o’0] 7/2 and 0% = 033031/2 + 0,04, In the Buchert limit ,i.eN — 1, N* —

0,v — 0, the Hamiltonian constraint and the evolution equation equations become

2
Rw = 167Gp— 562 + 200, (5.29)
@2
0.0 = —4nG(p+ 3p) — 5 200, (5.30)

respectively. The Einstein equations expressed in terms of these kinematical quantities, i.e.
equations. , and , offer more freedom to define the Hubble rate and other
quantities in different ways other than the special choice investigated by Buchert [43] and
many others (that is equation (5.29))).
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5.3 Possible Definitions and Averaged Scalar equations

The average of any scalar field ¢ may be defined simply as its integral over a region of a
spatial hypersurface D of constant proper time divided by the Riemannian volume (we follow

mainly the approach of [43]):
1 3 i
(W)p=— [ JdzY(t,z"), (5.31)
Vb Jp

where J = v/h is the square root of the determinant of the metric of the hypersurface. As
described in [86] the definition of the average given above should be understood as choosing
coordinates which occur in both the rough and smooth spacetimes. In particular, we can
choose our coordinates in the rough spacetime with the hope that they become the ones we
want in the smooth spacetime after a smoothing process. It is worth noting that a ‘covariant
and gauge invariant’ version of the equation proposed in[109] is simply an illustration
that equation could be obtained from a scalar average defined on the full spacetime.
The time derivative of equation shows that spatial averaging does not commute with

the time derivative:

815 <¢>D - <8t7vz)>1) = <¢F20>D - <¢>D <F§O>D = Cla (5'32)

where Ty = h"9,h;; is the Christoffel connection associated with any arbitrary hypersur-
face. The size of the non-commutative term, C;, depends on the choice of the hypersurface
through the expansion of the hypersurface, Vyn®. The definition of the Hubble rate does
not incorporate C;, but the deceleration parameter does. Using equation and (5.32)),
we may now consider different possible definitions of the Hubble rate and the deceleration

parameter.

5.3.1 Inhomogeneous lapse function definition

Following [48], we define an average Hubble rate based on the expansion of the fluid as seen

by the observer attached to the coordinate grid

1 1
Hp =< (NO)p=-— [ Jd&’z N6 . 5.33
o= 3 (Nl = - [ Ja (5:33)
We call the definition of the Hubble rate and deceleration parameter with a multiplicative
factor of the lapse function inhomogeneous lapse function because it is multiplied by the

lapse function to ensure that the time parameter remains the same on all scales [49]. With
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this choice, the relationship between the scale factor ap and the volume expansion Vp be-

comes highly non-trivial [48], while the averaged scalar part of Einstein equations becomes:

6H% = 167G (<’72N26>D) + 2A <N272>D — <72N2R>D — Op + Lp, (5.34)
2
3800 4G (N (e + 8))p + ANy + Qo+ o+ Ko+ Fo— Lo
D

where different back reaction terms may be defined as:

Op = ; (((NO)*), — (NO)3) —2(N?o?) | (5.35)
Lo = 2(N0}), — 2 ((N6s)), — 5 (N*05), (5.36)
Pp = (00,N)p+ (yNDD"N) (5.37)
Kp = (Nv '40), + (Ny40p), — (Nv '), (NO)p + (DL N"NO)_ (5.38)
— (DpN*)  (NO)p, + (NN*Dyy(0 + 05)), + (NN*Dy6)
+(NN*Dy0g),, — (NObp)p
Fp = ; (N2(y1 — 1)) — 2(N2o2(y ' — 1)), (5.39)

—(NO)p (NO(y ™ — 1)>D
—% (N?05(v ' +2)), + % (N*005(y " —4)), —2(N?0p(y" — 1)), .(5.40)

Here Qp is the usual kinematical backreaction term, Pp is the dynamical backreaction term,
Kp, Lp and Fp are backreaction terms due to relativistic tilting of the observer frame from
the matter frame. There exist integrability conditions relating the two sets of equations
and the energy density conservation equation, we will not be needing them here(see [48] for
further details).

The averaged set of equations (i.e. equation (5.34] and |5.35) may also be written in

the form of an FLRW background Friedmann and Raychaudhuri equation. In this case the
background energy density and pressure are replaced with the effective energy density and

effective pressure

G

H}) = —3 Peft (5.41)
a e
L= CZ (D + per) - (5.42)
ap 3

The corresponding equation of state may also be obtained assuming a barotropic fluid equa-
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tion of state as we = Pefi/ Pett, Where have made the following definitions:

1
peit = (€)p — 167G (<72N2RD>D +Qp — Lp) (5.43)
1
pest = (N?v(e+S)— N%), — —— (3Qp —3Lp + 4Pp + 4Fp (5.44)

167G
+4Kp — (V*N*R) )

The deceleration parameter gp may be constructed from the averaged Hubble rate and
average Raychaudhuri equation,

qn? = _ 1o (5.45)
where dp/ap is given by the averaged Raychaudhuri equation (5.35) and H3 is given by
equation (5.35). This definition of decceleration parameter gp describes the deceleration
of averaged fluid flow lines projected to the hypersurface orthogonal to the normals or the
deceleration of the fluid congruence averaged on the hypersurface of the observers. Note
the emphasis because we are going to consider other kinds of definition of the deceleration

parameter.

5.3.2 Homogeneous Lapse function definition

We consider a definition of average Hubble rate where the lapse function is set to unity in
a conformal metric or to the square of the scale factor in a general FLRW spacetime. The

average Hubble rates in this case becomes
1
Hp = §(9) (5.46)
The corresponding averaged Friedmann equation and acceleration equation become:

GH% = 167G <’)/2€>D + 2 <A72>D - <72R>D —9p+Lp (5.47)
92
3 t 4D — _4WG<N7<6+S)>D—|—<A’)/>D+QD+ICD+,PD+FD_LD ) (5-48>

ap
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with their corresponding backreaction terms defined as follows:

Op = g (((0)), — 0)2) —2(0*)., . (5.49)
Lp = 2{op),— ; ((0)%), — g (00B) (5.50)
Pp = (0DcN*),+ (yDyD*N) | (5.51)
Kp = — <N7’103>D (0)p — <Dka>D (0)p + <8t’y'y’19>p + <8t’y’y’193>p

—(N*y'Dyy(0 + 0) ), + (N*(Di0 + Dibp)), — (085)p . (5.52)
Fo = (BN = 1))yt 5 (005 (N7 = 4)), — 3 (N7 +2),

— (0N = 1)) (O)p = 20" (N7 = 1)), = 2(05 (N7 = 1)) -

The physical interpretation of each of the backreaction terms is similar to the case of inho-
mogeneous lapse function, hence we will not repeat it here. An effective fluid interpretation
leads to equations and , with the effective energy density and pressure are given
by

1 2
€ — m (<’7 RD>D + Op — ,CD) , (553)

1
pei = (N7(e+5) = €)p— 15—= (3Qp = 3Lp +4Fp +4Kp — (¥’R),) . (5.54)

Peft =

The decceleration parameter gp associated with this definition is given by

1 ap

- 5.99
H% ap ’ ( )

Ip =
with dp/ap and H? given by equations (5.48) and ([5.47)) respectively.

5.3.3 Comoving Observer definition

This is a case where the observer is comoving with the fluid, that is the observers and
coordinates are at rest with respect to the fluid. The average of a scalar quantity is defined
on the spatial hypersurface orthogonal to u® and not n®, this is possible only if the fluid is
irrotational. In our case it is possible since we are considering on the post-recombination
perturbation where dust approximation is valid. The metric on the hypersurface is denoted

as izab. The average Hubble rate is defined as

(3H), = Vif /f Vheds | (5.56)
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In this limit we have a trivial relationship with the dimensionless volume expansion of the
domain ap o VFY3 [43]. This limit have been widely studied [52, 92, 04, 110, 190]. It
has been argued that it is the most suited for the supernova observations but may not be

suitable for the CMB observation [54] [55]. Here the proper time is given by u*V, = 0.

The corresponding averaged equations may be deduced from equations (5.34) and (5.35)) by
setting (S(¢t,x))p, — (S(7,2))z, N = 1, N¥ — 0,0 — 0, so that

3(Z2) = Gt A= 5l0r+ (R), (5.57)
327~ _Liator (5.59)
ar
where
0r = 2 [(6%)7 — (0)3] ~2(e*)7. (5.59)

Here Qr is the kinematic backreaction term and o? = Yo,w0%, is the magnitude of the
2 ab(u) 9 (y) S

shear tensor of the fluid. The effective energy density and pressure are,

eff . 1 . 1

e = 0r = 1569 T TG (5.60)
e\ 7 1 1

Wir = “16a Y T G (561)

The associated decceleration parameter g for averaged fluid hypersurface becomes

1 82a;
= T .62

where ir/ar is given by the averaged Raychaudhuri equation [5.57}

5.3.4 Averaged deceleration parameter

A coordinate independent description of the local volume expansion for a comoving observer

is given by
0.l
© =3H =V,u" =3u'V,Inl = 3T , (5.63)
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where u? is the comoving local fluid 4-velocity with length scale [84]. The expansion rate

obeys the usual Friedmann and Raychaudhuri equations

1

e? = 3 ,0+A—|—U2—§3R , (5.64)
1 1

0,0 = —562—5(p—|—3p)+A—202+2w2+AaA“+DaA“. (5.65)

A local deceleration parameter may be defined as [54]

0.0
02

o = —1-3 (5.66)

It is also possible to smooth © and the deceleration parameter, gg, on the hypersurface

orthogonal to u® as

(¢°) =1~ 3<aé?>f, (5.67)

where <q9> » 1s the average deceleration parameter or the dimensionless measure of change
of the Hubble rate over a period of time, while the other definitions based on the Buchert
formalism describe the deceleration of the averaged hypersurface or the change over a time
period of the Hubble rate of a smooth hypersurface. In other words, the definition <q®> .
gives an average information about the deceleration/acceleration of a rough/inhomogeneous
domain while gz describes the deceleration/acceleration of a properly smoothed domain.
In summary, we will study the following set of definitions of averaged deceleration pa-

rameter,
Dot = L") (") (D)7 (6°) £} - (5.68)

5.4 CMB Observer Definition

The set of field equations given in section (i.e equations D may be written in
terms of the quantities defined with respect to the observer attached to the coordinate grid.

That is quantities defined in the frame of the observer with 4—velocity n®, these definition
are related to the ones considered in [54] 55] [108, 187]. Ishibashi and Wald [62] and other
advocates [120, [153] of smallness of backreaction effect maintain that observational quantities
defined in this way is the only sensible ones, since they are free from any UV problem and do
not contain more than two spatial derivatives in line with the symmetry of general relativity.

Replacing the second fundamental form in equations with the corresponding



5.4. CMB Observer Definition 119

fluid equivalent, we find

2
R = 2%%167 — 552 + G (p+v°p) + 2A9? (5.69)
: 1
§ = —4rG[NP (3+2y*0%) +9°Np (1 +2%)] — NA - §N§2 (5.70)
—2N¥% 4+ D,D'N
2

The commutation relation relates to the expansion of the hypersurface

O <¢>D - <8t¢>D = <¢€>D - <¢>D <f>1) (5-72)

5.4.1 N¢ definition

As argued in [I86] [I88], the evolution of the metric of the hypersurface equation relates
the dimensionless domain scale factor, ap = (Vp/Vp)"?, to the volume of the domain, Vp.
With this relationship, it is then straight-forward to define the domain Hubble rate

oVp 1

3N = 392 = — — [ (N&+ DN*) Vid®z, (5.73)
ap  Vp  VpJp
= (N&4 DiNY) . (5.74)

Equation describes the expansion of the coordinate grids, it says nothing about the
matter field living on the spacetime and it does not capture the effect of peculiar velocity.
Using equation , the averaged Hamiltonian constraint ( and the corresponding
averaged Raychaudhuri equation become

6Hp = 167G (N*7* (p+v°p) ) + (2N*A), = (N*R), = Q, (5.75)
2
382% = —4nG (N?p (3+29"0%) + ' Nop (1 +2%)), —A(N)p Q+ L, (5.76)
D

where the less complicated backreaction terms become,

Q = (N, - 3 (NOH - 2(NE?), (5:77)
L = (E0N)p+ (NEDN®) | — (NE)p (DpN*)  + (NDyD"N)_ . (5.78)
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The decceleration parameter gp associated with this definition is given by

1 a

N¢ D

= ——— 5.79
qD H2 a ( )

with dp/ap and H given by equations (5.75) and (5.76)) respectively.

5.4.2 ¢ Definition

The other possible definition that would help us understand better the role of lapse function
in this formulation is 3Hp = (§). The averaged Friedman and the Raychaudhuri equations

associated with this choice become

6Hp = 167G (v (p+v°p))p +2(A)p — (R)p — Q. (5.80)
2
362% = —47G (Np (3+29"0") +7*Np (1 + %)), = (NA)p (5:81)
D

+9p + Lp + Fp,

where the corresponding backreaction terms become

QOp = g (&)p— ; (€)p—2(2%), (5.82)
L = (EDN*)_ — (&) (DiN*)  +2(DyD"N) (5.83)
Fp = (&N =1)p— (Ep €N = 1)p - % (E(N —1)), —2(S2(N —1))_(5.84)

The decceleration parameter ¢p associated with this definition is given by

1 ap

N 5.8
e (585)

s -
with dp/ap and H? given by equations and respectively. As we shall see, this
set of definitions, {qgg, qu}, is well behaved even in the finite UV, and the correction to the
background value lies within the expected range from cosmological perturbation theory [49].

All the deceleration parameters we have defined so far are based on a given domain and it
is very tedious and complicated to calculate dp/ap in perturbation theory from the respective
averaged Raychaudhuri equations. This difficulty might be mitigated if the definition of the
averaged Hubble rate is given in the form 3Hp = (S) = 3ap/ap, where S stands for any
definition of average Hubble rate. With the Hubble rate in this form, it is then easier to

derive a simplified version of averaged Raychaudhuri equation by simply taking a proper
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time derivative of Hp and using the commutation relation ([5.32)),

) )
32 = 9, (S)p + 5 (93 (5.86)
ap 3

= (@S)p + (SNEVp + (SON), — (S)p (NE)p — (Shp (9" Ne + 5 (5)35.87)

where ¢ = y71(0 + 0p). It is much easier to handle equation (5.87) than the full averaged

Raychaudhuri equation.

5.5 Fitting Observation to an FLRW Model

The spatially averaged quantities described in sections [5.3] and come with a signifi-
cant drawback: even for moderately sized domains, they are unobservable because they are
averaged on spatial hypersurfaces, whereas we only have observational access to our past
lightcone. Rasanen [59] argues that there appears to be a relationship between the spatially
averaged quantities and those defined on the past lightcone, but this link has not been made
explicit. Therefore our aim is to fit quantities calculated on the lumpy past lightcone of an
observer to a homogeneous and isotropic FLRW spacetime in a fashion similar to what is
done observationally.

In a general spacetime, the distance-redshift relation is the key relation used to access
the spacetime geometry. The angular-diameter distance d4 and luminosity distance, dj,
are functions of direction on the observers’ sky, as well as redshift. That is, we can write
dr, = dp(z;e*) = (1 + 2)%da(z;€%), and each line of sight gives rise to a different distance-
redshift relation, each of which may be a very complicated, multivalued, function. These

functions can be expanded in terms of a spherical harmonic expansion (see Appendix :
da(z;e) = Z Dy, (2)e4d (5.88)
=0

where the PSTF tensors D4,(z) describe the spherical harmonic moments of the distance-
redshift relation. It is the monopole [D(z)] of this relation that is normally fitted to ob-
servables as the higher multipoles are assumed to be insignificant (i.e., Dy,(2) < D(z) for
¢ > 1). In the context of our discussions of backreaction, effects of backreaction will show
up if D(z) differs from the background value.

The general equation that determes distances from redshifts may be derived from the
Sachs optical equations. For a past pointing null geodesic, k%, with spatial direction e® at

the observer u® (e%e, = 1, e,u® = 0), the area distance to a source at redshift z is determined
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by [182]
(1+ z)2H|(z)% (14 z)zH(z)%dA(z) = — [4nG (1 +2)* (p+p) +|6]*] da(z), (5.89)

where

H(2) = 0/3 — Aue® + aaupe’e’, (5.90)

and & is the null shear of k. We have assumed that the matter content is a perfect fluid
as seen by the observer. An alternative approach to finding the distance-redshift relation is
to use the Kristian and Sachs approach [I70]. This performs a local Taylor series expansion
of distances and redshift in terms of the affine parameter along the null ray. This gives the

general relations (for details of the derivation see [57, (170} 217])

1

z = [K°KVu]oda + 3 (KKK V.V que] , d + O(da)?, (5.91)
2 1 K°KK°V .V u }
dy = —————<{1—|= S 2+ 02y, 5.92
A [KCKdvcud]O { {2 (Kchvcud>2 o ( )} ( )
z | K¢K*K°V.V u ]
d, = ——— 14— |4— Il 2403 5.93
L [KCKdvduc]O { 2 |: (KCKdvcud)Q o ( )} ( )

where K is a past pointing null vector given by
K = —u® + €, (5.94)

where e is a normalised spacelike vector orthogonal to u®: e*e, = 1; uy,e® = 0; e* simply
defines the direction of the photon relative to u®, which we have chosen to point down the
past lightcone. The associated null geodesics are given by k* = (1 + z) K.

We shall make use of these equations to define the deceleration parameter from the
observational point of view, which we can then contrast with the definitions which are given
by smoothing spatially on a given hypersurface (see equation . Within the standard
cosmology, cosmological parameters like the Hubble rate, and deceleration parameter are well
defined based on the background metric. These cosmological parameters can be evaluated

today, at to, by taking a Taylor series expansion of the scale factor a(t)

a(t) = ao |1+ Hoy(t —to) + %qo H(t—t)* + O([t — to)?)| - (5.95)

Similarly, we can calculate the important observational quantities of interest, such as the
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relation between the angular-diameter distance and redshift d4(z):

5= Hoda + 5 (3 a0) (daHo)* + O (dalo)’. (5.96)
da(z) = Hio [1 — % (3+q)z+ 0(2)2] : (5.97)
dp(z) = FZO {1 + % [1—qo 2 + (9(2)21 . (5.98)

It is certainly debatable whether these series expansions have much relation to the
distance-redshift relation in the real universe. (In particular, this can’t be analytic!) In
certain directions the relations will be multivalued as a light beam passes through collapsing
regions D However, we shall be primarily concerned with the spherical harmonic expansion

of the distance-redshift relation, where such multi-valued problems should average out.

5.5.1 General spacetime Observables

In an arbitrary spacetime, the terms in the Kristian and Sachs series expansions may be

decomposed using the 1 + 3 covariant approach (see the Appendix [B|) as

1
KKV, = g@ — Ay + ogeel, (5.99)
a 17b e 1 1 2 1 2 a ab a 22
K'K°K Vavbuc = g(p + 3])) + g@ — g/\ — gwaw + oo+ AaA — gva&lﬁlm)
1 2 . 4 7
+€a |:§Da@ + ngO'Z + Aa - §@Aa — gAbO'ab - GGbCAwa

1
+eleeh {Eab — §7rab + 2004 + Wawp 4+ 3040pe + 2€acaw’op’

—2D,Ap] — elebe? [Au0be — Do

For details on the derivation and moment decomposition of the results above see [60] and
Appendix [B]

The Projected Symmetric Trace-Free tensors (PSTF ) {4 in these expression are a co-
variant representation of the spherical harmonics when evaluated at a given point in space-
time (see Appendix [B]). One could consider defining some ‘generalised’ observables such as

the Hubble rate as the leading term of the distance-redshift relation, which gives:

2
1
H™ = Z e = [KK"V,u)o = 56 — %A, + e%boy (5.101)
=0

1S. Résénen, private communication.
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where the PSTF tensors H 4, are the spherical harmonic moments of the generalised Hubble

rate HSP. Tt is easy to identify the moments in this case as,
1
H = g@, Ha = Aa and Hab = Ogb (5102)

and understood to be evaluated at the observer. The square of HS™, which we shall require

below, may also be decomposed as (for details of the moment decomposition, see appendix

(H(c))bs)2 — (KaKbvaub|0>2 (5103)
1 1 2 2 4
= —@2 + —AaAb + —040%° — el [ 24,0 + - Absy, (5.104)
15 3 5
4
—|— (A Ay + 7Ja0'bc + G)Uab)
—2e'%be? (A,00.) + e'%€lee? (0ap0eq)
= Z+4e9Z, 4 eletZ, + el + eletete?Z e (5.105)
where
= Loz A A2 ab (5.106)
= = - - — 00 )
57 T3 15
2
By = —=A,0— L ab s 5.107
3 57 e (5.107)
- 4 2
Sab — A(aAb> + ?O-<a Ob)c + g@aaln (5108)
Eabc = _2A<a0bc) s (5109)
Eabcd == U(abacd> . (5110)

Note that each moment =4, does not imply a corresponding squared moment of HS™ as it
represents the coefficient of ¢4 in the (Hng)Q expansion. Again, these are understood to
be evaluated at the observer.

We would like to define a generalised deceleration parameter with the requirement that
it reduces to FLRW case in appropriate limit. So we must consider relating the FLRW
(3+ qo)HZ to K*K*K°V,Vyu.. The simplest way was given in [60] as

(3+ ¢S™)YH? = [K°K KV, Vyuo . (5.111)
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However, it is more consistent to define ¢§** via:
(34 ¢S™)(H™)? = [K“K KV, Vyu)o - (5.112)

Then, writing
> ZQAz : (5.113)

where the PSTF tensors Q4, are the multipole moments of the observational deceleration
parameter. Using the relations described in the appendix |[B] the full decomposition of the

deceleration parameter becomes,

A [EQ<Ae> + E<agQA¢_1> + EW_laeQA[_Q) + :W 0ap_ 1azQAe 5) (5‘114)
(L+1) o 20
(2€+3)‘—‘ Qb<A£>+(2€+3)QdAg 1— a)
4(¢ - 2) 0, = (0+2)(0+1)
(264— 3) (2€+ 3) d(Ag—3—ay_sar_1ay (2£+ 3)(2€+ 5)
36(0+1) —ef 60(0 —1) o
(2€ + 3)(2€ + 5) QeﬂA[ 1= ag ¥ (Qg 4 5)(26 + 3) an (Ag_o—  ap_1ap)
(C+3)(+2)(+1) redf (+ne+2 _—
(20+7)(20+5)(20+3 20+ 7)(20 + 5)(2 4 3) ~ "= o0
(C+4)(l+3)(+2)(L+1) 0. cmma
(204 9)(20 + 7)(2¢ +5)(2¢ + 3) ~ "

+E<ae73a272¢1e71a2 Q Apg) T
3(0—1)

—ed
Qa (Ap— 2“ ar_ra; T Qed<Ae>~

] Q eafa, =

1 1. 2= 3 9
— [Z(p+3p) — =A — 2V, A" + Zop0" — St
[6(P+ D) A= VAT 20100 = Swpw

2

—Daa,‘f}

2 . 1
eb [—g@Ab — Ab + AaO'ba — ng@ — 5

2

1
o5 Mea) T

+6b6a |: - 2D(bA —3A bA + E (ba) — 5

c
O'c<b0'a>

1
—590-111) + w<bwa> + e<acdw O'b>:| + eb@aec [ 5A(b0ac> - D(bgac)} - 3€b6a606d0'<ba0-cd>
This equation tells us how the monopole, dipole, and higher multipoles of the deceleration

parameter are sourced by the kinematics of the observers’ congruence and the gravitational
field. The individual multipoles of Eq. (5.114)) may be found as:
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2 3 2 1_
Q = = { |: —I— 3]? — gA — ngA + 5O'ba0'b — gwbwb} — g.:be (5115)
2 cd 2 o mno 8 - mnop
15 Q 5~mnoQ 315\—4mnopQ } )
1 .
Qa = = [ <——@Ab Aa + AbUba — D @ — DbO' ) — _‘QQ - - uda (5116)
2Hb 6 gf—= 6 — cd 8 —mno
5—* Qba 35 Q —fga 35'~ch@ 105 mnoa—
2 8
= —mno __ —mnop
105ano a 231anopa :| )
1 1 p o1
Q(ab) = E — 2D<bAa> - 3A<bAa> + E(ba) - §7T(ba> + ?%(b%) - 5@0‘@ (5117)
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+wpWay + 6<acdwCUZI> — ZiayQ — E(aQpy — —Q (@Z|djp) — o= Q. (ab)
3 em 4 —=mn
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20 —mno 4 —de 8 —mno 40 —defg
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_ = =e - =/
11 Qe abed) 11 Qe(abcH d) Qe ab‘—' cdy — 143 Qfg abed) —
8 8
Hfgh =efg _
143 Qfgh abc— 143 Qefg abed)— 11Qm a= bcd
60 112
R —ef _ Z =mn —=mnop
143 Q ef({abe— " d) 143 Q mn{ab—  cd) — 2431 Q mnop(abed) — )

while for ¢ > 5 we have
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1

Q<Ae> = _E{E(aeQAel> + E(GzaaeQAzfz) + E(aefzazfszAef@ (5.120)

B (¢+1)
+:<ae,3ae,2aef1azQAZ74> + (2€ + 3)
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which relates the £’th multipole to the (¢ —4)’th and (¢4 4)’th, as well as those in between.

Notice the build up of a hierarchy due to coupling between multipoles is similar to
the Boltzmann hierarchy in Kinetic theory [I89]. The coupling between multipoles here is
algebraic and linear, so can, in principle, be solved through Gauss reduction. However, it is
impossible to isolate a single harmonic in this way for a general spacetime.

Neglecting the coupling to lower and higher multipoles and also assuming a universe
dominated by dust, the dipole moment of the deceleration parameter is sourced only by
Q, ~ gDa@ (we have used one of the constraint equations to substitute for the divergence
of shear), it gives information about the covariant gauge invariant description of velocity
perturbations. There are papers [218, 219], for example that have detected a weak directional
dependence in the deceleration parameter with SNIa data sets. The result given in equation
(5.114)) clearly points towards the kind of information that could be obtained from such
data set and their physical implication. For instance, equation (5.116|) says that within the
standard model that the source of non-vanishing dipole of the deceleration parameter is the
velocity perturbation along the line of sight.

Similarly the quadrupole moment depends on the shear and the electric part of the Weyl
tensor, Q. ~ Eg + %ac<aab>c, clearly pointing to the role of tidal force on activating the

quadrupole moment of the observed deceleration parameter.
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5.6 Fitting Problem: Almost FLRW observables

To fit observables in the real universe to an FLRW spacetime, we have to average over
the observers’ sky to eliminate the direction dependence [200], 220]. Any discrepancy from
the background caused by the spacetime being almost-FLRW will show up in the distance-
redshift relations we will discuss in this section as a systematic shift to the monopole. Exactly
how this happens depends on how we define the monopole, which depends on the particular
observables we compare.

Here we calculate the monopole of deceleration parameter in a manner similar in princi-
ple to how it is calculated from observation in a real universe, i.e we fit the distance-redshift
relation obtained using the Kristian and Sachs approach (equations to the
distance-redshift relation from the FLRW spacetime (equations . The decel-
eration parameter obtained in this manner forms yet another set of definitions of deceleration
parameter we will be comparing to each other in the subsequent sections.

To be more explicit, we will be matching the FLRW definition for the redshift, z (equation
to the Kristian and Sachs expression for redshift in a general spacetime (equation
and the FLRW expression for angular-diameter distance, d4, is matched to the Kristain
and Sachs definition for the same quantity (equation . We do the same thing for the
luminosity distance, dr. We denote all sky average by (- -)q.

e Redshift based definition

Matching the (z(da))q, equation, i.e., comparing equations (5.91)) and (5.96) order by
order in area distance d4 expansion and using equations ((5.99} [5.101} [5.103)) and taking

the all sky average, we find

1

H; = (K°K'Vu), = SO0 =H, (5.121)
K*K*K°V,Vyu,

@ = < " Jo 5. (5.122)

e Angular-diameter distance based definition

Considering the (da(z))y equations for the general and the FLRW spacetime, i.e.,
matching equations ((5.92)) and (5.97) order by order in redshift z expansion, and then
using equations ((5.99} |5.101} [5.103)), we find
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1 . 1
(57) " = (KK Vau) ™) (5.123)
KKKV, Vyu
da _ da aVblle .
@ = H < O >Q 3. (5.124)

e Luminosity distance based definition

Similarly, considering the (d.(2)), equations, i.e equations (5.93)) and ( and per-

forming all sky average, we find:
(Hy )™ = <(K””K"’Vaub)*1>Q , (5.125)
4 K*K*K°V,Vu
dr, dr, aVble
= 1-—-H, —_— ) - . (5.126
0 ’ [<KaKbva“b>Q < (K*K"Vu)? >Q:| ( )

The ¢%* definition was studied in [197, 200, 201]. Clearly, these definitions reduce to

the same as defined via the angular-diameter distance, and we shall denote them both

with a d superscript.

