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Abstract

The lightcone gauge is a set of what are called the observational coordinates adapted to our
past lightcone. We develop this gauge by producing a perturbed spacetime metric that describes
the geometry of our past lightcone where observations are usually obtained. We then connect the
produced observational metric to the perturbed Friedmann-Lemaitre-Robertson-Walker metric in
the standard general gauge or what is the so-called 143 gauge. We derive the relations between
these perturbations of spacetime in the observational coordinates and those perturbations in the
standard metric approach, as well as the dynamical equations for the perturbations in observational
coordinates. We also calculate the observables in the lightcone gauge and re-derive them in terms
of Bardeen potentials to first order. A verification is made of the observables in the perturbed
lightcone gauge with those in the standard gauge. The advantage of the method developed is that
the observable relations are simpler than in the standard formalism. We use the perturbed lightcone
gauge in galaxy surveys and galaxy number density contrast. The significance of the new gauge is
that by considering the null-like light propagations, the calculations are much simpler since angular
deviations are not considered.

Standard cosmology based on General Relativity is generally believed to have serious shortcom-
ings, such as the unexplained issues of dark matter and dark energy. As a remedy, many alternative
theories of gravitation have been proposed over the years, one of which is f(R) gravity. We explore
classes of irrotational-fluid cosmological models in the context of f(R) gravity in an attempt to put
some theoretical and mathematical restrictions on the form of the f(R) gravitational Lagrangian.
In particular, we investigate the consistency of the linearised dust models for shear-free cases as well
as in the limiting cases when either the gravito-magnetic or gravito-electric components of the Weyl
tensor vanish. We also discuss the existence and consistency of classes of non-expanding irrotational
spacetimes in f(R)-gravity.

Furthermore, we explore exact f(R) gravity solutions that mimic Chaplygin-gas inspired ACDM
cosmology. Starting with the original, generalized and modified Chaplygin gas equations of state,
we reconstruct the forms of f(R) Lagrangians. The resulting solutions are generally quadratic in the
Ricci scalar, but have appropriate ACDM solutions in limiting cases. These solutions, given appro-
priate initial conditions, can be potential candidates for scalar field-driven early universe expansion
(inflation) and dark energy-driven late-time cosmic acceleration.

Keywords: General Relativity, Direct Observational Approach, Observables, Galaxy Surveys,
Galaxy Number Count, Density Contrast, Cosmological Perturbations, Past Lightcone Gauge, f(R)
Gravity, Modified Gravity, Cosmic Acceleration, Dark Energy, Irrotational Universe, Shear-free Uni-
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Conventions and Abbreviations

Throughout this thesis (unless otherwise stated), the natural units (A = ¢ =kp = 871G = 1) will be
used, and Greek indices (o, 8, ,v...) and Latin indices a ,b ,c... run from 0 to 3 whereas Latin
indices (¢ ,j...) run from 1 to 3. The symbols V and ; represent the usual covariant derivative
whereas 0 and , stand for partial derivatives; V and the overdot represent the spatial covariant
derivative, and differentiation with respect to cosmic time, respectively. We use the (— 4+ ++)
spacetime signature and the Riemann tensor is defined by

Rllfozﬁ = ]‘—‘Zﬁ,(x - Fga,ﬂ + FZﬂFg'y - Fgarga ) (1)

where the T’ 5 are the Christoffel symbols and they are symmetric in the lower indices, defined by

1
Ffj,g = ggﬂa(gya,ﬁ + Gap,y — gyg,a) . (2)
The Ricci tensor is obtained by contracting the first and the third indices of the Riemann tensor:
R,ul/ = gaﬂRa/tﬁv 5 (3)

and the Ricci scalar is given as
R=RK, . (4)

The following are standard notations used in the thesis:

g : det(g,,), the determinant of the metric g, , (5)
(uv) : symmetrization over the indices p and v, (6)
[uv] : anti-symmetrization over the indices p and v . (7)

The 4-dimensional volume element 7,4 is defined such that

NuvyB = NMuvys]s 70123 = |dCt gW| . (8)

The following are abbreviations frequently used in the thesis:

BBN: Big Bang Nucleosynthesis

CMB: Cosmic Microwave Background

EFEs: Einstein Field Equations

FLRW: Friedmann-Lemaitre-Robertson-Walker
GI: Gauge-invariant

GLC: Generalized Lightcone



GR: General Relativity

LTB: Lemaitre-Tolman-Bondi

WMAP: Wilkinson Microwave Anisotropy Probe
APM: Automatic Plate Measuring

PSCz: Point Source Catalogue Redshift



Part 1



Chapter 1

Introduction

Nothing exists except atoms and
empty space; everything else is
opinion.

