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Abstract

The following paper will present the problem of the discrepancy between the number-
count dipole of far away sources and the Cosmic Microwave Background (CMB) dipole.
We will derive calculations up to linear order for the observed galaxy number-count over-
density while taking into account the relativistic effects on the past light cone, specifically
using the cosmic ruler notation. We will also apply the adiabatic and isocurvature initial
conditions on the calculated observed overdensity, testing if superhorizon fluctuations
are the cause behind the cosmological dipole tension. We find that neither adiabatic
or isocurvature fluctuations impact the number-count dipole. However, we find that
isocurvature fluctuations can indeed induce a dipole contribution into the CMB.






Introduction

The Cosmological Principle — the notion that the universe is spatially isotropic and
homogeneous — has been assigned the role of providing the groundwork for the Lambda
Cold Dark Matter (ACDM) model of our universe, which is the most successful model
astronomers have for describing the cosmos [9, 23]. The model represents the theoretical
framework of a flat universe, whose main components are cold dark matter (CDM) and
dark energy, represented by the A constant [9, 23]. One of the great challenges to the
Cosmological Principle that has emerged in the recent decades of advanced galaxy survey
missions is the dipole tension problem: the discrepancy between the CMB dipole and
the number-count dipole of far away sources [8, 10, 15, 24].

If the universe was truly isotropic and homogeneous, one would expect to see that the
reference frame of the Cosmic Microwave Background (CMB) is the same one as that
of galaxies and dark matter, referred to as the Cosmic Reference Frame (CRF) [10, 15].
Due to the motion of the Solar System itself, we expect to observe a kinematic dipole in
the CMB. However, if the frame of the CMB truly coincided with the CRF, we would
expect to see that the dipole in the number-count of far away sources coincides with the
kinematic dipole of the CMB, which large galaxy surveys have proven that this is not the
case [8, 10, 24].

The dimensionless CMB dipole amplitude is defined as d“™2 = n;vi /c, where n;vi
represents the projection of the peculiar velocity of the observer onto the line of sight and
c the speed of light [2]. The dipole amplitude is measured by the Planck collaboration
and observed to be [2, 10, 15]

dMB = (1.23357 + 0.00036) x 1073, (D
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corresponding to a direction on the sky of
[ =264°, b =48°. 2)

If the CMB dipole was truly a purely kinematic dipole, the peculiar motion of the
Solar System with respect to the CMB reference frame would be [10, 15]

nivi = (369.82 +0.11)km/s . (3)

However, this does not match what galaxy surveys have measured for the number-count
dipole [8, 10, 24]. Looking at data collected in between 2010 and 2016, in particular
the findings from the CatWISE catalog, astronomers have found that the dimensionless
number-count dipole is of amplitude [2, 8, 13, 24]

dV = (1554 £11.7) x 1073, 4)
corresponding to a direction on the sky of
1 =238°, b=31°. 5)

If the number-count dipole is purely kinematic, it would mean that our peculiar velocity
with respect to the Cosmic Reference Frame would be,

niv' = (797 + 87)km/s , (6)

more than twice the value of (3) and sitting at 4.90 from it [8, 24]. Thus, the dipoles
are either not purely kinematic, or we might not live in a homogeneous and isotropic
universe.

Before we even consider throwing out the current most successful model we have
for describing the universe, it is worth exploring other options. It is possible that this
anisotropy is not due to the Cosmological Principle being flawed, but due to potential
perturbations creating superhorizon fluctuations [10, 15, 14]. If superhorizon pertur-
bations have made their own contributions to the number-count and CMB dipoles, this
might explain the discrepancy [10, 15].

This paper presents a review of the current science examining the possible explanations
of the dipole tension. We will present the calculations done by Bertacca and collabora-
tors [3, 4] on the relativistic effects of phenomenons such as gravitational lensing and
gravitational redshift on the observed number overdensity of galaxies. Moving forward,
we will test the superhorizon perturbations on our calculated number overdensity to see
if they induce a gradient in the observed number-count dipole, as was done by Domeénech
et al. [10] and Gervani [15]. In Chapter 1 we discuss the physical foundations and back-



ground, in Chapters 2 and 3 we present the main calculations, and in Chapters 4 and 5
we summarize the main results and conclusions.
The main goals of this thesis are:

* To review the relativistic contributions to the observed number overdensity of
galaxies, following the formalism of Bertacca et al. [3, 4].

* To re-derive the effect of superhorizon adiabatic and isocurvature perturbations
on the number-count dipole using the cosmic ruler notation, and to compare our
results explicitly with Domenech et al. [10].

* To assess whether superhorizon modes and isocurvature initial conditions can
plausibly explain the observed dipole tension between the CMB and number-count
dipoles.

We stress that the analytic results are largely reproductions and reorganizations of existing
calculations. The addition that this work makes is the employment of the cosmic
ruler notation to simplify certain steps when calculating the superhorizon perturbations’
contribution.






Theory

1.1 The Homogeneous Isotropic Universe and Its Components

As mentioned previously, the Cosmological Principle states that the universe is spatially
isotropic and homogeneous. We, as the observer, are not in a special location in space,
but we are in time, as the observations of the CMB serve as evidence of a Big Bang
Universe [5, 9, 11, 12, 23]. The fact that there is nothing unique about our spatial location
is important: we are allowed to make the assumption that, no matter where we would
be located in the universe, what we see in the sky would look the same regardless of the
direction of our line of sight. This allows us to make the assumption that our theories
and laws of physics apply to the entire cosmos.

Of course, to the everyday layperson, this might not make complete sense. Just looking
around us, we can see that our environment is neither homogeneous nor isotropic, as
shown in Figure 1.1. Sitting at their desk, the reader will notice that their room certainly
is neither isotropic nor homogeneous, with the preferred direction pointing towards the
center of the Earth. Zooming out of this picture even more and looking at the scale of
the Solar System, we see it is also not homogeneous and isotropic. Looking at different
directions can mean the difference between looking at the Sun, one of the planets, or
the asteroid belt. The planets themselves also have a preferred direction of motion,
pointing towards the Sun. Even in our Local Group of galaxies we cannot not yet
observe perfect homogeneity and isotropy, as the galaxies themselves move under the
gravitational influence of each other, falling towards the center of the Local Group.

This is due to the fact that the Cosmological Principle only applies on extremely large
scales, of the order of 100 Mpc [9, 23], where the structure of the cosmos is filled with
groups of superclusters with voids in between them. No matter where we are in the
universe, observations on these scales would yield the same data and results.
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(a) 3m (b) 3AU

Figure 1.1: A schematic image of the local inhomogeneities and anisotropies that govern our
world on smaller scales, as taken from [23]. Image (d) on the other hand represents a region of
200 Mpc in diameter, showing the Cosmological Principle taking place. With groups of clusters
of galaxies becoming undistinguishable from each other, observations on these scales will yield
data of voids and clusters, indistinguishable from others as we change the direction of sight of
our instruments.

Before we jump into the main ideas and calculations of this paper, it is worth reviewing
some of the basic fundamental concepts of cosmology that are the groundwork for this
research.

1.1.a Einstein’s Equations and Friedmann’s Equations

Einstein’s field equations are a set of tensor equations relating the geometry of spacetime
to the distribution of matter and energy within it.[9, 16] They are given in the compact

form of
8nG

G/_”/ = TTMV _Ag/.lv 5 (11)
where G, is the Einstein tensor, 7),, is the stress-energy tensor, g,, is the metric
tensor with the (—, +, +, +) signature, and A is the cosmological constant, a parameter
quantifying the expansion of the universe driven by dark energy [9, 16]. The Einstein

tensor is defined as

1
Guy = Ryy — ERg,,V , (1.2)
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where R, is the Ricci curvature tensor, which is equal to the contraction of the first and
third index of the Riemann tensor, while R is the Ricci scalar, equal to contraction of the
leftover indices of the Ricci tensor. On the other hand, the stress-energy tensor 7}, of a
perfect fluid is given as

Tyy = uuuy(p + P) + Pguy (1.3)

where p represents the energy density, P is the pressure of the fluid, and u, is the four-
velocity of the fluid in its own frame [9, 16]. By writing down all the components of the
Einstein equations and using the conservation laws V,T#" = 0, Alexander Friedmann
was able to derive the famous Friedmann equations: a set of equations tasked with the
purpose of quantifying the expansion of a homogeneous and isotropic universe [9, 23].
The equations are,

K 8 A

2, K _om A

H+a2 TPt 3 (1.4)
i 4 A

g:——7T(,o+3P)+—, (1.5)
a 3 3

o+3H(p+P)=0. (1.6)

The first two equations are independent from each other, while the third is derived
from the first two [9, 23]. We note that from here on, as can be observed in the above
equations, we will work with natural units of G = ¢ = 1 as is customary in cosmology.

In the equations above, a is the dimensionless scale factor, a time-varying parameter
quantifying the relative expansion of the universe. As is convention, the scale factor
today is defined to be equal to a, = 1. The dots above a we see in the equations above
signify that we have taken the derivative taken with respect to cosmic time. We observe
H which represents the famous Hubble parameter, defined as

=2 (1.7)
a

where today’s value is taken to be H, ~ 67 km/s/Mpc [1]. Today’s value of H, is
also referred to as the Hubble constant. While we did state that we will be working
in natural units, we decided to give H, in conventional units for ease of comparison
with the literature. It is often represented as H, = h,100km/s/Mpc, where h, is the
dimensionless Hubble parameter today [9, 23].

Finally, we turn our attention to «, the constant that describes the possible curvature
of the universe. It has three possible values of +1, 0, and —1, where a positive value
represents a closed positively curved universe, zero represents a flat open universe,
and the negative value represents a negatively curved open universe [9, 23, 16]. From
observations of the CMB, we assume that today we live in a mostly flat universe, and will
therefore take xk = O from here forwards [9, 23]. In a flat, isotropic, and homogeneous
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universe, the Friedmann—Lemaitre—Robertson—Walker (FLRW) metric is
ds? = —dr + a*(1) (dr2 + rdeZ) : (1.8)

in which 7 is the cosmic time, r the comoving distance, and dQ is the infinitesimal solid
angle, equal to dQ? = d6? + sin” 6d¢? [9, 23].

1.1.b The Components of the Universe

The universe is composed of radiation (in the form of photons and neutrinos), matter (in
the form of baryonic matter and dark matter), and dark energy. Throughout the evolution
in time of the universe, different components were dominant at different periods. The
very early universe was radiation dominated, but as the energy density of radiation falls
much faster than that of matter, the universe became matter dominated in just a little over
47 x 103 years [23]. The moment (or redshift value) where the energy densities for both
radiation and matter were equal is often denoted by z.,, which is equal to z,, ~ 3400
[1,9, 10, 23]. During this time, the energy density for dark energy was negligible, so it
is often not included in models of the earlier phases of the universe.

The simplest way to model the relationship between pressure (P) and energy density
(p) is by defining pressure to be equal to

P(p) = pw, (1.9)

which is known as the Equation of State (EoS), where w represents a constant whose
value depends whether we are discussing radiation, matter, or dark energy [9, 23]. It is
given to be

0 dust ,
w = % radiation , (1.10)
-1 A.

The energy density for the different components of the universe evolves in different
ways. For matter, as the universe expands, the density drops due to the expansion of
volume. However, for radiation, the energy will additionally drop due to the effect of
cosmological redshift on the wavelength of the photons [9, 23]. This means the energy
density of radiation will drop even more. However, unlike for matter and radiation, the
energy density of dark energy remains constant in time [9, 23]. The energy densities of
the different components are shown below as a function of the scale factor a to be
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a3 w=0,
p o« qa* w=1, (1.11)
constant w = —1.