The difficulty in defining monopole quantities via d(z) is apparent even for Hy. Consider

the case of geodesic observers. Writing

1
_ E 5.127
so that 7! = HY. We then find the hierarchy
2 ab
HE+ —£p0 =1, (5.128)
15
2 6
Hé, 4+ =% + —Eapec™ = 0 5.129
5+550b+355b0 ; ( )

and for ¢ > 2,

20 2, N (+1)(0+2)
20+ 35l ) (20 +3)(2¢ + 5)

Héq, + €<AZ—20-‘1£—1‘1£> + gcheUCd =0. (5.130)
Note that the odd and even multipoles decouple here.

It is striking how much more complicated it is to evaluate the d(z) relation in spherical
harmonics than the equivalent z(d) relation. On a sphere of fixed distance, the z(d) relation
expands the redshift in spherical harmonics, while on a sphere of fixed redshift the d(z)

relation expands the distance in spherical harmonics.
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For an almost FLRW spacetime we can simplify the expressions by neglecting powers of
non-FLRW terms. Furthermore, we are interested in a irrotational spacetime with cosmolog-
ical constant, so that A, = w, = He = Hae = 0 in our expressions above. As backreaction
primarily takes place at second-order in perturbation theory, we shall need to consider the
above expressions up to quadratic terms in the shear. Consider first inverse powers of
H§P = K*K°V ,up which regularly appear. Expanding in powers of the dimensionless shear

Gab = 0ap/H we have
1
(H=) " = 1|1 net 4 g+ Dewete + 0G| (5131

With this we then find

H* = = | {1 - %U‘E‘Zab + 0(54)] . (5.132)
For the three deceleration parameters we have
@ = % :%p — %/H— oabaab} , (5.133)
4% = % :ép - %A + (1—18/) - %A + §H2> U‘;’Iiab - %%;{Eab] + O, (5.134)
Q = % :%p - %A + (1—15p - %A + %Hz) g‘}fjb - %%’i{Eab} + 0(5%) (5.135)

These expressions for {gZ, ¢, Q} form the basis of our evaluation of the deceleration param-

eter from an observational point of view.

5.7 Covariant quantities from perturbed FLRW model

The equations derived in Section are not closed and the one derived in section
does not carry any significant quantitive information. However, we may extract predictive
information from them if we suppose that the universe is well described by a perturbed
FLRW background. The perturbed FLRW spacetime in the longitudinal (Poisson) gauge

may be written as

ds* = —[14+20+ 0P at* — aVida'dt + a® [(1 — 20 — UP)v;; + hy;] da'da’(5.136)
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where the coordinates coincide with the n® frame such that n, = —N0,t, the lapse function
is given by N = (1+®+ 10® — 1$?), the shift parameter N; = aV; | and the metric
of the hypersurface g;; = a [(1 — 2V — kIf(2))'yij + hij]. Vi and h;; are the induced vector
modes and tensor modes respectively[79, 0], but we will neglect them for simplicity. The
first-order scalar perturbations are given by ®, ¥ and the second-order part by ®® ¥
are needed for a consistency. In this gauge we have the metric in its Newtonian-like form,
which we may think of as the local rest-frame of the gravitational field because it is the
frame in which the magnetic part of the Weyl tensor vanishes when vectors and tensors
are ignored [86]. Omne could also choose a metric in synchronous coordinate such that u®
coincides with u, = —0,7 [51],[52]. It is important to note that the choice of coordinate does
not affect the results if one considers only the physical quantities and appropriately identify

a map between the averaging hypersurface in both coordinates [49, [188].

The peculiar velocity v* may be expanded to second order and is given by:

1
(% —67;<2U1 -+ Ug). (5137)

T 242

As usual, the background Friedmann’s equation and the deceleration parameter for the pure

dust and positive cosmological constant universe are given by:

H(z)? = Hi[Qo(1+2)°+1-Q],

1 a 14+ 2dH 3
a(z) H?a * H(z) dz - 2 (2)
respectively, where
Qp(1 3
() = oll +2) (5.138)

[Q0(1+ 2)3 +1 — Q)"
For a single fluid with zero pressure and no anisotropic stress ¥ = &, and & obeys the

‘master’ equation

O+ 4HD + AP =0. (5.139)

For a ACDM universe the solution in time to this equation has ® constant until A becomes
important, and then starts to decay as A suppresses the growth of structure on all scales by
about a factor of 2. We write it as ®(t, x) = g(t)Po(x) where g(t) is the growing solution to
Eq. (5.139)) normalised to g = 1 today (we can use go, = g(t =0) ~ %(3 + 20, 045) as a very

good approximation to its early time value). The time derivative of the ® may be expressed

2We use ‘V’ for the vector mode in the metric in this chapter because we have already used ‘w’ for the
vorticity. We hope that this switch will not lead to problems for the reader since we set the vector mode to
zero in this chapter



5.7. Covariant quantities from perturbed FLRW model 132

in terms of redshift, z, growing mode and ® as

. dlng
O(t,x)=—(1+2)H -

O(t,z). (5.140)

This relation is important especially when taking the ensemble average. The master equa-
tion has no scale dependence, all of which comes from the initial conditions — usually
a nearly scale-invariant Gaussian spectrum from frozen quantum fluctuations during infla-
tion — and subsequent evolution during the radiation era. Evolution during the radiation
era suppresses wavelengths which enter the Hubble radius compared to those which remain
larger than it until the matter era begins. Consequently, in Fourier space, assuming scale
invariant initial conditions from inflation, the power spectrum of ®, Ps, is independent of
scale for modes larger than the equality scale, k., = \/MHO ~ 0.072,,h> Mpc~t. A di-
mensionless transfer function describes the loss of power in the case of zero baryons (adapted

from [73]):
In (2 +0.134 )

In (26 +0.134 %) + [0.079 + 2281 12

T(k) =

(5.141)

where £ = k/ke,. This is unity for k < 1 and ~ (Ink)/k? for £ > 1. The change in
behaviour at the equality scale is important for backreaction because it is the modes larger
than the equality scale which are primarily responsible for any backreaction at all in terms
such as the Hubble rate. In essence, the equality scale determines the size of the backreaction
effect in such quantities [60].

All first-order quantities can be derived from ®; for example off-diagonal component of
the Einstein equation at first order leads to,

WMo 2y, (&+Ha), (5.142)
! 3aH?Q,,
which governs the peculiar velocity between the matter flow and the rest-frame of the grav-
itational field. Meanwhile, the gauge-invariant density perturbation is
op 2

6= = g ¢ 00— 3H (cb + H(I))] . (5.143)

At second order, the perturbed energy density is given by

2 . . 1
K262 = =P — 6HI®) — 6H20® 1 UM 4 6b* + _23@@2@
a a
8 9 9 k k T k& :
_m [H (1 - ZQ’”> "0 P + 2HI" PO + 0" PO, P| (5.144)
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and the Laplacian of the perturbed velocity:

BaH02, 020 = 20, (0@ + Ho*0®)
+4H(Q,, — 2)PO*P — 4(Q,,, + 2)DO*D — 4(3Q,,, + 2)PO*D — %éa%
+4H(Q,, — 2)0FP0,D — 16(,, + 1)0*POD — %a%akcb

taas 28H2 [Ha2<1> O + 0*® 0*® + HO"® 0°0,® + 9" aQakcp} (5.145)
a
The full expression in terms of the perturbed metric variable, ®, for each of the definitions

of the deceleration parameter considered in this chapter is given in section [5.10}

5.7.1 Moving from Riemannian to Euclidean Average

The hypersurface orthogonal to n® coincides with the spatial surfaces of the metric in the
longitudinal gauge, which could be described as the gravitational rest-frame in this case. The
Riemannian average (...), may be expanded in terms of the Euclidean average (...) defined

on the background spatial slices,

(T)D:/D\/gd?’xr//p\/gd%, (5.146)

: <T>D A T(o) + <T<1>> + <T<2)> + 3 [<T(1)><CI>> _ <T(1)<I>>] : (5‘147)

where T©, T® and T® denote respectively the background, first order and second order
parts of the scalar function T = Y@ 4+T®4+T®_ Note the important term in square brackets
contains an additional backreaction contribution, which appears because we are averaging
on a physical spacetime. This additional contribution is absent in the Baumann et al [120]
calculation because they smooth on the background space-time. In our case it introduces a
domain size dependence to the average quantity.

To connect with Buchert’s comoving synchronous coordinate choice where average, (- - ) »
is defined on the hypersurfaces orthogonal to u® i.e the local rest frame of dust, in this case
we have instead [49] 60, [188]

M)z = TO L (1O — g, TO(D) + (TP + (1 — 3Hg;) [(YVP) — (YD) ()]

. ) 1. .
—gr <<I>T(1)> + g2 {SHT(W + §T<O>} (%) +3gs(1 — g/ H)T® (®)?

L, ! / i — P
51O / ar [(@@) = (%) =2 (ol — 29702 (v} 030)| . (5.148)



5.7. Covariant quantities from perturbed FLRW model 134

where g; = ﬁ Ik ! g(t")dt'. In each of these definitions of spatial average and also for the
quantities defined on the past light cone, we still need to calculate the ensemble average
in order to make sense of the statistical fluctuations ®. The ensemble average of a spatial

average may be defined as:

X (@) % / P2 (z) Rp) X (@) . (5.149)

and the corresponding ensemble variance is given by

Var[ X (xz)] = X (x)? — X(x) . (5.150)

where the overbar denotes an ensemble average. We have specified the domain through
the window function W, for the quantities on the past light cone, the domain is van-
ishing. The Euclidean volume of the spatial domain of averaging D is then given by:
V = [d*zW (x/Rp) which in the case of a Gaussian window function which we employ
is V = 4xRy [ y*W(y)dy = (2m)*2R}, for any Rp. The Fourier transform of any given

scalar is given as
1

3 eik-m )
o / A*k D (k) * 7, (5.151)

The initial conditions for ® in terms of its correlations, which appear in the form of an

d(x) =

ensemble average or expectation value is provided by the Inflationary models: a Gaussian
distribution for example, the 2-point correlation function which is defined in real space is

just (up to a factor of ¢)
Clz,z') = o(x)®(x'), (5.152)

The higher correlation functions are obtained in terms of the two point function using the
Wicks theorem, once the Gaussainity assumption is imposed on ®. The two point function

relates to the power spectrum as:
O(k)P(K') = —Ps(k)o(k + K. (5.153)

where we impose a reality condition ®(k’) = ®(—k). For the scale-invariant initial conditions

from single field inflation, this is given by

3AR
9G00

Pp(t,k):( ) g(t)*T(k)?, (5.154)

where A% is the primordial power of the curvature perturbation [34], with A% ~ 2.41 x 107
at a scale kcyp = 0.002Mpcfl.
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5.7.2 How to evaluate spatial/ensemble average

To evaluate our various definitions of deceleration parameter we could use a realisation of
® given an inflationary model. Alternatively, we can assume a spectrum for ® and evaluate
the statistics of the definition in question. This allows us to calculate the expectation value
of each deceleration parameter as well as their ensemble variance, in terms of integrals over
the power spectrum of ® multiplied by powers of k. The reason we must go to second-order
now becomes clear when we calculate the expectation value of an average: for Gaussian
perturbations from inflation, the ensemble average of ® is zero, which implies — assuming
ergodicity — that when averaged on the background over a very large (strictly, infinite)
domain they are zero too.

Let us estimate the approximate behaviour of each type of terms which appears. The

relations for determining the scaling behaviour for the backreaction terms are (n+m is even)

(_1)(m+3n)/2

BT =

/ dk k™1 Pg (k) . (5.155)
0

The inverse Laplacian term in ®® satisfies (9-20,07(0'®o0;Pg)) = 3(0'Po0; D) [36]. We

also have that, since ® is statistically homogeneous and isotropic [86]

PP = Q2T =, k@ =0, (5.156)

which means that all the potentially large terms in the second-order deceleration parameter

don’t contribute to the expectation value (see below). For the non-connected terms we have

<5mc1>> <5n<1>> - % /Oodk:km*"‘lW(k:RD)QP@(k:), (5.157)

where W is an appropriate window function specifying the domain. Typically this will
become a delta-function as the domain tends to infinity (e.g., if the window function in real
space is a Gaussian of width Rp, then in Fourier space it is a Gaussian of width 1/Rp,
centred at k£ = 0). Note that the connected terms have no dependence on the domain size or
shape at all, and that the domain dependence arises from the non-connected terms — these

in turn come from using the Riemannian volume element (see the paragraph below equation

(5.147)) for further details). The integral can be written as

0o 2 m+n o
! / dk k™1 Py (k) = (%—R) <@) / dr ™I (k)2 (5.158)
0 ki 0

Hn+m 5900

Here, ki = H; ' is the wavenumber of the mode entering the Hubble volume today, and
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keq/krr = /20 2eq ~ 40. Using 2., ~ 2.4 x 10%Q,,,h% implies the important relation

keg
Ar (—‘1) ~2.402 h%. (5.159)

kn
For pure CDM and a scale-invariant initial spectrum, the integral behaves as, replacing

o0 KUV .
Jo me where necessary:

- —In(kr) for m+n=0
/ dr ™" T (k) ~ 3.9 for m+n=2 (5.160)
° F(kyy) for m+n=41

The function F is roughly F(z) ~ 0.442%*" for 1 < z < 10, ~ 7027%'(log,o z)*™ for
x> 1, and approaches ~ 531n®z as # — oco. For integrals with the window function inside,
W (kkegRp), we can roughly replace kyy +— 1/Rpk,,, though this depends on the details of
the window function used. Combining the above equations allows us to calculate reasonably

precisely the size of each term at second-order.

5.8 Results and Discussion

We shall consider two models: the Einstein-de Sitter with A = 0.7 and estimated 5% of
the total energy density as baryon energy density 2, ~ 0.046 and the ACDM model with
Qp =0.26,h = 0.7 and fraryon = 0.175 (these are best fit WMAP7 results [34]). Both models
have the Hubble scale at kﬁl ~ 4.3Gpc. We shall adopt the Silk scale, k;ﬁ{, the equality
scale, k;e*ql, and the Hubble scale, ky 1 as our reference scales. These scales are related to the
baryon density today €2, and total matter contributions today € as [73]

Fae ~ 1.6 (Qh2)"™ (20h2)"™ |14 (10.4000%) ™| Mpe ™,
_ _ h _

ko =~ T7.46 x 1072Qoh*Mpc™!, and  ky = ml\/{pc '
for Hy = 100 hkms™'Mpc~!. In relation to the two models under consideration, these
length scales are approximately for the Einstein de Sitter universe ke_ql ~ 27.9Mpc and
kg ~ 6.0Mpc and for the ACDM universe k' ~ 107.2Mpc and the Slik scale kj, ~
11.5Mpc. For the sake of completeness the ACDM model has just six fundamental parameters
and they are given by [34]: the physical baryon density, ,h? = 0.026 4= 0.00053, physical

dark matter density, Q.h? = 0.1123 % 0.0038, dark energy density, Q4 = 0.72873917, scalar

+0.088
4—0

spectral index, ny, = 0.963 £ 0.012, curvature fluctuation amplitude, A% = 2.447752 X
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1079, ky = 0.002Mpc~! and reionization optical depth, 7 = 0.087 & 0.014. The Hubble
constant, deceleration parameter and age of the universe, are derived from these fundamental
parameters. These parameters were determined without consistently taking into account
the effect of backreaction. It would be interesting to see by how much they would change if
backreaction is taking in account.

We handle the Infra-red divergence that appear in the k—integrals by setting a cut-off
at L = 10, i.e at ten times the Hubble scale. As a general rule in this paper, we will display
the graphs for both models side by side where the graph on the Left Hand Side (LHS) will
represent the ACDM universe while on the Right hand Side (RHS) is for Einstein de Sitter
(EdS) universe. This rule will always apply even when the plots are not titled for clarity

purposes unless.

5.8.1 Backreaction is negligibly small

Baumann et al [120], Ishibashi and Wald [62] and Green and Wald [153], 221] have consis-
tently argued that the effect of backreaction within general relativity is negligibly small.
Their analysis is based on the original Isaacson’s idea [222, 223] who considers a non-linear
perturbation of Einstein tensor as a form of effective fluid, say 7. 7.g contains terms which
have at most two spatial derivative. Within this formalism, the size of the amplitude of 7
compared to the background energy-momentum tensor determines whether backreaction is
large or small.

The deceleration parameters associated to this formalism are {qgg’ q%}. The connection
between {g°,¢5} and this formalism is made clearer using the ADM formalism [215] 216].
The general expression for {qg ¢ qép} in perturbation theory is given in equations

The first type of term that contributes to this definition is ®? and it is nominally
tiny, O(107'%) and the term that is primarily responsible for setting the fundamental ampli-

tude of the backreaction is <CI>52<I>> o (keq/kr)?. Tt is indeed quite small,

020 k? T,
<Q Hg> ~ A%Q ]‘22 ~ A% Toq ~107° (5.161)
m mivE

for the concordance model. (The overall effect is somewhat larger than this due to the
contribution of several such terms.) This gives sub-percent changes to {qgg, q%} from back-
reaction. The backreaction contribution in this case is domain size independent because the
terms such as (®)? that would introduce the dependence is sub-dominant.

In figure [5.1] we plot the amplitude of backreaction defined by subtracting the FLRW

background value for the deceleration parameter, ¢y from the spatial average definition,
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Aqg = gp — qo as a function of redshift. The difference between qgg and q% is also negligibly

Backreaction in a ACDM universe Backrezaction in a EdS universe
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Figure 5.1: Backreaction effect in the deceleration parameters Aq = ¢p — qo as a function

of redshift for {qgg,q%} set of definitions. The 'red’ plot is for qgg and the
"black’ for ¢,

small. In figure , we show the plot of {qg ¢ q%} plus or minus associated ensemble variance
defined in equation ([5.150)). There is no noticeable difference within the level of our accuracy
between qﬁg and q% in a ACDM universe, while there is a shift in the epoch of importance

in an Kinstein-de Sitter universe.

Backreaction in a ACDM universe . Back:cax:zion ina EdE: universe .

0.500003

4P

0.500002
) J

0.500001
oo

0.500001
02f - —|

a4 - (.500000

var(q]
var(q|

q
4

06 . . . . g osoooooky

Figure 5.2: Deceleration parameter plus or minus variance in {qgf, q%} as a function of
redshift. The 'red’ plot is for ng and the "black’ for qép

This set of definitions measures the acceleration/deceleration of an averaged hypersurface
as seen by the observer attached to the coordinate grids. or it may also be understood as

measuring the acceleration/deceleration of averaged congruence of the observer at rest in
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the gravitational frame. It differs from acceleration/deceleration measured by the observer
comoving with the matter field through a relative velocity between the two frames. This
definition is most suitable for the CMB observers [54], 55] since the effect of the relative

motion of our galaxy is subtracted out.

5.8.2 The need for renormalization of the background

We would like to understand the major differences between the deceleration parameter de-
fined using the Buchert formalism, (g)» and spatial average of a local definition of a local
deceleration parameter, <q®> - The (g)z and <q@> » have many things in common: they
are defined with respect to an observer comoving with the fluid or observer at rest with the
fluid. the Riemannian averages for both quantities are evaluated on the same spatial surface
and both definitions may be most suitable for the SN I observations [51, 52} 224].

However, the key difference between the two definitions of a deceleration parameter lies
on whether the hypersurface on which they are defined is smooth or not. (g) » describes the
acceleration/deceleration of an averaged/smooth hypersurface, while <q@> » describes the
averaged deceleration/acceleration of a rough hypersurface.

The full analytical expressions for both definitions in terms of the perturbed metric
variables are given in equations and . For both definitions the dominant
terms are those terms with with four spatial derivative operators, however, they appear
in different format in both definitions. For (g)r, the four gradient terms appear as non-
connected term, (82(I>>2D and according to equation , the k—integrals are regulated
in the UV by the window function which has a natural physical interpretation within the
Buchert averaging formalism. For <q®> - the four gradient terms appear as a connected term
((9°®)?),, and according to equation (5.172)), the dominant contribution after evaluating the

ensemble averages, may be given by

3
2

(go)r = =1+ = + QU h* [-0.24(1 — Q,,,)*** + 0.66Q0°7] F(kuv) (5.162)
where we have replaced Ag (key/ k:H)2 using equation ([5.159) and the coefficient in square
brackets are reasonable empirical estimates for €, = 0.1 (accurate to a % or less). Since
the ensemble average of <q9> » 18 UV dependent, we have to find a technique to handle it.
The traditional approach usually employed to remove UV divergences in Physics is to
introduce a cut-off on some sufficiently high energy scales. For cosmology, this cut-off is set
by the physical size of the universe after inflation [79, 197, 225]. However, It was shown in

[60] that introduction of a cut-off of this kind makes its contribution difficult to interpret,
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for example inserting an inflationary inspired cut-off, this term gives:
Q' [-0.24(1 — Q)" + 0.66Q0°7] F(kyvy) ~ 10° (5.163)

where F'(kyy) = fki’;‘/ dkk*T(k)? and a dark matter transfer function was used.

Here, we will handle the UV divergences by smoothing our perturbation ®(x) in real
space before taking the ensemble average. This is motivated by the fact that the linear
theory is only accurate up to some scale and under-estimates power below this scale, hence
it makes sense to smooth away structures on small scales before we apply our ensemble

averaging procedure. The smoothing operation involves replacing ® with a weighted average
over nearby points using [220]

1

CI)S(IB) = 73

/d?’x’ W(|x' — x|Rs) ®(x'), (5.164)
for simplicity we make use of the same type of window function we used in calculating the
ensemble average, but we separate the smoothing length scale Rs from the averaging length
scale Rp. In Fourier space this amounts to replacing ®(k) everywhere with W(kRs)®(k),
and Pg with W (kRs)*Ps.

We present in figures and the dependence on the smoothing scale of the averaged
local definition of deceleration parameter. We use the Buchert definition of deceleration

parameter as reference. There is a significant difference between the two definitions especially
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Figure 5.3: The deceleration parameter as a function of redshift for (¢)» and <q®> - Sep-
arate plots illustrate the dependence of <q@> »» on the smoothing scale. We
have set our domain size at the Hubble scale, k.

when the smoothing scale is on the virial scale, k;iiial (i.e around 1 h~'Mpc. Both definitions

only tend to agree when <q@> ~ 1s smoothed at or above the Silk scale kgﬂlk or conservatively
above 10 h~!Mpc scale.
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Figure 5.4: We plot (¢) » and <q9> » as a function of the domain size. There is a significant
suppression of the backreaction effect in the ACDM universe relative to the
Einstein de Sitter universe.

Setting the domain size Rp at Hubble scale, kﬁl, equality, k:;ql or even at the Silk scale
kS_illk in figures and does not make any difference. There could be more than 100%
effect in an Einstein de Sitter universe if the smoothing scale is set at few h~'Mpc. Both
definition of the deceleration parameter agree when we smooth on the same scale as the
domain size, that is setting Rg = Rp.

One important thing we noticed in figures [5.3| and is that when we set our smoothing
scale equal to the size of our averaging domain. the k—integrals immediately become regu-
larized by the window function just the same way the Buchert definition is regulated by the
window function. This seems to suggest that the background spacetime, which in principle
is smooth looses its smoothness property on scales where the k—integrals diverge.

However, it has been suggested [120] based on an effective field interpretation of cos-
mology that the problematic non-linear scale could be integrated out to recover the effective
long wavelength dynamics of the universe. This approach suggests that the small sub-horizon
scales are virialised and hence they decouple from the effective evolution of the long wave-
length universe. We have seen from figures [5.3] and that effective decoupling can only
occur if the Virial scale, k. | is beyond 10 A~*Mpe.

On the other hand, decoupling of the virialised structures does not imply that virialised
structures do not participate in gravitational lensing [227], hence there is need to find a way

to renormalize the divergent integrals or the background spacetime in general.
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5.8.3 Domain averaged deceleration parameters

The following definitions of a deceleration parameter are based on spatial averaging:

et = L) () (@) 55 (%) £ } - (5.165)

The analytical expression in cosmological perturbation theory in each case is presented in
section Apart from mild dependence on domain size, <q®> » depends strongly on the
smoothing scale as discussed above, so for the ease of comparison we set Rg = Rp unless
otherwise stated.

Firstly, we present the result of the backreaction effect on the deceleration parameter,
Aq = (¢)p/F — ¢ (Qois the background value), for the ACDM universe and the Einstein de
Sitter universe in figures[5.5/and [5.6] The effect of backreaction is relatively small in a ACDM

Backreaction in 8 ACDM universe . ; Backreaction in an EAS universe
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Figure 5.5: Backreaction effect in the deceleration parameter Aq = ¢p,7 —qo, as a function
of redshift. The domain size, Rp is set at the Silk scale, k;ﬁ{ .

universe at all redshifts while in an Einstein de Sitter universe, it is large near the redshift
of today and it reduces to a few percent at high redshift. The smallness of the backreaction
effect in the ACDM universe shown in figure may be related to the interpretation by
Wigglez collaboration that fewer large scale structures in a ACDM universe are responsible
for smallness of gravitational lensing effect and this constitute evidence for dark energy [194].

Next we calculate the ensemble variance for spatial average deceleration parameters and
the results is plotted the averaged deceleration parameter as a reference. The results are
shown in figures and 5.8 In figure[5.7] there is a large variance in an Einstein de Sitter
universe at small redshift and it decreases gradually as we go towards higher redshift. This
is contrary to the case of the ACDM universe where the variance is almost vanishing at
small redshift and grows towards a higher value at high redshift. It is clear from figure |5.8

that for the large domain sizes, the backreaction effect disappears and the profiles of all the
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Figure 5.6: Backreaction effect in spatial averaged deceleration parameters Aq = gp;r—qo,
as a function of the domain size Rp . The difference associated with the choice
of averaging hypersurface clearly shows up in the ACDM universe, with curves
for averaging hypersurface orthogonal to n* pointing in opposite direction to
that of the hypersurface orthogonal to u® just below the domain size of about
30 h~'Mpec. In the Einstein de Sitter universe, there is no change in direction
but there are obvious differences on scales less than 10 A~ *Mpc.
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Figure 5.7: Deceleration parameter plus or minus variance, plotted as a function of redshift,

z, for {<qN9>D ; <q9>D AD 7 <q9>]_.}.

definitions take the background value. One could argue from here that when one is interested
in the large scale dynamics (up to say 100 A~ 'Mpc) that the choice of slicing does not really
matter for the deceleration parameter, but it is different for the Hubble rate [49].

In summary, figure shows that except for very small sized domains (< 30 h~'Mpc),

the backreaction effect is negligibly small in a ACDM universe irrespective of whether the
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Figure 5.8: Spatial Averaged deceleration parameters ({<q >,D,<q >D,(q)f,<q >f})
plus or minus associated variance plotted as a function of the domain size,
Rp .

deceleration parameter defined in terms of the 4-velocity of the fluid is observed by the
observer at rest with the fluid or by the observer attached to the coordinate grids. Li et al
[51] interprets this as a breakdown of the cosmological perturbation theory in this regime. In
the Einstein-de Sitter universe, the backreaction effect is also small except when the domain
size is less than 10 A~! Mpec. In this case it could be more than 100%.

5.8.4 Observables on the past null cone

One obvious disadvantage of the spatially averaged deceleration parameters is that they do
not have an immediate physical interpretation, because they are averaged on the spatial
domain while we have access to observation only through our past null cone. The set of

definitions of deceleration parameters that is more aligned to observation is given by
Deceleration parameter = {Q7 qu7 QS} (5.166)

In this set of definitions, there is no dependence on the domain size or redshift because they
correspond to the deceleration parameter obtained by averaging over the entire sky with
respect to the observer located here and now.