Democritus

1.1 Curved Spacetime

Cosmology is the study of the origin, evolution, and the eventual fate of the Universe; points of
epistemological interest probably as old as human civilisation itself. Modern cosmology in the sense
of ‘physical cosmology’ started with the publication of Einstein’s General Relativity (GR) in late
1915 [12,13]. Einstein wrote down the now so-called Finstein-Hilbert action

1
SEH = */ d4x\/—gR, (1.1)
2 all spacetime
from which we can derive the field equations:
G,uu + Juv = T,LLV) (12)
where
Guw =Ry — 29w R (1.3)

is the Einstein tensor, g, is the metric of the spacetime geometry, R, is the Ricci tensor, R
is the Ricci scalar and T}, is the energy momentum tensor sourced by the presence of matter in
spacetime [14]. In his formulation of GR, Einstein gave an entirely new and astounding explanation
of energy, matter and gravity. He described gravity as the consequence of the bending of spacetime
around a massive body, i.e., it replaces Newtonian gravity with curved spacetime. In this view of
gravity, a test particle with velocity u” follows the geometry of space with a geodesic trajectory
given by

u'Vyu” =0, (1.4)

where deh
o 9T 1.5
w =4 (15)

and 7 is a proper time along the geodesic [10]. The idea of the geometry of the spacetime that
is curved by the existence of matter on it was a new way of understanding space and time, as a
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spacetime dynamical continuum evolving according to the local content of energy and momentum.
Astronomers have applied and tested these new scientific definitions to the extent that they have
become the conceptual foundations of modern cosmology.

The model offered as a cosmological solution to Einstein’s equation was first suggested by himself
in 1917 [15]. In his solution Einstein held the idea of a static universe [16]. His theory was not based
on firm observational data, but rather on a mere theoretical simplification. Einstein mistakenly
wanted to balance the self attraction of matter on the large scales by adding a new term (A) to his
equations such that Eq. (1.2) gets modified as

Gu +Aguw =Ty, (1.6)

in order to keep the Universe static [17,18]. Einstein’s approach was then generalised independently
by Friedmann in 1922 [19], where he did not try to balance the matter allowing the possibility of an
expanding or contracting universe, i.e., evolving cosmos, and by Lemaitre in 1927 [20,21] who also
predicted the redshift! of receding galaxies before its observation by Hubble [22] in 1929. The work
of Friedmann and Lemaitre was develpoed with geometric properties of spacetime by Robertson in
1929 [23-26], followed by Walker [27].

1.2 The Friedmann-Lemaitre-Robertson-Walker Models: the
Background Geometry of the Universe

The Friedmann-Lemaitre-Robertson-Walker (FLRW) metric (also shortened as FRW or RW) is a
solution to the EFEs with a homogeneous and isotropic universe. The cosmological models based on
this metric including perturbations are sometimes called the Standard Model of modern cosmology
because they describe successfully the major features of the observed universe [28], its expansion
from a hot Big Bang leading to the observed galactic redshifts and remnant black body radiation [29].
These models, however, do not describe the real universe well in an essential way, in that the highly
idealised degree of symmetry does not correspond to the lumpy real universe [30].

The assumption of large-scale isotropy observed in particular through the Cosmic Microwave
Background (CMB), where it shows that our Universe properties are almost identical whatever the
direction we look at. The hypothesis of the so-called Copernican Principle: the Earth occupies no
unique (or central) position in the Universe infer the homogeneity. These two facts are counted
as a pillars of the Cosmological Principle: the Universe can be modeled as statistically spatially
homogeneous? and isotropic. Therefore modern cosmology is based on this hypothesis that our
universe is to a good approximation homogeneous and isotropic on sufficiently large scales [31].