As the universe continued expanding, the energy density of radiation and matter
continued to drop, until dark energy became the dominant component. In today’s
universe, we live in a A + matter period, where the component of dark energy is still
larger, but the two are of equal orders of magnitude. In today’s time, the radiation energy
density component is so small that it is negligible. In order to quantify the fraction of
energy density for a given component of the universe, we use the dimensionless density
parameter €, defined as

X
oX=F£ (1.12)

Protal

where X = {radiation , matter , A} and py is the total energy density of the universe
[9, 23]. Today, we have that [1]

Qno=031,Q4,=0.69. (1.13)

Due to the different components that were dominant during different periods of the
universe, the expansion of the cosmos itself was different during each era. Below, we
showcase the evolution of the scale factor for different periods of the universe, denoted
by the EoS constant of the dominant component [9, 23]:

a(t) = {(t/te)'? w=1, (1.14)
eflolt=to) 4y = 1

1.2 Inflation

Inflation represents a brief period of rapid expansion that took place right after the Big
Bang, somewhere between 1073¢ s and 10732 s of the age of the universe [9, 23]. The
theory of inflation was birthed during the 1980s as cosmologists were trying to explain
how is it possible for the universe to be so homogeneous at large scales, as well as the
Horizon problem: How come patches of the sky that should have never been in causal
contact are of the same temperature [9]?

For the universe to display such homogeneity on large scales, it implies that all of
matter was in causal contact at some point for the process of thermalization to take place.
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The universe could have started highly inhomogeneous, however, it was small enough
that everything was in causal contact with everything else, leading to an exchange of
information that brought the photon-baryonic fluid to a thermal equilibrium [9]. The
theory of inflation supports this idea, as it allows a window of time when all of the
components of the cosmic fluid equilibrated at the same moment [9, 23].

With the expansion of the universe and the finite speed of light, it is quick to calculate
that two points in the sky separated just by an angle of § ~ 1° would not have had the
time to exchange any information between each other during the age of the universe [9,
23]. However, with the observations of the CMB, we know that cannot be the case. This
is where inflation comes in. First, we will explain the comoving Hubble radius.

The comoving Hubble radius, 7y, is defined as

1

aH—M)’ (1.15)

ru(a) =
where a represents the scale factor and H(a) represent the Hubble parameter at scale
factor a [9]. It represents an approximation of the distance light could have traveled
freely during one expansion time, that is, the period where dfna = €@inital [9]- It
is used as an approximation to determine whether during this one expansion period
particles had the time to exchange information. Looking at equation (1.15), we notice

that 77 (a) = a~!

, meaning that the condition for an increasing comoving Hubble radius
is that the acceleration of expansion must be decreasing, that is, d < 0.

The condition for the comoving Hubble radius to have ever had a period of decrease
is d > 0, which is the condition for accelerated expansion, or inflation. In the very
early universe, just before inflation, 7y could have started off larger than it is today,
meaning there was an early period where it was large enough for everything within it to
thermalize. As inflation started, the comoving Hubble radius decreased, meaning more
particles were now outside of each other’s range of causal contact, but only after they

had already exchanged information. With inflation finalized, ry started growing again.

1.3 Cosmic Microwave Background

The Cosmic Microwave Background is a radiation field created at the last scattering
surface, also known as the moment of recombination [9]. As the universe expanded and
cooled, at one point it was cool enough that most of the free electrons became bound
inside hydrogen atoms. This caused the mean free path of photons to increase enough
that they were no longer being scattered, and were finally decoupled from the baryonic
fluid [9]. The CMB is currently the best window astronomers have into the early universe,
considering we currently cannot see past it, as shown in Figure 1.2. Until the detection of
primordial gravitational waves, which may reveal more information about the universe
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Figure 1.2: A schematic representation of the observable universe and the CMB, with us the
observer at the center. Our observable universe is transparent, meaning we are able to observe
far away sources since their photons are free to travel to us. However, if we look too far into the
past, we observe the CMB, which is opaque and is best described as looking as a surface of a star.
Because it is opaque, we cannot see further than it and hence the snapshot of the last scattering
surface is the best window we have into the early universe until scientists are able to observe
primordial gravitational waves. The image was made in PowerPoint using images from the ESA
and the Planck Collaboration and NASA.
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before the moment of last scattering, we have to rely on the CMB for our studies of the
early cosmos.

Not only did the discovery of the CMB prove that we live in a Hot Big Bang universe
and not a Steady State one by showcasing that the universe used to be much hotter,
and therefore is actively evolving, it is also the best test of the Cosmological Principle,
with temperature variations being on the order of only 1075 K [9, 11, 12, 21]. These
temperature anisotropies are also a direct window into the initial conditions of primordial
perturbations that are equal to = 107>, The study of the CMB temperature anisotropies
and the polarization pattern also provides us with a snapshot photo taken at the surface
of the last scattering, and can help astronomers study the early density fluctuations of the
cosmic fluid that grew into the Large Scale Structures of today [5, 9, 11, 12, 21]. This
is why the study of the CMB dipole is of such importance: the presence of an intrinsic
dipole wouldn’t only signify that the dipole anisotropy itself is not a challenge to the
Cosmological Principle, but it would also aid us into studying the initial conditions more
and furthering the theory of inflation.

If we were perfectly at rest with respect to the CMB, we would observe just the small
temperature fluctuations of the order 107> in all directions. However, that is not the
case. As the Earth itself moves around the Sun, which too revolves around the center of
the Milky Way, which itself is moving due the gravitational forces of our neighboring
galaxies, the observer has a peculiar velocity with respect to the CMB reference frame,
creating a temperature dipole as shown in Figure 1.3.

1.4 Large Scale Structures

The Large Scale Structures of our Universe — also known as LSS — represent the
complex cosmic web of clusters and superclusters of galaxies, that seem to follow a sort
of filament structure due to dark matter clumping [9, 17]. The Cosmic Reference Frame
is the reference frame of said large structures and dark matter [10].

It is the very deviations that we discussed earlier from the Cosmological Principle
that allow the formation of LSS on scales less than 100 Mpc. What start off as small
overdensities in an otherwise smooth fluid result in more matter falling inwards, hence
the overdensities growing and structures forming with them. It is the existence of local
gravitational instabilities that allow structures to grow [9, 17].

We expect relativistic effects to affect the observed number of galaxies when observing
the sky. Things such as Doppler effect, the Integrated Sachs-Wolfe (ISW) effect, and
redshift space distortions will all have their influence on the observed photons’ geodesics
and energy [9, 11, 17]. For example, the Doppler effect will arise due to the peculiar
motions of the source object and the observer, causing shifts in frequency that lead to the
target object either appearing closer or further than where it truly exists [9, 11, 23]. ISW
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Gk TN

Figure 1.3: The temperature dipole of the CMB, as taken from [12].

on the other hand arises due to decaying potentials on large scales, that cause a change
in a photon’s energy as it falls in and climbs out of potential wells at different points in
time [9, 17]. The Shapiro Time Delay arises from the fact that photons will effectively
be slowed down in these potential wells [9, 16]. Meanwhile, redshift-space distortion
come from the fact that galaxies have peculiar motion, that can either be presented as
the Kaiser effect where structures will be flattened in redshift space due to falling, or
the Fingers of God effect, where random virial motions in clusters produce an apparent
elongation of structures along the line of sight [11, 19]. We dedicate a separate section
to gravitational lensing later in the chapter.

1.5 Kinematic Dipole

As mentioned before, the peculiar motion of the Solar System will induce a kinematic
dipole not just in the CMB, but also in the number-count. As given in equation (2.32)
from [10], it is equal to

H,  2(1-x)

dkin = 12+ = 4
" ( 7‘(3 rsHs

_fevo)ﬂ, (116)
where S is the CMB kinematic dipole, 8 = n,-vf,, x is a numerical parameter to be found,
rs is the comoving distance of the source, f.,, is the evolution bias parameter, and H; is
the conformal Hubble parameter at the moment the light rays were emitted by the source
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galaxy [10, 15]. We can further correct this by instead assuming that the source density
is not constant, but a time-evolving function. We also must take into consideration that
we are not able to observe all far away sources, but those with some minimal threshold
flux, F'+, that our instruments can detect. We hence write our function of the number
count to be one of redshift and flux dependence as [10, 15]

[Se]

Ni(z, F > Fx) = / dLAg(z,InL) . (1.17)
Ls(z,F)

Taking into account the source evolution and luminosity, we derive [10, 15]

1 /Xs )
_ dy Ngrodit"
/XS dyNsr? Jo oo

0
Xs 4 _
! / desr2(2+1+2(1 ) __OlnN )ﬁ(1.18)
0

fOX‘v d/\//\/sr2 H? 1’57‘{ - (9111(1 + Z)

kin
dN

To find the solution, we look at the total derivative to simplify our equation above:

01n Ny B dIn Ny O0lnNy; JInL
dln(1+z)  dIn(l1+z) AdInL dln(1+z)
1 dIn N, 2
= = EXN +x(1+a+m), (1.19)

where we assumed that the luminosity follows a power-law L o v~ ¢ [10, 15]. Putting
this all back into the integral for the kinematic dipole, we find:

. 1 Xs 1 d _ (r*Ny
dkin - = —/ dy Ngr? (2+x(1+cx)———ln( ‘))
A vl S i Hay "\ H
1 2N,
= 2+x(1+a)B+ —= > , (1.20)
A EFIvER)
where the integral is simplified with the use of [10, 15]
1 d (rN 1 d
— 1 = —— (21 +In Ny —InH
Wd)(n(‘H) (Hd)(( nr+InN; —InH)
3 1 dIn N N 2 dr 1 dH
- H dy Hrdy H?dy
Xz@—n idlnNs ig H’ (121)

+ + .
H dy Hrdy H?
Keeping only the linear order terms, the expected kinematic dipole is equal to [10, 15]

di" =2 +x(1+a)B. (1.22)
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Using the CatWISE values (x) = 1.7 and (@) = 1.26 [8, 10, 13] gives
A\ =2+ 1.7(1+1.26) =588,

meaning we expect to observe the number-count dipole to be an order of almost 6 times
larger than the CMB dipole. However, that is not the case, as measurements of the
number-count dipole d)’if" have found it is twice the expected value, thus leaving us with
the dipole tension problem [10, 15].

1.6 Working in redshift space

Due to the existing complications and difficulties cosmology faces when studying far
away sources, to simplify our calculations we will be working in the redshift frame.
Redshift space is a coordinate frame that flattens the past lightcone, in the sense that
from working in four dimensions, we are now working on a three-dimensional spatial
hypersurface. Photon’s geodesics become radial trajectories, while still containing all
of the background effects such as ISW, Shapiro time delay, and Doppler effect. In this
coordinate system, the geodesic of a photon is described by:

= (77,X) = (o — ¥, }n) , (1.23)

where ¥ (z) is the comoving distance in redshift space and is also our affine parameter
for the geodesic of the photon. The observed unit direction vector is represented by n
and is defined to be n' = %'/ = 6"/ (0 /9x/). The total derivative with respect to j
can be derived with the use of chain rule to be equal to

d 0 ;0

S A 1.24
dy ~ o " aw (129

All of the barred coordinates represent the coordinates in redshift frame. Meanwhile,
xM(x) will represent the coordinates in the physical, or real space, where y is the physical
comoving distance of the source. Mapping between redshift space and real space is done
as:

X=XxX+0x,
xH(x) =xH(x) + Axk () - (1.25)
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Figure 1.4: Representation of a perturbed photon geodesic from [18]. The solid line represents
the true photon trajectory, while the dashed line showcases the trajectory and source as seen and
interpreted by the observer.
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1.7 The Perturbed Metric

In the general gauge, the perturbed FLRW metric will take the form of
ds* = a®(n){-1(1 + 24)dn* - 2B;dndx" + (6;; + h;j)dx'dx’} , (1.26)

where we use 1 the conformal time and all of the perturbations are linear. The first
perturbation term, A, is a scalar perturbation and affects the temporal part of the metric.
It is the perturbation in gravitational potential that leads to time dilation and change
in the energy of the photon. B; represents the vector perturbation for the off-diagonal
components of the metric. The tensor perturbation, £;;, is the perturbation to the spatial
part of the metric and is equal to h;; = 2D6;; + Fi;, where Fj; = (6;0; — 6,~jV2/3)F +
O F i+ (’)jE + fz[ j. D and F represent the scalar modes, while F; is a solenoidal vector
and h; ;j 1s traceless and divergence free. The tensor perturbations are often seen in
cosmology through gravitational waves or gravitational lensing.