The analytical expressions for {Q,qu,qS} in perturbation theory is presented in the
section5.10p These definitions are also not insulated from the menace of the UV divergent
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integrals arising from the four gradient terms 9?®. Hence we use the smoothing technique
described in section to handle the divergences.
In figure [5.9] , we present the dependence of the backreaction effect on the smoothing

scale.

.20 0.3 050 050 100 150 200 300 ' 020 0.3 050 070 1.00 150 200 300
R.[n " Mpc] R.[n " Mpc]

Figure 5.9: Backreaction effect from {Q, qu, qg} plotted as a function of the smoothing
scale, Rg. Here the smoothing scale, Rg axis is log scale

Even for any physically motivated definitions of the deceleration parameter, the actual
size of backreaction depends on the smoothing scale. Setting the smoothing scale at few
~ 1 h~'Mpc which corresponds to modes that freeze out of large scale expansion leads to
more than 35% change to the background deceleration parameter in a ACDM universe and
it is hundreds of percent more in an Einstein-de Sitter universe.

Recent analysis of data from the Wigglez experiment [36] that surveyed of over 200000
blue galaxies in a cosmic volume of ~ 1 h=3Gpc® puts the homogeneity scale at 70 & 5
h™*Mpc at z ~ 0.4. Using this as a natural cut-off scale, leads to about 10% correction to
the background deceleration parameter in a ACDM universe and a lot more in an Einstein-de
Sitter universe.

We compute the variance in {Q, qu, qé’} as function of the smoothing scale in figure
.10

Smoothing on a much smaller scales leads to a very large backreaction effect. The decel-
eration parameter ¢f obtained from fitting the distance-redshift relation, could give zero if
we smoothed on scales of about 1 h~*Mpc for the ACDM universe. This is an effect expected
of a Virialized region but the vanishing of the variance at that scale doesn’t make sense.

In general for both universes irrespective of the fitting approach adopted, any smoothing
scale less than 10 h~*Mpc will leave a distinguishable effect on the observed deceleration
parameter. Also we notice by comparing equations ([5.134][5.135|[5.135)) with figures [5.9| and
that the larger the coefficient of the shear term, the less is the effect of structures or
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Figure 5.10: Observed deceleration parameter plus or minus variance, plotted as a function
of smoothing scale, Rg.

backreaction on the deceleration parameter. This illustrates how matter shear can affect the
rate of expansion of the universe.
Finally, in figure we compare the smoothing scale, Rg dependence of a spatially

averaged local deceleration parameter with {Q, q{f% QS}.
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Figure 5.11: The observed deceleration parameter and averaged deceleration parameter
as a function of the smoothing scale, Rg. We set the domain size for <qg> s
equal to the smoothing scale.

According to figure spatial averaging tends to drive the deceleration parameter close
to its FLRW background value.
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5.9 Conclusion

We have discussed in this chapter examples of where the backreaction problem in the stan-
dard model of cosmology is almost negligible, not necessarily negligible and excessively large
on some scales. The three key examples we have discussed are the cases where the decel-
eration parameter which gives a dimensionless measure of the second time derivative of the
scale factor could be obtained from: the scale factor of an averaged hypersurface where the
gravitational field is at rest, the scale factor of an averaged hypersurface where the matter
field is at rest and from the best fit scale factor from an inhomogeneous universe. In the case
where the inhomogeneous distance-redshift relation is fit to a distance-redshift relation from
an FLRW spacetime and the the case where a local deceleration parameter is averaged on
a hypersurface orthogonal to the fluid, the cosmological perturbation theory, does not give
sensible answers because of the UV problem.

The backreaction terms in the {qgg, q%}, terms of the form <I>('§QCI>, are also the largest
ones which appear in the lhs of the Einstein Field Equations, because the Einstein tensor
has at most two derivatives of the metric in it. Re-formulation of backreaction as an effective
fluid in [120], these terms are also the largest terms that appear. The induced gravitational
waves are also of this order (see figure 2.2 of Chapter [2). As argued in [60] that backreaction
is small simply because of a very small hierarchy of scales between the Hubble scale at
equality and the Hubble scale today (they are only a factor of 50 apart in comoving terms).
In this evaluation of backreaction, then, what happens on scales smaller than the equality
scale is of little relevance.

In Buchert’s interpretation of backreaction, where ¢gp describes the deceleration of the
average scale factor, the divergence is neatly controlled by the domain size, and consequently
has an elegant and straightforward interpretation, although it is not observable. This also
appears to be robust against various possible gauge effects such as choice of the averaging
hypersurface [48,49]. The fact that there is a significant difference between the ‘cosmological’
deceleration and one which is smoothed on scales of a few Mpc, say, is expected since that
is the scale where the Hubble flow kicks in.

On the other hand, definitions of the deceleration parameter — which do not depend on
Riemannian averaging — reveal significant problems. Consider gg and {Q,qu,qg } — the
local deceleration parameter defined relative to the dust observers, and the observed one
defined through the distance-redshift relation. If we calculate the expectation value of either
of these we get enormous terms (see figure ). Consider cutting off at a scale suggested
by either a scale associated with the end of inflation, or from the dark matter suppression
scale, which is around pc scales. Then we have kyy ~ 1pc™'/(100Mpc)™! ~ 10%. Our

divergent integral then gives F/(10%) ~ 105 where we have assumed a purely dark matter
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transfer function, and there is extra suppression from baryons on small scales, but this only
reduces it by an order of magnitude for 20% baryons.

One can reformulate the UV cut-off as a smoothing of the first-order potential to give
something like the same interpretation one might give to Buchert’s ¢p, but this is rather
ad hoc in this context — for (ge)p, can kind of spatial averaging has already been done.
Instead it maybe tells us that smoothing or renormalization is necessary order by order in
perturbation theory especially on small scales. That is, before constructing second-order
perturbation theory, one necessarily must smooth structure below a certain scale. But why?
Does this imply that the very notion of ergodicity needs to be made Riemannian: should
ensemble averages be replaced by Riemannian spatial averages [224], rather than spatial
averages on the background? This might be a more cleaner way to go where one might use
Ricci flow equation to connect the averaged evolution of local curvatures [121H124] 228]. An

extended discussion on this may be found in [60].

5.10 Deceleration parameter from perturbation theory

We give here the full expression for deceleration parameters calculated from a perturbed
spacetime in the Poison gauge (equation [5.130])).

()p = -1+ ;Q —[(2439) —3Q(1 + 9)] () — 3 [(3 + %4@ + g2) (5.167)
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Note that there are no connected (9?°®)* terms in all the definitions of the deceleration

parameter derived so far.
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First the deceleration parameter associated with the fluid expansion rate ©:

)y = —1+ 50 =30+ 90— 20+ (1420 - 1+)|

3 3 .
35 (44+=9) (1 —Qn)®* — —(1 —Q,)(H? + ¥

(1 - 3Q) <H5kvé“2) - 5@52)) - é <52¢(2> - 52\1/@))

6H
1 ~
+9T (30, (11 4 149 + 6g%) — (16 + 367 + 2§°)] 0P
1 2—792 2 (114 129) — 24Q(1 — §) — 4(1 + 2§ + §°) | 0, PI*®
2702, |6 9 gTyg k
4
— 142 0k ,0°P 5.172
2792( +24+9°) K (5.172)
2 -Q (5+8A+3A)—§(1+2 + )| 0*09*®
o, | 9+357) — 5 g

The deceleration parameter an observer would measure from the all-sky average of the

redshift-distance relation:
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Chapter 6

The Influence of Structure Growth on

the Area Distance

6.1 Introduction

Area distance, D4(z), or up to a factor of redshift the luminosity distance, D (z), are the
major tools for all model fitting and parameter estimation in modern cosmology. They
play a crucial role in the determination of the current value of all cosmological parameters.
The level of precision to be achieved through cosmological observations depend on ‘how
well” we understand these tools in an inhomogeneous spacetimes: for example the peak
in temperature anisotropy correlation of the CMB is very sensitive to the area distance
to the last scattering surface (LSS), apparent magnitude of a typical supernova event is
very sensitive to the luminosity distance. Therefore, any refinement in observational and
data analysis technique, requires that we also improve on our theoretical understanding of
these tools, which invloves the challenges non-linear effects pose to our interpretation of the
background cosmology.

It is obvious that the first theoretical refinement will be to properly calculate these
tools from a physical space-time on which light propagates rather than continue to use
the result from a fictitious FLRW background space-time, especially in the era of precision
cosmology. Other important aspects to understand are: does the monopole of area distance
on a physical space-time corresponds to the FLRW background value at any scale? How
are we going to re-interpret cosmology on scales where the monopole of the area distance on
a physical space-time does not correspond to the FLRW background prediction? It is also
important to point out that some of these issues might be resolved in few years from now
given that significant effort have been directed towards measuring the area distance from
Bayron Acoustic Oscillation, (BAO) [229, 230].

153
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Light propagation in inhomogeneous space-times gives rise to modification of area dis-
tance due to the difference between Ricci focussing (when the rays move through a uniform
medium) and Weyl focussing (due to the tidal effects of nearby matter). It leads to ad-
justments in redshift due to the differences between the true redshift of a source and its
redshift in a smoothed out model, It also leads to distortion of the affine parameter, since
inhomogeneities change the relation A(z), and it may be observed through displacement the
light beam experiences, i.e shifting sideways of the ray path by inhomogeneities, hence it ex-
periences different Weyl and Ricci terms at the same A because it is at a different spacetime
point.

The problem of quantifying the effects of light propagation in a universe with an inho-
mogeneous distribution of structures was first addressed, independently by Zel’dovich [171]
and Feynman [I72]. Zel'dovich introduced the empty-beam approximation to enable him
study the problem of light rays propagating in vacuum. His approach was later extended to
the case of a partially-filled beam in a series of papers by Dyer and Roeder [I75HI78], 231]
and others [166, 173] . These results later came to be known as the Dyer—Roeder approxi-
mation. An extension of the approximation to incorporate inhomogeneities experienced by
the Hubble rate and the deceleration parameter was recently suggested in [I82] and there
are pieces of evidence that the extended version fits observation much better [232] .

The first perturbative approach (i.e. with light propagating in a perturbed FLRW space-
time) towards calculating the area distance from a perturbed spacetime was initiated by
Sasaki [233], his computation was based on the Sachs equations and was limited to first
order in the Synchronous gauge. Pyne and Birkinshaw [234] derived the area distance in
Poisson gauge at first order in perturbation theory. Bonvin and Durrer [203] focussed on
scalar perturbation in Poisson gauge, including all relativistic effects. First order treatment
is very insufficient towards understanding the propagation of light, recent study has shown
that it underestimates the distortion of images and magnification of some images, because
of gravitational lensing when light rays passes through a void [235]

The first second order attempt was reported in [197], the authors used the technique
developed by Sasaki [233] and they focussed only on dark matter dominated universe. The
most recent attempt at this problem was reported in [236], they focused also on dark matter
dominated universe. Their approach is slight different from [197], they worked in Poisson
gauge transformed into light-cone coordinates through a general coordinate transformation.
One key drawback of this approach is that one will need a reference result to be able to
interpret his/her result.

Here we present the first general and consistent second order calculation of the area

distance in Poisson gauge valid for use in different standard cosmological models. The only
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approximation made in our derivation is that we neglect all tensors and vectors at first order
because they are very small compared to the density contribution at first order. However, we
allow second order vectors and tensors which are sourced by the product of first order density
fluctuations because their amplitude is a percent of the first order density fluctuation 76, [79]
and it is even greater than the contribution from density perturbation in the neighborhood
of the equality scale [7§]. Furthermore, we do not use a particular gravitational theory in
the derivation, thereby expanding the range of application of equations we report here.

This chapter is organized as follows: we provide general covariant evolution equations
for null shear, null expansion and the area distance in Section we derive and solve the
photon geodesic equations in perturbation theory in Section and calculate the physical
redshift in terms of the perturbed metric variables in Section [6.4, The area distance in
perturbation theory is derived and solved order by order in Section[6.5] We provide a general
non-linear framework for expressing the area distance in terms of the physical redshift of the
source in Section [6.6] We summarized all our perturbation theory results in Section [6.7] and
calculate two-point correlation function for various modes that contribute to the area distance
in Section [6.8f We provide various formalisms for performing full sky spherical harmonic
decomposition in Section [6.90 We provide further details on how to boost our result to
frame of the observer with a non-vanishing relative velocity and how to ‘renormalize’ the
background in spherical harmonic space in Section [6.10] and calculate backreaction effect on
key observables in Section We conclude in Section and provide further technical
details on subtle mathematical tools used in this chapter in Section

We use hat to denote quantities living on the physical spacetime so that quantities on
the conformal spacetimeﬂ will have no hat. Background quantities will be denoted by an
over-bar and perturbed quantities apart from the metric variables have a delta in front, for
example 6D 4(z) stands for the first order part of the area distance and §?D4(z) stands for

the second piece.

6.2 Covariant Description of Area Distance

First we consider a beam of light characterized by a tangent vector k% ( we also refer to k“
as photon 4-vector) pointing in the past of the light cone. The past null cone has a constant

phase hypersurface, S and the tangent vector is defined as a covariant derivative of the phase

IThe area distance is invariant under conformal transformation with a conformal weight of one, this offers
an additional reduction in complexity of the calculation since one could do most of the computation on the
conformal space-time and multiply by the necessary conformal factor at the end of the calculation.
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ko = g“beS . k% satisfies the null constraint and it is geodesic:
kok® =0, k'V,k* =0, (6.1)

The vector k® may be decomposed with respect to an observer with 4-velocity u® into parallel

and orthogonal components.

A dz® -

m:dA,wzemmWHﬂﬂ. (6.2)

The plus or minus sign in equation determines the direction of propagation of the light
rays and the direction of observation is characterized by vector, n. The positive in equation
stands for the future null cone while the negative sign indicates that observation is
taking place on the past null cone. For an observer here on earth has observational access

on the past null cone

k= (—pk?) (0% — a®) = E (4 — %) | (6.3)
where the photon energy is defined as E = —duk®. The screen space projection tensor may
be defined as

Nap = Gap + Gty — gfiy = hap — ity (6.4)

and it satisfies the following relations
N =2, NyNE= Ny, Nyk®=0. (6.5)

The metric, Nab, projects tensors into a two-dimensional screen space orthogonal to the
null vector k% and n®. It also projects the space-time covariant derivatives onto angular

derivatives on the screen space:

vy 4 = NONIy Ne Nt T, ) (6.6)
Vidy.o = NN N/ VT, (6.7)
f\l — pe.pnf Tamf , (6.8)
]A)HtAbmf = nVby. s, (6.9)

where V|, denotes derivative on the screen space and 15“ is the radial derivative along the
line of sight. Tensors with piped subscripts denote the radial component of that tensor and
those with ‘bot sign’ as subscripts stand for the angular component of the tensor . The

anti-symmetric tensor of the screen space is related to that of the Levi-Civita tensor on the
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hypersurface and also to the Levi-Civita tensor of the full space time according to,
A A oad s send
€ab = Eabd" = Tledabt T = E[qb] - (6.10)

Also the screen space alternating tensor satisfies €4, = 2N [ach}d and it is invariant under

parallel transport along the direction of k¢,

dé,,
d\

V iafbe =0 = and VN, =0. (6.11)

The full irreducible decomposition of the covariant derivative of the photon vector is given
by,

A A 1. =« ~ ~

Vik, = éNabQ + Xap + Qap (6.12)

where the newly introduced quantities are defined in terms of the photon vector as,

R o A 1 -
Sy = N(aCNb)dVde—§9Nab, (6.13)
Qab = N[ach]d@ciCd )
R 1 DA
0 = ?abNaCNbdvakb,

where 6 describes the expansion of the null congruence as projected unto the screen space,
f]ab describes the shear effect on the null congruence, while Qab encodes the information
about the twisting of the photon geodesics, this quantity is zero because £ is a gradient of
the phase. The acceleration is set to zero because k® is geodesic. The covariant derivative

of the observer 4-velocity u* in our current notation is decomposed as:
. R 1 - o
Vbua = _Aaub + gGhab + €abeW + Ogb s (614)

where the basic kinematical information about the spacetime is encoded in the volume expan-
sion rate, é), of the hypersurface orthogonal to u® , 4-acceleration fla, vorticity (twisting),

Wap and shear G4,. In terms of these variables, the geodesic equation (i.e equation (6.1]))

%the vorticity is required to vanish on this hypersurface[84]
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reduces to the equations for the photon energy and observational direction

dFE S D I

= = —E* |20 —An"+ (6,00 6.15
. 3 n® 4+ (Gan'n (6.15)
dn A .
1 A” = F [20'” - w”} y (616)
ddn/\L - E [— A"+ n%ol +n'w] | (6.17)

where % = ff“@a, which stands for derivative with respect to the affine parameter and we

normalize the photon energy at the obersever as E, = —ﬁal;'a|o = 1. The change of signal
emitted by a source moving with a 4-velocity a%, e.g a galaxy (here denoted as ’s’), and

measured by an observer with 4-velocity 4 is related through the redshift,

A _]%aAa s Es
(1+g):_0:(A—u):A , (6.18)
A (=kpti®), E,

Using equation (|6.15]), the redshift propagation equation becomes,

d2 1. .
d; = —(1+2)? |56 = A" + oun'n’| . (6.19)

This is a general non-perturbative, coordinate independent representation of the propagation
equation for the observed redshift. The propagation equations for the null shear and the

null expansion are given by,

dé i 1 A an
— = 222 29— R, kKb 6.20
dA 2 e (6.20)
a3, o
d&” — S0+ N "Ny Rapeak ke (6.21)
(6.22)

where 32 = E<ab>2<“b>/ 2. The propagation equation for shear is obtained by projecting the
Ricci identity with N<6“N 5¢ and that of the expansion is obtained by contracted the Ricci
identity. At this point one may use the Einstein equations to replace the Ricci tensor in
equation , however, we did not approach the problem this way. The invariant area
of the screen space, A, is related to the null expansion 6 and also to the Area distance D4

according to

1 i dlnL 1,
dVA dinDy 1, 6.23)

VA dh o dA 2
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Substituting equation in equation (|6.20)), we obtain a second order differential equation
for area distance. .
d2Dy 1
ax {5
Our job in the subsequent sections is to calculate equations , and in pertur-
bation theory. Equation may also be written directly in terms of the physical redshift
as shown in chapter [3| and in [I82)].

Rapk®k® + 222} Dy. (6.24)

6.3 Geodesics Equation in Perturbation theory

The conformal transformation g,, — g, maps the null geodesic equation of the physical
spacetime g, to a null geodesic on a perturbed Minkowski space time g,,, with the affine
parameter associated with each metric, transformaing as d) > d)\ =a2d ;\, so that the
photon 4-vector transforms as kb = a2k’ . Hence the photon energy transforms as E =
—ﬁbl%b = —aupk? = aE. This transformation makes it possible to calculate the redshift and
the area distance from a conformally flat metric. The null geodesic equation is also invariant
under conformal transformation provided that the null constraint condition, kk, = 0, is
satisfied. The time and space components of the perturbed geodesic equation at first order

are given by:

d ok
d ok - - ‘
O~ 2’ — 20D+ 2D (6.26)

here ' stands for derivative with respect to conformal time. These equations are separable

and can easily be solved:
)\5
5k = SKX+2(d, — ®,) — 2/ d'dA, (6.27)
. . . ’ )\S .
Sk = Sk — oni (B, — By) — 2 / D'dd \. (6.28)
)\0

The spatial part of 6k’ may further be split into parallel component and the perpendicular

component with respect to n'

Okys = Okj = 2(Ps = Do) , (6.29)

)\s
51@_3 - (5/@1-0—2/ VJ_Z(I)d)\ (630)
Ao
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The spatial position may also be calculated from d z*/\ = k= ke + 0k®,

A A
— —ng—zni/ PdN—2 [ V ®dN. (6.31)

Ao

dA

After performing an integration by parts, the final solution becomes
. . . . )\ >\ .
'(N) =zl — (A= Ao)n, — 2n’/ (As = N)P'd X — 2/ As = ANV, ddA. (6.32)

o

At second order, the time component of the geodesic equation becomes

d §2kY
dA

= 4(6k (®'n; +D;®) — 5k° (&' — n'D;®)) (6.33)
+ [hn'n? — wWn'Dw® + (P — OV) — 20D Pd + 80n*D, @]
+26k°5K — 26K'D ;6K .

We simplify the k7 x ® coupling as follows:

4 (6k? (®'n; + D;®) — 6k° (@' — n'D;®)) (6.34)

4P e\ [, -
_ _85@_@0)“6(5—@)/AocpdA—gvhcp/o i BN

For 6k° x 6k non-linear terms, it is more helpful to convert the conformal time to affine

parameter so that we can use the first order geodesic equation to simplify further

20K°0K' — 20k'D;0k" = —46k°n'D;® + 26k°n'D;0k" — 25k'D;6k" (6.35)

= 8 ((@’ + @) — (n* Dy ®, + / A d"d )\)) (® — ®,) (6.36)

A dq) A
+8(Vi® — V1 ®,) [ VEDIN+8 <<I>’ - ﬁ) / P'd A\
)\o Ao

A A
—8/ Vip®d) [ Vidd).
o >\O
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Putting everything back together and re-arranging some of the terms, the solution to equa-

tion (/6.33) becomes ,

5%k = 0%kY +2(®P — @P) + n® (wps — wylo) — 8 (2 — @2) + 8D, (P, — D,) (6.37)
Mo As
+/ [ = — (PO + P) + 80| d X + 8/ (®; — @)P'dN
As o

A

AS >\s
—8VM<1>0/ ()\s—)\)V’“CDd)\JrS/ ((@’—nkaCDO)—i-(CD’O—/ <I>”(>\1)d)\1)

o

As A
><(<I>—<I>O)d>\—8/ <1>’/ &' (A)d Ad A

As A A
—8/ / Vi®@OA)dA [ VE(O)d X ad ).
o o )‘O

6.4 Observed Redshift in Perturbation theory

From the definition of the observed redshift in equation (6.18]), we may expand E up to

second order:

E kg E,+0E, + 16%E,
1+2)== = — s _ 2 ). (6.38)
Ey Kouplo (B, + 0E, + 50%E,)
For §F/E < 1, we expand in power series
E, 1 SEE 1 E, 1, E
1+2) = =+ —=—|(6E,——= |+ = |(0E,)* = — =0*E,— 6.39
(1+2) EO+EO( E, >+Eo(( Vg T30 B, (6.39)
SESE, 1
——2 2+ “5°E, ) .
By

A

Expanding the definition of photon energy, £ = k“u, in perturbation theory up to second

order we find,
. 1 1
E = E+ (E(®+Dyw)—0ku,) + E <§w(2) -3 (®* — @) —20Djv  (6.40)
1 (2) (2) 1 k
+§ (U” + DHU ) + 5 (DHUDHU + VLkUVLv)
1 .
— 50K = 6k°® — k' Div
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The 3-d covariant/partial derivative of the perculair velocity is decomposed into the trans-

verse part and the parallel part with respect to the line of sight D;v = Djvn; +V 0
Di’UDiU = D”’UDH’U + VlkvV’jv . (6.41)

We set the perturbed photon vector at the observer to zero [233], so that the energy at the

observer simplifies to

. 1 1
E, = Eo+(Eo(<I>O+D”vo))+EO(2 Wi 2(<I>2 ) —20,Djv,  (6.42)

1 1
+5 <<2>+D“v ) §(D||voDvo+VlkvoVwo)) -

Yllo

At first order, the perturbed redshift is given by

0z As
® = (Dyvs — Dyv,) — (&, — P,) +2 d'd A 6.43
Trz = Pros=Dwo) —( ) /A (6.43)
and at second order we find
5%z,
) = Doppler + SW + Doppler x SW + ISW , (6.44)

where the pure Doppler term consists of pure second-order contributions, and quadratic
first-order peculiar velocity terms, which include the transverse Doppler effect, and a new

coupling between source and observer:

Doppler = UH - v” '+ Dy — Dyul + DyusDyvs + V1405V v, (6.45)
—D”UOD”UO — VJ_kUOVL'UO + D”UOD”US .

The SW terms also contain pure and mixed contributions, which couple the potential at the

source and observer:
SW = —0® + 2 + 302 — 2 — 20 ,D, — 16D,/ (N, — \,). (6.46)
There is a coupling between the Doppler terms at source and observer with the potential:

Doppler x SW = 4(@OD”UO — CPSD”US) - Q(QODHUS - @SD”UO) . (647)
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The ISW effect at second order is much more complicated, and consists of several contribu-

tions:
ISW = ISW® 4+ISW x SW + ISW x Doppler + Integrated ISW , (6.48)

where we have a pure second-order ISW contribution:

As

We have defined hy = n'n’h;; as the radial part of the tensor mode. Then we have the
first-order ISW effect crossed with SW, ISW and Doppler terms:

ISW x SW = / {16(1)’ L 12(B, — By + 8(As — AV LD,V D  (6.50)
)0 @”}d)\

As
ISW x Doppler = 4 (D”vS — Dyv,) / d'dN. (6.51)
>\0
We have the double-integrated SW terms:

As As A
Integrated ISW—S/ <I>'/ d A d A — 8/ <I>/ O"(A)dAd X (6.52)
AS o o o o
+8/ /VM@(Al)d)\l/ VE (Ag)d Aad .
Ao Ao Ao

These new effects contribute to the nonlinear redshift space distortions.

ISW = ISW® 4+ ISW x SW + ISW x Doppler + Integrated ISW (6.53)
)\5 >\5
_ / (@ + ¥®') + wf — b — 8D d A + {160,D — 12(®, — D,)P’
o )\O
+8(As = MV 1@, VL D + 8(As — A)@,®" }d A + 4 (Dyv, — Dyv,) (6.54)

x/ (I)d)\+8/ <I>’/ Q' (A)d A\d X — 8/ /<I>”>\1d)\1d>\
)\o o o o o

)\s
+8/ /VM@(Al)d)\l/ VE (Ag)d Xad X
>\o )\o Ao
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Finally, the observed redshift of a source to second order is
. _ I,
(14+2)=(1+2) 1+52+§52 , (6.55)

where Z is the redshift in the background.

6.5 Area Distance in Perturbation theory

Under a conformal transformation, the area distance D 4 transform as D A = aD 4, hence the
area distance in the physical universe is related to that on a perturbed Minkowski background

through a scale factor. This relationship simplifies most of the calculations that follows.

6.5.1 Background

On the background, peforming the conformal transformation for the area distance D 4, Dy =
aD 4 equation ((6.24)), simplifies to

d%Dy
d A2

= 0, (6.56)

with a solution Dy = C7 + AC5. Implementing the standard initial conditions for the area
distance D4(0) = 0 and d D4/d A = 1 [2], we immediately find that Dy = XA = (A — A,).
If one had solved this on an FLW background spacetime without the transformation of the
photon vector kb = a=2k® and the area distance D, = aD 4, one would wind up with the
same result but multiplied by the scale factor. On the FLRW flat background, the area

distance is

. 1 Zs dz
e / T = A= ). (6.57)

6.5.2 First Order Contribution

Using the background equations and the time component of the first order perturbed photon
vector, the area distance at first order in perturbation theory is given by

d25D 4 dDy

= 2 n’Dy® — D4 [@" — 2n°D, &' + D,D*®] | (6.58)

ae 420
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In the second equality, we have made use of the relations (see Section for a discussion
on this)

D,D'® = V2<I>+nbncDD<I>—VQ(I)—@Jerq)/—(I)” (6.60)

b - PR T NET N T T da ’ '
do

Dy = & — —. 6.61

S dA (6.61)

We have also set d D4/d A = 1 following the background result. The homogeneous solution
to equation (6.59)) is the same as that of equation (6.56)), hence for the particular solution,
after calculating the Wronskian (W=1), is given by

5Dy = /As /Ag()\')d NdA = /AS(AS ~ A)gi(A)d A, (6.62)

Then after several integrations by parts and further simplification, we arrive at

2 1 Yooy o [T A=) o
] = { o, 3¢°+(AS—AO)/O Od A 2/0 oY (66
A ()‘S_A)()‘_AO) 2
_/AO — Vlcbd)\} .

We have also made use of the background solution. It happens that equation (6.63) is also
proportional to the weak lensing convergence, k, at first order in cosmological perturbation

theory. Our result is in agreement with [237].
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6.5.3 Second Order Contribution

At second order, things become more complicated because we have products of gravitational

potential and the area distance and the shear contributing:

d62Dy
d\?