We know now the real universe is a perturbed one and there are inhomogeneities and anisotropies
arising during structure formation, that can be compared in detail with observations, but we can
consider it as almost FLRW at the same time. In this section we will strictly examine homogeneous
and isotropic cosmologies.

1.2.1 The Homogeneous Universe
The Coordinate systems and metric

In order to explain a homogeneous and isotropic space one can admit a slicing of a maximally
symmetric space along a fixed time coordinate ¢, such that the 3-spaces-like hypersurfaces ¥; are
surfaces of intrinsic geometry of homogeneity and isotropy with a spatial metric v;; of constant time

and curvature %
= —. 1.7
a?(t) (1.7)

1The redshift of an object is defined to be the fractional Doppler shift of its emitted light (photons) wavelength due
to its local peculiar motion. A cosmological redshift originates from the general relativistic effects of space expansion
affecting the wavelengths of cosmological events.

2From here onwards ‘homogeneous’ implies spatially homogeneous.
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Here k denotes spacetime curvature and takes the values —1,0 or +1 depending on whether the
Universe is open, flat or closed, respectively. The normalised metric do? characterises a 3-space of
normalised constant curvature whose spatial spherical comoving coordinates (x, 6, ¢) can be chosen
such that

do® = ydatdr? = dx? + S%(x)(d6? + sin® 0dp?) . (1.8)

The term 7, dx'dx’ is a function of three spatial coordinates and it can describe an Euclidean space,
or hyperbolic space, whereas x is a radial coordinate, ¢ and 6 are two angles in the sky running
from 0 to 27 and from —7 to 7 respectively. S(x) depends on the curvature k, and it can be given
as [14]

sin(y)  for k = 41,
Sx)=4¢ x for k =0, (1.9)
sinh(x) for k=-1.

k<O

k=0

a k>0

. Closed ¥
Big Bang| ' Now BigCmnch

Figure 1.1: The kinematics of the scale factor ¢ in FLRW universe which satisfies the energy condition
p+3p>0.

At k = +1 the function S(x) relates the surface of a comoving sphere to its radius y, whereas
the equation o
ds* = —c*dt* + a(t)*v;;dx' dx? (1.10)
gives the full spacetime metric widely known today as the FLRW metric. Using the radial coordinate
r = S(x), the metric can also take the form

dr?
1 — kr2

ds* = —dt® + a(t)2( + r2dn> : (1.11)

where dQ = df? + sin® fd¢?. This construction shows how the Cosmological Principle, and thus
the symmetry assumptions, has allowed us to reduce the ten arbitrary functions of the space-time
metric into a single function of one variable a(t) and a pure number k.

The cosmological time is related to the conformal time n by

dt = adn . (1.12)
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Then we can re-write Eq. (1.10) in the form of
ds®> = —a(n)*dn* + a(n)*yi;dz'dx? . (1.13)

The FLRW solutions to the EFEs are the best fit to the observed universe so far [31].

1.2.2 Kinematics and Dynamics

For matter which respects the assumptions of homogeneity and isotropy, the stress-energy tensor
must read
T,uy = p(t)u#uu +p(t)h,ul/ ) (114)

where p and p define the energy density and isotropic pressure (respectively) of all kinds of standard
matter, i.e., baryonic matter, dark matter, radiation. Each species is characterised by the equation-

of-state parameter w, defined as

w="2,, (1.15)

p
the ratio between its pressure and its energy density. h,, = g, + u,u, is the projector on spatial
sections t = const., hence h,o = 0 and h;; = g;;.

The EFEs (1.2) reduce to ordinary differential equations, known as Friedmann’s equations, for
the function a(n), with (" = d/dn):

1, k 1

HQ = ga P — ; + §G2A 5 (116)
1! 1 1
% = _6(1 + 3w)a?p + gaQA . (1.17)

Here H is the conformal Hubble parameter related to H as follows:

lda a lda d
goltde _a o lda o' 1.18
il H o dn o a ( )

The energy-momentum conservation equation is given by

p=-3 <d> (p+p)=—-31+w)Hp. (1.19)

a

Here p is a combination of cold non-relativistic matter with p,, = 0, and radiation with p, = 1/3p,.
We can also define the fractional energy densities

a2

Q, = (3':;{2) (1.20)
k
A2

Oy = # (1.22)

where Q,,, 0 and Q4 are the fractional energy densities for matter, curvature and dark energy
density, respectively. The total energy density in the Universe can thus be given in a more compact
form by virtue of Eq. (1.16) as