1.7.a Poisson Gauge

The Poisson gauge, also known as the longitudinal or conformal Newtonian gauge, is
defined by the choices of:

A= @,
D = -o,
Bi = 0,
F; = 0. (1.27)

This is called gauge-fixing, where we take away degrees of freedom by imposing our
constraints [9]. Hence, the metric the Poisson gauge will be

ds? a(n)Q{—(l +20)dn? +6;,(1 —2q>)dxidxf}, (1.28)
v v . (1.29)

Here @ represents Bardeen’s gauge invariant scalar potential perturbation, where we
can observe it acting both as a temporal perturbation and a spatial perturbation in the
metric [9, 3, 10]. In most literature, the metric above is written so that the temporal
perturbation is signified as ¥ instead, however, in this paper we set ® = . Because of
this decision, ® not only represents the Bardeen potential, but also the Weyl potential
which is defined as @y = (¥ + @)/2 [20].

Choosing a suitable gauge can aid us by helping us greatly simplify our calculations.
For true gauge invariant quantities, no matter what gauge we pick, we will have the same
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result. This is why physicist and astronomers will most of the time opt for the gauge that
will simplify their work the most when looking at gauge invariant quantities, such as the
number overdensity of far away sources.

1.7.b  First order perturbation terms

We write the first order perturbation terms of the metric in the general gauge to be

1 1 1
g(()()) = _20214, 8((),') = _aZBiy gl-(j) = Clzhij . (1.30)

Just like the metric, the four-velocity will also have first order perturbation terms,

ut =it + ou*. Using the normalization g, u*u” = —1, we find the linear perturbation
terms to be

ou’ = —a'A, sul=aHl,

ouy = -aA, Ou; =a(v;—B;). (1.31)

Similarly, for the Poisson gauge we have that the linear terms of the metric are given
by

gy = —2a’, gf} "= a5 (1.32)

With these, we find that the first order du* terms will be equal to

ou® = —a'®, sut=a"',

ouy = —ad, ou;=av;. (1.33)

While we won’t use different symbols in the paper for the metric and 4-velocity terms
for the two different gauges, we will always make note of which gauge we are currently
working with so the reader can follow.

1.8 Working with four velocity and tetrads

Most of the calculations will be done with the aid of tetrads, which is why we will take
a moment here to define the tetrads of importance for the paper. We will define the first
order perturbation terms of the metric g, in the general gauge, as well as find the first
order perturbation terms for the four velocity.

A tetrad is a set of four vector fields, A’C; , where the hatted index represents the
specific vector of the set, and the bear-headed index represents the spacetime coordinate.
Due to the complexity of studying far-away phenomena as an accelerating observer,
cosmologists simplify the calculations by assigning the moving observer an orthonormal
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Figure 1.5: An observer’s worldline and the comoving tetrad, as taken from [16].

tetrad, which is a set of four orthonormal vectors that travel with the observer along the
worldline and represent the observer’s laboratory in which they make their observations,
as shown in Figure 1.5. Since the observer’s worldline is timelike, we assign the timelike
Ag to be equal to the observers four velocity u,

Ag =ut. (1.34)

The specific tetrad we will be using in the calculation the most is the comoving tetrad,
E f; , where it’s timelike E(’f)‘ is defined to be

Ef =a” !N =a”lut | Ey, =aly, = auy . (1.35)

Just like all of the other terms we are working it, the comoving tetrad itself is perturbed
such that

Egy (" () = By, (80x) + Ax%) = By, () + 6E; (D) (1.36)

with its background term being equal to Ey, = (~1,0). Note that for Eg‘ , the back-
ground term is equal to E_g = (1,0). The following relationships for the parallel and
perpendicular components of the tetrad in the comoving frame will be used throughout
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the paper:
E’a = n‘Elll + Egi , Where E(”I = n,E; and E;’ = SDJ’E(’I .
Es = niE@” +E4.i, where Ed,” = niE(;i and Esi = SDJIE@J .(1.37)

Looking at equations (1.31) and (1.35), we find the first order perturbation terms 0 E g
of E¥ = E* 4 §E* t0 be:
0 0 0
0
5E6
oEy, = A, OE;

Il
|
S
=)
e
o =~
I
<-

=V - Bi 5 (138)

1.9 Gravitational Lensing

The phenomena of gravitational lensing occurs when the path of light is bent due to
the presence of mass. While traveling at cosmological distances, photon trajectories
will follow the curvature of spacetime created by galaxies and clusters, causing the
final image of the source to be either warped, magnified, or even multiplied in number
[16]. The act of bending the trajectory of a photon geodesic also results in the observer
seeing the source object on the wrong part of the sky, as shown in Figure 1.4. The
more dramatic examples of lensing are caused by strong gravitational lensing, where the
observed image of the source is very obviously warped by a concentrated massive lens.
While these examples are curious to look at, it is weak gravitational lensing that is the
main culprit behind the creation of overdensities in the number of observed far away
sources.

Gravitational weak lensing, while not necessarily as dramatic as its strong counterpart,
has the property of magnifying the light of far away sources that otherwise would have
been too faint to be seen. This magnifying property will be studied and shown in the
calculations in the form of the weak lensing convergence term, «, which defines the
magnification in the size of the incoming beam of light.

1.10 Superhorizon Modes

A possible explanation of the existing dipole tension could be pre-inflationary remnants
that do not go against the standard FLRW universe. An example of such are superhorizon
perturbations, which are perturbations on scales much larger than the particle horizon [9,
10]. These perturbations can be in adiabatic or isocurvature modes, the main difference
between the two being the initial conditions set in the early universe.
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Looking at entropy S, we can deduce that

P 73 3 /4
g = PFP, I P4 (1.39)
T Pm  Pm
58 3

where T is temperature, V represents volume, and p the energy densities. We also have
0r.m which represent the fractional deviation of the energy densities from the background
values, and are defined tobe 6, = 6p,-/p,r and 8., = pm/Pm [9]. Looking at the possible
initial values for the perturbations, we differentiate between adiabatic and isocurvature
perturbations.

1.10.a Adiabatic and Isocurvature Modes

As mentioned previously, initial conditions are set by inflation when we consider scales
larger than the Hubble radius, known as superhorizon scales. Adiabatic perturbations
are predicted to be one of the products of single-field inflation [9]. Single-field inflation
states that different parts of the universe will experience different values of overdensities,
with the condition that the fractional overdensities will be the same for all particle species
s [9],

b0 _ b,
Y Ps

(1.41)

Adiabatic perturbations represent curvature fluctuations on slices of homogeneous total
energy density, and are defined by the initial conditions S; = 0, where 6., ; = %6 i [10].

On the other hand, isocurvature perturbations represent modes where curvature fluc-
tuations are initially vanishing and we are left with relative number density fluctuations
[10]. To find their initial conditions, we can use the 00-component of Einstein’s perturbed
equations, which in the Poisson gauge is equal to [15],

—AD + 3H(D + HD) = %az (PmOm + Préy) . (1.42)

For superhorizon modes, where we use the background Friedmann equation, we find
[10, 15]

2

Om + pro
2® = constant = ;_l? (omOm + pro,) = (PmOm + pror) ‘

(1.43)
Pm + Pr

In the early universe where we know radiation energy is larger than the one for matter,
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we take the limit p, > p,, to find the initial conditions [10, 15],
2®; =6, - (1.44)

This holds for both adiabatic and isocurvature initial conditions, with the difference being
that for the isocurvature case we set @; = 0, hence having so d,,; = S;.

Isocurvature perturbations are predicted to be generated during inflation in the presence
of light scalar fields, such as axions and curvatons [10]. As they are created deep into
the radiation dominated universe, they are later predicted to turn into curvature, that is,
adiabatic perturbations [9, 10, 11, 15], meaning our calculations of the superhorizon
perturbations to the number-count dipole will all be adiabatic in the dust and A + matter
universes.

Having the initial conditions, we can now look at how the functions ®, §; and v,,
change over time. Looking back in the context of superhorizon scales, where k — 0 we
have the solutions for the time-varying functions to be,

S(&) =Si, (1.45)

D) = <I>( s(W1+¢ ! 9)

sg 10
2 1
+2V25; ( \/1+ )+ 75 §) , (1.46)

V@) = Vigo! ( 4‘5—_”“”‘5)

5Hey 6oy

§ 1+41+&

(\/__f2§+3 31+ & ) (147)
& 1+41+¢&

where & is defined as & = a/aeq [10]. In these expressions, the terms proportional to @;
correspond to the adiabatic mode, while the terms proportional to S; correspond to the

+

157_{gq

isocurvature mode.

For our target objects of interest, that is, observed galaxies, we will have that their
redshifts are z = 1 — 2, which means & > 1. Taking the limit, we can simplify the above
equations to further get [10],

9 1

i S 1.48
02 +3s (1.48)

3 2 .\ V2 [a
Vin (61 > aeq) =~ (gq), + ESI) 7-{— P . (149)
eq eq

@ (a > aeq)

X
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In summary, we have seen that adiabatic initial conditions lead to a non-zero curvature
perturbation and a growing matter velocity potential at late times, while isocurvature
initial conditions provide additional contributions to both the potential and the velocity.
In the superhorizon limit, these modes evolve in a way that preserves the constancy of
S but generates distinct signatures in the late-time potential and velocity fields. These
results will be used in the next chapter to assess the impact of superhorizon modes on
the CMB and number-count dipoles.






The Observed Density Fluctuations
of Galaxies

2.1 Calculations of the Observed Overdensity

The following chapter will present the calculation of the observed number overdensity
of far away galaxies, with particular emphasis on the role of magnification among other
relativistic effects, as has been done by Bertacca and collaborators [3, 4]. All of the
calculations have already been done there [3, 4], hence this section serves the purpose
of re-deriving them and providing more steps for the reader to follow. Some of the more
particular calculations can also be found in the appendices, as will be noted.

The notation used is the so called cosmic ruler notation, as presented in [18]. Physical
phenomena such as the Integrated Sachs-Wolfe effect or Doppler shift will be further
discussed in Chapter 4 when discussing the results. As mentioned in Chapter 1, the
calculations are all done with the use of natural units, ¢ = G = 1, as well as the
(-, +, +,+) metric. As per convention, Greek indices will represent {0, 1,2, 3}, while
Latin indices will indicate {1, 2, 3}.

2.1.a Directional Derivatives

In this section we will go over the definitions of directional derivatives used in the paper,
as well as their properties, as was introduced in [3, 4, 18]. Spatial vectors and tensors
can be decomposed into longitudinal and perpendicular components with respect to the
observer’s line of sight as:

A= ninjA,-j , Bi = Piij =B —niB|| , where 7’; = 6;- —ninj , 2.1

25
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where P]". represents the normal projection operator. The directional derivatives are
defined as:
0 on’

1 .
T ,~6 , - = - '.l . 2.2
o M a2

i 90 ~
O =n'os, of =80y, d.u=Pl0;=

Applying the definitions above, we can deduce the following useful relationships:
niBJ_i = l’liBi — nin,-B” =B,-B =0, 2.3)

n'a. —n'n;0 =0 -0, =0. (2.4)

1
n —
oxt

We can thus rewrite d/d%/ as a sum of different directional derivatives, as well as
find the normally projected Laplacian V2 to be

L. i(Bi +n'B)) = iB" +ni% + on'
oxi  oxi ot T e R TT A T
S 1.
= (01 +n;0))BL +n'(d; +n;0))B) + )_EP’JB”
. o . 1 .
= (%_jBlJ_ + l’lj(?HBﬂ_ + n’@LjB” + n‘nj(‘)”B” + )—EPiJB” , (2.5)
: .0 0 2
2 ali _ sij Y Y 492~
Vi = 0,07"=9¢ 57 0% (9” )28” . (2.6)

From above, we can observe and deduce that 9B’ /dx’, a useful relation that will aid
us later in the paper, will be equal to

B!
oxi

. . . . 1 .
aJ_iBlJ_ + nianBﬂ_ + n’@LiB” + nln,ﬁ”B” + 17);3”
X

. 2
0,;B, + 9B + =B . 2.7
1 R I I

With the directional derivatives defined and their properties explored, we can move
on to calculating our linear perturbed terms.