(6.64)

= DidDy (n'® +D'®) — 4 (61" —n'dk") Dy {djlﬂ

i
EP) T ('

+43k; ('n' + D;@) — 40K (@' + n"Dy0) + (0 — v

: : déD dD
—4n'D;® (2nJDj(5DA + A) A
o 1 N .
+80n"Dy,® — 2n"D;,®® — n'n/Dyw;) — D4 bh;'jnw — a’6%;6%7

+207 4 809" + A" — 2p*'D, P — 8n"PD, P’ — 21 D, T’
1 1, . o
+4®D; D" + 3 (DyD*®® 4+ D, D*U®) — 57 1/ Diws; + 20 D; @D;

. 1, . 1,

+4n'n’ ®D;D; P — inznj(DiDj(I)@) —D;D;¥®) + §nleDkwi
1, .

—§n’nJDkahU — 26k° (®” +2n*D; @' — 2D, D*®)

+20k" (®"n; + 2D;®" — n;D,D*®)] .

When we substitute the first order photon vector and do some re-organization and simplifi-

cations, we find

426D . . ,
e 2 = —20D4 [®" - 2n'D;® + D;D'®] 4 4D'6 Dy [D;® — 211D, D] (6.65)
déDy d6D4 . A e
—4 D;® + 8D; 2 (® — D, DiddA—n' [ @
" +38 [d)\](n( )+/0 d A n/o d A
dDa Qg iR/ A / A / / /
— | S [ DA~ 807 [ @'dN+ 1600 — 160,®
Ao Ao

A A
_(cp<2>+\1/<2))+8Di<I>/ DiCID—SniDi(P/ P'd X

+8n'PD;® — 16P,n'D;® + 2n'D;®* + n'n’ Diw;)
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1 o . oA A
—Da |hign'n’ — 65057 + 207 — 49" (n / D;®d A — / @'d )\)
17 . A . i . A )
+80,0" + U — 4n'd'D,® — 8D, P’ ( / D'®d N — n’ / d'd )\)
. . . ’ )\ ’ . )\
—24n'®D;®’ + 16n'®,D,;® — 2n'D, PV’ — 4D, DFP < / AN —n' / Dz-cb)
Ao Ao
. . 1 . . 1 . .
+12(I)D1DZ(I) - 8q)oDiDZq) + 5 (DiDZ(I)<2) + DiDl\IJQ)) - EnszDiwg
o L. 1 . .
+2nZnJDi<I>DjCI> + 4n’n](I>DiDj<I> - énlnj (DiDjCI)(Q) — DZ'DJ'\I/(Q))
1 i k 1 i j k
—|—§n DD w; — §n n’DpD"h;;

Splitting the covariant derivative on the hyper-surface into the radial component and the

angular component, equation (6.65)) simplifies greatly. (The details of the decomposition is
given in Section [6.13))

252D d D’ D D A
A0 Ds _ 45DA3)\+8d5 (® —d,) — PLLEZPVS {dé A}/ Vhd  (6.66)

d A2 d d d
b d*e 2
+4Vlb(I>VL5DA — 20D 4 12 +Vio
d Dy de , d@o do do )
— —2—— 16— — d, — 8D + D’
a\ { T’ [ U P S L P D SR

1d2 w)| 1dw|‘_1d2h||+dh”

2 d A2 2dA 2 d )2 d A

d@) d2 d o’ d2d d2@g
+4

b — 8D 49, 8P, "
dA d A2 dA * d)\2+ * d A2

+@9 48V, / vlicp} — Dy

o

—a5522]52w +2 (

—8V' P’ mcb+ (vaH Vih)) +49,Vi® + - (v -+ Viv)

Ao

= ga(N). (6.67)
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It is more instructive to split up into scalar, vector and tensor perturbations. The contribu-

tion to the area distance at second from scalar perturbation only is given by

d26%2D 4 dDa d@o do do

— L = _ -2 16—® — 88—, — 80P + D@’ + Ay’ 6.68
a2 A [ o TP T e (6.68)

A 2 /

dd d2o do

o b®| — Dy | —a0%,: 087 + 2 4—— P — 8D
eV /ovL } "‘[ OO (d)\) e T
d2(2)

420 v
10,82 1 83 0" +
bz +8 e

A
— 8V’ / Vip®+49,Vi0 + (v ®+Viv)

de® _doD’ doD déD
+45D’Aa+8 ) (®—®,) —4 dAA SVM{ A}/ V4o

d2®
Tz T Vi@)
= gS(\). (6.69)

+4V 1, @V 6D 4 — 20D 4 (

The product of the first order area distance and the gravitational potential will be evaluated

in detail in Section [6.13] The contribution from vector perturbations is given by

d252DA dDy de DA d? w| dwﬁ 1
a2 T T {H K “"} 2 @ T T o V| (670
— gB(\). (6.71)

By comparing with the first order result, the last term in equation (6.70)), i,e the Laplacian
of the vector perturbation may be interpreted as a contribution to the lensing effect from

induced vector perturbations. For tensor perturbations we find

d*°Dy _ dDa, 1d2h  dhy 3 1
= it DPal; - - h+=V2h 6.72

d \2 d X | T LPa 2 d\2 d A= \,)? H‘I'QVL I > ( )
= gh(N). (6.73)

Notice also the contribution to the gravitational lensing from induced gravitational waves. At
second order, the shear contribution to the area distance is non-vanishing but it contributes
as a square of contribution from the first order piece. Hence we calculate this from the

equation (|6.21)),

1

d522 2
L L OHY,, = —— (NfNjf — §NijN€f > D.D;®. (6.74)
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Without loss of generality, we set the shear at the observer 55]1)60 = 0, then shear at first
order becomes
. 2 [N
0pe(s) = ——= dAV;VH . (6.75)

2
a Mo

The general solution to equation (|6.68]) is given by

As
Ao

5D, — /AS /As gSg(/\’)dXd/\:/ (s = N)gSa(\)d A (6.76)

In the second equality we have performed one of the integrations using an iterated integration

technique for double integrals.

e Scalar Perturbations: We find for scalar perturbations after several integration by

parts and simplifications,

52DA 2 2 2
S = (U ) -2 — 4D(®, + D) (6.77)
A
A
" A=) d® | diD déD, _,
46D! ©—®,) —d—"%
/ D —h) [Py T8 ) A
déD d20
+8vu,[ A} / Vi B(A)d A + 4V PV 6D — 25DA( etV )}d)\

B /A:\ (()is__;;)‘) [(‘IJQ)/ + o2 )] dA\+ ﬁ //\:\ 2(®® + ™) dA

A 2 2 /
SAs=ANA=X,) | [dD d?® do "
-9 - —
/o O — ) B\ +2<I>dA2 4<I>d)\+2[2<1>0q>

A

(A=) 8 A
O, Vi0||dA+38 (—<I><I> —/ 20,0 — P2
+0,Vi®|]dN+ A ) d)\+<)\s_)\) 0[ JdA

_|_

)\g )\ )\ ) A
8/ Vi@ [ VER()dAdA
Mo (As —M Mo

s A
8/ vmb/ VED(A)d A d A
N (s —)\

4/8 V V.V >\1d)\1/ vy (/\g)d)\g]d)\
Ao

EAsA—AA Ao)
2 Jx Ao)

_l_

(Vi@ +VIU®)]dA.
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e Vector Pertubations:

62D 4 1 2 As L[ AN = A)
D, _§(w||5+3w”0)+—()\5—>\0) /A W||d>\+§/% W||d)‘—2/% —()\S_A())“’lld)‘
A A
s (As — N 1/ *As = AN =) oo
_Z dX. .
+/)\ ()\S — )\o)()\ . )\O)w” 2 X ()\S o )\o) VLWH (6 78)

e Tensor Perturbations:

62Dy 1 1 As 1A A (A = A)
= —(h hig) — ————— hyd X — = A+ 2 ~2 R d A
Dy = e =gy ey f e [

(A=) L[ (A=A =) g
—3/}\ ()\s — )\O)()\ — )\O>h||d)\ + 5/}\ ()\5 — )\O) VLhIIdA- (6.79)

o

We remind the reader that V2 is related to angular derivative V3 through

2
VoX + ———9X. (6.80)

2
X p—
Vi (A=)

()‘ - )‘0)2

We chose to use V2 because the equations appear more compact in the representation.
For quick understanding of which physical event is coming into play at second order, we

may re-write the entire second order contribution as

62Dy

Dy

= Boundary + 2nd-order ISW + 2nd-order lensing + integrated shear (6.81)

+6D 4 x ® + (1st-order potential)?,

where the boundary terms are the corrections to the distance given by differences between

the metric potentials at the source and observer:

1 1
Boundary = —§(w||s + 3W||0) + §(h||s + hHo) — (\IJ(SQ) + \Iff)z) + 2@22)) (6.82)
—4P,(Ps + D,) .

The integrated pure second-order effects come in two parts. First the ISW terms are integrals

over the metric potentials along the line of sight:

1 As )
0(2) ISW = m/ [2@(2) + 2\11(2) + 20)” — h” ()\ — )\5)(\1/(2)/ —+ @(2) )

1
5 (=3A = Ao+ N + (20 + A = 3NA]Jd . (6.83)
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Then we have the second-order lensing terms:

1 A=A =X,
0(2) lensing:—é//\ ( o )_()\) )Vi [P+ U® +wy —hy]dX. (6.84)

The shear of the matter along the line of sight gives an integrated contribution at second-

order:

integrated shear (6.85)
. A A o
:4/ (A)(A(A A)A(A) Ao) [/ ViViy®(A)d A V<’VJ><I>(/\2)d)\2}d/\.
o o o A0

we have the terms which are integrals over the first-order potential:

A A= AA=N) | /dd)? d2d d o’
ial)* = —2 (s A == 2P — 49 4®,0"
(potential) /O o — ) (d/\) +203 D T4

(As =)

As
20,V2 0] d ) — 2
+29,Vi®] d A 8/0 Y

A
[Vi®— (A=) V1] { V’j(I)()\l)dAl} d A

Ao

+ﬁ /As [(As = N)2P' — D2 — 20,] d \. (6.86)

Next comes a contribution from an integrated coupling between the first-order distance,

coupled to the potential

A /
(A —A) [.doD, déDy
D o = d—-d,)) -4 d .
5Dy x / Wiy ( R (6.87)

déD 4
18V, < A) / Vi d(A)d A + 40D, — 5t AV OV 6D,

d2®
—20D 4 <W + vi<b)1 dA.

This coupling integrates density fluctuations twice along the line of sight and is a key new
effect for nonlinear lensing. Further simplification of equation (6.87)) is given in the section

6.13, however, the dominant terms on small scale is given by

SDAx® ~ —2 /AS H {2V’ /A()\S A= A)VLVEBOA)AA, (6.88)

A A
1 [ A=A VLVIR0 [ Vie(d
Ao Ao

A
—vicp/ s — N\ = A)V2D(\)d Al] d .
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Finally the area distance in a perturbed FLRW spacetime is given by

2 — 2
Da=aN) (A —A) |14 284 10 DA] (A=) ll 5D 162D,

s 4 4 o 6.89
D. 2 D, (1+2) Da 27D, | (6.89)

where we have used the background relation between the redshift and the scalar factor

a(A) =1/(1+2).

6.6 Observables on the Physical Spacetime

The area distance in a perturbed FLRW space time up to second order in perturbation
theory given by equation ([6.89)) is not observable because:

1. D, depends on the background redshift which not observable.
2. The integration is over background photon paths which photons do not see.

3. The Dy in equation ([6.89) is calculated with respect to the observer with a vanishing

peculiar velocity.

Thus to obtain the correct physical area distance we start by expanding the background
scalar factor as a function of physical affine parameter distance (radial distance) of the source

through a Taylor series expansion:

dH,
dA

a(A) = a(Xs) {HH oA + H S+ = [ } (5/\)2+O(53>\)} . (6.90)
where we have performed the Taylor series expansion around the position of the physical

position of the source and we have also made the following replacements

dr

_ 1ldas d2a dH
Cagd)’ ad )

%2) L A= A+0N+ %w. (6.91)

Inverting equation (/6.55)) and then expanding in power series, the resulting equation becomes
after using equation ,

>

1 1 1
= ( J { (Hs0A = J1) + (5H852A—§J2+JE—H8JIM (6.92)
BTN

d A

(14 2) o)
( )aw)+OWMy

N | — >/>
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Thus from equation ((6.92)), the background scale factor may now be re-defined in terms of
the physical redshift according to
1 a(As)

(I+2)  a() (0:95)

As we shall see in the subsequent section that this re-definition corresponds to performing
the spherical harmonics expansion in a sphere of constant physical redshift. To ensure
consistency of equation (6.92) given the re-definition in equation (6.93)), It immediately

requires that the following relations are satisfied order by order

J1 1 H
O\ = E, 8\ = E |:J2 - J12 (1 + @)} . (6.94)

Thus using the scale factor in equation and A = \ — 6\ — %52)\, we find the area

distance to second order to be

A 1
Di = a(A)(A — Ao) {1 + {D_A + (1 - m) J1] (6.95)
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A www))
= i .
2 Hg()‘ - )‘o) H()‘ - /\o)

The integrals in equations (6.337| )and are performed over the background affine
parameter, at first order, it corresponds to the physical affine parameter under Bohm ap-
proximation, however, at non-linear level, the integration measure for the first order terms

will need to change. This requires that we replace the background measure at first order



6.6. Observables on the Physical Spacetime 174

with

LH 1dJ

o dJ1 dDHU_d(I)
H2 H 4\

) h ~ = — 420
)d)\, where, 13 Y d)\+

dA:dX—( . (6.97)
Now we boost the area distance we have calculated to the frame of the observer with non-
vansihing peculiar velocity. This boosting introduces an additional Doppler term through

the relation between the solid angle in both frames

40 kat\  E
S (A“):—A. (6.98)
a0 kot

The area distance depends on the solid angle according to

dA,
dQ -’

Dy = (6.99)

From equation , the area distance in both frames are related

- (E
D=|—=|D 6.100
(£)o. o

where F JE =1—n%, + %vav“. Expanding E /E in perturbation theory gives

E

i =1—n*Dyv, — n* (U](%,

1 .
2+ Dpvl) + (@5 — ,)n"Dyvs + §DZU3DZ-US : (6.101)

where we have substituted for én’ using

As As
on' = —n' (O, — ,) — 2n"/ nFDp®d X + 2/ D'®d \. (6.102)
For the general non-linear result, we need to re-express the first order contribution so that
the integral could be performed on a physical spacetime instead of the background spacetime.
This is a very complicated task and we have deferred the full details to Section [6.13] At first
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order the area distance is given by

A

DA(Zm /\s) - CL(j\s)(;\s - 5‘0)

1 A 4 Yo
+211 - ———F— / CD/d/\—}-—/ dd A
7'[5()\5 — )\O) h) ()‘s - )‘0> s

_2/:%@%_/&0 (As (—AA)_(AA—) )\o)viq)d)\} .

The luminosity distance may be calculated in the same way using the duality relation.

6.7 Recap of Important Equations

We would like to re-arrange the equations for the observed redshift and area distance we
have calculated into a form which will be most suitable for expansion in spherical harmonics.

First the observed redshift of the source is given by,

Ly a(A) 5z 1 6%z B ~ 1
(1+2) = ) 1+ it 7) +§(1+2)} =(1+2) {1+J1+§J2} : (6.104)
where
XS
Ji = (9vs — Ovo) + (D5 — ®,) + 2 / n*Dy®d ¥ (6.105)
0

and x = (A —X\,). We split J; according to the mode of perturbation. This is same as in
the CMB calculation, where the magnetic quantum number, m characterizes the mode of
perturbation. For example m = 0,1,2 denote respectively the Scalar, (S), Vector, (V) and

Tensor, (T), perturbations, hence we split Jo in line with this characterization.

. . ‘ 0(1)x0(1 ,
o= 543y +F Ay O 4 P rom (6.106)
where O(1) x O(1)) stands for the product of two first order terms that has its contribution
from structures that lie along the line of sight and O(1) x O(1), stands for the product of
two first order terms that has its contribution from structures moving transverse to the line

of sight.
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From the previous section, the J’s are given by

S = (W — v(2)> + (Djvl = Dyl?) + (¥ — ) (6.107)

Xs
i = (vﬁ?—”ﬁ?)+(D||U§2)—D||Ué”)+(W|s—w”o)>+/0 Owydx,  (6.108)
Xs
= —(hns—hno))—/O O hydx (6.109)
Xs
Ja = (ViosVios) = (ViwoViv,) +8 / (Xs — X) V1P, V*®d x (6.110)
0

Xs X X
+8/ / vJ_k(ID<X1)dX1/ Vi (x2)d xod x
0 0 0

jr O = [(DpuDy) = (DyuaDyw,) + DyrDyes + (302 = @2) — 20,8, (6.111)

Xs
-2, (D”Us — QDHUO) + 29, (D”UO - 2D||Us) +4 (DHUS — DHUo) /0 CI)/dX
0 Xs Xs
+8/ dP'dy — 8/ (®, — ®)®'d y — 4/ (@, — ®,)®'d x
s 0 0
Xs X
_8/ ((CD’ — nFDi®,) + (¥ — / " (x1)d X1> (® — ®,)d
0 0
Xs X
0 0

The area distance at first order in the form most convenient for later use is given by

6D 2 Xs Xs s —
AN {-@S —®,+ x_/ Od y — 2/ 06 =X g g (6.112)
s JO 0

DA(S) s
_/Xs (XS_X>XV2 (I)dX:| )
0 Xs -

At second order , we also split the area according the type of perturbation with an additional
term coming from the product of the area distance at first order and gravitational potential
at first order,
#Da _ #Di°, #Di" 8Dy DA (6.113)
Da Da Da Da Da '
52D, VHPVLe  gap Sher  gyp 6Dax®
Dy - D4 Dy
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where

62D

Dy

52 DA Shear
Dy

0D A XD
52D,

1 Xs Xs s —
_(\11<82>+<I)<02>)+X_/0 <®<2>+\Ij(2>)dx_/0 (Xx—m(ﬁn\lf(@@.llél)

s

1 Xs s —
+00®) dx - 5 / (XX—X)X (V20® + V2 U™ dy,
0 S

Xs Xs Xs
Xs — X 1 Xs —
/ gwudx + - a||w||dX — 2/ (
0 XsX 2 /o 0

s — X
—)3\\w||dx
Xs
1/’“’ (Xs = X)X o2
—= ———=Viwdyx,
2 0 Xs + H

1 Xs Xs _ X 1 Xs 1 Xs
—§h|o—3/ gthJr—/ hndx——/ Oy hyd x
0 XsX Xs Jo 2 Jo

Xs s — 1 Xs ¢ —
+2/0 <XX—5X)8h|dX+§/o 06 =X gy (6.116)

s

Xs _ 2 2 /
—2/ O = X)X [(@) +2<1>d—q)—4c1>dq)]dx
0

Xs dx d x? dx

(6.115)

Xs _ Xs _
0 S 0

X
XS
+X§ 20, — &% d x — 4D, (D, + Do), (6.117)
Xs \ X
8/ OCS’X—X)XVMP’/ VA @(x1)d xad x
0 s 0
Xs (XS _ X) X
8 / X—wcb / VEd(x)dxad (6.118)
0
Xs
4/ alx U ViV, ®(x1)d xi (6.119)
0

X . .
/ V<ZVJ>@(X2)d Xz} dx,
0

X (s — X) 4  dsD’ 46D,
Ws 7 X) 1y5p, S2 d—d,) -4 Ay
/o Xs { 1y Ty ( ) dx

déDy
dx

42
—26D4 (d . +viq>>} dx.

+8vﬂ,[ } / Vi ®(x1)dxy +4V BV 6Dy
0
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Other terms needed for further simplification of equation (|6.120]) are given by

Xs Xs
0Dy = —x(®+P,)+ 2/ od y — 2/ (xs —x)0)®d x
0 0
Xs
—/ (xs = x)xVi®, (6.120)
0
Xs Xs
ViidDy = —x(Viu®+V, 9, + 2/ Vi®dx — 2/ (xs = x)V1:0®d x
0 0
Xs
- [T e ovavie, (6.121)
0
d6D,; 4 ,
rE (®+®,) Xdy 2(xs = X)) P — (xs = X)XV1®, (6.122)
déD dVv ;o
Vi [ dXAl = (V5 ®+V,P,) — xs = 2(xs —x)V1:0P (6.123)

—(xs — X)XV LViD.

6.8 Full Sky Spherical Harmonic Expansion

The equations we want to expand in spherical harmonics depend on metric variables that we
have properly decomposed into irreducible forms on the screen space. Having these variables
in this form makes it easier for one to expand them in spherical harmonics without much
further work. For example, the scalars in our equations may easily be expanded in spherical

harmonics as follows:

[e.9]

¢
X(mxom) = Y Xen(n, x)Yem(n), (6.124)
=0 m=—¢

where X = {®, 9", ®® W® ), hy} and 7 is the conformal time on an FLRW background.
Also FLRW background, n = A and x is the radial distance which also corresponds to the
affine parameter distance, y = (A — \,). In the literature, some workers use r instead of ¥,
here they represent the same thing. The moment of the scalar X (7, y) may be obtained by
multiplying both sides by Yz, (n) and using the orthogonality relation:

Xom(n 1) = / 40X (., m)Y;i, (n) (6.125)

The multipoles of each of these fields may be evaluated in terms of the spherical Bessel

functions by first expanding them in Fourier space and using the Rayleigh’s formula. For
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example any scalar field, say ® may be expanded in Fourier space according to

B(x) = / %@(l{:)eik'x, B(k) = / A3 (x)e % (6.126)

Assuming simple scalar plane wave propagating towards us, its waveform may be expressed

in terms of the spherical Bessel functions using the famous Rayleigh’s formula,

ik;x?

e — ke 0=3) — 5700 1 1) (=) jo(B(A — A Vi (K)Vam(n),  (6.127)

14

where we have made use of equation (6.32). In most places we will not include the summation
sign (>_,) in the equation to reduce clutter. The reader is hereby advised to bear in mind
that the summation sign exists where appropriate. The spherical harmonics in different

bases may be added using addition formula for spherical harmonics
Pu(k 1) = ¥, (K) Vi (n) (6.128)

where P@(f{ -n) is the associated Legendre polynomial, which is approximately related to the

spherical harmonics according to

Pk -n) = (%4—11)3@0(:1) | (6.129)
Here we have set the magnetic quantum number, m, to zero, this is equivalent to aligning
the angle between k and n with the angle between n and z-axis . For the calculation of the
monopole and the two-point correlation functions that we have in mind, this approximation
is valid since a scalar plane wave propagating along the z-axis is symmetric with respect to
¢ rotations due to the axial symmetry. However, the gravitational waves and the induced
vector field are polarized along x- and y-axis. This polarization activates a particular mode
after integration over the entire sky. This polarization will contain a spherical harmonic
expansion as Yy, +1(n) for vectors and Yyio(n) for the gravitational waves, indicating the
mode each perturbations activates. The approximation may no longer be appropriate when

calculating the bispectrum or trispectrum because one is required to average over all possible

directions of the azimuthal angles. Substituting equations (6.129) and (6.128]) into equation
(6.127]), we find

e =N\ [Am (20 + 1)(=i) je(kx) Yo (m) , (6.130)
l
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Z , n:line-of sight direction
: photon’s traveling direction)

vz

" y

Figure 6.1: The direction of the line of sight indicating the angle each choice makes with
the z-axis. Credit:[23§]

where we have made use of z* = 2! —n’(A—\,), with 2/ = 0. We also decompose the Fourier

vector k' in a helicity basis and align the radial component with n’

) . 1— p? I o
E' = pkn'+ky/ T,u (e7®m! +e*m’) . (6.131)

Here p is the cosine of the angle between k' and n‘, m’ is the helicity basis and & is
the rotation angle in helicity basis. The mathematical properties of m’. are listed at the

appendix. In the sections to come, we will see that it carries spin degrees of freedom,

1—p* 4 '
m®) .k = —y € & ntk = pk. (6.132)

we also decompose the direction vector in helicity basis e in Fourier space

N 1— 12 ) .
n = pkt /=5 (e 4 ever) | (6.133)

[1— 2 . . .
e® .n= T'ueiw’ and m'y -ef = (14 p)e e (6.134)

so that
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here ¢ is the rotation angle in e; basis in Fourier space. With all these tools, we are now
in a position to calculate the multipoles of the terms in equation ((6.124) and the associated
two-point correlation function.

e Pure Scalar field

For a pure scalar field, the computation is straight forward, we only need to expand in

Fourier space and use the Rayleigh’s formula

o, :t/¢mﬂﬂn;dﬂm (6.135)

d3k
- Z / K)To (1, )i/ 0+ 1Djo(kx)0mo,  (6.136)

The associated two point correlation function for the first order ®, is given by

1
= ——(® [0} Nl
Cf (2£_|_ 1)< lima £2m2>7 (6 37)
2 / / .
=2 / K2 KT (b, 1) T (K m) P () e (k) 2 (6.138)

where we have made use of
@)@ () = (27)0°(k — KTy (ke )T (K1) Py k) (6.139)

and set Py (k) = |P(k)|?.

At second order, we need to use the results of chapter [2| to finish the calculation for
®@ and ¥®. For example using equation (6.135]) for ®® we find,

1 dk [ dQy
(2) _ q)(z) (2) (2> (e 9 14
C (2€+1)< iy Pom) / / 5Py’ (0, k)lge(kx)|”,  (6.140)

where Py (n, k) is given in chapter [2| (equation (2.89)). The C{”s for ¥ and cross-
correlation function for ®@, and ¥® is given by the same formula with an appropriate

change of power spectrum as given in chapter [

e A psudo-scalar from a Vector w,,,

Vector perturbation is expanded in Fourier space according to

wil, ) = / % ik, mes(k) + ok, e (k)] ¢, (6.141)
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where the two polarization states of the vector field are denoted by two orthonormal
basis vectors e and e. They are orthogonal to k. It is better to work in helicity basis,

so we combine the orthonormal basis according to

et = % (e; iey) . (6.142)

Using equation (6.133]), we obtain the angular dependence of wj

1 1 —pu? .
Wpm = 27T - //d3k [wi(km Tﬂeim

47T 2€ + 1 . "
V / / @k F w* (k) (kx)Yiar YoV d 2. (6.144)

e xY),dQ, (6.143)

In the second line, we have made use of table to convert the angle to spherical
harmonics. The two spherical harmonics were then added using Clebsh-Gordon relation

and the result is given by

1 ((—1Fm)(tFm)
A, V()Y (n) = [—\/ 22 D)= 1) Yie-1ym=1(n) (6.145)

(0+m—+1)+m+2)
\/ 2(20+3)(2¢ + 1) Yernme1(n)

In the approximation that we are working, we sometimes switch notations Yz, (k - n) —
Yi(n) — Yy, because they mean the same thing in the limit m — 0. Putting
everything together, we find

/ 4Pk k
Wilg,m Z VAr(20+1 / i k, ) ”Iﬂlixm Sm,+1(6.146)

In the simplification above, we have used one of the recursion relations for the spherical

Bessel functions given in the appendix[B]. The associated two point correlation function

becomes

1
m <L{)Hgl’"“ﬂ w||£27m2> >

NG U P
= 6—1/ / 3P (1K)

The power spectrum PP (n, k) is given in chapter [2 (equation (2.101))).