1=, 4+ 0+ %, (1.23)

For Q,,, > Q,Q contributions to Eq. (1.19) the scale factor evolves as

a o t3Fw mnﬁ ) (1.24)
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when
w— 0 for nonrelativistic matter , (1.25)
1/3 for ultrarelativistic component (radiation) . ‘
When Q> Q,,, Qa > 0 with w = 0, we get [32]
V3A
a(t) o sinh?/3 <2t> . (1.26)

When A = 0, it coincides with a oc t2/3, but when the cosmological constant is dominant over the
contribution of matter then we get a(t) o« exp(t1/A/3) = exp(tH) where the expansion rate will be
a constant in this case.

1.3 Some Observations

In this section we are going to discuss some cosmological observations. To measure the observables,
we require a specific model, such as the FLRW model at a particular time.

1.3.1 Hubble Diagram
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Figure 1.2: The top panel depicts the Hubble diagram (Redshift-Distance Relation) with the ACDM
best fit; the bottom shows the residuals. This diagram is obtained by the analysis of 740 SNela [1].

The diagram represents the plot of luminosity distance dj, of objects with known intrinsic lu-
minosity, 4.e., the so-called standard candles where Supernovae type Ia (SNela) are the best can-
didates, with their redshift, showing a redshift increasing with distance as a result of an expanding
universe [22]. This recent Hubble diagram obtained by [1], where they plot the joint lightcurves,
i.e., the evolution of the luminosity of the event with time, with the redshift (that is determined by
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spectroscopic measurements), is interpreted assuming that light propagates through a smooth ho-
mogeneous and isotropic universe, so that the redshift luminosity distance dj, is measured assuming
FLRW model [33].

The Hubble diagram obtained from SNela data was a good probe for investigating the existence
of dark energy at low redshift. That is how SNe provided the evidences of the accelerated cosmic
expansion discovered in the late 1990s.

1.3.2 The Cosmic Microwave Background (CMB)

The CMB is a thermal radiation imprint showing that the Universe was born about 13.81 billion
years ago with a Big Bang using the FLRW model. The COsmic Background Explorer (COBE)
satellite [34] was the first space-based experiment dedicated to measure the CMB spectrum, then
by the Wilkinson Microwave Anisotropy Probe (WMAP) [35]. Recent precision observations of the
CMB have been done by the Planck mission in 2013 [36].

The Universe was in its early stages at high enough temperature to be fully ionised; then processes
such as Thompson scattering would thermalise the radiation field very efficiently. One would then
expect to observe a radiation field which would have retained the black-body spectrum [2], see Fig.
[1.3]. When the primordial plasma cooled enough, light thus suddenly stopped being scattered by
charged particles, and started propagating freely, following null geodesics. The spatial distribution
from the CMB, showing that this happened everywhere at the same cosmic time. These findings
were rewarded with the 1978 and 2006 Nobel Prizes in Physics.
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Figure 1.3: The black-body spectrum of the CMB radiation measured with COBE satellite [2].

As observers, we can measure three main things about this radiation: frequency spectrum,
temperature and polarisation states. Each of these observables contains information about the
creation and evolution of the field and is packed with cosmological information. The observed
average temperature is uniform across the sky of ~ 2.72548+0.00057 K [37]. The CMB temperature
anisotropy 07" /T ~ 10 uK corresponds to regions of slightly different densities, representing the seeds
of all future structure of the Universe; the galaxies of today. We see these temperature fluctuations
projected in a 2D spherical sky, see Fig. [1.4]. This implies that, on the CMB temperature map,
two points (hot or cold) on the last scattering surface are most likely to be separated by an angle
0. = rs/ra, where ry is the sound horizon and r4 is the area distance measured by using the
standard choice of FLRW model. The analysis of the fluctuations of this thermal radiation has
given us valuable insights into our universe and its parameters; such as the rate of expansion, the
Hubble parameter, the mean matter density of the Universe.