2.1.b The Change in the Scale Factor

The perturbation in the scale factor a can be found by looking at the perturbation of the
observed redshift of the source object. Hence, to find it, we must study an incoming
photon’s energy and frequency [3, 4].

We consider the photon 4-momentum of a photon, equal to p* = v(a)k*/a where
v(a) is the photon frequency as a function of the scale factor, a, and k* is the null
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geodesic vector of the photon. The perturbed k* is equal to

dx* d 0 .0
) = ——==—E+ox")(p) = |-z +n' o | (¥ +6x") ()
dy dy on ox’
= (=1+6v, n' + 6ni) ()
= kM + k", (2.8)

where we have the zeroth order term, k# = di#/dy = (-1,n), and the perturbation
term 5k* = (6v,dn'). Using the relationship between the energy of a photon and its
redshift, we can find the perturbation of the scale factor, a. In the real, physical frame,

the scale factor is defined as

a(x’(x) = a(@® + Ax®) = a(1 + HAXO) ,

a =
1 a’ 0
where a = a(x°) = T+2° H = % , and "= ‘9_77 . (2.9)
The total perturbed scale factor can be written as
a=da(l+Alna), (2.10)
where we then find
Alna = HAX® = H(-6y + 6x°) (2.11)

We can find A In a using the observed redshift as found in [3, 4]:

(uup)ly B v(ay) (E(),,k“)Ly ! (E(),,k”)b(
(uﬂp‘u)lo Vo (E()ﬂk/‘)b ay (E(”)Mk'u)|o .

(1+2)], = (2.12)

By convention, we set the present day scale factor to be equal to a, = 1, and have that
Poo = (A()ﬂpﬂ)b = v,. Then, we calculate

(Eﬁyk#)l() = 1’
1 1
—_ - _p. M
l+z=-=- = aEO“k s
1+Alna 1
— " = _—E; kM,
a a Ou

I+Alna = Egk* = Eg, k" + (Eg, k") =1+ Ey 6k* + 6E; k"
Alna = Eg 6k +6Ey, k" = —6Ey) +n'6Ey — ov
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With the use of (2.11), we find the comoving distance ¢ y to be equal to

Alna

Sy =ox" - =6x" - AxX" . (2.14)

With the further help of the relationships defined and derived in Section 2.1.a, we
derive the following for the temporal and spatial perturbations:

A = A +nAxg, (2.15)
Axy = Sy +6x)=06x"—Ax" +6x) , (2.16)
Axt = ox' . (2.17)

Above we use the definition Ax'") = §; jéxi(") in equation (2.17).

2.2 Number of galaxies

The physical number density of galaxies is defined as ny = ng(x*, M), where M
represents the magnification. The physical number of galaxies N contained within the
volume V is therefore

oy 0x” OxP 0x7
/ _g(xa)ng(x#’M)guvpau'u(xa) = 2 Ld_3
%

0% %2 9

— s 0x” 0xP 0x7
[N O 5 My B ) S 5

9% 92 073

N

dx’, (2.18)

where we have used \/—g (x@) = \/—g (x®)/a* and equation (1.35) to simplify the
expression, where g(x%) is the comoving metric [3, 4]. In the redshift frame, the number
of galaxies will be

N = / @ (@ )ng (3°,%, L)dx® . (2.19)
Vv

Looking at equation (2.18), in order to simplify our calculations of the perturbed
number count we define

dx” dxP ox7
ox! 9x% ox3

V(x®¥) = sﬂyngg(x”) =1+AV(x?). (2.20)

To find the first order term of V(x%), we simplify the expression by dividing it into a
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temporal and spatial component:

o o7 o
ox! 0x2 ox3

V(x%) s'uvaEg (x%)

x!

= EY—
FE

0

ox0oxT ok oxT ox0 ot _oxT ok ox')
0x! 0x2 0x3  Ox! 0x2 0x3  Ox' 9x2 ox3)

+

By -

By using the properties of the Levi-Cevita tensor, we find that the first term is equal to

x! Ox!
/| = |, 2.22
9% det(a)w) (222)
ox' ox' ox' OAX!

() = aa(2)van(2) () e

With the use of equation (2.7), the first order term above is calculated to be

OAx! . 2
( ox ) = (’)L,Axl + 5||AXH + TA)C” . (2.24)
X X
The second term of equation (2.21) can be rewritten as a sum of a background term
and first order term:

. ( Ox0 0x7 axk ax7 9x0 axk  OxI Axk 9x°
ijk

TS T I am S T oo as | S =L tAYN . (225
ox! 0x2 0x3  0x' 9x? dx3  dx! 9x? 3;3) + 225

Now, we have that:

x| .
vx®) = ENZE LBz =1+ AV(Z9), (2.26)
olgxi| " 70
iy (D
_ ox* i (1)
AVED = (ESW) + (Ey )
_o [OAX ; i
_ 0 0 pi0)5(1) , cpis(0)
- Eé(aii )+6E6+E6 =+ 6EIx” . (2.27)

Since the background term E (f) is zero, there is no need to find the perturbation A%; and
we will hence skip the evaluation of it. Meanwhile, the zeroth term %; is found by using
the fact that 9x° /9% = — d¢/d%* = —n; and dx/ [@7' = &7, and then contracting all
the indices while paying attention to the Levi-Cevita tensor. At zeroth order, this will all
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simply be equal to £; = n;. Thus, we have the solution

AV (%)?

. 2 .
8J_iAx3_ + 8||A)C|| + TA)C” + 5E8 + nidE(f)
X

2
—2k + O Ax + = Ax) + SE + 6E) . (2.28)
X

Here we simplified the expression by using the definition of the coordinate weak
lensing convergence term (at n' order) [3, 4]:

1 .
KM = —Eal,-Axl(”) . (2.29)

Since we will only use the first order term (! in our calculations, we will simply
write k for the purpose of cleaner calculations.

With AV (x%) now calculated, we can move onto the magnification bias M.

2.3 Magnification

The magnification is defined as

-2 -2
M = (&) - (&) : (2.30)
Dy Dy

where D4 and Dy, are the angular and luminosity distances and Dy and Dy, are the
angular and luminosity distances at zeroth order [3, 4, 18]. They are related by,

Dr=1+22Ds, and Da=aZ(0)x . (2.31)

We use the following cosmic rulers definition [3, 18] for angular distance,

oxP 0x% . .
Z)fx = V-8(xYeuypout'vy r a'pl, (2.32)

A%l 9%

where n', @/, ¥ create a three dimensional orthonormal basis, and v is the unit spatial
part of p”:

v kY dx”  dy dx#
w2 = +u¥, where kV(y)= - X (_X)
pPuy, kPu, dy dy dy
dx”/dy
V=——=+u”. 2.33
AP /Ay u, (233)

We rewrite the expression using u, = akp, and find that for the inverse of the
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magnification bias, we have [3, 4]

V—g(x) dx" OxP 0x7

a’ Bk
(dxﬂ/d)z-up)(a(xo)zg’”””” dy 0%/ axk @'p
V—g(x?) EH u0xY 0xP Ox

(dxr/dy E; )(a(xo)a(xo)2 Ewvpa 0 o5t 037 Dk

V=8(x) (a(xo)) B 1 0x” 0xP 0x7

(dx?/dy Ep,) \a(x0)? Cruvpe o o5t 931 Dk

M—l

nia/jﬁk

— Bk . (2.34)

We further simplify the expression by making the observation that the following terms
are equivalent:

ox” 0xP Ox7
axi 0% 9xk

s 0xY OxP 0x”
SMVpGE (x )c')xl 9x2 0%3
1 +AV(X?) . (2.35)

nia/jﬁk

8,uvpa'E (x w)

We then find the first order contributions from the terms /-£(x?) and dx”/dy E; 0
(3, 4],

V=8(x%) =1+ Ay-8(x2), (2.36)

A 1/\ -
AV-g(x¥) = Egﬁ(l)(x ). (2.37)

where we define /-8 (x® )( " A“"(O)g("). For the first order term, we simply define it
1
—g(x")( - A+/—g(x®). Meanwhile, for dx”/dy Eg, we have that [3, 4]:

dx” dxp
—_EO = l + A N
dy ™ d/\(

dxP dx? dx?
A (—_Eﬁp) = A( Eyy + — i 01) A(a)(x Ey, + 6Xx Eol)

dy dy
= A(a);x Eyy + I’liE()l-) = A(a)zonOO + E©||)
= —0yAx’ - 6Ey) + JEy . (2.38)
We make a note of using the expression dx/dy = dyx” in the previous equation to

simplify our calculations. Continuing, with the use of a simple Taylor expansion we have
the term

(g)2 - 14+2Alna, (2.39)
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which we plug in (2.34) and add add all of the first order terms to find,
-1 0 1 (1) - 2
AM™) = a)E(A)C + Ax)) + 0Ey, — 5E0” + 2g (x )—2K+§Ax”
+ OEQ+ 5E(l)' +2Alna . (2.40)

Here we used (9);Ax”(”> = 6||Ax”<") [4]. Considering that at first order AM = —A(M™1),
we find that the first order perturbation term of the magnification is

AM = —3(Ax° + Ax) — 6Eg, + SEy ——A’“(l)(x")

+ 2K - —_Ax” ~-6E% - 6E! —2ATna . (2.41)
X 0 0

For the angular and luminosity distances we have [3, 4]

Dr ADL Da AD,

— =1+ — and —/— =1+ — (2.42)
Z)L DL DA DA

From equation (2.30) we have that ADy / Dp =AD /Dy = —%AM and thus:

AD, ADs 1., 1 1

1 1
SOE + 6E” +Alna. (2.43)

1Au<1> o 1
+ - + Ax + =
(%) —« =2 2

4/1

Now that we have A(M), we can continue and find the galaxy number density.