C, = (6.147)

'z( X)

(6.148)
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e Psudo-scalars from a tensor

The Fourier mode of the tensor perturbation, h;; is given by :

d3k
hij(x,n) = / ) ¢ ™™ [ (k)R T (k,n) + 5 (k)R ™ (n. k)] | (6.149)
where the two polarization tensors ¢;; and g;; are expressed in orthonormal basis vectors

e and e and they are orthogonal to k,

(k) =

3;(k) = [ei(k)e; (k) + & (k)e; (k)] (6.150)
where ¢;; (k), with s = 4+, X, are transverse traceless polarization tensors, they are
normalized such that g; ¢® 7 = 26%. The polarization tensor, ¢;;(k) may also be

given in helicity basis, ¢;' and ¢;;* and they transform with a phase ¢**, and e*2¢
respectively under rotations around k with angle ¢. Assuming that both polarization

states are independent and have equal power spectra, we obtain
(he(n,K)hy (0 k) = (27)30°(k — K)6seTh(n, K)Th(n', k) Pu(k), (6.151)

where T}, (n, k) is the tensor transfer function, and the primordial tensor power spectrum
is denoted as P, (k). Using equation ((6.133]) we decompose the polarization states into

angles and use Table [6.1] to transform the angles into spherical harmonics

d3k 1 — p? .
e = [ Gy [h(ﬂ - ">%eﬂw] Y ind 2, (6152)

\/47r (20+1) d3k
= / k n)]z(kX)YzﬂYe oY, d €2 (6.153)
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Now we use the Cledsh-Gordon rule to add up

1

A—Qym(k )Yy (k - n) (6.154)

\/(£$m—3)(5—2$m)(5—13Fm)(€$m)
(20— 1)2(20 — 3)(20 + 1)

VACEm+2)(Em+ 1) Fm+1)(LFm)

. (20+3)(20 — 1) Yomaz(k - n)

_I_\/(E—i—1j:m)(€+2j:m)(€+3j:m)(€+4j:m)

Yie—2yma2(k - n)

Y k-
(20 +3)2(20 + 1)(20 + 5) (t+2yma(k - 1)

using one of the recursion relations for the spherical Bessel functions listed in the

appendix, we find

Miow = Z VAaT(20+ 1) 1/ / d3k h5) (k ﬂggéﬂm‘ (6.155)

The two point correlration function for A is given by

€/+2 // dSkl d3k2 (kb )h/(i)(k2777)>]Z1<k1X> ]€2<k2X) 6671]156)

(k1x)* (kax)*
In terms of the the primordial gravitational waves at first order, we find using equation
(6.151])
C — — o W 6.157
¢ (26 + ) < ||Zlm1 ”@2,7n2> ’ ( : )
2(0+2)! Jes (kx) Jes (kX)

. (6.158)

e [ BART 1) T ) P P

At second order, we simply replace the power spectrum in equation (6.156|) with the

induced power spectrum for gravitational waves at second order given in chapter

(equation ([2.124))),
_M/%/ d Je(kx) Je(kx)
Ce =21/ & (27_[_)37Dh<2)(777 k) by’ : (6.159)
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Spherical Harmonic In terms of p Normalized
0Y10(k - n) g Aqp
+1Y10(k - n) ieﬂf\/g\/@ iiNleiiC\/g\/(l—_;ﬂ)
0Y1+1(k - n) :Feiw\/g\/% FAeF \/@
+2Y20(K - ) ey 21— 1) Age 5 (1 — 1)
oVao(K - ) L EGw -1) — V>3 (32 — 1)
0Yaio(k - n) 15 a -id)e %) pt2id AQ@eim
Vs (k- m) e B (1= 52 IS | A (1 5p?)
+1Y141(k - n) i%\/geﬂ(“‘b) (nF1) HLAHEH) () 7 1)
ilyzo(k . Il) eiic\/glu\/ﬁ teiicum
+2Y240(k - n) et \/>(u F1)° — LN, et2ilcre) 3D
+9Yori(k-n) 1i(26+9) \/;\/1 EES) A, eti(2+6) \/M (1T 1)
aYa(kom) | Fhet 0 2 I (1) | N0 [t (5 )

Table 6.1: Spin Weighted Spherical harmonic Transformation table.

: _ 241
was done using A, = e

_A4Amel NE _ Z

e+ im

The normalization
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6.9 Methods of Spherical Harmonics Expansion

There are two ways a full sky spherical expansion could be implemented:

e The first is called Total Angular Momentum (TAM) approach: it involves using the
Clebsh-Gordon relation to add the spin component to the orbital angular momentum
to obtain the total angular momentum which is measurable. This approach is most
useful when a non-zero spin object is involved, because it leads naturally to a situation

where possible coupling of the fields with different parities could occur.

e The second approach called the 0 formalism approach: it involves invoking the O
formalism to convert all the angular derivatives on the screen space to 0. The resulting
0s will then act on the spherical harmonic by raising or lowering its spin degrees of
freedom. The major advantage of this approach is that it becomes easier to apply the

Limber approximation to the resulting equations.

The major difference between the two formalisms appears when the expansion in Fourier
space expansion is performed. If the expansion in Fourier space is done first to handle the
spatial derivatives, then we have TAM approach, the contribution from the Fourier space
in this case is called the spin component. However, if we convert the real space angular
derivatives first to 0 before expanding the result in Fourier space, the 0 formalism results.
Analytically, both the results are differ in some cases but we have not yet verified if the
difference remains after numerical calculation. Due to space constraint, we will give only the

result from 0 formalism.

6.9.1 0 formalism approach

With respect to the covariant derivatives on the screen space, it is possible to define respec-
tively, the spin raising and lowering operators & and 0 using the complex basis m.. For

example the conversion of angular derivatives acting on Xy to 0 is given by

C AS
04 X = —(m$VacXa, )mi, (6.160)
— c As
6:|:‘S|X = —(m_VQCXA|S|>m:|:H, (6.161)

where the minus signs are conventional. In our notation, we have for example, a typical scalar
field of the form X = X(n,x) has derivative operators of the form V,; on the screen space
acting on it. So we have to first re-write the derivative operators as follows V ; = %Vgi

and V2 = %Vé + %8“, before converting them into raising and lowering operators. For
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instance, the second contribution to the redshift and the area distance contain terms of the
form V ;®VY ®, we handle such terms like this

. 1 , 1o
mﬂerZX = ——6X, mZ_VMX = ——0X. (6162)
X X

The laplacian or V2 that appear in several places in the expression is converted to 30
P y 1, 2 1 = 2
mim; V,; Vi X = VX + -9 X =—-00X +-9,X. (6.163)
X X X X
For a scalar field with s = 0, the spin raising and lowering operators commute.
m' my; Vo, VHX =m'm_jVo,VaX = 30X = 00X . (6.164)

For the contribution of from the shear, both indices are symmetric and trace-free. Also

WK mfgnﬂr = 0, which leads to
i L i g I =
m+m+Vl<iVLj>X = ?5 X, m,m_VMiVLj)X = ?5 X. (6.165)

Some terms in D4 X ® have a three derivatives contribution and they are handled as follows:

. : 1. (1 2
mhV i (mimy; Vi,V X) = —;8 (?vgx + ;6”)() : (6.166)
1 2

The terms in the bracket were evaluated before the derivative is taken. After the conversion
of angular derivatives to 0s, we then expand every scalar quantity in spherical harmonics.

The Laplacians appearing in the expression are immediately replaced with
00X = Xew(n,7)00Y () = —£(€+ 1) X0 (0, 7) Yo (1) (6.168)

and at second order, we implement the following;

6X18X2 == X1€m<n7Tl)X2€m(n7T2)6}/1€m6}/2€m s (6169)
= — [0t + D)2 [l + D)2 X, (1,71) Xy, (1.72) 11V, -1 Y2y, (6.170)
00X,00X, = X, (n,r)00Y1,, X, (1,72)00Ys, (6.171)

N \/EZ - 3: \/EZ - zgix&n("a ) Xom (1,72) 42Y1,, Y2, - (6.172)
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Applying all that we have described above to equation (6.247)), we find:

oD d3k
5 - SN=CTESy ) [ s (TR (6.173)
=0
+ T ; xe (Xs — X) -/
— a(n, k)je(kx)dx —4 [ =—=To(n, k)kj,(kx)d x
Xs Jo 0 Xs
Xs _
o+ 1) [ a0 | V()
0 XsX
At second order perturbation theory, we split the area distance as follows:

52D, §2D,° 82D,Y 82Dyt

= 6.174
Dy Dy + Dy + Dy ( )
+52DA<I>><<I> 52DAVJ_.;<I>V1<I> N 52DAShear 52DA§DA><<I>
Dy Dy Dy Dy

First we present the relativistic second order terms result

82D, 82D.° 82D,V 82D,T
A Ay 2 A

= 6.175
D4 D4 D4 Dy ( )

where

4m(20+ 1) ®(kq, ko] 3* (6.176)

(2)(X87X /Jlk17k17k27 mOS/Emv

2D Vv / 3k
5D <) = Z\/zm 2041 \/g ” / d ®(kyq, ko] i (6.177)
A

A<2) Xsa X5 Mk s kl: k27 mil}/ém ’

2D, " 2)! L
5D 4 = Z 0/Am(20 + 1 1/ (£ + / d ®(ky, ko] (6.178)
A

A<2) (X& X5 Mg k17 k27 miQYva .

We have made used of the following notations in the simplification

K[®(k, ko)] = / éﬂl)‘g / ?%k)f,’@(kl)é(kg)(%)?’é(kl+k2—k). (6.179)
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and
A<S2)(X87X7/1'k17k17k27k)) = [_f\l/(Q)(naNk’laklak27k)j€<kX5) (6180)
Xs _
_2/ % (f(I)(Q) (777Nk17k17k27k)
0 S
+f\II(2)<7]7luk17k17k27k))j2(kX)dX
1 Xs »
+X_/ (f©(2)<n7ﬂk17k17k27k) +f\I/(Q)(na,ukukl;k%k))jf(k)()dx
s JO
00+ 1 X (xs —
_M/ u (f{)(2) (nhukuklvk%k)
0 XsX
+f\11(2)(777p“k17k17k27k) ]f(kX)dX:l )
Xs - (ke /
Ag)(X&X?N/ﬂ?kl:k%k)) = + |:_3/ (XX—X)fw@)(n?Mkmklak??k)k (%) dX (6181)
0 S
1 Je(kx)\'
— 2 ki, ko, Kk | —==
+2/0 fw()<n7:uk17 1,182, ) ( ij dX
Xs s — . k
+ fw@)(naukuklvk?vk) <X X) (jf( X>> dX
0 XsX kx
We+1) [ o= x) (Gelk
_ ( )/ fw(Q)(n7#k17kl7k2>k)(X X) (38( X)) dX:| ,
2 0 XsX kx
1 [X (K
Aglg)(X&X?/JJkl?kthvk)) = |:_ fh(2)(777,uk17k17k2>k> (jg( XQ)) dX (6182)
Xs Jo (kX>
Xs . — . k /
+3/ ufh@)(nmukmklak%k)k (.]Z( X2>) dX
0 s (kx)
L[ Je(kx)\'
—— 2 ki, ko, kK)k d
2/0 fh()(nyuk‘n 1,182, ) ((k‘x)Q X
X (xs = x) (je(kx))
-3 s iy K, koo k d
/0 Tn (1, e, ki, ko, k) XX (kX)Q X

_W; 1) /0’“ 0= e ek, K) ((ﬂ(’m)) dx] .

XsX
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For terms quadratic in two first order gravitational potentials, we multiply two spherical

harmonics using the Clebsh-Gordon rule:

S1 }/el ;1M1 82 )/EQ ;12

_ \/(261+1)(2eg+1)(2£3+1)(g1 ‘s gs>

4m mip Mg, —Mm
14 12 14
X ( ! 2 ’ > sng,m; (6183)
—S1 —S92, —S
(51a5278)g5152€3m1m2ms}/53m ) (6184)

where the brackets stands for the well-known 3jm-symbol. In this case we are using /3 to
denote j the total angular momentum. This is to avoid a clash with the spherical Bessel

functions. The particular cases of importance are

200 +1)(205 +1)(205 + 1 0y by / / /! 14
23@1,025/22,0:\/(1 V(265 + 1)(205 ><1 ) 3>< ) 3>YM

4m 0 0, 0 2 -2, 0
= (2,72,0)%1@%30003@3,0 (6.185)
(200 + 1) (20, + 1)(2034+ 1) [ 41 Ly L by Uy Uy
Yo 0-1Ye = —\/ Y,.
142,,0-1445,0 A 0 07 0 1 _17 0 43,0
= _(17—170)g€1€2f3000n3,0 (6186)
(201 + 1)(20+1)(205+1) [ €1 5 L5 by Uy U3
Ye 00Y = Y,
01/¢1,00442,0 \/ Ar 0 07 0 0 07 0 £3,0
= (0,0,0)9@152430003/43,0- (6.187)

where we have replaced the 3j Wigner symbols with equivalent Gaunt integral notation in
the last line.
52DA 52DA PxP (52DA V1,®Vi® 52DA Shear (52DA 0D s xP

— . 6.188
Dy Dy * D4 * Dy * D4 ( )




6.9. Methods of Spherical Harmonics Expansion 191

52D dxP 00
5 A = > it fan (205 + DK@ (k) D(ks)] (6.189)
A =0
WA<I>><<I><T], X ]{71, kg))(sm’onm R
(52D VlﬁDVﬁ_q) 00
5 A = > i /ar (20 + DK@ (k) D (ko)) (6.190)
A =0
WA 0, o e, ) Yoo
52DA Shear 00
5 = Y i/Am (25 + DK@ (K ) D (ko)] (6.191)
A =0
WADA Shear(na k17 k27 k‘l)am,OYEm )
where
d3k [ d3ks
® (k)P (ky)] = ——2 (k) D(k 192
Klotk)o)) = [ G55 [ Giat) o) (6.192)

For 6D 4 x ® term, it makes more sense to split it into parts with a contribution along the

line of sight and the part orthogonal to the line of sight,

DA X ® = 6Dy x By +6Dy x D, (6.193)
where
dDs x &) = f: VAT (205 + 1)K[® (k)P (ko )i 2 (6.194)
IE;OA(;DM@” (1, k1, k2, k) Om,0Yem
6Dy x &, = i VAT (205 + 1)K[® (k)P (ky)]i (6.195)
£=0

WéDAXCDJ_ (777 kl? k27 k)(sm,()}/fm
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with

0,0,0)94152133000WA<1>X<»(77, X, k1, k2)) ,(6.196)

A (20, +1)(20, + 1
Waexe(n, X, ki, k2)) \/ : 2+ 1)

253 + 1
Wasxe (1, X, ki, ko)) = [ X”‘ ( (T (1 ko) b, (1 X))
X Tq>(771> kz)]@(kﬂ)) + 2T (1, k1) 77, (kix) T (12, k2) je, (Fax2)

—4Tg (1, k1) g, (k1x) Ta (12, k2) je, (k2X)> dx

X (Xs - X) y . .
18 / Ty ) o R () () x
0 S
8 Xs

R To(m, k1) To(n2, k2)je, (kix)je, (kax)d X] , (6.197)
s Jo

(1,-1,0 G150, (6.198)

L Am(20y +1)(205 + 1
WZD‘W Yk, ko, k) = \/ ( 1(%31(1)2 )

G+ (G + 1) v evie
X yYL ek, k) |
\/wl—l) e — 1y Vana (R R R

Xs _
WV, ko ko k) =8 / %(T&(ng,kz)m(@xa
0 S

X1
X/ X—T¢(X1,k1)j£1(k1X1)dX1dX _T<1>(7727k2>j£2(k2X2)
0 1

X1
/D ;Tq)(xbkl)jﬁ(klxl)dxld){) ; (6.199)
ear 47T 26 -+ 1 26 + 1
WADASh (n, k1, ko, k) = \/ 1% 1) - )(2,—2,0)9614223000 (6.200)
3
E + 2 E +2 ear
[\/ gi gz _ 2; £1+£2WADASh (777 kl? k27 k)] )
Sh Xs X 1
WADA ear('f],/fbkz,k) = 4/ X) |:/ X T (lekl).]ﬁ(lel)Xm((; 201)
0 0

v

X2} dx

X 1
X/ — To (X2, k2)je, (ko X2
0o X
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A (267 4+ 1)(265 + 1
WAwaepH (0, k1, k2, k) \/ ( 1(%3_)'_(1)2 )(0,0,0)94113243000
X WA(SDAx@” (777k17k27k) ) (6202)
Wasn oy (1 K1 ko, k)= [AF1(x, k1) Ga(X2, ko) + 8F5(x, k1)Ga(x2, k2)  (6.203)

—4F2(X, kl)Gll (X2, k2) - 2F1(X> kl) (G3(X27 k2)
+Gs5(x2, k2))]

A (20 + 1)(26 + 1) [(0+ 1) (s + 1)1
WJDAXCI)J_(na klak%k) \/ ( : )( 2 >\/< ! ) ( 2 ) 7/£1+€2 (6204)

(20; + 1) (6, — D! (6 — 1)

(1,—1,0)g€1f2€3000 W(SDA%I)L (77, kl; k2, k) s (6205)

X
Wispaxa, (0, ki, ke k) = [8F4(X,k)/ G4(X1,k1)dX1+4G4(X7k1)F3(X,k?2)] (6.206)
0

We have made the following definitions for clarity.
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F2<X7 k)

F3(Xa k)

Fy(\ k)

To(n, k)je(kx) , (6.207)
To(m, k)5 (kx) (6.208)
To(n, k)jé’(kzx) 7 (6.209)
{Tdm k)’ (:X)} , (6.210)
Tt ) |10+ 27000 (6.211)

[—X(T<I>(777 k)je(kx) + 2 /0 N To(n, k)je(kx)d x — 4 /0 XS(XS —y) (6.212)

< T, WAk d x — €0+ 1) /O N %—;X)T@(n, k)ﬂ(kx)] ,
[(To(n, k)je(kx) — xTa(n1, k)" (kx) = 4(xs — x)ETe(m, k)5’ (kx) (6.213)
—(e+ ey, k)jmx)} ,

[—x@@(n, ) +2 ¥ To(n, K)je(k)d x — 4 / =)

<Taln G x e+ 1) [ =07 | @21
[(Tw(n, k)je(kx) — xTo(n, k)5 (kx) — 4(xs — x)kTw(n1, k)5’ (kx) (6.215)
ey, kmuex)} |

It is more instructive to isolate the dominant terms in contribution from 6D x ®.

SDax® ~ Y \/An(2 + DK (ki) (ky))i" [W(;DA@H (X, X, k1, ko) (6.216)
/=0

+Wspaxa, (Xss X5 k1, k2)] 0o
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where
_ s [ (Xs - X)
Wspaxa, (Xs, Xo k1, k2) = (Lol + 1)) (Gi(6 + 1)) v (6.217)
0 S
1 . A s .
X |:—;Tq>(7’]2,k32)j52(k'2)<2)/ Mﬂp(m,kl)]m(klxﬂd A
0 1
A1 A1
—4/ —2T<I>()\2,/€2)jez(k2><2)d>\2/ —T@(/\hkl)jel(klxl)dAl]
0o X 0o X
y b by Ly b Uy Ay
0 0, 0 1 -1, 0 ’
Gl +1)) (sl + 1 | Ny —
Wspaxa, (Xs X k1, k2) = b )ig 2 ))T<1>(7727k2)3122(/f2><2)/ O(Tm((;_glg)
1
. b by A3 b by U3
XTe (N1, k1) e, (k1x1)d A d
<1>(1 1)]@(1)(1) 1<OO,O)<OO,O>X

The dominant terms are those terms with the highest number of angular derivatives,
because they each contribute 1/x" and < 000+ 1)) to the overall integral, where n is the

number of screen space derivative.

Multipoles of the observed redshift

At first order, we expand the expression for the redshift in spherical harmonics

LC Zv‘”(?“l)ie/éﬂ)g@(k)WJl(x,k)ém,onm, (6.219)
=0
where

Xs
Wi, k) = kTv(ns,k)jé(/%)+Tq>(ns,/f)jz(/fxs)+2/ T (n, k) kg (kx)d x(6.220)
0

and we have separated the radial velocity into the primordial part and its transfer func-
tion, V|, (n,k) = Tv(n,k)®(k). Because we have a non-vanishing tensor and vector con-
tribution at second order, the total contribution to the peculiar velocity comes from more
than two sources: the second order scalars, i.e gravitational potentials at second order |,
which we define by its contribution with an associated transfer function as U‘(f)(n,k) =
(@/ ‘I’)FV” (0, i1, ki, ko, k)@@ (k). The contribution sourced by the vector perturbation is given
by vy; = (“’)FVH (ns, k1, ko, k)w;. Tensor contributions at second order do not source the pe-
culiar velocity. A third set of contribution comes from the product of gravitational potentials

at first order, which we split into the longitudinal and transverse contributions.
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.0(1)x0(1
ju()x (M

Ja|

where

W'(2>S(777 1, k17 k27 k)

J

ij)v(”’ H, kl» k27 k)

ngz)T(nu 122 k1> k27 k)

d3k

A (20 + 1)i

Ok, k)] (6.221)

XW(Q)S n, Mk7k17k27 Onma

(1) dk

€—1
XW(2)\/(77 :uuklqua m:tln’rru

(0 +2)! d3k
Z VAT (20 + 1) @ j 2 / D (ky, k)] (6.223)
XW (2>T(77 1 k1, Ko, K) O 20 Yom

Z VAT(205 + 1)i" 2 KD (kp ) D (k)] (6.224)

XW-O(l)XO(l)L (Xsa X kl, k?)ém Ongm s

Z\/zm 2s + 1) T2 C[D(ky )P (ks)] (6.225)

1
Wy 0, b R) O Vi

(204 1)

Ok k)] (6.222)

(I)/\I}FV“ (777 22 k17 k27 k)]ﬁ(sz) (6226)

+f¢o(2) (7]7 My s k17 k27 k)j€<sz)
Xs
+ / (ftb(Q) (777 My, k17 k27 k) + f\I/(Q) (777 My, kla k27 k)) Jé(kX)d X] )
0

jf(sz)

F |:(S)FV (nsnukaklak%k) Y (6227)
Xs - k ) /
+/ kfw@)(n?uk;klak%k) (jgl({; X )) dX:| R
0 Xs
(ke .
|:_fh(2) (7]7 My k17 k27 k) jZ( X 2) (6228)
(kxs)

Xs - k /
_/ kfh@)(nmukmklak%k) <j£( X)) dX:| ,
0
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A (201 + 1)(205 + 1)
(205 + 1)

01+ 1) (65 + 1)!
X\/(Efi — 15! Egi - 1;!)Wj20l(1>x0<1u (n, i, k1, k2)

0, (k 0, (k
Womso, (0, ki, kz) = {{Tvn(ns,kl)]‘l(TlmTv(ns,/@)%(x—mq (6.230)
2

Xs k
+8/ / { (1, k1) Jel (Xle)dX1

[ T80 0

Vngofnxom(??,u,kl,kz) = \/ +1,-1,0G0 00, (6.229)

X2

0(1)x0(1), B (20, +1)(202+ 1) 000
WjQ” (777 1, kla k2) - \/ (2@3 + 1) 000¢, 4905 (6231)
O(1)x0
><VV2||(1)>< W (777 K, kl: k2> )
O O . .
WO W*0), (17, 11, k1, ko k) = | |k1 Ty (s, k1) ko T, (0, k2)Jp, (K1xs) Jo, (KaXs) (6.232)

+3T5(ns, k1) Lo (ns, k2) [y (k1Xs) e, (kaxs)]
—4T5(ns, k1) jo, (kixs) Loy (Ms, k2) g, (k2xs)

AT, (1 k), ) [ Talo k)i x

—12 /OXS T, (s, k1) T (1, kia) joy (k1) Je (ax)d X

#8 [ Talom ) T Fabin (0 k)

+8 /OXS /OX To(1, k2)Tgn (0, kr)je, (k1x1) e, (kax)d xad x

Xs X
18 / Tl (0, ko) / T, K)o, (s ) s (o) d yad
0 0

It is important to recall that equations (|6.222H6.226|) are simply equation (6.106|) expanded

in spherical harmonics using 0 formalism.

6.9.2 Total Angular Momentum Approach:Normal modes

This approach was first introduced to the study of cosmic microwave background anisotropy

n [239]. Its importance to the analysis of physics of clustering of large scale structures was
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recently sketched in [240]. It has a lot of advantages since it deals with the total angular
momentum j = ¢+ s, rather than the orbital angular angular momentum alone, this makes
a lot difference in cases where non-zero spin object exists. Recall that the orbital angular
momentum and the the spin component are not independently observable, only the total
angular momentum is.

In the CMB study and also in the weak lensing studies, this approach shows how the
B— mode and the EF— mode of any polarization tensor couple in a clear and elegant fashion.
Also it is much easier to establish correspondence between STF moment formalism [241-243]
and the spherical harmonic formalism using this approach [244] 245].

The basic tool of this formalism is the Clebsh-Gordon addition rule for shperical har-
monics. It is used to add the spin and orbital angular momentum components, before the
recursion relations for the spherical Bessel functions is used to put the resulting expressions
in a more compact form. In most cases, the spin component is associated with the spatial
derivative operator on the spacetime and it is extracted by first expanding the fields (e.g

gravitational potentials ) in Fourier space as

X (z) / % (k,m)e’’ (6.233)
) om = m(k,n)e™ . .
2 (27)3 ¢ n
The resulting Fourier vector k¢ associated with a spatial derivative operator is then decom-
posed in a helicity bases with its z— direction aligned to the direction of the line of sight

nt,

) . 1 — u? ) ) o
k' = pkn'+k 2,u (e7“m’, +e“m") . (6.234)

Using table [6.1] the result of the Fourier space decomposition may now be converted into

the spin weighted spherical harmonics

L
X(Iia 1’1) = Z Z :tsX(xi)Zm:tsnm(n) ) (6235)

l=s m=—{

The equation (6.235) may be inverted by multiplying both sides by the conjugate of LYy,

and integrating over all sky
L X () = /X(a:i, n) Y, dQ. (6.236)

Putting everything together we recover the general normal mode function introduced in [239]
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for the spherical harmonic decomposition of CMB polarization and anisotropy.
7 d °k J
(z',n') Z 3i52€em (k,n)GE (k2 n?) (6.237)

where X stand for any field to be expanded in spherical harmonics and

o 1 .
G?/m(kv xlv nj) = _eZkiz isyém(n> 5 (6238)
Ny
with ‘s’ indicating the spin of the fields. The normalization N, = ¢ —(2?7;1) is chosen to

ensure agreement with the standard Lengendre polynomials or recursion relations for the
spherical Bessel function. It also helps to ensure agreement with the multipole formal-
ism [246]. The correspondence with the multipole formalism could not easily be established
with the 0 formalism.

We will now give a general prescription on how we move from from angular derivatives on
the screen space to the spin weighted harmonics. The first thing is to re-express the angular
derivatives that appear in the expression for the area distance into their 3D equivalent after
multiplying by the appropriate helicity bases vectors. Then the field say a typical scalar
field X = X (n, %) is then expanded in Fourier space and the vector &' as the case may be is
decomposed in helicity bases. Once in helicity bases, it is easier to convert the cosine of the
angle between k' and n'into spherical harmonics using table . The common derivatives

of X(n,z") that appear in the expression for the area distance are handled as follows:

L L d3k L
WmlV VX = mimlDDX = / ik X (0 (6.239)

= —/%(h)%(k) = —%/%(1—u2)k2X(k)eﬁi<7

o o . d3k
mim]_VMiVL”X = mﬂmJ_DlDJX = szim]_ / Wklk]X(k) (6.240)
m

_ &’k , :_1 ﬂ L 2\g2 o2
= [ X0 = =5 [ G = X e,
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i "’ o d’k
miVZX = zmiDiX =1m_ W
d3k A3k [(1—p?) 4,
[ et X 09 = [ iS5 xw,
2 b b, c dsk 4 21.2
ViX = D)D’X —n’nDyD.X = @np (—kik' + 1°k*) X (k) (6.242)
s

ds3 k

ki X (k) (6.241)

m,. Vi ViX = z‘m;D-(DbDbX—nanDchx) (6.243)
d’k (1—p?) +i¢
= z/(2ﬂ) k3~ S\ (1F5u) e X (),
4 d3k dk
DX = k — k). 244
DX z/(2 om0 = /(%)?WX( ) (6.244)

In the subsequent sections, we are going to make use these equations without specifying

explicitly the steps involved.