The resulting anisotropies spectrum of the CMB shows a series of acoustic oscillations as shown
in Fig. [1.5], which present a snapshot of the CMB sky at the moment when photons decouple from



Chapter 1. Introduction 10

—300 -200 -—100 0 100 200 300
pKemp

Figure 1.4: The 4 years of data collection by Planck satellite. The colour code corresponds to
temperature fluctuations of a few micro-Kelvin [3].

electrons. The details of the physics and the analysis of the CBM spectra can be found in [10, 38].
The CMB physics is well understood now due to the analysis of its fluctuations. It inspires an era

Planck Collaboration: The Planck mission
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Figure 1.5: The 2013 Planck CMB temperature angular power spectrum [3].

of precision of measurements in cosmology. The main reason why the CMB allows such an accurate
determination of cosmological parameters lies in the fact that its anisotropies are small and it can
be determined within a first-order perturbation theory.

1.3.3 Baryon Acoustic Oscillations (BAO)

The BAO is the observational consequence of the clustering of baryonic matter on certain length
scales due to acoustic waves which propagated in the early universe. The primordial plasma would
have had very slight overdensities of matter, where they gravitationally attract more matter. But
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the intense heat of the photon-matter interactions seeks thermal equilibrium, which creates a large
amount of outward pressure. Before the decoupling and the emission of the CMB, the pressure
results in sound waves of both baryons and photons. These sound waves have imprinted the matter
distribution in the late times, leading to characteristic patterns in the galaxy distribution and hence
geometry and expansion history. It appears as an acoustic peak of the CMB anisotropy [39].

The BAO signal grows with the cosmic expansion, and considered as a cosmic standard ruler,
the BAO scale r4 estimated today by

ra = (14 z.)ra(z.)0s. , (1.27)

where r4(z) is adapted to the FLRW model. The BAO signal can be observed at some different
epochs of the Universe, e.g, z = 1090 (Fig. [1.5]), z = 2.34 (Fig. [1.6b]) and z = 0.57 (Fig. [1.6a]).
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(b) Two-point correlation function for objects aligned
with the line of sight, the effective redshift is z = 2.34
[41].

(a) Power spectrum of galaxy sample, the BAO signal
is effectively measured at z = 0.57 [40].

1.3.4 The Accelerating Universe

A recent study by the Supernova [42,43] Cosmology Group (SCP) and the High-z Supernova Search
Team (HZT) for redshift and distance measurements of Ia supernovae was crucial in determining
the extension of Hubble’s law in large distances z < 1. The results showed that at high redshifts,
supernovae are getting dimmer than expected by a factor of about 10 — 15% compared to Hubble
law. The unexpected results imply that the Universe is unexpectedly accelerating [44].

Since the accelerated expansion cannot be produced by an ordinary matter and radiation field
distribution, then it must be a kind of an exotic fluid generically known as dark energy, whose
negative pressure counterbalances the gravitational attraction, comprising close to a 70% of the
total energy density of the Universe [45].

The non-vanishing cosmological constant A is the simplest, most obvious candidate for dark
energy acting as a cosmic fluid with equation of state w = —1, which can also be thought of as a
perfect fluid satisfying the equation of state p = —p. Since the accelerated expansion in the early
Universe needs to end to connect to the radiation dominated Universe, whereas the pure cosmolog-
ical constant gives rise to an exponential expansion, this model is not responsible for inflation. But
it is possible to use the cosmological constant for dark energy since the late acceleration today does
not need to end. Due to the cosmological constant the €2, reduces and that conclude in reduces
the observed angular distance r4 and hence the luminosity distance dj,, therefore observing the SNe
with a given z appear dimmer in a Universe whose filled by dark energy than without a0 < za—g.

There are other candidates for the role of dark energy as well. A plausible alternative is dynamical
vacuum energy [46], or a scalar field ¢ with a slowly varying potential [47], represented by the
so-called quintessence scalar field. The scalar fields are traditionally used in inflationary models
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to describe the transition from the quasi-exponential expansion of the early universe to power-law
expansion [48]. Moreover it is generally difficult to construct viable quintessence potentials motivated
from early-universe particle physics because the field mass responsible for cosmic acceleration today
is very small (mg ~ 10733eV) [49]. The question of explaining why the vacuum energy or scalar field
dominates the Universe only recently is the cosmic coincidence problem. A recently proposed class
of simple cosmological models is based on the use of peculiar perfect fluids such as the Chaplygin gas
model [50,51]. In [52] we discussed the possibility of treating Chaplygin gas as a scalar field model
in a universe without conventional matter forms in early and late cosmological expansion histories.