2.4 The Galaxy Number Density

As a function of magnification M and spacetime coordinate x, the perturbed galaxy
number density n, can be written as,

ng (x*, M)

ﬁg(io + A%, M+ AM) + Sng (0 + AxO, M + AM)
s g+ 78 a0 4 5 (2.44)
= + + — + s .
M 950 e
where we have defined the background term 7, = ny, (x°, L) and first order term
ong = ng (¥ L)V [3, 4]. We define a new quantity,

_ on
§g = 0,(x*, L)V = =% (2.45)
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Hence, we have that:

ARD | R0 D
dx0 ax0|; Ina x| dlna
We further divide equation (2.44) by i, and find
An H on 1 On
__g = 6g+_——g_A)CO+_——gAM
flg ig 0lna g OM
dlniig  Olning
= + +
£ 9lna oM
5, + 7 QAM™) (2.47)
= + - s *
& dlna
where we have defined the background magnification bias:
Q= 2In% (2.48)
oM '

Now, we can find the observed fractional overdensity at first order defined as [3, 4],

A -
¢ fig (%0, L) §

(2.49)

The term n, (%9, %, L) was seen before in equation (2.19). Equating equations (2.19) and
(2.18), we can see that the integrands are equal, thus finding:

V=8 (x®)a> () ng (x*, M)V (x¥) = @ () ny (20, %, L) . (2.50)
Therefore, we finally find the overdensity to be equal to,
W, %, L
pp = BEED
ng(xo, L)
1 1
S ((1 + Egﬁ(l)(i")) (1+3AIna)(1+AV(E%))(iig +0ng)| — 1
ng
on 1
= —£43AIma+ g4V + AV
flg 2
5ll’lﬁg _1 1 Ap(1)
= |0g+ ng —QA(M™ ) +3AIna + Egz
2
—2k + 8 Ax) + =Ax) + 6E? + 6E] | (2.51)
1AxI+ ZA% o b

We define the term b, = dIniig/01Ina + 3 and plug in the expression for AM™1) to
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finally find,

Ag

1 2
S +be — 3~ Q(p(Ax® + Ax)) + 6Egy — SEg + Egﬁ“) = 2k + S Ax) + OE)
X

+

1 2
SE! +2AIna+3AIna + 84" — 2u + ayAx) + ZAx) + SEQ + GE||;
0 2 X 0

1 2
Sg + (e —2Q)AIa+ (1 - Q24" + (1-Q) -2k + ZAx) + 6E + 5151')
2 X 0 0

+

(‘)”Ax” - Q(éE()O - (5E()” +0v + 5n||) . (2.52)
We simplified the expression above using the calculation

97 (A" + Ax)) 3y (x + 6x) + Ax®)
37 (6x° = Ax® + 6x) + AxO)

37 (6x° + 6x)) = 6v + on . (2.53)

2.5 Poisson Gauge

Finally, we are interested in finding our result in the Poisson gauge. Looking at our
previous general gauge, we simply set A = D = @, and B; = F;; = 0, to find the metric
and the peculiar velocity [3, 4]:

ds? a(n)2{—(1 +20)dr? + 55 (1 - 2c1>)dx"dxf} , (2.54)

Vv v . (2.55)

Using our previous results and applying the new values for the potentials, we can find
all the previous perturbation terms in the Poisson gauge. Our aim is to find the following
terms: Alna, dy, AxO, Axy, Axi, and «, as was done in [3, 4]. We start by looking for
Alna.

2.5.a Calculating Alna

As a reminder, for Alna we found the expression
Alna = —6Ey, +n'SEy; — 6v . (2.56)

As we have shown in Chapter 1 already, the first order perturbations for the comoving
tetrads are equal to

SEyy = —®, 6Ey =vi, (2.57)

5E§ = @, 6Eé=vi. (2.58)
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To find the final form of A In a, we need to find dv. To do so, we will use the geodesic
equation for a photon,

di* (x)

i M (2.59)
At first order [3, 4]:
kM = k”(})+6)(%, (2.60)
f’;ﬁ(ﬂ) = fgﬁ(ﬁ)mxv 6?2Vfgﬁ(ﬂ)’ (2.61)
dkg)(()‘) — fgﬁ(x7)+Ax"%f“gﬁ(ﬂ) KUkB . (2.62)

Using equations 3.4 and 3.5 [22], the above equation can be rewritten as,

dk* (x) + zf‘(o)#k(())ak(n)ﬁ +9 f‘(o)#k(O)ak(O)ﬁx(n)V — f(n).u (2.63)
d/\/ afB v aB ’ :
where for us, we will have n = 1, for which f(V# = —ffylﬁ)”k(o)“k(o)ﬁ. Hence, the
equations above can be rewritten in the much simpler form of
dk* . _
D _ _sphuags (2.64)
dy af

Looking at Appendix A, we can see that 6f5 5= IA“Z 5 SO We will simply write it as
that from now on. With k¥ () = (=1 + 6v, n' + 6n), we have the following:

dok® d(s i) -
- Ei)ZV) = 0 gk kP = —(FGk°k” + 210, k°k' + I k' &)
= —(® -2n'9;® - D) =2n'H;D, (2.65)
dok’ d(on’ P
= - (d)’(_’ Lo P RORE = (P RORO + 24 RORS + P RA )

= —(0'®+255D'n! + (—6},0,P - 604D + 60" D)n' n*)
= 20'® - 20'® +n/n/ D +n'n*o;®
= -20'®-2n'® +2n'0|D . (2.66)

We make a note of treating j and k£ as dummy indices in the last two lines above. Now,
with the aid of the derived expressions, we can find both ¢v and on'. Here we will use the
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expression for the total derivative d/dy = — 8/077 +n' 0 /0%, where n' 8 /dx" = 9.
d(ov)
dy
d /
L (sv-20) = 20,
dy

20 ;@ = 2n'9;® + 2@’ - 2’ ,

X
ov = |20 -20, + / dy®" + const |. (2.67)
0
d(n' . . . .
©n) 25— 20l + 200y = ~20>
dy
d(sn’ —_2n‘(I>) _ v,
dy
. _ X
on't = [2n'® - 2/ ¥0'® + const | . (2.68)
0

The constants above are —§v,, and —dn’, respectively, where o denotes the coordinates

= 1, assuming a, = 1,
o

of the observer. To find 6v,, and on!, we use ko, = (Ef)u kH)
and kg, = (Ea,,kﬂ)| = ng [3, 4].
o

= (—6E° + ni(SE@i —0v)

o

(5k60 = (E()'uk”)

= (6EO”]€” + E_'()”(Sk”)

o o

D, +n'vi, — 0V, ,

Vo = @+ Vo . (2.69)
Skay = (Ed,,k”)(l)‘ = (6Ea, k" + Edﬂék#)| = (=6E" + ni6Ey, - 6v)| .
o o o
. - | v
on' = —vp—-n'®,+2n'd - 2/ dyo'® . (2.70)
0

Finally, we find A In a in the Poisson gauge to be,

. X
Alna = —6E60+n15E6i—§V=(I)—(9||v—2q)—2‘/ d/?(D’—q)(,—V||O,
0

@, — vy~ D+ v +21|. 2.71)

where I is the ISW effect at first order defined as [3, 4]:

X
I=- / dyd’ . 2.72)
0
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2.5.b Calculating Ax? , 6y , Ax', , and Ax,

To make our calculations easier when finding all of the components of the number
overdensity equation, we define the following quantities [3, 4]:

X
I / 4P (G® - Lnio) (2.73)
0 X
) o X .
S = P}SJ:—/O dyo @, (2.74)
. X . X 1
S = niSl:—/ djnial<1>+/ dy—®
0 0 X
X . X X X 1
= —/ djniald>+/ d)zcb’—/ d)zcb’+/ dy—®
0 0 0 0 X
X o1
= d)o—d>+1+/ dy—=o. (2.75)
0 X
X
T o= -2 / apo (2.76)
0

where T is the first order radial displacement corresponding to the Shapiro time delay.
Since we found A In a, we can also easily find that

B Alna
OH

1
Ax° =| 77 (®o =V = @+ Iy +21)|. (2.77)

To find 6y which is equal to 6y = 6x° — Ax®, we need to find 6x° first. To do so, we
integrate,

X X X
6x° = 2/ d)gcp+2/ d)z()z—)g)cb’—/ dp(®, —vio)  (278)
0 0 0
/\7 ’
= —T—Z/\_/I—Z/ dy @ — ¥ (@, —vo) - (2.79)
0
Now, we have:
/\; 7’
6)( = —T—2)E]—2/ dX/X/(D _)?((DO_VHO)
0

1
—%((DO — V0o — D+ (9||v +21)

1 1
= |- ()2 + 7—_{) (Do =)o) + 7—_((‘1)‘3H")

X
~T —2%1 - 2/ dp i@ |. (2.80)
0
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Similar to the way we found 6x°, we find 6x and 6x’ by using on' = nion| + on', [3,
4].

6]/1“ = &, - Vio + 21, 5113_ = —Vﬂ_o + 251 . (2.81)
bt

oxj = ¥(Po—vjo) +2x1 +/O dyed’, (2.82)

ox' = —jpvi, +2¢S, - ¢oiT . (2.83)

Using these results, we find Ax’, and Ax:

A = oxl =|—jpvi, + 288 - x0T |, (2.84)

1
Ax” 6)(+6x|| = —7—_{Alna—T . (285)

2.5.c Calculating «

Now, we move on to calculating the weak gravitational lensing terms in the Poisson
gauge. To derive «, we remind ourselves of its definition,

1 .
K = —zoul . (2.86)

Using the solutions of the previous section, we find that the weak lensing term will
equal

1 . 1 . ) )
K= —Eaqul = —Eau(—)?vio + 2/\?51 _/\?aiT) . (2.87)

Due to the lengthy calculation hidden inside that expression, we will focus on each
term individually. First, we have that the initial term is calculated as:
0L (v',) = 0 (R)PivE + P RA;(PIIVE = —2npvk = —2v), . (2.88)

A more detailed calculation of this term can be found in Appendix B, equation (B.1)
and (B.2).
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The second and third terms will be equal to:

. . X vorX .
oSy = eoust=-xou [ apdlo=-L [Tapradle
0 0
X _
= —/ dypVio, (2.89)
0
' 2 2 [ X [F 22
0u(zlT) = FViT=-24% [ aio =24 [ aweie
0 0
2 x 22
- _7/ P20, (2.90)
X Jo

where the extra y/y terms come from moving the partial derivatives inside the integral.
This is due to the fact that we are not taking the derivative at y anymore, but at y. Putting
everything together, and remembering the —1/2 term multiplying all of the terms, we
find,

X <2 1 X 22
K = —V”0+‘/‘ dﬂvaq)—-j./' dff VLq)
0 X Jo

/f ~~
= —V||(,+/O d)?()?-)?)%ﬁfb- (2.91)

With « found, we can move on to finding the magnification bias in the Poisson gauge.

2.5.d Calculating AM

With all of the terms calculated, we can now focus on finding AM in the Poisson gauge.
Looking at equations (2.41) and (2.40), we observe that they have terms with d;. A useful
relation used to simplify the calculation of those said terms is d Ax* (") (g, n) = 07 AxH (n)
[3, 4]. We first find

1
(9||AX|| = a)zAx” = —(9” (%Alna +T)

~0; (%) Alna - %@;Alna — 8,T. (2.92)

Since the Hubble parameter only varies temporally, its derivative will simply be H’ /FH?,
while all of the integrals will simply become their integrands. Therefore, we focus on
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finding Alna:

0gAlna 0 (o = Vjjo =P+ v + 2I)
d

= —@(d)—v”)+26)31

—i(q)— )—2(13’ (2.93)
a7 Vi . .

To find the first term, we will use equation A13 from the appendix of [4]. The relation
is:

5 (d
el = L v oy + Hyy |+ 60y (2.94)
a? \dy

where we take every &, term to equal to zero, and end up with,

d
d—_ =-@ - 6||V|| - 7‘(V|| . (2.95)
X

Then, we will have that
O¢Aa = '+ o) +Hv - 20" = - + v +Hv . (2.96)

Plugging all of this into the previous expression, paying attention to the negative, we
have

H’ 1 1
(9||A)C|| =——Alha+ —d -

i 7 ﬂaﬁv — 9. (2.97)

We also note that the g,‘j M term from equations (2.41) and (2.40) is g#»(® g}}v) and
thus equal to [3, 4],

g 0o() = —(14+20) + (1 -20) = 40 . (2.98)

Using all of the terms we found in the Poisson gauge, we find,

AM™Y

2 (1
—0;T — @ -y —2CI)—2K——(—Alna+T) - ®+v+2Alna
x \H

1 2
= —2<I>+2(1—_—)Alna—7T—2K . (2.99)
XH X
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From here, we can easily find the AM and AD; /D = AD /D4 terms to be

AM = 2@-2(1—;)Alna+%r+2k, (2.100)
XH X
A A 1 1 1
D _ADa_ ——AM:—CI)+(1—_—)Alna——_T—/<. (2.101)
D Da 2 XH X

2.6 Calculating A,

Finally, we can put all of the terms found for the Poisson gauge together to find the
expression of the observed fractional overdensity of galaxies. Using the result from
before, equation (2.52), we find A, in the Poisson gauge to be [3]
Ay = 6g+(be—2Q)AIna + Li—@e+1-q (—2K + %_Ax“ +0E? + 5EJ)
2 H b7 0 0
+ 0Ax) - Q(OEy, - 6Ef)|| +0v +6n))

= 6y + (b —2Q)AIna -20(1-Q) + (1 - Q) (—2K— 21 Ana- )%T—CI)+ v”)

xH
’ 1, 1
- WzAlna+%<I>—V||—%8ﬁv—Q(—<I>—v”+2CI>)
1-Q H’ 1-Q
= (Sg+ be—2Q—27_(—/\_/—Wz)Alna+(—l+2Q)<D—2(l—Q)K—27
1 1
+ﬁfl)’—7—_[6ﬁv . (2.102)

Now, as we have finally found the number overdensity using the cosmic ruler notation
while taking into consideration relativistic effects, we can continue onto the next chapter
to test the superhorizon perturbation modes onto our A,. We end this chapter noting that
our solution indeed does match the result in equation (99) in [3].