First order Perturbations

Let us now apply this technique to equation (6.63)). We will go through the calculation
in steps at first order to familiarize the reader with the formalism and at second order we
present the result with less details. First the expansion of the first area distance in spherical

harmonics is given by

6Da _ 6Da
DA(S) DA(S)Em m y

(6.245)

where the multipole moment may be given by

D D 3k, D
= [aageiys = [aa [ G By, (6210)
Das) 2(5)
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Substituting equation (6.63)) for 6D 4/D(s) we find

3 . Xs
wA = [ / Ik [ 01039 = @1+ 2 [ 001
0

S

/ wk@(m k)d x

v [ i 0oLy = ()| Vi
We may now replace e’** with

Z VA (20 + 1)i%5e(k(x)Yio(n) . (6.247)

Next we convert the cosine of the angle between k% and n’, u into spherical harmonics using

Table 6.1
6D
A / / Z VAr(20 4+ 1)i jg|: (s, k) Yo () — @1, k) Yo ()

Xs 1
2 / B, K¥ip(n)d x + 2 / 06X 1, k)= Vi Yio(m)d x
Xs Jo 0 Xs Ny

Xs s + 2 .
- / e ¥ XX gy, k)—Yzono(n)]nm. (6.248)
0 Xs N2

We now use the Clebsh-Gordon addition rule (see appendix (B for details) to sum up the

spherical harmonics, for example

2 o (6 —1)2 —m2)(£2 —m2) |
- EYQO(k)Ym(n)Jﬁ = [\/(26 )Pl 3) 2+ 1)](572) (6.249)

\/ (0 +1) — 3m?)?
(20 —1)(20 + 3)

((€+1)2 =m?)(((+2)> —m?) |
+\/ 20+ 1)(20 + 3)2(20 +5) 2 Yom(n).

Je
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For scalars with m = 0, equation ([6.249) may be simplified further

VIR D YalkYalnle = | o iea (@ (6.250)
26(0+ 1)
“@i—nei+3)’W
L+ 1)(0+2)
(20+1)(20+3)
— VI 1) 3(@) + jil@)] Yo(n) . (6.251)

Jer2ym () | Yeo(m)

In the second line we have used one of the recursion relations given in appendix [B] to finally
reduced to expression to a more compact form. Putting equation (6.250) back to equation
(16.248)), the area distance in terms of the spherical Bessel function at first order becomes

gf(ﬁ)“” = VAr(20+1) / %é(k)ie (=T (s, k)je(kxs) (6.252)
+% /OXS T<I><777 k?)je(kx)dx + 2 /OXS (XSX—tX)kT@m’ k)jé(kx)dx
B /OXS (XSI—SWWT@(?% k) (3¢ (kx) + je(kX))] S -

The derivative on j(ky) is with respect to the argument and we have set the multipoles at
the observer position to zero following [203].
For future convenience, the area distance at first order may be written in a more compact

form

Ds
S = Vi <2e+1)/

d3k ,
(QW)SCI)(k)ZEWéDA/DA (XS7 X kl)&m,OYEm (6253)

where

. 2 [Xx .
Wispa/pa(Xs: X, k) = {—ch(ﬁmk)Je(sz)‘i‘_ / To(n, k)je(kx)dx  (6.254)
0

XS
9 / 0 ) 4 (. ki)
0

S

+ /0 - (X‘“';:—SX”%QT@(U, k) (347 (kx) + je(kx))
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Second Order Perturbations

We split the the area distance at second order into components just as in the case of the 0

formalism
52D §2D.°  82D,Y  82D4"
4 = 4 424 - A (6.255)
Dy Dy Dy Dy
DA DA DA DA

We follow the same procedure as in the first order case with details on each step omitted.

First we give the expressions for pure second order scalars, vectors and tensors

52D 5

47T 20 + 1 Cb(kg)]WA(z)S(X, k kl, kg)(sm 0 (6 256)

2D v / 3k
5D 4 :FZZEH\/ZLW 20+ 1 \/g “1 / d ki) (k)] (6.257)
A

XWA('»V(X, k, ki, k2)0p 11

2D T / 2 3k
0D _ Z /A (20 + 1) €+ /d k;)P(ks)] (6.258)

XWA(Q)T(Xu k, ki, k2)5m,:t2
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where
Wams(t k) = [=farw) (1, i, K, Ko, ) je(hxs) (6.259)
1 / o (0, 1 Ky o, K)o (kx)d x
_/0 (XSX——ZX)kf@Hl (1, 1y, k1, ko, k) g (Rx)d x
B % /OXS (Xs ;x)x K2 Faovw) (0, ey K, Ko, K) (357 (k) + Je(kx)) d x
etk B /xs oo Ko ) (JE%)) ax (6.260)

S +
- / ukfw@)( ,ukm k17 k27 (
kx

S_|—
/ X X (2)<T] /J“kukh k27 k) (

e
(kx)

2
—%/ —% EX g (0, i e K KR (3 <”(’“X))H + jg(’m) dx}
1

s (kx) (kx)

o (k
Waorr(x, k) = {X_ fh<2>(77 Mk17k17k27k)j(£]iX;<2)dX (6.261)
. k !
/ kfh@ m, uklaklak%k) (J(ekgxzcg)) dX
. k /
/ kfmz) (1, pky, K, ko, k) <j(£kEX;<2)) dx
Je(kx)
3/0 fh<2>(77 Mklakhkz,k) )
L[ (xs +x)x Je(kx) Je(kx)

oy, etk (3 (5 ) + {5 ) et

with

f(q)+‘l/) (/’77 Mk‘l ) k17 k27 k) = f(I)(Q) (777 Mlﬁ ) k17 k27 k) + f\II(Q) (T’) :ukp k17 k27 k) (6262)

For terms quadratic in the first order gravitational potentials, we Use the Clebash-Gordon
summation technique just as in the case of the 0 formalism to add the two spherical har-

monics. We provide only the necessary steps involved in the derivation without commenting

much on each case
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d3k; [ d3k, 1l
[@d], = 47r\/(2£1+1)(2£2+1)/(27r)3/(zﬂ)gﬂb(klm(kz)z " (6.263)
To (1, k1) To(n2, k2) X [ie, (kix1)de, (k2x2)] Yo, 0Yes0
C EEL D6 )2+ 1) [ LK [k g gacynte (6064
- ﬂ—( 3+ )( 1+ )( 2+ ) (27_‘_)3 (271')3 ( 1) ( Q)Z ( : )
. . b Ly L b by 4
XTe(n1, k1)Te(no, k (K k
o (11, k1) T (12, k2) [Je, (k1X1) e 2X2)]< 0 0, 0 ) ( 00, 0 )
d3k; [ d3k, 14l
= Am\/(201 + 1)(205 + 1)000Gp e, / 2 / <27T)3c1>(k1)e1>(k2)zz T (6.265)
X T (m, k1)Te(n2, k2) [Je, (k1x1)de, (k2x2)] -
We now present the final results for terms quadratic in ¢ in a more compact form
52DA<I>><<I> 00 .
5 > il A (205 + K[ (k) P (k)] (6.266)
A =0
XWAW@(TL X kl; k2))5m,0}/€3m )
52DAV“(DV1¢ 00
5 > it A (205 + DK@ (k) P (k)] (6.267)
A =0
XWAV;iévql(b(na kl: k2>5m,0n3m )
52DAShear ) s
S > it A (205 + DK@ (k) P (k)] (6.268)
4 =0
XWADA Shear(T], K1y k2)0m,0Yegm »
6D4 x @ D it /A (205 + DK@ (k) P (k)] (6.269)
=0
XWA&DAX<1>H (777 kl; k2)5m,0n3m ;
6Dy x ) > it A (205 + DK@ (k) P (k)] (6.270)
=0

XW&DAXQU_ (777 kh k2>5m,0}/€3m )
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where
4m(201 +1)(20, + 1
Waexe(n, X, k1, k2) \/ ( 1(%3 —)1—(1)2 )(0,0,0)9514253000 (6.271)
WA‘I’X‘i’(na X kla k?)) )
i 4m(207 +1)(205 + 1
WAV; VL Sk ko k) = \/ ( 1(%3 1(1)2 )(1,—1,0)%1@243000 (6.272)
00+ 1) ba(ly + 1
X\/ 1< 12+ ) 2( 22+ )WVL@V q)(n’klak?ak)a
ear 47T2£ +1 2£ —|—1
Wap, 2 (1, kr, ko k) = \/ ( 1@@ —>i—(1)2 )(2,72,0)%152@3000 (6.273)
3
1+ 2)! (ly + 2)! car
X [\/Eei _2; 562—2; WADASh (n:kbk%k)] )
4m(207 +1)(205 + 1
Wasp, xe, (1, k1, k2) = \/ ( 1(%3 —)I—( )2 )(00,0)94142@000 (6.274)

X [WA(SDAX<1>| (777 kla k27 k)] )

Weone. (ks baBIN= \/zm(%l( 2:311(21?# 1) \/61(61; 1) 52(52; 1) (6.275)
X2 1 10)Gereae, " [WzSDAXCDJ_ (0, k1, ko, k)] ;
with
Waexe(n, X, k1, k2)) = | — Q/OXS (XS;—SX)X ( (To(m1, k1) s, (k1)) (6.276)

(T (1, k2)jg, (kax)) + 2T (n1, k1) 7, (kix) To(n2, ka) je, (k2 x2)

4Ty (1, k1), (kX)) Ta (12, k2) e (k2x)> dx

Xs —
+8 / %T&(m, k1) To (12, e2) e (KX)o (Rax)d x
0 s

g [xs . .
Y To (1, k1) To(n2, k2) jey (k1x) e, (k2x)d X] ;
s JO
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Xs y k
O o GO (6:277)
0 Xs (k1X>
A . Xs
/ T{)(T], ]fg)kgjb (kQXZ)d)\ ) d +/ (XS + X)
0 (kax2) 0 Xs
e, (k1x1) /A Je, (kax2)
T. ki)k ———2—= T. ko)ko———"2"2d Mg ) d A
< <1>(7717 1) 1 (lle) ; <I>(777 2) 2 (kJQXQ) 2 )
Shear XS + X X 2 jfl
WADA (TI? kl) k?) CL(X) Tq;.('fh, kl)kl 2dX1(6278)
0 (k’le)
jb
7727/@ 2 dX2}>
/ k2X2)2
Wasp a1 K1 b2, k) = AMI(A, k1) Ga(Xa, ko) + 8Ma(A, k1) Gr( Az, k2) (6.279)

_4M2(A7 kl)G,1<)\27 k?) N 2M1()\7 kl) (G3()\27 k?) + G6<)\27 k?)) D

A
Wipaxo, (0, k1, ko, k) = 8M4(>\,k)/ Ga(A, k) d Ay + 4G\ kD) Ms(\ k). (6.280)
0
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Just as in the case of 0 formalism, we have made the following definitions for clarity sake

Go(A k) = k*To(n, k) 35/ (kx) + je(kx)] | (6.281)

MAR) = {—qun? et + 2 T Wi (k)d x (6.252)
=1 ¥ (e + KT (0, KAk d

[ O T 0, (00 + )|

Ma(A k) = [To(n,k)je(kx) — x (To(m, k)5’ (kx)) (6.283)
—2(xs + X)kTw(n, k)7, (kx)
—(Xs + X)Xk Ta(n, k) (357 (kx) + Je(kX))]

My(\ k) = [—XTé(n,kQ)kz% (6.284)
+2 /OXS To(n, l@)l@%m
~2 /OXS(XS + )T (. ka2 )k (%)ldx
- /OXS (Xs + 20X T (m, k) K3 (5 (ﬂ(,i]f;fi))” + ﬂ(lifif)l)) dk} ,

M\ k) = [T@(n, kQ)ijfz]gf—;z‘;) (6.285)

“(moen (555

=2(xs + 20T (0, k2) k3 (%)

e st e (5 (12 dllox )

Multipoles of the redshift

The correction to the background redshift at first order is given by

Jie = \/47r(2£+1)%/

4%k
(QWP@(k)WJl , (6.286)
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where we have used V|, (n, k) = Ty (n, k)®(k) and

WJ1 (X7 k) = k;TV(nsa k‘l)jé(k‘iXs) + T<I><778a k)]f(sz) (6287)

Xs
2 / T (n, k)7L (kx)d x
0

At second order, we present first the contribution from pure second order terms

: o~ d’k
JQSK = Z 47T(2€+ 1)26/ (27T)3IC [(I)(khk?)] VVj(Q)S(nvﬂkaklakQak)émO ) (6288)
=0

. > ‘ d*k
No= F Y VAre+ )it / WIC [ (K1, ko)) Wiy (1, 12, ki1, Ko, K) Gy 1 (6.289)
/=0

, — o [ 47k
j2T = Z 477'(26 + 1)@( / (2’”)3’(: [(ID(kl, kg)] I/VJ-(Q)T(T], s kl, kg, k)(sm,ig y (6290)
=0

where

W'(Q)S<777 [y k17 k27 k) =

J

k(b/‘IJFVH (777 1, k17 k27 k)]2<kXS> + fcb(2> (777 My s k17 k27 k)]2<kXS>

Xs
+/ k (f(<I><2)+\1/<2))(777Nk17k17k2>k>) jé(kX)dX] (6.291)
0

0+ 1 (kX
( 5 ) |:k(S)FV“ (nsa,ukkth,k)ﬂ](fXX )

Xs . k‘ s /
+ / kfo e (. ks, ko, k) (‘”( X )) dx}
0 sz

Wjé”\/(”? M, kla ka k)

(6.292)

B (0 +2)! Je(kxs)
Wjéz)T(mu, ki, ko k) = (0 —2) —fru (0, pr, s ki ko, k) (kxs)?

XS . k /
_/ kifne (0, iy, K, Ko, k) (ﬂ( X>) dX]
0

(kx)?

For terms quadratic in first order gravitational potential we find

(6.293)

jgfl)XO(l)L = /4r (203 + 1)i41+£2’c[¢)(k1)®(k2)]ijf)wmi (X s, X K1,y k2)dm0 (6.294)
.0 (@) . O O
GO = am (20 + 1)Kk @ (k)W O (e, X R, Koo (6.295)
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where
Wom<ow. (0, ki ko, k) = \/ Ay +1,-1,090, kot (6.296)
00y + 1) 05(05 + 1
X\/( 1 12+ ) &2 22+ ))Wjou)xouu(?%Makhkz,k)
21
01)x0(1), Am(26+1)(26+1) Lo
Wi, "(n, . ki, ko k) = \/ 0+ 1) 00094, 0505 (6.297)
O(1)x0O
><VVQH(l)>< (1)“(7],/,6,1{1,1{2,1{)
with

je, (F1x1) Je, (KaX2)
Wj;i(l)x(ﬁ(lh_ (77, My k17 k2’ k) = { |:le1)” (7]87 k’l)l(kagTU” (7757 kQ)W (6298)

Xs X ;
Je (lf1X1)
+8/ / [k; To(m, k) ———=>d x
0 0 ' é( ! 1) (le) '

Y )
Jes (k2X2) } }
X koT. ,]{7 —==d d )
/o 2 <1>(7] 2) (k‘z)(z) X2 X

O(1)xO(1 . .
Wil O,k ke ) = Hlevu (n k) leo T (15, K2 ), (R Xs) 7, (km)} (6.299)
+3Te (M5, k1) To(ns, k2) (e, (k1Xs)Jen (K2Xs)]
_4T‘I> (7757 kl)jﬁl (k1Xs)Tv|‘ (7757 k2)]22 (kQXs)

Xs
AT, (k) (k) [ Tal ki () x
0

Xs
1 / T, (1, k) T (1, i) o (K1) e (R )l x
0

Xs

+38 To (1, k1) T (M2, k2)je, (k1 x) e, (k2x)d x

—4

Nc\

(I)S(n& kl)q) (7727 k2)d

+8/ / To(n, k2)Tgn(n, k1) je, (k1x1) e, (k2x)d xad x

o

XS
+38 T</1>/ (7]7 /f2) / T&v (771; /ﬁ)jzl (th)ﬂz (k2X)d x1d x

0

S~
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6.9.3 Summary of both methods

Finally we bring together all the second order corrections to the observed redshift

Jy = IS Jy 4 JE gy Oy gomxom. (6.300)

Y

= i\ﬂlﬂ(%ﬂ) / %K [®(ki, k2] [z‘fvvjms(n,uk,kl,kg,k)(sm,o (6.301)
/=0
Fi Wy (0, 1 Ki Ko, K) O 21+ W (1, 0. K ko, K) O 10
+i1 2 (D (k)P (k)] [VV]&(UX@(M (n, 1, k1, k2)d.0
+W2«i(1)XO(1)H (m, p, ka, k2)5m,0] :

=~ = [ 4%k )
J2 - Z 47T(2€ + 1) / (27T>3IC [(I)<k17 kz] K;S)<X7 /’l’ky k17 k27 k) . (6302)
/=0

In the last equality, we have used

[ o [ Gmetntic) = [ 5K etk (6.303)

This is possible since the integral on the LHS does not depend on k, hence we can perform

the k-integral any time. The kernel for all the second order corrections becomes

KZ)(X, 1y k’1, k‘g, k) y Z.é VVjQ)S(n? Mk, klv k27 k)ém,o + Z‘KVVj(z)Vector(nv s klv k27 k)ém,il (6304)
+Z£ I/I/j(Q)Tensor(Th 1u’7 kl? k27 k)(sm,i2 + Zgl"’_e? Wj?jl)XO(UL (777 :LL7 kl? k2)5m,0

it W;ﬁ(I)XO(l)H (m, 1, k1, k2) 00 -



6.10. Boosting to the Observer frame: Doppler Effect 212

This is may be written in a form most useful for extracting the monopole

K;?()O °2 kla k27 k) = ier@)S(U? Mk, kl? kQ? k)ém’o (6305)
+ i£+1Wj<2)Vector(n> 22 klu kQu k)émdﬂ + Z'ZW/}(z)Tensor(Tla K kh k2’ k)

m,E2 (205 + 1)

00+ 1) 05005+ 1
x\/( 1 12 ) o( 22 ))ijj”xo(”i(n’“’ k1, k2)0m.0

O(1)x0O(1)
(000G, 120, Wey

Z'fl +42

000
(+17_170) gg1£2€3

+ ,L'€1+Z2 ! (777 /*’LJ kl? kQ)(Sm,O

6.10 Boosting to the Observer frame: Doppler Effect

The area distance, we have calculated needs to be boosted to the frame of the observer
moving with a 4-velocity with a non-vanishing relative velocity, as we explained in Section
and it is most convenient to do it at this stage of calculation. The multipoles of the

Doppler term expanded up to second order are given by

E E  §E
F F E
where
5E Z -/ A
= = 420+ 1)i K)RT, (0, k) 4k %) (6.307)
CE ii VATl + 1) /‘Pkkn¢& k)] (6.308)
E — £ (271_)3 1, 82 .

‘ C(+1) . '
(Ek“b/‘l’Fv (0, 1, k1, ko, k) jy(kxo) F %’HI(S)Fu(n,uK,khk) :

<
=
>
N
S~
£
o]

)

d3k
_ / _(27T)3’C [Cb(kh kQ)] Ao+l WDADoppler(Xl, X2, klkz)Yeo
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where

WDADoppler(Xh X2, kle) (6309)

(205 +1)

O+ 1) 0l + 1
+\/< 1( ! ) 2< & )>(1,1,0)gglog(;g:;WQDADoppler(Xlo?X20>klkZ)] )

000
000g£1£223W1DAD0pp1er(Xlo; X20) k1k2)

2 2
WlDADoppler(X107X207 k1k2) (6310)

(T o, ) (i Xo) ko (s ), (ko)

1 , .
+§ (lev” (7707 kl)jél (k].XO) kQT’UH (7707 k?)]22 (k2X0>> ] 9

W2DADoppler(Xlo7 X205 k1k2) (6311)

1 Jo (F1(A = Ao)) Jes (k2 (A2 — Ao))
= 3 [’“T“ o B =0 ) (ksha — ) }

k.QT’UH (7707 k2)

6.10.1 Photons do not travel on background spacetime

Cosmological perturbation theory assumes a reference background where the perturbation
variables live, we have calculated the area distance/luminosity distance based on this under-
standing. However, photons we observed today do not travel on the background spacetime,
so they need not be integrated along the background spacetime but rather in the real space-
time. Also the redshift of large scale structures we see on the night sky is not the background
redshift. For the interpretation of a particular cosmological observable like the area distance,
the background approximation will remain valid at first order perturbation theory because
the Bohm approximation is valid. This is also supported by the Gaussianity assumption.
Bohm approximation breaks down at the order preceding the highest order under consid-
eration, so we need to consistently re-write all our observables to depend on the physical

photon path and redshift of the source. We treat them one after the other in the following:

e First order area distance

Since we are going to calculate observables up to second order, we have to change
our integration measure at first order for D, so that we integrate along the physical
photon path rather than on the background spacetime. The part of equation
we need to switch x — x is just Wsp,/p,(Xs, X, k) and the result of expanding it in



6.10. Boosting to the Observer frame: Doppler Effect 214

Taylor series is given by

Ji
— . (6.312
L (6312)

S

W(SDA/DA(X87X7k) = W5DA/DA(>287>A<7]€)+aXW5DA/DA(XS7X7k)

X

Substituting this in equation (6.247)) leads to

L, [ d%k o
Ze/ 3y O Wona/pa (e X K)omo (6:313)

| 43Kk
4ot / W}C [P (ki,ko)] Wsp, /D abistort (X5 K1, K2)m 0

%mw) N eI

ngm )

where

AT (20 + 1)(205 + 1
W(SDA/DADistort(X,k?l,k’Q) = \/ ( 1 )( 2 ) 000

(205 + 1) 0005614505
Wsp /D abistort (X, K1, k2) |

1
WéDA/DADiStOI"t<X7 k17 k2) — _aXW6DA/DA (X? k2)

” Wilvk). (6314

X

There is also a more complicated first principle approach to this (see Section |6.13]).

o First order redshift

We now evaluate the correction to the redshift at first order when we switch the
integration photon path from the background spacetime to the physical spacetime .
The part that contains the background photon path or the background redshift is
Wy (x, k) and when expanded in Taylor series we find

. J
WJ1 (X? k) - WJ1 (Xa k) + aXVVJ1 (X7 k) ,H_l ) (6315)
)A( S
Implementing this in equation ((6.286f we find
. . o [ A%k .
Julx = %) = VAr(20+1) i ( 2W)3q>(k)WJ1(X, k)00 (6.316)

, d3k
+Z£2+£1 / —IC [(I)(klu k2)} leDistort (X7 kh k2)5m,0 Yv[gm 9

(27)?
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where

4w (261 + 1)(269 + 1
W, Distort (X k1, k2) = \/ ( 1(%3351)2 )000 o 0. Wi Distort (X, K1, k2)(6.317)

1

leDistort(X7 kl) k2) H_axvvjl (X7 kZ)

X

e First order Doppler term

We need to also expand n*Djv, in a Taylor series so the we evaluate all the field along

the perturbed geodesic,

Dyjv(xs) = Djo(xs) +

7‘3 (B0(A).) - (6.319)

We now expand the additional term in spherical harmonics

7‘35 (Ov()]s) = Var(263+1) / ®(ky, ky)] 12T (6.320)

[W/\DS(Xa kle)] Yeg,o )

where

47 261 +1 2624‘1)
(2034 1)

Wosp(X, kike) = \/ 000G 0,100, Wosp (X, kiks) ,  (6.321)

Whsp(X; kikz) = 7-[ 8(Tvu(nakl)j€<k1X))’WJ1(X2S7k2) (6.322)

6.11 Backreaction effects on Key Observables

The standard model of cosmology assumes that the FLRW spacetime appears when the
universe with real structures is smoothed on very large scale. This implies that, if we take
the monopole of the area distance or redshift we have calculated, we will recover an FLRW
spacetime because the monopole is the all sky average of the cosmological observable of

interest.

o Observed Redshift

We want to verify this claim for the observed redshift. Observed redshift calculate up

to second order in perturbation theory is given by
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(1+2) = (1+z)|1+ Z VAT(20+ 1 D (K)Wy, (X, k)Gmo(6.323)
—l—/ dSkIC[CID(k ko] K ki, ko, k)| Yo
(277')3 1, B2 25 O Mkes K1y R2, m | >
where
Wr (A k) = |kTv(ns, k)jg(kXs) + Ta (s, k) je(kXs) (6.324)

XS
2 / T, )kjA(kR)A T |
0

K;?(Xa H, kla k27 k) = Z.ZM/J‘(Q)S(TL M, kl, k27 k)dm,() + Z.e—i_lI/VY]‘(?)V(nv Ly kla k?v k)ém,ﬂ:l

+i€%(2)T(na sy k1, ka, k)5m o+ Z€1+62\/

(205 + 1)
000 C(0 + 1) bo(ly + 1)
(+1,—1,0)gg15233 5 5
W owso . (0 s ki, ko, K)om0 + (000G ekaey
(@) O
W2H(1)>< (1)I| (7]7 H, kla k27 k)(sm,() + leDistort(Xa /ﬁ, kg)] . (6325)

Notice that we have included the redshift distortion term in the definition of the second
order redshift kernel in equation (6.325)). We quantify the effect of inhomogeneity on
the observed redshift by subtracting off the FLRW background contribution

[e.e]

Z m(20 4 1)

=0

d3k
/ k1,k2]K (X Mkakluk%k)

4k
/ 27 LW 06 K)omo (6.326)

Yim -

Assuming that the primordial gravitational potential is Gaussian, the monopole of the

backreaction effect on the observed redshift is given by

00 3)c
zoo § : 47T 20+ 1 / ((;—):J,IC [(I)(kla k2] K; Mono(Xa ks kla k2> k)] (76327)
m
=0
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where

K ono O s k1, o, k) (6.328)

zsMono

- [iEVVj(Q)S(T/a M, kl) k27 k>6m,O + Z.€+1V[/j(2)\/ector(7]7 H, kl) k2) k)(sm,:l:l

+ ZﬁVVj(”Tensor(”? 22 kl’ kQ’ k)5m7i2:| /=0

. 061+ 1) byl + 1
z€1+€2\/( 10 ) £2(lo ))ijf)xoun(n,u,kl,kg,k;)émo

+(20, + 1) 5 5

) 1)
+ Zéﬁ&Wg”( (77, 1y ke, ko, k)5m,0 + Wj1Distort(X7 Ky, k2)5m,o]

—mi1—S
X(_1> ! 15@1,52577117*7”26817*82 :

The ensemble average of equation (6.327)) (A.,) should vanish if the correction to the
background redshift is negligible. However, the parallel and the transversal contribu-
tion of the peculiar velocity terms are unlikely to vanish especially on small scales. A
recent paper [235] on anti-lensing claims that the peculiar velocity terms could account
for up to 10% change to the weak lensing convergence on small angular scales. This
claim from weak lensing studies gives us a clue what to expect. Part of this effect has
been dicussed in [182] as the physical redshift distortion effect. It is an important effect
for parameter estimation in precision cosmology since all our observations depend on

physical redshift.

o Radial distance

As shown in equation ((6.94]) the physical path travelled by the photons that arrive at
our telescope may be expressed in terms of the background photon travel path plus

small deviations up to second order in perturbation theory
~ 1 9
A = A+0A+ 55 A (6.329)

We may now substitute for A and 62X\ using the appropriate terms in equation (6.94])

. Joo1 H
A= A+E+E{J2—Jf(1+@)], (6.330)

where the difference between the background affine parameter and the physical affine

parameter is known as the affine parameter distortion effect [I82]. The multipoles of
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the affine parameter distortion effect is defined through a spherical harmonic expansion

< ¢
Mlem) = 222 =SS A )i ). (6:331)

£=0 m=—¢

where the multipoles becomes

1 43k d3k
A)\gm X, Z 47‘(’ 264—1 H_[/ (271')32 (I)(k)WJ1<)\, k)-’-/wlc [(I)(kl,kQ)]

/
Xib—’—el (K;i)<X7Mkv kl; k27 k:) - WJ%(Xa k:ly k27 k) (]— + %) )] ’ (6332)

with

4 (20, + 1)(205 + 1
Wialx. ki ko k) = \/ ( l(%i(lf ) oonGI™, Wi (x, b k) . (6.333)

Wj% (Xv klv k?a k) = WJ1 (Xb kl)WJ1 (X27 k?) . (6334)

Assuming primordial Gaussainity, the all sky average of Ay, (X, ) becomes

d3k
Axoo(x,7) = 'H / O (ky, ko)) 20 (K Mono" (X, fu, k1, ko, k)
f]_[/
_(261 + 1)ij (MOHO(X, kl, kQ, k) (1 + @) (6335)

—mi—s
X(_l) ! 1541,52577117—77125817—52 :
where

ijMOHO(X, k?h kQ, k) == WJl (Xl, kl)le (XQ, kg)(—l)_ml_sl (6336)

5€17f25m1,—m2581,—82

with K, Mono® (x, ur, k1, ko, k) has already been defined. Equation (6.335)) carries the

affine parameter distortion effect discussed in [182].

o Distance-Redshift relation
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The general expression for the area distance up to second order is given by

R “ 5DA 1 SF
D = As)Xs 9§ 1 11— J —
A a(As)x { + D, —l—( sts) 1+ 7

1 6D 4 1
{5 D4 (§J2 " D4 1) (1 B sts)
+1J H, 1 +52E

2 H3y  Hy E

The product of first order area distance-first order redshift and first order redshift-first

(6.337)

order redshift terms may be evaluated at this stage and they are given by

6D - 43k
hpy = Zv‘lﬂ(%ﬁl)/wlﬂ (ki k)] i (6.338)
=0

Dy —
XW, sp, (X k1, k2)Yeso
Da

J = idm@@u)/%m (ky, kp)] it (6.339)
£=0

x Wiz (X, k1, k2) Yeso

Da _ i\/47r(2€+1) / %K[@(kl,kz)] (6.340)
=0

XK@)(Xl, X2, ki, ko, k)Ytzo )

where

. 47T(2f1 + 1)(2€2 + 1) 000
WJl%(Xy k17 k2)) - \/ (2€3 T 1) 000 815253WJ1%(X7 kl, ]{Zg) (6341)

WJl‘SDDiA(X7k17k2) = W&DA/DA<X57X7 kl)Wh()‘a k2)7 (6342)
A

Am(20; +1)(20, + 1
WJ%(X)klakQ) = \/ ( 1(2@3—)%(1)2 >000 ?nggg)A}Jl?(X,kl,kz,k), (6.343)

Wia(x, ki ke) = Wo(xa, k)Wa (Xa, k2) - (6.344)
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K(2)<X1a X2 kla k?a k)
= WA(Q)S(X’ k)5m70 + iWA<2>Vector (Xa k)(sm,:l:l + WA(2)Tensor(X7 k)amd:?

* (205 + 1)

000)G01620, 1T EWana (1, X, K, k2)) 0o (6.345)

+(1,—1,0)g£1€243000\/ 1 12 ) el 22 )z€1+Z2WA;A L5, k1, kay K)om0

O+ 2) (fy +2)!
+(2,—2,0>gelezeaooo\/ E Z — 2; E éz — 2;,2£1+£2WADA Sher (), ke, kg, k) Om,0

+(07070)gflbfsoooiel—’—bWAaDAxch (1, k1, k2, k)dm.0

G+ 1) bl + 1 .
+\/ i 12 ) & 22 )(1,71,0)9414253000#1%2WaDAxm(77> k1, ko, K)Om,0

Substituting everything in equation (6.337) we find

D, = a(;%);%s{1+2\/47r(2e+1)<# / ((;;1;3<I>(k)}CAD(1)(XS,k) (6.346)

d?k
+ [ GBIl Ka o (ki o).

where we define the following kernels

1
Hoxs

’CAD(U <X57 k) - [W(SDA/DA ()A(Sa >A<7 k) + (1 - ) WJl ()28’ )A(a k) (6347)
A

_kau (nsa kj)]é(k)zs>] 9
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’CAD(Z) (XS7 kl, kz, k) (6348)
A

1 1 !
= —K(Z) kq.ks. k —~K® s ki, ks, k 1 -
[2 (xX15 X2, k1, k2, k) + 51tz (Xss Hres K1, ka2, k) < sts>

_Z-z<1>+\11FVH (n, 1, k1, ko, k) kg (kxs)

+ wiump

2 v
+\/47r(2£1 +1)(205 + 1)

.]f(sz)
kxs

(777 HE, kla k)

(263 + 1) Oooggf)@gg3WéDA/DA(Distort) (X? k17 k2)

1 . N
+ (1 — H X ) 000 ?1()5()2[3WJ1)\<D18t0rt>(X, klkg)

R 1
oG85 Woso (s k) + G, s ) (1= 72— )
Dy HSXS

L 0G0 Wa (xR ) i !
+§000g513243 Jf(X; 1, P2, ) HS)A(S—H)ACS

00091 s WD sDoppler (X1s: X2s, k1K)

00+ 1) byl + 1
+\/( 1( 12 ) 2< 22 )>(1,l,O)gglogg@WQDADoppler(XlsaX23akle)] .

The new curly kernels we have defined may be interpreted as transfer functions for the

observed area distance. for example:

— Ka_ (Xs, k) is the transfer function of the observed area distance at first order
Dy
in perturbation theory.
— Ka © (xs, k1, ko, k) is an angular dependent transfer function for second order
Dy

contribution to the area distance.

The backreaction effect on the area distance, may be quantified, if we define the back-
ground component of the area distance as D4 = a(X)Ys, so that we may expand the
difference in spherical harmonics

Yz
A(Zsa 1’1) - D—A Z Afm(zs)}/fm<n) : (6349)
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Substituting equation ((6.346|) into equation (|6.349)), we find

Apn(2ze,m) = Z\/47r(2€+1)<i€ / (Czlil)(gqb(k)lCADg)(Xs,k) (6.350)

d?k

Assuming primordial Gaussainity, the monopole of the distance-redshift relation be-

comes

d?k
A()O(Zsa l’l) = Vdr —=K [(I)(kla k2)] ,CMonoA 2 (XS? kla kQa k) ; (6351)
(27?)3 p2

A

where

K:MonoAqug) (XS7 kla k2’ k)

) (6.352)

2 2

1 1
= [—Kﬁgno(Xsz,kl,kz,k) + _KZ)MOHO(Xsaﬂkaklak%k) (1 Y X

+ (20 + 1)
/=0

1
+ <1 T ) Wy, A(Distort)(x, k1ks) — Whsp (X, k1k2)

1 H! 1
—W2(x, k1, ko, k = —
) + 2WJ1 (X? 1, 2, ) <HSXS ,H)%S>

" By (n, 1, K, o, Kk (hs) Waba/paistorn (X ki, k2)

+Wj1% (X, ]Cl, ]CQ, l{?) <1 — HSXS

+W]-DADoppler(Xlsa X2s5 k:l k:2)

Ol + 1) la(ly+ 1
+\/( 1( . ) 2( 2 ))W2DAD0ppler(X157X257k1k2)]

2 2

—m1—s
X<_1) ! 1581,625m1,m2531,82] )
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with

Koo (X1 X2, K1, K, K) (6.353)

K [q)<k17 kz] WA(2>S(X7 k)ém,O + K [q)<k17 kz] WA(Q)Vector(X7 k)(sm,:l:l

+K [q)(kh kz] WA(Q)Tensor(Xv k>6m7:|:2]

=0

(20 + 1) | K [@(ky, ko] i 2 Waaa (1, X, k1, k2)) im0

(0 + 1) la(ls + 1)2'81*52 V.6V ®

+IC [q)(kla k2] \/ 2 2 WADA (777 k17 k27 k>5m,0

642 (6 +2)!
ittt \/Eei = 2;! Ezz = 2;!261”2“’%/4 (1, K k)

4+ [q)(kl, kz] Z’51+€2WA5DAX¢” (?7, ]ﬁ? kg, k)ém,(]

O (0 + 1) la(ly +1) .
+K [<I>(k1,k2]\/ i 12 ) 22 )Zéﬁ&WéDquq(??,khkz,k)5m,0

—mi1—S
X(_l) ! 15@17525m1,*m2581,782 :

and the K

zsMono

(Xs 1k, K1, ko, k) term is given in equation (6.328))

6.12 Conclusion

We have presented for the first time the detailed distance-redshift relation to second order.
We have identified key new terms which govern gravitational lensing magnification for large
over-densities — and under-densities where it has recently been shown that the linear lensing
terms do not capture the full relativistic signal [235]. In addition we have presented new

effects which contribute to redshift space distortions. These are:

e Nonlinear Doppler effect

This comes in several forms. The radial parts of the scalar and vector second-order
velocities contribute in the same way as at first order. Then the terms O(v?) reveal
the transverse Doppler contribution in the cosmological context. While small, these

give the potential to measure transverse velocities through redshift space distortions.

e Nonlinear density coupling From (6.216]), when the first-order 6 D 4(zs) is substituted,

we have a product of the first-order lensing term and gradients of the gravitational
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potential, which gives the dominant contribution to second-order lensing. By ((6.216]

this may be approximated as:

W5DAX<I>H (XsaX7k17k2) (6354)

= (L(ls + 1)) (£1(61 + 1)) /
0

1 ,\
X |:—;Tq><7/]2,k2 Jey (k2x2) / Tqb(nlykl)]&(kl)(l)d)\l
0

*1 o
—4/ X—Tq>(>\2,k2 jzz kQXQ d)\Q/ ;T<1> )\hkl JZ1 (k:lxl)d)‘
0 0

(o )(v50))

WaDAxch (Xsa X ki, kz) (6-355)
(€ € X (XS - X) ]‘ .
— (01(61 + 1)) (La(ly + 1)) X—FTQ(%, k2)je, (kax2)
0 S
A —
x / (XSX—Xl)Tq,()\l, k) jey (ki )d Ay (6.356)
1

U by L b Uy U3
X dx
0 0, 0 0 0, 0

This double-integrated term has some very significant contributions. The first two
terms couple transverse derivatives of the density fluctuations to the transverse veloc-
ity integrated along the line of sight. These offer the potential to measure transverse
velocities as these terms can be very significant. The final term in this integral is a
coupling between all the density fluctuations along the line of sight, and when the
density contrast is O(1) can easily be comparable to the main first-order lensing term.
Note that similar terms appear in the integrated shear term . We can estimate
the magnitude of these terms as follows. Assuming a density contrast with a top-hat
profile we can evaluate equation . This forms the second-order lensing conver-
gence k. Comparing to the standard first-order convergence x we find, provided the

distance to the source is much larger than the width of the inhomogeneity,
)= 0%, (6.357)
X

where x is the distance to the lens and C is a constant of order O(1). Thus, for
configurations where k£ 2 0.1 we can expect changes to the magnification O(10%).

We re-iterate that we have not used the Einstein field equations in our derivation,
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so this estimate should hold into the weakly non-linear regime containing significant

over-densities.

While the other terms in the distance-redshift expansion are generally small, they offer
a rich variety of new physical effects to be understood. In particular, there are many
terms which contribute to an ISW-type of effect, but now it involves integrals over the
scalar, vector and tensor potentials at second-order, as well as the first-order potential
squared, together with its radial and tangential derivatives. Furthermore, we have also
identified several instances of double integrated SW terms in both the redshift space
distortions and in the distance-redshift relation. These may be important in further

refining our understanding of dark energy.

A final important relativistic effect which can be probed with the formalism presented
above relates to the interpretation of the background model itself. Measurements
of distances of supernovae, for example, are fitted to the background model via an
all-sky average of the distance-redshift relation. This includes the monopole of the
second-order corrections presented here, which may include non-trivial corrections to
the background. There has been considerable debate as to the size of these corrections —
see [247] for a review. A closely related monopole contribution was estimated in [24§]
and found to be small, although others [60] claim this quantity diverges in the UV. It

is an important open problem to dermine this quantity.

6.13 Appendix:Some Basic Decomposition rules and

Techniques of Integration used

For vectors and tensor that appear in the calculation, we decompose them as follows:

w' = wn" +wi, (6.358)

v = yn’ 4+, (6.359)
1

hg, = hy (nanb - §Nab) +2h | (qnp) + h Lap (6.360)

Each of the screen space projected term is defined according to
W = wan?, Wiq = Nowy, V)| = vgn* (6.361)
Vig = vab, hy = nnth g, | h,,= Nabnch be

1
h = h(ab) = <N(ach)d _ §NabNCd) h g
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We decompose the covariant /partial derivatives on the background tangent space accord-
ing to [249, 250]

do
Da(p = naaH(I) + VJ_a(I) = (ID’na - ana + Vlaq) (6362)
1
DawLb = n,ﬁuwﬂ) — — WMy —|— Vmwu, (6363)
X
deb 1
=W\ Ny — ——Ng — —WaNp + V 1w 6.364
b B e+ Vi ( )
1
Doviy = na0jviy — —vae + Vi1 (6.365)
X
dULb 1
=V Ny — ——Ny — —VaNp + V14U 6.366
i B\ e+ Viatls ( )
2
Dah 1lbec — naaHhLbc - ;ha(cnb) + vLah 1be (6367)
dhLbc 2
=h’ N — Ng — —N gy + Vich 1pe 6.368
b B\ e+ Viah b (6.368)

Also for double spatial derivatives we have

D,Dy® = DydPn, + DpV 1, (6.369)
= ngmpdf® + 21,V 1O P + V1, V1, @ (6.370)
(6.371)

where we have used the identity

Doy = (hab — namp) = ﬁ (8ab — ngmp) = é (8ab — Mam) (6.372)

This implies that with respect to the derivative on the 2-sphere we have

1

Vi, = —Vy,od (6.373)
X
1 1
ViV d = ; (5ab — nanb) 8||<I> + ?VQQVQ(,@ (6374)

1 2
Vi = —vng;aﬂcb (6.375)

X2
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we made use of the relation to replace redial derivatives

do

n"Dy® =9 ® = @ — =B (6.376)
A2 _do

n*n'DyD,® = 7@ = e 2ot P (6.377)

The projected trace-free partial derivative of a scalar is defined as
1
ViiViy®= (NfNjf - 5N,-jNef> D.D;® = VoV, ® (6.378)

For the integrals we used severally the basic rule for simplifying double iterated integrals

As A As
/ / AN A = / (s — M)A A (6.379)
0o o A0
At first order in perturbation theory, we used for example
As d2¢) As
/ On= DO 20) Gygdh = (A= A)(®, +2,) - 2/ Bd A (6.380)
>\0 >\0
As dd As As
/ As = A) (A=) d/\d)\ = / A=X)P — / (As — A)Pd A (6.381)
o o )\S o )\S
= (As— o) / dd ) — 2/ (As — AN)Pd \. (6.382)
>\ 2 o o
d=o do
A—A dx = (A=A d— :
[ O-20Gan = G- - (@ -ay (6.383)
A A
do 1 1
A=A PdA = —(A=X)P*—= [ ®*dA\ 6.384
Jo-25y St [ (6.384)

Using the following results which were obtained by performing several integration by parts

/AS ()\S—)\)(A—)\)i;dA — (AS—AO)(hs+h||o)—2/:5h”dx (6.385)
A dn Ao N
/ (s =N A= A) A = / (A — Ahfd A — / (A=A )X (6.356)

A dh‘ A
/(A—A)d/\d)\ = (/\—)\o)h”—/ hyd A (6.387)
o Ao
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The differentiation over a generic integral sign is performed according to

d re@ B dp(a) d ¢(a) (pla) g
g2 ), femae = se@0 TR e Tl [T s ads

and when the independent variable is the upper limit of the integral we use

d af(x)da: = f(a) (6.388)

aa
d a
i RIGLERIO (6.359)



Chapter 7

Conclusion and Future Work

7.1 Conclusion

Averaging, even though it implicitly defines the FLRW space-time on which standard model
of cosmology is built, it is not properly understood within general relativity. This is mainly
due to non-linearity of the Einstein field equations and other equations that describe physical
events on cosmological scales.

In Chapter 3| we showed how non-linear nature of the field equations leads to extra terms
in the field equations after averaging and these extra terms are of the same size as a typical
non-linear term the equation would have without any form of averaging. In fact in Chapter
we showed that these extra terms could lead to a cancellation of terms that diverge in the
region of high over-density in Buchert formalism. This seem to suggest a strong connection
as we shall see later between averaging and renormalization [251] required to make matter
power spectrum which also diverge in high over-density region sensible.

The importance of averaging in cosmology have so far been downplayed because, the
reach of our current cosmological observations especially that of the cosmic microwave back-
ground experiment can easily be explain using linearized equations only [34] B6-39] 191,
194] 252], 253]. It is important to re-iterate that the validity of linear approximation is only
possible because the physics responsible for emission of the radiation and possible imprint
of primordial inhomogeneities it carries took place on sub-horizon scales at early time. If we
fast-forward to the late-time universe, this is no longer valid.

This is clearly evident from the analysis of the SDSS data for Baryon Acoustic Oscillation
(BAO) [229] 230]. The analysis indicates that linear approximation is beginning to fall part
especially when one approaches Hubble scale (kg ~ H~!). In fact in order to make sense
of the SDSS data for BAO analysis, one is compelled to go beyond linear approximation

to be able to reasonably account for the physics of matter power spectrum or the velocity

229
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distribution of galaxies at late-time [230].

Given the subtle connections we highlighted earlier between the renormalization required
to cure the matter power spectrum today at non-linear level of its UV problem and the role
spatial averaging plays as a renormalization technique, we are compelled to say that now is
the most suitable time to begin talking about averaging problem as a problem that must be
properly understood if we must reap a maximum benefit from planned big experiments of
like EUCLID and SKA.

We discussed in Chapter [5] and [3] the large variety of ways that this problem is being
investigated. Some argue it is simply irrelevant because it is suppressed by many orders of
magnitude below the background model which consequently holds genuine physical signifi-
cance. Others take the opposite view and contend that it holds the key to the whole dark
energy issue. More moderate views prevail between these two extremes, pointing out there
may be significant effects in intermediate scales of cosmological interest. It is also fair to
point to studies where simplified but fully non-linear spacetimes have observational prop-
erties significantly different from their spatially averaged counterparts. And it is not clear
that perturbation theory is genuinely convergent, and that it is a well behaved study tool to
use for the evolution of the late-time universe.

This is important because small density contrast at early time does not guarantee a small
inhomogeneity at late-time. Given the UV behavior of the four gradient term, does the
perturbation theory properly converged at second order, where claims for tiny backreaction
are made? At the very least, these considerations surely tell us that it is important to
understand the averaging,backreaction and fitting problems to see what if any effects there
may have a distinct cosmological signature. The point we make here is that there are some
scales where backreaction may be important: such scale is not the largest scales relevant
to the cosmic acceleration, but others where precision cosmology is significant. It is fair to
argue that the effects we describe here is important at any scale where non-linear matter
power spectrum is important, i.e you can’t use non-linear power spectrum without taking
into account the corresponding effect of backreaction from non-linear structures.

Finally, the results of Chapter [0] is expected to finally settle most of the ‘size of the
backreaction effect’ issues because it is based on observables only and it is central to all
cosmological analysis. A preliminary study by [230], 248] indicates that the k-integrals con-
verge which is in agreement with our results in Chapter [f] They reported a backreaction
effect of the order 1072 in a ACDM universe. This is a much bigger effect when compared to
the prediction of studies based on the effective field approach, who claim that backreaction
effect is small [62] [153] (see also figure and it is of the same order as the prediction of
studies based on the Buchert formalism (see figure for the deceleration parameter) and
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smaller than the predictions based on the Kristian and Sachs formalism (see figure ). It
is also important to note that although the the k-integrals converge, there is a subtle short
distance problem lurking around which was not investigated in [236], 248]. It is likely that

the k-integral problem now manifests as short distance problem.

7.2 Future Works

e The role of (0*°®)? at second-order

How should such terms that appear in equations 77 be dealt with? Do they signify
that something unphysical has been calculated, or do they signify a breakdown in
perturbation theory on scales in which they are extra-ordinarily large? These terms also
appear in the expression for the area distance which do not involve general relativity.
We noticed that when decomposed on a celestial sphere, the k—divergence associated
with this term move to a short distance divergence after Limber approximation have
been used. Does this signify a natural break-down of our perturbation theory. If this
is a break-down, how shall we proceed? Should perturbations be smoothed on a given
scale at each order before calculating the next, which can then go to smaller scales?

Or should we abandon perturbation theory entirely.

e Non-Gaussian perturbations

Many of the key results we discussed here, rely on a Gaussian initial spectrum. What
happens for more general initial conditions? Should a small tilt in the spectral index
lead to a large backreaction effect. How would backreaction effect affect the proposed

measurement of bispectrum from large scale galaxy clustering [254-257]

o Relativistic simulations.

Is a fully general relativistic simulation out of the question? This would have to be
attempted very differently from current N-body simulations, but could be attempted
on the expectation of improving computing power. Rather than work with point parti-
cles, one could start with the ADM equations with different fluids, plus perturbations
laid down early. A simulation could consist of perturbative modes up to a maximum
wavenumber, rather than N particles of a given mass. The resolution would be deter-
mined by the maximum wavenumber, so simulations would start big and get smaller

as computing power improved.

o Averaging observables
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The role of observables and the lightcone is still very unclear in the averaging scenario.
Observable quantities such as distances are usually implicitly sky-averaged quantities.
While it is not clear what an averaged lightcone might mean, sky-averages of observ-
ables such as the redshift-distance relation have a reasonably clear meaning, even in a
very inhomogeneous universe. One way to understand the connection better will be to
compare the results of light-cone averaging given in [230, 248] for the distance-redshift

relation with our sky-averaged result for the same observable given in Chapter [g] .

o Numerical Calculation

The Chapter [6] contains complicated and scary looking formulas for most people and it
makes little or no sense to an average observational cosmologist to whom it is intended
for. Hence the next thing we plan to do is to have the analytical results in Chapter [6]
calculated numerically and a possible friendly-looking and easy to use fitting formula

generated.



Appendix A

Introduction to Cosmological

Perturbation theory

A.1 Gauge Problem at second order

General covariance i.e. the requirement that physics should be independent of a particular
choice of coordinates system characterizing the space time is different from gauge invariance,
the later refers to fixing the degrees of freedom of gauge fields introduced to describe the
dynamics of the spacetime on a different background spacetime. Gauge problem is about
fixing the relevant dynamical degrees of freedom for the irreducible decompositions of the
gauge fields introduced to a physical system.

At first order in cosmological perturbation theory, Bardeen [258] showed that this is
possible, while at second order this problem has not been convincingly resolved. In general,
gauge problem in cosmology refers to a mathematical difficulty associated with the redundant
degrees of freedom from gauge fields introduced to describe a perturbed dynamical space-
time which must satisfy general covariance.

One way to deal with this problem is to choose a physically motivated gauge and calculate
physical quantities base on it. For example, one could choose the Newtonian gauge because
it provides a better approximation to the Newtonian limit of a relativistic theory. Although
for density perturbation well inside the well inside the horizon (k > H/a), there are no
gauge ambiguities. The choice of gauge becomes important becomes important when the
distance scale between two points is of the order of the Hubble scale.

The other solution to the gauge problem is due to Nakamura [68], it involves decomposing
every tensor defined on the manifold into gauge invariant and gauge variant parts. However,
this solution is a generalization of the traditional approach in a more rigorous way.

The concept of gauge transformation in cosmological perturbation theory was properly

233
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articulated by [63]. The idea is to consider a 4 + 1 dimensional manifold N'= M x R, with
the dimension of the manifold equal to 4 and A = R. The projection P, on the manifold
N defines the sub-manifolds My = N[ =9 and M, = N|r=, This set-up defines a foliation
of N into a collection of four dimensional sub-manifold M with distinct A. Each of these
elements is diffeomorphic to the physical space-time M and the background space-time M.
Normally a vector field X is defined on A to ensure that perturbations are continuous such
that (M, gap) and (Mo, gap) are connected by a continuous curve along the component of the
space-time slicing R . This vector field induces a one parameter family of diffeomorphisms
or an exponential map, ¢(),.), that maps ¢(0,p € Po(N)) = p € Po(N) along the integral
curves to ¢ (A, p € Po(N)) = q € Pr(N). Notice that the choice of this gauge vector field
X is arbitrary and then should not have a physical meaning, and this is of course the well
known gauge freedom or gauge choice.

This exponential map induces a transport along the flow for tensors living on the tangent
bundle, which is determined by the push-forward ¢,, and the pull-back ¢} associated with
an element ¢, of the group of diffeomorphisms.

The pull-back ¢3 is related to the vector field, X, by Taylor expansion of any tensor 7'
,[63]

k=00
* )\k
¢X,,\(T) = Z Eﬁl)ﬁ(Ta (A.1)
k=0

The expansion of equation (A.I)) on Py(N) provides a way to compare a tensor field on
Px(N) to the corresponding one on the background space-time Py(N'). The perturbation of

an tensor is defined as:
k=00 \f

A
A=To+ ) HL’;T
k=1

, A2
Po(N) ( )

where Ty = LY T|py ) is the background value and the n-th order perturbation of a physical
tensor field is given by xT™ = L% T |p,n).-

If we consider two different gauge choices X and Y with generators given by X,. and Y«
and we also suppose that they have different tangential components to each M. This gauge
transformation from X to Y could be given by an exponential map or by the diffeomorphism
[63], dxyr = (dx2) " Hoya) : Mo = Mo, This induces a pull-back that carries the tensor
perturbation, AxT), of the gauge choice X, to another tensor perturbation Ay T}, of the
gauge choice Y. This point displacement by ¢x_,y. is carried along a sequence of vector
fields &,, that generate nth parameter family of metrics. To second order, the so-called
knight-diffeomorphism is given by

)\2
Oy A(T) = Ox sy a X A(T) = dx A(T) + AL, O\ (T) + 5(552 + £21>¢§(,,\(T) T+
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The knight vector fields &;, & are related to the gauge vector fields X and Y by & =
Y — X and & = [X,Y]. Using equation (A.2), and order by order identification in A, the

transformation rules up to second order perturbation theory is obtained.

YT(I) _ XT(l) = LTy,
YT(Q) - XT(2) - 2‘651 XT(I) + (‘C§2 + £gl)T0' (AS)

The transformation rules (equation (A.3))), tells us that a tensor T is gauge-invariant up to
n-th order if it satisfies L xT™ = 0 for any vector field ¢ and any r < n. This implies that
a tensor is gauge-invariant up to order n if and only if Tj and all its perturbations of order
lower than n either vanish, or are constant scalars, or are combinations of Kronecker deltas

with constant coefficients.

A.1.1 Gauge invariant combination at second order

At first order, there are clever ways of selecting gauge invariant terms [69, 258, 259], however
at second order, such methods are not trivial. Here, we will follow the method proposed by
[66] and then relate it to the traditional method later on. The procedure goes like, given
a metric, g, of a physical spacetime M, with a pull back on the background M, we can
expand this metric in any gauge to any other in perturbation theory, for example, to second

order we have,
2

’ A
Ox A (9ab) = Gab + Axhiap + - xas + O(A)- (A.4)
Then for tensor hg, characterizing the first order perturbation in Eq. (A.4]), we will suppose

that there exist a tensor iNLab and a vector X ¢ such that the tensor h,, may be decomposed

as

hab = hab + ‘CXgaby (A5)

we then impose that By and X ¢ satisfy the transformation vhap— xPap = 0, yX¢—xX¢ = 531)7
where hg, and X¢ can easily be identified as the gauge invariant and gauge variant part
of the parent tensor h,. This can be interpreted as the formalization of the traditional
way of combining gauge invariant variables as we shall see later. For second order metric
perturbation, I, from EqJA.4 may be decomposed it

lab = l~ab + 2£Xhab + (»CY - Lgf)gab (A6)

However, Nakamura [66], 67, 260] showed that by defining a new variable as Loy = L +
2L xhay, + L% gap that the transformed tensor may be put in the form of the first order
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transformation rule as yLgy — xLap = LsGap, With 0% = 5?2) + [5(1),X§}a, hence may be
decomposed as
Lab = lap + ‘CYgaba (A7)

where yiab — Xiab =0, nga — XYSG = 0% = g&) + [5(1),)(5}&. The ability to put the second
order transformation in the form of the first order, tells us that we can use at second order
the same method used to define gauge invariant variables at first order. For an arbitrary

tensor, the transformation is defined as

O = O7 - £4Ty (A.8)
A7 = @17 —2£YT — (Ly - LX) T (A.9)

which may be decomposed into gauge invariant and gauge variant part as

O = OF 4 2,7, (A.10)
A7 = OT 42T + (Ly — LX) T (A.11)

A.1.2 Gauge Invariant variables and Cosmological perturbation

The most general metric for an almost FLRW universe is given by
ds®> = gudatda” = —(1+ 2®)dt* + 2aw;dx’dt + [a*(1 — 2V)d,; + hyj]dz’da? (A.12)

where a is the scale factor of the universe and transformation to a conformal metric is achieve
by setting d¢ = adn with n = conformal time . We may perform a scalar-vector-tensor (SVT)

decomposition as

where B;, E; and H,; are transverse (0'E; = &’B; = 0'H;; = 0), and H;; is traceless
(H% = 0). There are four scalar degrees of freedom (®, ¥, B, E), four vector degrees of
freedom (B;, E;) and two tensor degrees of freedom (H,;). The indices of the perturbed
variables are lowered and raised by the spatial section of the background metric and its

inverse, i.e 67 and d;;. To include the effect of non-linearity, we need to expand up to
second-order, W = W + W@ (we have assumed that W vanishes). We will follow the
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notations of [245] and split the vector fields &} and &5 as follows
G°=TY, &=0LY, & =T® &=0L®+L, (A.15)
with 9;L® = 0.