Superhorizon Fluctuations

3.1 Decomposing A,

Now that we have re-derived the observed number overdensity of far away sources from
[3], we will move our focus onto the effects of superhorizon fluctuations on both the
CMB and number count dipole, recreating the calculations in [10], with the aid of the
work in [15].

The difference between this paper and [10] is that we will use the cosmic ruler
notation. This notation is extremely useful as it helps simplify the calculations and avoid
complications such as double integrals. We will apply the adiabatic and isocurvature
modes from [10] to our solution for A,. We will be doing all of these calculations in the
Poisson gauge.

As a reminder, we found A, to be equal to

1-Q H’ 1-Q
Ay = 64+ be—ZQ—ZW—X—WZ)AIna+(—1+2Q)<I>—2(1—Q)K—27T(1)
1 , 1 2
H® T Ho

where 6, = b(2)0ms +(3—b.)Hv. Here, b(z) represents the linear bias while 6,5 is the
matter overdensity in the source’s comoving synchronous gauge. We plug this expression
into Ag, and continue with the process of decomposing A, as a sum of different terms,
defined to be

Ag = AS +20A2 + b (2) A, (3.1)

43
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where we define

H’ 2 2 1
o _ ’
An = b(z)5m5—(?7+)2—7_()Alna—q)—/—\_/T+(]—_{CD
1
—ﬁaﬁv — 2k +3Hv , (3.2)
0 1 T
Ay = -Alna+ —Alna+d+ — +«, (3.3)
XH X
AT = Alna-Hv. (3.4)

As a reminder, all of our terms in the Poisson gauge that we see above have been
calculated to be:

X

Alna = CDO—V||0—(I)+8|V—2/ d)?(l)/, 3.5)
0
X
r = —2/ dye, (3.6)
0

X /\~/~2

k= —V||o+/ d)?()Z—)?))—?V@. (3.7
0

As was done in [10, 15], we will omit the functions b(z), Q, and b, from our
calculations as they are much harder to calculate, and we will from now on set d,,5 = 0.
By applying the superhorizon transfer functions we have seen in section 1.10 to our
perturbed terms, we will look for the solutions of (3.2)-(3.4) in a dust-dominated and
ACDM universes, thus finding the potential contribution of the superhorizon fluctuations
to the number-count dipole.

3.2 The Effect of Superhorizon Fluctuations on the Number-
Count Dipole

We decompose the Sun’s (and therefore the Solar System’s) peculiar motion into a
background term and the predicted superhorizon contribution as

Vie =Vio +Vim > (3.8)

where once again, v, = n,-vg is the source of the CMB kinematic dipole, while vy, is
the velocity induced by the superhorizon mode. With A, calculated, we can move on
to looking at the effects of the superhorizon perturbation modes on it, using the initial
conditions and definitions we have covered in Section 1.10.
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3.2.a Effect of Perturbations: Dust-Dominated Case

We first start by looking at the simple case of a dust dominated universe, where Q,,, = 1
and we can ignore all of the other components. We start by expanding the fluctuations
as a function of angular position:

o 1
Oup(q-%) = ) Pup.i(greos o)’ (3.9)
=1 -

where x is the comoving distance of the source, q is the wave vector of the superhorizon
mode, and 6 is the angle between the two. We repeat the process for the number-count
of galaxies and find

— 1
AX = ; ﬁpf(cos )", (3.10)

where X = {6, x,evo}. In order to simplify our calculations, we factorize the functions
for @ and v,, into two functions, one of temporal and one of spatial dependence

®(a) = —Pwmp(q - X)To(a) and  vy(a) = Pvp(q-X)7(a) , (3.11)

where 7o, (a) represent the transfer functions for the curvature and the velocity. They
are defined to be

SQm,Oq’{/(]'{() /a da
Ta = , 3.12
R R TN o
5Qmo 1 /“ @ a-a
Ty = — 3.13
@ 2 @y Jo (H(@) [Ho® G -

Going back to our dust-dominated universe, looking at equation (1.14) we can deduce
that a oc 52, hence meaning H = 2/n. Thus, the transfer functions become,

Sno/n [T 27di

Tdust(a) - =
® 2 a2 Jo (mo/m)3
1 n a=An’=(a,/n?)1 1
=5 22/ i relaofmo)n® 1 _ (3.14)
fmoa noA
Tty = 5 / 2ﬁdﬁ3a(77) —~a(77)
2 a*H, (mo/n)®  a(i)
5 2
- o [ () (%) e
5 (1 I s n
_ S | 1
4(3 5'7) 3 (3.15)
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Armed with all of the mathematical tools we need, we can finally study the dipole
component, / = 1. Looking back at the equation of the fractional number-count fluc-
tuations, we see that we will once again need to compute the perturbed variables, now
using the new transfer functions. One major simplification of the dust-dominated case is
the fact that the curvature transfer function is constant, meaning ®(a) has no temporal
dependence. Hence, we can immediately neglect any dy® = &’ term until the end of
this section for our calculations.

We start of with recalculating Alna,

Alna = (I)o -d+ Vis = Vo = (I)O -d+ C')”Vm(X)LE - 8||Vm()()’XU

= qux®Pwp,1 — guxoPmp,1 + )Py (q - X)|)2 g - 0)Pmp(q - X)|, %O
-v 2
= quy®wmp,1 + 9| (Pmp, 197 1) TX = §Q#/\7®MD,1 , (3.16)

where we have used ®yp(q - X) = guxPwmp,1, as well as the background solution of
x(x) = x = no —n. By definition, we set y, = 0 as it is our position as the observer.
We also used v|| = 9 V’”|)E' Continuing with the other perturbed variables, we find,

2 7 2 _
Hv = —Pup(q-X) T_ ZPwmp, 191X (3.17)
n I 3 3
1
Vo = g(I)MD,IQﬂUo ; (3.18)
X 2
r = Zq)MD,lC]#/ dyx = ®mp,19px" » (3.19)
0
1 n
0 - 5= 3.20
H’ 1
a2 - - 21
H? 2 (3.21)
Gﬁv = 0. (3.22)

Remembering that V2 ® = V2®—6ﬁ®—26” / x®, we observe that the spatial Laplacian
in the computation of « is vanishing for [ = 1, since

1 1 .
VZ(ycosf) = )?6” (/\/20” (x cos 9)) + 7 sin@ag (sin @9 (x cos )
2 2
= Zu-=u=0. (3.23)
X X

As we will show later, for the octuple term / = 3, that is not the case as

1
®yp(q - X) = 6opMD,_g(q ycos6)? . (3.24)
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However, considering that we are in the superhorizon limit where gy < grg < 1,
and that it is a contribution of third order O(10~%), we can neglect it and simply say that

it will be zero.

Continuing to look for «, we thus find,

X _ 1 -
. / A7 - D)~
0 X

X 2 rXx
2/ d)?(?”(l)——_/ d)2)28||<b
0 X Jo

X o Xen
dy(x —x)=Vi®
0 X

1 _
K = _§q)MD,1‘H”70 +qux®wmp,1 -

Hence, we can calculate our dipole contributions to be:

=2quxPmp,1 + quiPwmp,1 = —quiPmp,1 , (3.25)

(3.26)

1 T
A9 = —Alna+——Alna+®+ =+«
XH X
2 _ 2 _ _ _ Ul
= _§QI1X(I)MD,1 + §QM®MD,177 = qux®wmp,1 + guxPmp,1 — quPyD,1 3
_ 1 1 )
+quixPvp,1 + §CIMX‘DMD,1 - §Qﬂq)MD,l (mo—1) =0, (3.27)
H’ 2 1 1
s _ s _ _ = S a2
A7 = (7_{2+)27{)Alna D )ET+‘H(I) 7{(')”v 2k + 3Hv
1 2 _ _
= gq,u)((DMD,l - gqu%m,m + quxPwmp,1
2 _ . _
+§Qﬂq)MD,l770 = 2qux®wmp,1 — 2quxPwmp,1 + 2qux Pwmp,1
2 2 _
—gqu)(d)MD,l + §QMCDMD,1(770 -i7) =0, (3.28)
2 2
ASY* = Alna-Hv = 39MXPump.1 — 7Y Py, =0, (3.29)
from which we find
D?=0((qx)’). DF=0((qx)’). D=0 3.30
| qax)’) h ((gx)”) » ] . (3.30)

where the O((gx)?) comes from the Laplacian in . Looking at the results above, which
agrees with the calculation in Section 3.B from [10], we conclude that in a flat dust-
dominated universe, the adiabatic superhorizon mode perturbations could not explain
the number-count dipole. Thus, we must also test initial conditions in a ACDM model

in hopes of finding a possible contribution to the dipoles.
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3.2.b Effects of perturbations on number count fluctuations: quadrupole
and octupole

Before we venture into the ACDM universe, let us once again do our calculations for
a flat dust-dominated universe, but this time trying to find any contribution from the
superhorizon perturbations to the number-count quadrupole (/ = 2) and octupole (I = 3).

Starting with the quadrupole [ = 2, where ®yp(q - X) = —1/2Pyp 2(gx cos §)2, we

have:
Alna = —CI)+V||—V||U

1 _oo 1 2 2 N NI

- o ~ o). T- s o
5®up,2 (qH)” + 5P 2q° ( 1y )I)(3 1A, 3
1 _ 1 __

= ECDMD,Z (qui)* + §‘I)MD,2‘I2#2X77

1 2

- o el 2 ) 3.31

MD,2 (q1LY) (2 3)27{) (3.31)

Before we continue to find «, we will look at the spatial Laplacian of VZ(yu) first:

1 1
2} _ 2 2 2 . 2 2
A(()(COSQ) ) = )?(9“ ()( 0| ()( cos 6))) + 2 sin@ag (sméag ()( cos 0))
= 6cos’ 0 +2sin’ 6 —4cos> 0
= 2. (3.32)

Since this is the monopole term, we can ignore it from our calculation for . We thus
find it to be

X o Xen
K = =Vjo+ dy(x —x)=Vi®
0 X
6 X o x 1 _
= ~®ypo(gp)? / d¥ (¥ - 1)% = =Owp 2 (qui)? (3.33)
2 0 X 2
We find the other terms to be:
2 (X ] 2-3
T = ®vp,(gqu) dyx :§(DMD,2(QN)X , (3.34)
0
1 _
Hv = —®upa(qup)’. (3.35)

3
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We finally find that the quadrupole contributions sum up to