The gauge transformation of first-order terms in the metric (A.12]) are given in the table

below: Here prime denotes a derivative w.r.t. to conformal time 7, and where H = d/a.

Table A.1: First order gauge transformation of the metric

First order scalar perturbations | First order vector perturbations
oM 5 ) £ @) 4 47O Bi(l) _ Bi(l) b L;(l)
BW _y p) _ () 4 1) Ei(l) N Ei(l) +L;(1)
O - g® 7O First order tensor perturbation
EG 5 p) ¢ (W) Higl) N Higl)

Note that the first-order tensorial modes are automatically gauge invariant. In cosmology, the
tradition way of constructing gauge invariant variables at first order is to set the redundant
degrees of freedom to zero [258, 259]. It is conventional to neglect the vector mode at first
order.

Following [258], we can define a set of gauge invariant variables at first order by setting
TW = B — B/ and LMY = —FE® | this leads to a gauge invariant combinations.

o - oW =00 43 (BY - FW) 4 (BY - g0 (A.16)
v - g0 = g — 3 (BY - p'W) (A.17)
BY = 0 (A.18)
ED = 0 (A.19)
(1) (1)

Hij N Hij (A.20)

When substituted into GR, we immediately see that the redundant modes drop out, we can
also set BM and EM to zero and obtain the perturbed Einstein equations only as a function
of gauge-invariant variables..

In relation to Nakamura’s terminology of decomposing the perturbed metric into a gauge-
invariant part and a gauge variant part , BY and E() are the two gauge variant variables
of the metric perturbation while d™ and UM are the gauge-invariant part.

At second order, the perturbations transform as follows:
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Table A.2: Second-order gauge-invariant variables

Second order vector perturbations
BY — BY — L 1 55,

Second order scalar perturbations
d? — @ £ 7@ L HTP 1 Sy

B® — B® _ T<2> + L' 4+ Sp E® —» E® 4+ LY + 55
TR 5 g HT(2 + Sy Second order tensor perturbations
E® - E(2) + L® + S HY — HY + Sy,

The notations Sg, Sp, Sw, Sk, SB;, Sk, Su; represent terms quadratic in first order per-
turbations and decomposed gauge vector field, they are given later in the appendix.

The second order transformation rules are much more complicated than their first-order
counterparts. However, Nakamura suggest we make we make a transformation to put them
in the form of first order transformation by defining [:ab = Zab + 2Lxhay + L% gap, Which
leads yLap — xLab = Logap, With 0 = £ + [£0y, X¢]. With this transformation, we will be
dealing with o instead of {(;) as in first order treatment and it also if we we implement our

first order gauge choice[] , in our case the Newtonian gauge X¢, i.e X¢ — £ New. gau-

Table A.3: Transformed Second-order variables

Second order scalar perturbations

Second order vector perturbations

CI)i = (I)(2) + S (f(—lﬁ\lew gau

%New gau

§—>New gau

By, = B + S5, (65 Now o)
Eii = Ei(Z) + SEi (£g%ew.gau)
Second order tensor perturbations

2 1
H/iij = H( : + SHij (6(—>%\Tew.gau)

With these transformations gauge-invariant combination at second order can easily be

constructed as

®? = @; + (B; — E,) +H (B; - E})

Ve = v - H(B; - E})

B® = B; ~E,

o = Hy . (A.21)

Enforcing the condition X; — £ New. gau With Nakamura formalism is equivalent to trans-

IThe important clause here is that we will construct gauge invariant variables at second order easily if
we choose at second order the same gauge we chose at first order
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forming quantities in the Newtonian gauge all the way to second order, since it basically

transforms B, E and E' into a null value up to second order. As we can see that performing
the transformation (below) defined by ¢ @ in Table |A.3| will lead to the same result as

—New.gau

in Eq. (A.21).

/ 1 / 1
Tfl)\lew.gau = B(z) ) @ + SB <€i>§ew.gau) - SE (gg%\few.gau)

2 1
L(—>)New.gau = _E(Q) - SE (f(—g\lew.gau)

i i 1
Lglzlew.gau = —F @ SEi (6(—>%\Tew.gau> :

A.1.3 Source terms in second order transformation

The perturbation variables in the decomposition (A.12)) are extracted as follows

oM = —%gi’?,

P = —4%2&“' '

B™ = %Psigi?),

B™ = %Pvigi?),

E0 4LCL2(AA)—1 (3aiai—A51j)gfj”),
B = %PvLPsk(éiéf—%51{1510918"’

n 1 i Lo g\ @
HT(mZ = @Pvlﬁlpvb (5k5f - §5k15j) gi(j : '
where n = 1,2 is the order and where we have used the definitions

Pl=A"19, PU=61— A9 .

(A.22)

(A.23)

(A.24)

Using this method we can read the source terms defined in equation (??), which are quadratic

in the gauge change variables T, L and the perturbation variables ®, ¥, B, I, I

Se = T(T"+5HT + (M +2H*)T +4HP +29') + o,L'0" (T — 2B — L') (A.25)

+T" (2T + 4®) + 0, LO" (T’ + HT + 20)
Sy = =T (HT + (H +2H*)T — 2V — 4HV) — 9, (HT — 2¥) &'L
1, .. .
-5 (69 — AT19'9) A

(A.26)
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Sp = PJA (A.27)
Sp, = PJX (A.28)
Sp = (AA)? (gaiai—%mﬁ) X (A.29)
Sp, = 2P,)PkK (5;5{—§5k15ﬂ) X (A.30)
Sty = PuhPuk (&5{—%6@“) Xy, (A.31)

with

o
Il

{T'0.2B+ L' —T)+2HTo:(2B+ L' —=T)
+I L' [20:0,L + 2 (HT — 2V) §; + 4 (Hy; + 0,0,E)]
+dOL0; (2B + L' —T) + &Loo; (2B + L' —T)
+0T(—4® — 27" — 2HT) + To.(2B + L" - T')} (A.32)

Xy = {0,2B+L —T)0T + T, (L' +2HL)
+0,05L [200;L + 400, F + 4Hyg + (2HT — 47)dy)
+T (2H; + 20,0,E' + AHH;; + 4HO,0,E)
+0" Lok (0:0,L + 2H;; + 20,0,E) } . (A.33)

As for the matter perturbation variables, the source terms in the transformation rules are

S, = T@E'"T+pT +26p) +LA(25p+ p'T) (A.34)
Sp = T(P'T+ P'T +26P") + 0'Loi(20P + P'T) (A.35)
Sy = Py [HTO(L —2V)+ T2V — L") + (L - 2V)8,d'L
+L00'(2V — L') + O'L' (HT +T' + 29)] (A.36)
Sp = PS[HTO(L' —2V)+ T2V — L")+ & (L' —2V)30'L
+L8,0'2V — L") + 0L (HT + T' + 2)] (A.37)
Spi = 2T (7)) +20% Lowr! — 27* O L — 270, 'L . (A.38)

A.2 Statistics and Fourier Transform

e Continous Fourier transform

In our chosen convention, the Fourier transform of a real space spin-zero field, f(x) is
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defined as

f(x) = / %eik-x (k). (A.39)

and the inverse Fourier transform is defined as
fk)= /d?’:pe_ik'xf(x) : (A.40)

where f(k) is the Fourier mode function of f(x). The integration extend to entire

space. A Fourier transform followed by an inverse Fourier transform defines a delta

function
> 3 * d3]€, N ik’ -x —ik-x
flk) = d°z (27r)3f<k )e e (A.41)
(A.42)
Hence
N — > d’r ik-(x—x')
5D(X — X ) = . We <A43)

o Convolution Theorem

The Fourier transformation of product of two functions f(x) and g(x) is defined as

h(k) . /d?’mf(x)g(x)e_ik'x (A44)
d 3k, 3 _
_ / s / A% ky f (k1) g(k2)dp (k1 + kz — K) (A.45)

This process may be extended to any number of fields, fix, foXs ... fu(x)

hk) = / @) / o / A7k fi(ki) -+ fu(kn)dp (k ;k> (A.46)

The N-point correlation function for f(x) are averages over the ensemble of the prod-

ucts f(x1)f(xa)...f(x,) where x1, X, ..., X, represent different points in space:

d®ky d3k Bkn e , .
Fx0) f(xa). f(3)) = /(%)13 (gﬂfs‘“(gﬂ)?ne“kl Xkt tknxn) (A 47)

(f(k1)f(ka)... f(kn)) .

Thus, the correlation functions in real space may be studied via the correlation func-
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tions in momentum space.

e Statistical homogeneity The probability distribution function associated with f(x) is
statistical homogeneous if the N-point correlation function in real space are invariant

under translations in space, i.e.

(1 +d)f(x2 +d)...f(xn + d)) = (f(x2) f(x2)-.f (%)), (A.48)

where d is some vector in real space establishing the amount of spatial translation. In

momentum space, the statistical homogeneity is enforced through Dirac delta function:

(f (k1) f(ka)... f(kn)) = (27)°0° (Kiz..n) M (K1, Ko, oo k) (A.49)

where, kjo_, means k; + ko + ... + k,,, and M(ky, ko, ..., k,) is called the (N — 1)-
spectrum, For example, N = 2 is called the power spectrum, N = 3 Bispectrum, etc.

Statistical homogeneity assumption in Cosmology is protected by Ergodic theorem.

e Statistical isotropy The field f(x) is statistical isotropic if its probability distribution
function is invariance under spatial rotations, that is the N-point correlation function

satisfies, .

(f(x1)f(X2)... f(Xn)) = (f(x1) f(x2)... f(%0)) (A.50)

where X; = R x;, R is the rotation matrix. The (N — 1)-spectrum must satisfy the

condition

My(ky, ko, ... k) = My(ky, ko, ... k) (A.51)

For the two lowest spectrum, we have

Mf(kl,kg) = Pf(kl,kg) = Pf(k?), (A52)
Mf(kl,kg,kg) = Bf(kl,kg,kg) = Bf(kl,kg,k3), (A53)

where k = |k;| = |kal.

o Gaussianity

If f(x)is a statistically Gaussian field, the first three lowest Gaussian field, satisfy the
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following
(f (k1) [f(k2)) (27)%6° (ko) Py (k) , A.54)
(f(k1)f(ka)f(ks)) 0, (A.55)
(f(k1)f(ka)f(ks)f(ka)) (f(ka) f(k2))(f(k3) f(Kka))
+(f (k1) f(ks))(f(k2) f(ka))
+(f (k1) f (k) (f (ko) f (k3)) (A.56)
(2#6)53(k12)5 (ksq)Pr(kq)Pr(ks) (A.57)

+two permutations,

The N-point correlators, with N odd, are zero, while those with/N even, may all be

written in terms of 2-point correlators.

e Non-Gaussianity

If f(k) is non-gaussian, the connected terms that appear in higher order N-point

correlators are non-zero

(2m)%6° (ki2) Py (k1) ,
(f(k1)[f(ka)f(ks))e

(27r)35 (ki23)By(ki, ko, k3) ,
(f(k1)f(ka) f(ks)f(ka))e
+(f (k1) f(k2))(f (ks) f(ka))
+(f (k1) f(ks))(f (ko) f(ka))
+(f (k1) f (ka)) (f (k2) f (k3))
(27)36% (k1934) T (k1 , ko, k3, ky) +
(27°)6° (k12)0° (ksa) Py (ki) Py (ks)

+two permutations,

(A.58)
(A.59)
(A.60)

(A.61)

(A.62)

and so on. In the above, By(k;, ko, ks) and T (k;, ko, ks, ky) are called the connected

bispectrum and trispectrum of f.



Appendix B

Symmetric-Trace Tensors and

Spherical Harmonics

B.1 Spherical Harmonics and Symmetric tensors

An observer moving with 4—velocity u® at position z¢, in a direction n® on the unit sphere
measures the luminosity of a distant supernova or galaxy. The direction vector is space-like
nn, = 1 and orthogonal to u®, n®u, The vector n® may be given in terms of an orthnormal

tertrad frame:
n® (0, ¢) = (0, sin @ sin ¢, sin O cos ¢, cos 6) (B.1)

Any observable measured by the observer may be expanded in the spherical harmonics, for

example, the spherical harmonics expansion of an observable f is given by

F=Y_H=>Y_> ArE)Y"6,¢) (B.2)

where Y,""(6, ¢) are the surface spherical harmonic, it depends only on the angle 6 and ¢.
There is a 1 — 1 correspondence between all symmetric trace-free tensors of rank ¢ and the
spherical harmonics of order ¢, [241], 243, 261], 262] This implies that all symmetric-trace-
free tensors of rank ¢ generates an irreducible representation of the weight ¢ and dimension
(2¢ 4+ 1) of the group of rotations SO(3) or the SU(2). The dimension (2¢ + 1) is due
to summation over all degrees of freedom association with the magnetic quantum number.
Also Yy,m(0, ¢) or a spin weighted spherical harmonic or spin zero is related to the associated
Legendre polynomial, P (cos 6)[246], 261]:

244
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(20 + 1) (¢ — m)!
A (L +m)!
- m(2£+1)(£ m)!
= D A (0 4+ m)!
YT (ciee-2)

= = m = 2))

yim = (1) ™9 P (cos f), (B.3)

(n'® sin )™ (B.4)

(cos Q)K_m_%
j=0
Y m > 0.

The conjugate of Y™ is given by Y™ = (—1)mY*™* v m < 0. The spherical harmonic,

Y™ is related to the direction vector, n¢ according to
Ym0, ¢) = yirn', (B.5)
The definition of yf(; follows from equation by substituting
n' +in? = e?sin b n® = cosf (B.6)

so that

[(6=m)/2] ; :
204 1)(£ —m)! (—1)7(20 — 2j)!
v = ! B.7
yAe ( ) 47r(€—|—m)! jZ:; (g_j)](g_m_zj)! ( )
m £—2j
X H (W', + %) H H wng1 023 Wasgie_2;))-
k=0 p=m+1

Because of the validity of the mapping between the spherical harmonics, Y, and the direction

A

vector, n”*, one may also perform a harmonic expansion of f in this form

f= Z Fint = F + Fon® + Fyn®n® + Fuon®n®n® + Fopegn®n’ntn? + - (B.8)

where the spherical harmonic coefficients F4, are symmetric, trace-free tensors orthogonal

to u®:

Fa,=Fay, Faah®=0, 74,0 (B.9)

7

Round bracketts “(---)” denote the symmetric part of a set of indices, angle bracketts “(- - -)

the (orthogonally-) Projected Symmetric Trace-Free (PSTF) part of the indices : Fy, =
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Fia,)- We introduced the shorthand notation using the compound index A, = ajay - - - ay.
Given a symmetric tensor F,..,, one may construct a trace-free tensor out of it by sub-
tracting off the trace of the tensor Fi,.... For a projected symmetric tensor Fi4,q,..q,), the

trace T'[Flq4,45--a,)) Of such a tensor is given by

(]
T[F(ala2--'ae)] - Z bé,k <hala2"'ha2k71a2kF(ggk]L,l---ag T (pé,kterms)) (BlO)
k=0

where Féf,zﬂ..lae is the kth trace of F,, ,,,

(1) e
[ {n 20— (k—m)—2} " (€=2k)12FRY

ek = (B.11)

and the sum in the brackets extends over all p;, different permutations of the indices and n

is the number of dimensions of the projected hypersurface. The trace-free part of any tensor
Fla,a5--a,) 18 then constructed by subtracting all the traces as [244] 246], 263, 264]:

(5]
F<a1a2~~az) - F(a1a2~~'ae) - Z bf,k (ha1a2"'ha2kfla'2kF[5513+1-"(lg T (pf,kterms)> ,(B.12)
k=0

in three dimensions, i.e n = 3, we may then expand as follows

1
F(a1a2"'az> = F(QIQQ_,,O,Z) - mh{alazFazawgam-az} (B13)
1
+ (2£ — 3) (2£ — 1) h{a1a2a3a4Fa2a2a4a4a5a6---al}
-1

T Reay-an Fasas--avas
[12-1[¢+2m —1]

the last is replaced by h{a1a2~~~a2% Fawz...a%a%ae} for odd number of indices. We have also

used another shorthand notation Fiq ay-a3 = k'Fla1a9--a,)- S0 for any rank tensor ¢ or

combination of tensors o,,0.4 that appear after the covariant derivative decomposition , we

use Eq. to extract the trace and the trace-free part of the tensor.

To illustrate how these relations work, let us consider the decomposition of e®e’ee?o 4,04
into trace and trace-free part. We will be a bit more general by considering eAf”G(abF 4,), at
the end of the process we set £ = 2 to recover the case of interest. First we use Eq. to
split the rank four tensor into a rank two and a rank zero tensor. This is not the end of the
process because the rank two tensor i.e the second term on RHS of Eq. still contains
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a trace part, so we use Eq on the rank two tensor to extract the trace part as .

c c (6 _ ]') c
FC(Az—1Gae) = Az 1G (2ﬁ — 1) Cd G dhae 1a¢) (B'14)
After some simplification this process leads to
20 0 —1)
A A c cd
e Z+2F(A5Gab) = e/ t2 F{AgGab> + — 2013 c(A[ 1G ag Rap + chdF (Ae_Qhae,laehab)
(B.15)
Then for the special case of interest (e“ebecedaabacd) we set £ = 2 and replace F' and G with
o to obtain
a b _c.d a b _c.d b 2 ab
e"e’ e’ o (aw0ca) = €'’ € 0 (ah0.q) + ?e €’0(,0b)c + 15 0ab0 " (B.16)

B.2 Spin Weighted Harmonics

On a three dimensional Euclidean hypersurface orthogonal to the fundamental observer with
the 4-velocity u®, we may introduce orthornormal triad (n},nj,n},), such that the direction

n® on a unit sphere (nn, = 1,n%, = 0) is given by
n(0, ¢) = (0,sin fsin ¢, sin O cos ¢, cos h) . (B.17)

In most cases, it is convenient to introduce in place of (nj, nfé), the complex vector m, and
its complex conjugate m_ in the two-dimensional Euclidean section of the three dimensional
hypersurface with coordinates (0, ¢) . The spin weighted spherical harmonics is related to

the Wigner D matrices according to

47

msnm<9, ¢)€isw (B18)

Dgfms(ey ¢7 —W = (_1)m
It is possible to define to two complex vector field on a unit sphere by combining two triads,

ng, )

cosfcosp +ising
%(neqiznd)) —\% cosfsing Ficosgp | . (B.19)
—sinf

3
o
Il
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Using the Pauli basis, it is straight forward to establish the following properties
mimy; =0, mimg=1 min,=0 N9mg; =ml, (B.20)
where m is defined up to a phase factor v

Lo inh
mye=——(nyFin,) = e¥Ymy B.21
\/5( 0 ¢>) ( )

In general a quantity of spin-weight s defined this manifold as 1 is said to be of spin-weight

s if under the transformation in equation (B.21)), it transforms as ,n — ;ne®¥. Just like in

the STF harmonics, the symmetric trace-free part of a tensor with a rank-|s| is given by

NA, = Nay..a., Where aj ... as is a collection of indices. For s > 0, 04, is decomposed in the

complex basis according to

As 1

S

' = g (hanmZ+ _pmi), (B.22)

Using equation ([B.20)), the inverse relation becomes
_m=namis, e =nam’ (B.23)

With respect to the covariant derivatives on the screen space, it is possible to define respec-
tively, the spin raising and lowering operators & and 0 using the complex basis m.. For

example the the covariant derivatives of 74, is given by

Als|

Oxsn = _(miVLan‘s‘ ymy, (B.24)
> C A S
Osign = —(mSViena, )my, (B.25)

where the minus signs are conventional. In a spherical polar coordinate system, we have

miV,mb = cot dmb. and m‘ivaml__’t = —cot #m?’. and the spin raising and lowering opera-
tors
o= —sin®d [% + siiea%} sin~* 6 ¢n (B.26)
0= —sin %0 [% — Shioa%} sin® 0 ¢1. (B.27)

The symmetric trace-free tensor of any rank, decomposed in this complex basis may be

expanded in spin weighted spherical harmonics, Yy, (n)

LA = Y, a2 Yin(n), (B.28)
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A

m

A

m may be calculated from

where a, is the spin weighted spherical harmonic moments. a

equation (B.28]) by multiplying both sides with the conjugate of Y, (n) and integrating over
the entire sky

gy = [ 2sAD) [V (0)]" Q2 (B.29)

For a non-zero spin object, i.e s # 0, aj, is further decomposed into the electric E-part and

the magnetic B- part
ap, = ailf +ia)b. (B.31)

The E- part and B- part may be extraction using

1 1

The E- part is invariant under parity transformation and the B- part changes signs under

parity transformation
Ay = (1) T0ag,, apy = (1)l ey = —(=1)a],. (B.33)

The spin-s weighted harmonics is given by

241 (0 4+m)(l —mN"? 2 t—s t+s
Ynltrs) = [P <(HS;E£_S)” (sin 6/2) Z( )(TH_m)

r

x (—1)7T7e™? (cot §/2)2 ™, (B.34)

The group theory rotation matrix DL, (¢,0,v), is related to the spin weighted harmonics

DL, 0 (0,0,0) = /AT /(20 + 1) Yo (60, ¢)e ¥ (B.35)

represents rotations by the Euler angles (¢, 6,1). By virtue of their relation to the rotation

according to

matrices, the spin harmonics satisfy: the compatibility relation with spherical harmonics,

0oY," = Y™ the conjugation relation ,Y,™* = (—1)"*"*_,Y,”™; the orthonormality relation,
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the completeness relation, the parity relation, and the generalized addition relation.

[ 49 () (Y = S (B.36)
D LY 0,0 Y0, 8)] = 86 — ¢)6(cos b — cos '), (B.37)
Q?Zm — (—1)'_Y;" and (B.38)

WY, ), Y0, 6) = @Y (B, @)e™7, (B.39)

respectively. These relations follow from the group multiplication property of rotation ma-
trices which relates a rotation from (¢, ¢') through the origin to (6, ¢) with a direct rotation
in terms of the Euler angles (a, 8,7). The addition of two angular momentum states is
handled using the Clebsch-Gordan relation,

4m(20+ 1)
X <£1,£2;—51,—82|€1,€2;€, —S> Sngm. (B40)

201 +1)(20+ 1
WYY = \/ S (i, mal s )
lm,s

We may use the spin-raising/lowering operators to define spin-weighted spherical harmonics
through

¢ —|s|)! 0° Yom, s>0
EH 1D (=1)5851 Vi, s < 0.
The action of raising/lowering operator on Yy, is given by
8}/2;71 = (_1)m+sst€m (B-42)
3V = [(6—5)(C+s+1)]7 411 Yim (B.43)
3V = —[(L+8)(—s+1)]7 s 1Yo (B.44)
00 Yy = —(0—5)l+5+1)Yom (B.45)
for double derivatives
00, Yo, = [(L—9)l+s+1)]s2Yem (B.46)
00.Ym = [(0+5)(l —s+1)] s 2Yim (B.47)

(B.48)
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Acting with the spin-lowering operator on ;A and vice versa then yields

0% AM) = Y4t/ (3i0°0 Yem(m) = 3, (= 1)/ (55 Yom(m)  (B.49)

0" Am) = 3, i (—1)°/GE50 0 Vi) = 3, it/ FS Yim(m). (B.50)

We thus have

ad, = / 2 A(0) [ Yo ()] dO2 (B.51)

%( 1) / [B° . A(m)] Yoy ()d9 (B.52)

(0 — s
,/ £+| / AM)] Vi (n)d. (B.53)

This ensures that the harmonics moments ai! act as a scalar on the sky, i.e it is invariant
under a rotation of the coordinate system around n.
The Wigner 3 — ¢m sympbols are related to the standard Clebsch-Gordan coefficient

(€1, m, la, ma|js, —ms) through

/ / /¢ —1)a—t2—ms3 ]
1 2 3 — L(El,ml,ﬁz,mﬂ]& —mg) (B.54)
ml mQ’ —m (263 + 1)

and it may be expanded in terms of orbital angular momentum

14 12 14
< ' ? ’ ) - (_1)el_m15m1+m2,—m3 (B55)

mip Mg, —M

{(el by — OOy + O3 — Co)) (o + Ly — 0)1(03 + mg)!(£s — m3>1} 2
(51 + 62 + 63 + 1)'(61 + ml)'(€1 — m)'(@ + m2>'(£2 — mQ)'

XZ (€2+€3+m1—k)!(€1—m1+k)!
k' 53—61 +€2—k)!(€3—m3—k)!(€1—€2+m3+k)!

k>0

The sum runs over all values of k for which the arguments inside the factorials are non-

negative.
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One special case of interest is the case of zero total angular momentum

6ty 0
< ! 2 ) = <€1,m1,€2,m2|0,0> (B56)
my Mma, 0
(—1)-m
S S A YHU S B.57
20 + 1 01,02 ; ( )

(B.58)

and for the spin degrees of freedom

6 by 0
( b ) = (01, —s1,l3,—55]0,0) (B.59)

—81 —S9, 0
(i

= ———0p, 0,05, —s B.60
2£1+1 £1,02Ys1,—52 ( )

(B.61)

also
{y l5 0
= (l1,0,/05,0]0,0 B.62
(42 '~ oo -
(-1)"

SR S MY B.63
W +1 " (B.63)

At some stage in the calculation, we added two angular momentum states using the Wigner

3 — ¢m symbol in the form given below:

S1 nl ;11 82 n? ;12

\/(261 F1)(205 + 1) (265 + 1) ( 06 byl )
4

my Mg, —M

x( b & & )SYM. (B.64)

—S81 —S92, —S§

This is how we extract our monopole ¢3 =0

0y L 14 l
( vt 0 ) ( b0 ) (B.65)
mi Mo, 0 —S1 —So, 0

- <£17 my, £27 m2|07 O> <€17 —51, 627 _82|07 O> )
_1)251*7711*81

—= Waghezémh_wmésh_sQ (B66)

(B.67)
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This is how we extract the dipole

l b 1 2
' ? = (_1)Z1_m1 5m1+m2,0 m16£17£2 (B68)
mi Mo, 0 \/(2€1 + 2)(2€1 + 1)(2€1)

+5 (81 + ml)(€1 — ml) _5 (62 — m2)(£2 + mg)
SEa\len )26 —1) TN 20+ D26 — 1)

14 0 1
( ' ? > - (_)el_m16m1+m2,:|31

my Mo, +1

(01 F mqy)(ly F ma)
i5“‘@‘"\/&(261 +2)(20, + 1) (B-69)

+521,£2+1\/( 1 F ma) (4 £ mo) +5z1+1,z2\/ (2 F myg) (Lo = my)

20, (26, + 1)(20 — 1) 205(20, + 1)(20, — 1)

B.2.1 Recursion Relations

We made use of some of the following recursion relations at some stage in the derivation.

MO A @) + (@), (B.70

Je(x) - _ Jera(x) 2je() Je-a(2)

o = @D T @ reer=T T @ =T (B.71)

@) = sp pea(®) = (€ Do (2)] (B.72)
Ww-1 202 120 — 1

ji(x) = 0T 120 = 1)]4—2@) RN 3)jz(90) (B.73)

(+1)(+2) .
Ri+ 1)@l + 32
W — M- . 30(02 — 2)
Je 20+ 1)(20 — 1)(2¢ — 3)® (20 + 1)(20 — 3)(20 + 3)
300+ 1)((0+2)—1) (C+1)(+2)(C+3)

Je—1(x)(B.74)

(2£+1)(2£—1)(2g+5)Je+1(a:) - (2“1)(2“3)(2“5)]“3(9;)
Je(x)\" (C+2)(0+3) joyr  20420-3 jo  (E=D(—2) jis
(Ex ) T 20+ 1D)(20+3) Z; a (2€+3)(2g_1)f+ R0+ )20 1) Ex (B.75)
je(@)\" (6 +2)(0+3) ‘ 2403 |
( x ) = WD T e D T (B.76)
ee-3 (€—1)(¢-2)

TRt D= T i - e’
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