1 2 1 2 2
A = @ 02—+ ==+ +1-2-1+1
5 MD.2 (q1LY) ( 5 )EW) (2 3)?7{) 3 )
1 2 4
= © 02— - - — 3.36
mp.2 (410 (15 TH 3)22%2) (3.36)
1 2 1 1 2 1 1
A2 = @ e — -+ — +——— + =+ =
2 o2 (G0 \ =5+ 3o~ 3t o Y3 T2 3)
1 1 2
= @ - - —— + —— |, 3.37
mp.2 (910"~ ¢ 6TH 3)227{2) (3.37)
1 1 2
ACVO — ¢ =\2 —_— — + R
5 MD.2 (qpLx) 773 3/\?7_()
= Dupa (qup)? [ L+ 2 (3.38)
= MD,2 (1Y 6 3¢H .
Now, we move on to consider the octuple case where @y (q-x) = —1/6@ypp 3(gx cos )
Alna = -0+ VI = Vo
1 _o3 1 3.3 NI 3 Mo
= -0 S+ -® oy(x)|. = -0 —
£ Ovp 3 (@)’ + = Pup g’ ( 10 3= a0, 3
1 _ 1 __
= ECDMD,3(QIJ)()3 + 6®MD,3Q3,U3X77
= Oyps( -)31+L (3.39)
= MD,3 g XY 6 3¢H) " .
2 N AP N3 -
T = c®ws(qn) dYx” = 77 Pup3(gri) X » (3.40)
0
1 _
Hy = S®up3(qui)’ . (3.41)

We can once again neglect the spatial Laplacian in « as it will be equal to

A (()( cos 9)3)

)%(ﬂ ()(28” ()(3 cos’ 9)) + mﬁg (sin 00¢ ()(3 cos’ 0))

= 12xpd+r (6;1 (1 - ,uz) - 6,u3)

= Oy’ =9y’ +6xu =6xu, (3.42)

which is the dipole term that we mentioned in our calculations of D1Q and Df and can

hence be ignored

X
k= 267 13Oy 3 / 4P (7 - )
0

here. We thus find kappa to be

X

-2
X

1
= g<qux>3<1>MD,3 : (3.43)
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Finally, we find:

1 1 2
AP = @ 0’ = - — - ——|, 44
3 MD,3 (q1)X) (12 6T 3)22%2) (3.44)
1 1 1
A - o e e ], 3.45
3 MD,3 (41LX0) ( B 6)27{+3)227,2) (3.45)
1 1
A = ®ups(qup)’ (—18+—3W). (3.46)

3.2.c Effects of perturbations: A+ matter case

In order to simplify our calculations, we will set ®yp 1 = 1. For the case of [ = 1 we
find that:

X
Alnas = CI)(,—¢)+V||—V||0—2/ d/\7q)/
0
= quiTo(@) - guxoTo(ao) + 9y (quxTy(a))|, = 9y (quxTs (@),

¥
+2 / dydo (quxTo(a))
0
X d
= quxTo (@) +qu (T, (d)—‘iC(ao))+2/O dy (8|| (qux%(a))—a(qﬂx%(a)))

X
— —qutTe (@) + qu (T, (@) - T (a0)) + 2qu /O dxTo(a)

_ _ _ SQm,o qu [ 1 /a _ aZ _a~2 ]a_a
= - + v — Jy\do)) — - | 5 d
T @+ qu (T (@) = Ttao)) - =52 40 | 5 [Paa— et |

5
= —quxTo (a) + §Qﬂ)? . (3.47)

The value of the last integral was found using equation (3.61), as well as the relation
[15]

2 /id”f(a)—[—;/add il G (3.48)
Qo Jo N 22Hy Jo @ (H (@) JHo) ) sy '

which we showcase with

2_g*> 1 1 R
Lar-a 1 1 / _2&3dé | (3.49)

aa? a? a2




3.2. THE EFFECT OF SUPERHORIZON FLUCTUATIONS ON THE NUMBER-COUNT DIPOLE 51

Using this, we find [15],

1 a  a?-a T e da “1 L]
[_26127{0/0 daa2(7{(a) /7{0)3} _[ 7‘{0./0 (H (&) /7{0)3/a 53da]

a=1 a=

a=a

1
(0<a<dza) | 1 [ 1 [4@ da . “1 2 Tpld) ]
- - :_3 —_— Sda = |- = = da
Ho Jo a*Jo (H (@) |Ho) el 0o adQmoH (a) |,
d&=&"dm no2 - T G, f’z 2
= - d = d 3.50
[ </0' SQm,O% (a) 772] =10 0 5S—zm,O‘T&)(a) X ( )

We move on to computing «. We first notice that our perpendicularly projected
Laplacian V2 is in fact equal to

. 1
Vi==Aa, (3.51)
X

where Agq is the the Laplacian on a two-sphere defined to be [15]

A —La (sin 69 )+;a—2 (3.52)
27 §ing ? 0 sin?§ 0¢? ’
We find
1
Ag(®) = Y 09 (sin 8 dg(qrcos 8 Tp(a))) = 2uqls(a) , (3.53)

which much simplifies our calculation of x. We find it to be

x X &2
K = _V||0+/ dy(x —x)=Vi®
0 X
/f ~
.~ . XAq
= —V||o+/ dv(x - X)=—@
0 X X
X 2qu Y
= —qu7,(1) +2qu dx%(a)—7 di¥7o . (3.54)
0 0

Looking at other terms, we see

X
r = 26111/ dixTs , (3.55)
0
' = —quyTe(a), (3.56)
Hv = quiTy(@)H . (3.57)

The terms 7 (a) and H' /H 2 are more complicated to find. When doing the calcula-
tions, the term H7,, + T also appears, which we will calculate now to make the further
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derivations cleaner. Looking at the Friedmann equations, one can derive [10, 15, 23]

7_{ 2
3HY = @) px = (o :az(QA0+Qm0a_3) (3.58)
X 7_{0 ) )
2
r_gr = 4
H -H" = > ZX:PX(I"'(UX)
H 3
3
= —Egm,oa—3(QA,O+Qm,0a—3)-1+1. (3.59)

Other integrals that are useful for our calculations (which we used when calculating
Alna) are [10]

4 da 2aH,
_d@ - =47 3.60
/o H@HY - meH(@) (3.60)
a da 2H, (1
S . 3.61
/o a2 (H(a)/Ho)® 3Q.0 (‘HH]) G-oh

Using the integrals above, we find

H(a)Tv(a) + To(a) =

5Qm,oma)/%[ / da
2 a? o (H(a)/Ho)?

a da a—a 5
+_/0 H@H) @ ]‘3 (3.62)

Finally, for the time derivative of the transfer function, we find [10, 15]

7@ = 5Quo (H'  2aa'H /d da
e 2H, @ @ S (H (@) [H,)
5o H/H, , 1
+ ——a
2 @ (H/H,)

H’ o 5Qu0 H?
7_{ - 27"{7&) (a) + W .

To (@) (3.63)
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Finally, we can start plugging in all of the terms to find:
e = _ S
AT = HauxTy (@) +quiTe (@) - qux =0, (3.64)
X
A? = quiTe (@) - qu(Ty (@) - To(1)) - un/o dyTe(a) - quiTo(a) — qu,(1)

X 2 X 2 X 3
+2qu / dpTe(a) — 21 / dpiTa(a) + 22H / A7 070(a) — LL70(a) + 2qux
0 X Jo X Jo H 3
1 ) 5
= %CI,U(—TD(LI)—W%(G)+§) =0. (3.65)

5 dqu (X 1 10
A = 2qu7y(1) — — dix¥To (4) + — |2quTe (@) — —qu
X Jo H 3

o Aqu X o
+quxTo(a) + 52 dyxTo (@) + 3Hqux7, (a)

0
X o L H 5 quxTy (@)
—4qu /O dx‘i?p(a)ﬂﬂz (qu%(a)—gqu)—T

’ ’

H O H 5 1 10
77%){%(61) ~ RNt ﬁZq;ﬂé(a) WCI,U +2qu7,(1)

~ H’ _ B B 7_{2
+quTe(@) - o apxTe(d) + 2quTe(a) - 2 R IHX

¥
—4qu / d¥To (@) + 3Hqux7, (a)
0

5 10 2
= 3qux(To(a) + HT,(a) — qu —quS+ un%(a)

3
10
Tl 2quTy (1) = 2qu7,(1)
S-Qm,o - ==3 . -1
+ 7 qux (a (Q/\,o + Qm,oa ) (Q/\,O + Q'm,oa ) )
= Squy —Squy + un(%’p(a) +T(a)H) - —7(_){ qu
10 10
= - 0 3.66
I IH T I = (3.66)

Thus:

(3.67)

-

p?=p8=0(gn)). D=0

where the contributions of order (g y)> are once again residue from the Laplacian term
in k being applied to an octupole perturbation term and are vanishingly small [15]. We
see that our result matches with equation (3.18) from [10]. Once again, we find that
adiabatic perturbations do not add any contribution to the number-count dipole.
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3.2.d Effect of Superhorizon Fluctuations on the CMB

Finally, before we end this chapter, we should consider the possibility that instead of
having an effect on the number-count dipole, superhorizon perturbations might have an
effect on the CMB dipole. Fluctuations of the CMB are given to be [11]

ACMB 6rc + HaecVaec — Alnagee , (3.68)

when we specifically study the moment of decoupling. As we have been doing so far, we
decompose both ®;(q - x) and S;(q - x) as

1

®;(q-x) = Zz_ @, 1(gx cosh), (3.69)
=1
1

Sia-x) = ) 5 Siugxcoso) . (3.70)

~
1l
—_

As said before, both ®@ and v are time evolving functions, as well as ¢,., which we
write in terms of the transfer functions as

O = O;75%a) + 874 (a) (3.71)
vy = ©7,%a) + 5;7,°°(a) (3.72)
orc = SiT3%(a) . (3.73)

Here, 7330/“ are the same transfer functions we have seen in equations (1.46) and
(1.47). An important note is that we must replace v,,(1) with v,, as it is the Solar
System’s velocity induced by the superhorizon mode [10]. For adiabatic perturbations
this doesn’t make a difference as v, = v,,, but since isocurvature perturbations produce
a net relative velocity, we must consider this [10]. Meanwhile, for 6, and v, we have,

4 8 JI+E+48-£2

6,c(6) = 38 - (3.74)

Vr(é‘:) = Vm(f)_vrel(f) (375)

Vrel(&) = 3;;/{_ (5(3 Ji+d) +4(1 -1+ )) (3.76)
eq

For the moment of decoupling, our parameters of interest are : Heq = 0.0104Mpc~!,
Haee = 4.8 X 1073 Mpc ™!, zgee = 1090, zeq ~ 3400, Hyee = 0.01 [1, 10]. By evaluating
the above equations with the parameter values taken at the time of the last scattering, we
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find the solution for the dipole and the quadrupole [10, 15],

DSMB —0.18(g7dec)Si 1 » (3.77)

~(qraec)” (0.32®; 5 +0.24S; 5) . (3.78)

CMB
D2

These findings show that isocurvature perturbations indeed are able to induce a dipole
gradient in the CMB, as the resulting values are non-negligible. We take special note on
the fact that the contribution to the dipole is negative.






Results

41 A,

Let us go over our main results from in the previous sections. We will first look at A,
more in depth in this section, before examining the superhorizon perturbations in the
next one.

We found that the observed number over-density of far away sources is given to be

1-Q H' 1-@Q

Ag = 5g+ be—ZQ—Zq_{—)E—Wz)Alna+(—l+2Q)<D—2(1—Q)K—ZTT
1,1,
+7—{d)—ﬁ(9”v

Looking at the above equation, we can observe the different relativistic and non-
relativistic effects in each of the terms.

* 0g: The term 6, simply represents the first order number density contrast, as we
defined it earlier. More specifically, it is equal to

Og =0gs5 + (3 —be)Hv, 4.1

where 645 represents the the fractional number density in the comoving-synchronous
gauge of the source [3, 4]. The term d itself can be related to the matter over-
density as

5gS = b(z)0ms, 4.2)

where we assume a linear redshift-varying bias b(z). It is a non-relativistic effect
that simply arises due to the local physics at the source, such as galaxy formation
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and clustering.

The term (3 — b, )Hv represents a Doppler redshift perturbation due to peculiar
motion of the source, shifting the inferred comoving distance and hence the volume
element. The b, term ensures that the redshift perturbation also takes into account
how the intrinsic galaxy number density evolves.

Alna: The perturbation in In a is related to the observed redshift perturbation. As
we see in equation (2.71), this perturbation term holds within it the Doppler effect
due to our local motion, representing an observer effect, and the galaxy’s motion
along our line of sight, representing a local source effect.

We also observe ISW, a propagation effect, represented by the integral I that
we defined in equation (2.72). ISW arises due to the fact that on large-scale,
gravitational potential wells are decaying in time due to the expansion of the
universe. This means that when a photon enters one of the mentioned potential
wells, as it falls in, it will gain more energy than it will lose once it climbs out of
the well on exit, due the fact that the potential continued decaying while it was in
the well. This leads to the source galaxy appearing closer than it truly is [9].

®: © represents the metric perturbation at the source and is responsible for the
gravitational redshift of the photons (Sachs—Wolfe effect), which further perturbs
the observed redshift and therefore the inferred distance.

k: The weak lensing convergence term represents the focusing of light rays due
to mass present between the observer and the source, thus changing the apparent
solid angle of observation and magnifying the flux of a source [11, 20].

T: The Shapiro radio displacement shows up in the integral 7 we defined earlier
in equation (2.76) and acts as a propagation effect. As photons travel through
gravitational wells, their journey will be delayed, causing a perturbation in the
photon’s travel time and thus the radial coordinate of the source.

@’: Represents a time evolving potential through which the source photons pass,
that is, the ISW along line of sight. ®” will be responsible for changing a photon’s
energy.

E)ﬁv: The term aﬁv can also be rewritten to be equal to d;v||, where v|| represents
a galaxy’s peculiar velocity along our line of sight. Therefore, dv represents
the Kaiser redshift-space distortion term. This effect is caused by the motion of
galaxies as they move under the gravitational influence of their local clusters. They
are pulled towards the local gravitational focal point, which can lead to a distortion
that mimics apparent flattening of the structure. As it is caused by the galaxy’s
peculiar motion, it is a local source effect.
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4.2 Superhorizon Fluctuations

We were able to recreate the conclusions from [10] using the cosmic ruler notation. Not
only that, we even managed to simplify the calculations in doing so, as can be compared
to previous work [15].

As shown in Chapter 3, we found that adiabatic perturbations will have no effect on
the number count dipole at leading order of gy < 1, with

D% =pQ= O((c])()3) . D=0,

for both the dust-dominated and the ACDM-dominated universes. Since at late times
isocurvature fluctuations become adiabatic, we conclude they will also have no effect
on the number-count dipole. We did however find possible contribution from the super-
horizon perturbations on the number-count quadrupole and octupole, which with future
surveys and observations can help us learn more about the fluctuations and their initial
conditions. An interesting outcome as well is the finding that isocurvature perturbations
might have an effect on the CMB dipole, as we calculated a negative contribution to the
dipole.

Since the initial isocurvature conditions are tightly constrained at the moment by our
observations of the CMB [10, 14], it is worth checking if they do offer a liable explanation
of the dipole anisotropy. As astronomers have actually observed an intrinsic quadrupole
in the CMB, we can test our results against it. The amplitude of the CMB quadrupole
created by the isocurvature mode was found to be

sSin

DSMB = —0.24(gxdec)*Sin = —1.5x 10~ R
il

4.3)

Assuming that Si,z/Sl.z1 is of an order of unity, we can combine our multi-polar
expansion with spherical harmonics and observe that

[0e]

o 1
Af = ; ﬁDlX(COS 0)1 = ; al)(()YIO(H’ ¢) s (44)

where, since we are working in an axisymmetric configuration that is aligned with the
preferred direction, only the m = 0 multipoles will contribute. We continue to find that

[10, 15]
2 In
ay, = 51/ngf, (4.5)

aSMB = -7.9%x107°. (4.6)
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The value for a%M B has already been experimentally bound by the Planck data to be
S8 | < 1.3x 1075, @.7)

meaning that our result falls safely within allowed values [2, 10, 14, 15].

This not only implies that the isocurvature modes are able to describe a quadrupole
well within experimental bounds, but due to their negative gradient they can also offer the
explanation of the cosmological dipole discrepancy we observe. The negative gradient
they induce into the CMB dipole mean they are effectively slowing it down with respect
to the observer, which is why when we deduce our peculiar motion with respect to the
CMB it is lower that when we do so with respect to the CRF.

4.3 Summary of Results
In this chapter we have:

¢ decomposed the observed galaxy number overdensity A, into local, relativistic,
and lensing contributions, highlighting the physical origin of each term;

* shown, following Bertacca et al. [3, 4], how these terms combine to produce the
observed dipole in number counts; and

* investigated the effect of superhorizon adiabatic and isocurvature perturbations on
both the number-count and CMB multipoles. Our analysis confirms that adiabatic
superhorizon modes do not contribute to the dipole at leading order, while isocur-
vature modes can induce a negative gradient in the CMB dipole and a quadrupole
compatible with Planck bounds. This provides a potential, though not singular,
explanation of the observed dipole tension.



Conclusion

The CMB represents the best opportunity cosmologists have to study the early cosmos
and put constraints on inflation. This is why it is of most importance to study any clue it
gives us, either in the form of small temperature anisotropies or the dipole, without taking
anything for granted and automatically assuming we know where the entities emerge.
The fact that the CMB and the number-count dipole don’t coincide shows that either the
assumption of the CMB dipole being purely kinematic was wrong, or that the CMB’s
reference frame and the CRF do not coincide.

In this paper, we have re-derived the observed number overdensity A, of far away
sources, with the use of the cosmic ruler notation and taking into consideration the
relativistic effects that take place on the past lightcone, finding that our result matches
the one in [3]. We then used this result to calculate the predicted contribution of
superhorizon perturbations to the number-count dipole. An important outcome was the
simplifying of past calculations by using the cosmic ruler notation. We found that neither
adiabatic nor isocurvature fluctuations will have any contribution to the number-count
dipole.

However, while superhorizon perturbations have failed to provide any contribution to
the number-count dipole, we have found that the isocurvature modes have the potential
to induce a gradient in the CMB, seemingly of opposite direction to the kinematic
dipole. Even with the tight constraints we have on the isocurvature initial conditions,
this explanation still works as we have shown in Chapter 4. However, as mentioned
before, we have no reasoning as to why the isocurvature mode contribution would be
aligned with the direction of our peculiar motion, besides it being purely by chance. If the
number-count dipole is the purely kinematic one, it makes little sense why its direction
would align with the isocurvature contribution to the CMB. It also opens the question of
how is it possible that our peculiar motion is so high with respect to the CRF.

We are left with a large peculiar velocity of 800 km/s that we cannot explain [10,
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15]. The gravitational influence of our Local Group can explain that motion up to
approximately 300 km/s, meaning we are left with a velocity contribution of 500 km/s
from an unknown source or cause [10]. This would imply that there must be something
even bigger than our Local Group on a larger scale that can account for this velocity
contribution. However, that is not what we would expect on scales larger than 200/ 4,
due to the Cosmological Principle [10].

For cosmologists to truly be able to prove an isocurvature contribution to the CMB,
future observations and surveys must be able observe a O(10~3) intrinsic anisotropy in
the CMB. We can look forward to improved future CMB experiments, as well as new
observations such as those of the 21-cm line, gravitational wave background, and cosmic
infrared background that will potentially give us new constraints and insight into the CMB
dipole [10, 15], either supporting our hypothesis of the isocurvature contribution, or at
least ruling it out. For future work, one might also test the superhorizon perturbations on
the second order relativistic effects and observe if that bears any effect on the number-
count and CMB dipoles. It is worth noting however that even if we were to observe an
intrinsic dipole in the CMB, while it may help us solve the dipole anisotropy problem,
it would potentially open another set of problems with the Cosmological Principle, as
mentioned in the paragraph above.

While most of this work focuses on explanations involving large scale perturbations
and initial conditions, recent Dark Energy Spectroscopic Instrument (DESI) Survey
results hint that an evolving dark energy component might also play a role in resolving
tensions in cosmological parameter estimates [7, 6]. While the DESI Survey has still
not completed its five years of gathering data as of this writing, current results show
that while the standard model we have does still work to a satisfying degree, a time-
evolving A parameter serves better to explain the survey data [7, 6]. Although this does
not directly address the dipole tension studied here, it illustrates that extensions of the
standard ACDM framework are actively being explored, and that a consistent resolution
of all current tensions may require a combination of new physics in both the background
and perturbation sectors. It would be far from the first time in the history of physics and
astronomy, and in the history of science in general, that new findings, technology, and
observations have completely overwritten that which came before, and have opened new
pathways to explore the cosmos. Indeed, if it were to happen, it would be far from the
last.



A.1 Christoffel Symbols in the Poisson Gauge

To find the Christoffel symbols, we simply use the equation,

~ 1, . . R
Ff/lp = Egﬂ/l(g/lv,p + 8ap,v — gvp,/l) s (A.1)

where g, is the comoving metric. We use " = d, for the partial derivative with respect

to the conformal time. The symbols are equal to:

u
o
&0

0

-0
Y,

1

58" @aop + 8ot = o) = T + 150" (A2)
1, 1 L

5800(—5’00,0) = 5(1-20)20" ~ @, (A3)
1 ~00 A 1 ’ ’

3 (=8ij0) = 5(1 = 2@)(=6;;20") ~ —6;; D", (A4)
1 . 1

5880 = 5(1-20)20,0 ~ 4,0, (A5)
1 ALk A 1 ik i

E (—goo’k) = 55 (1 + 2513)23]((1) =~ 0'd , (A6)
1. 1 . .

3 6% 810 = 5(5”‘ + 0% 20) (=6, ;20) ~ 6D, (A7)
| TN R .

Egm(gak,j +8jak — &jk.a)

1

55"”(1 +20) (=260, D — 26}k D + 20 jx 0, D) ,
~61.0;0 — 6"0,D + 630" D . (A.8)

From above, we observe that the zeroth order symbols are IAﬂ,(,Op)“ = (, hence meaning
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all of the comoving Christoffel symbols are first order perturbations, that is, & IA“;‘fp = f{,’p.



Since calculating « is crucial to find the weak gravitational lensing contribution for our
dipole, we have to find the term 9 ;( )Evim) in equation (2.87). Because it is a non-
trivial step in deriving x and we want to keep our work self-contained, we will show the
calculation here instead, with the result being used in Chapter 2.

(h()?vim) = aJ_i()EPIivﬁ) = P,-jaj(/\_,/SDli)Vﬁ = aJ_i()?)PJiV]; +/\_/6J_i(P]i)V§ s

where jy = npx’ and 7’ij = 611 —mint |
. . . 5P .
=0 (Y) = Ploj(nyx?’) =P/xPdin, +Pln,0;x = Pi];PPj + Pijnpéf

- ) Ty = . (85—
= npPip +Pin; =np(6ip —ninp) +n;(6; —nin’)
= npbip —Ninpn, +n; —n; ,

- . _pPgs. - N R

= npdip —nloéjpnpn, =npdip —npodip =0

nl

OLPL = PI3;(6, —ngn') = —P]d(men’) = —P{%"Pj - Pg;svk,- :

since PijP]i- = (6{ - n,-nj)(é; - njni) = 6{6; —nin' — njnj + njnjn,-ni
= 3-1-1+1=2,
; Nk n' 1 ; ; 2ny
= BL,-SDk = —2} - Pik} = —;(2]’11C -n 6ik +n nink) = —_-—. (B.l)
We thus find

ALi(pvi,) = 0L(R)PIVE+PI R0, (PiWE = 20k = <2v,,  (B.2)

which we use to calculate « in the Poisson gauge.
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