Another suggestion proposed is that it could be the energy of the quantum vacuum, but its energy
density would be enormously larger than today’s dark energy density [53]. Other suggestions include
inhomogeneous cosmologies. Such models make use of the fact that the expansion rate is larger in
overdense regions, so that if we happen to live inside a particularly large void in the Universe
we will measure a lower value of Hy in our vicinity than the average value in the Universe [54].
There is another approach to explain the acceleration of the Universe: modified gravity, i.e., the
gravitational theory is modified compared to GR. These are several versions of these models [55-61],
but in this thesis we will only consider those gravitational models obtained by the inclusion of higher-
order curvature invariants in the Einstein-Hilbert action that result in fourth-order field equations.
Although modified theories of gravity may account for the observed dimming of supernovae, it seems
the dark energy hypothesis will remain the favorite candidate in astronomy corridors for at least the
near foreseeable future. The observations still do not show particular evidence to favour any one of
such alternative models.

1.3.5 Visible Matter and Dark Matter

One of the most important observables in cosmology is the amount of matter existing in the Universe.
This is because it tells us so much about the evolution of the Universe and consequently its expansion
rate. The average density (p) of the visible luminous matter can be calculated by determining the
number of galaxies ng within the Hubble volume and the average galactic mass Mg [62] as

(p) = nc(Mg). (1.28)

By measuring distances and velocities of stars within the galaxy and using Kepler’s Third Law, we
can determine the mass of a galaxy as

GM(r) = v*r, (1.29)

where 7 is the radius of the galactic, v the orbital velocity and M (r) the total mass within a
spherically symmetric region of radius r. In [63] they measure the gas and the stellar masses of the
Coma Cluster M}, and compare it with its total ‘dynamical’ mass assuming that will equal to the
mean cosmological baryonic fraction
My,
Mtot Qm .

Calculating €, from the analyses of the Big Bang Nucleosynthesis (BBN), they concluded that
Q,, =~ 0.28 & 0.56 for h = 0.5 which is close to the current admitted value. Nevertheless the total
luminous matter in the Universe provides less than 1% of the critical density required for a flat
universe [64]

(1.30)

3
Pe = 831G

In [65] they introduce a more subtle method for constraining the cosmological parameters with
galaxy clusters were the gas mass fraction extracted from galaxy clusters read

=1.88 x 107?h?g cm ™2 . (1.31)

= Ary+ B(2)r 22 (2), (1.32)
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where A and B are some cosmological parameters-independent values, and Myqs = M, — Mg [65],
so that the area distance r4 constrains all the cosmological dependence. Eq. (1.32) is a model-
dependent formula because of the r4(z) term, in this case FLRW. The analysis of Planck data
shows that normal matter, making up galaxies and stars, contributes only about 4.9% to the mass
and energy density of the Universe.

The near-flat geometry of the Universe that current observations seem to suggest, in particular
from the position of the first acoustic peak in the CMB power spectrum, suggest that luminous matter
in galaxies cannot be accounted only for the matter density in our Universe. When astronomers
measure the rotational velocity curves of our galaxy, and when they extend far from the centre of
the galaxy r, they find out that the velocities of some rare stars have constant velocity curves and
do not, therefore, follow Keplerian laws of motion [66].
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Figure 1.7: Rotation curves of typical spiral galaxy predicted, disk and extended dark matter halo
models and observed with error bars [4]. Best fit obtained for an exponential disk model with
maximum mass.

This implies that
M(r) <cr. (1.33)

There seems to be a lot of invisible mass, ‘dark matter’, extending beyond the visible limits of
virtually all spiral galaxies [67]. In an effort to explain the missing mass in the velocity curve of
galaxies, Jan Oort postulated the existence of dark matter in 1932 [68]. Thus, measuring average
velocity of galaxies and the average inverse distance between galaxies in a cluster can be used to infer
its total gravitational mass, shown by Fritz Zwicky in 1933 [69]. He suggested that there must be
some form of invisible matter in which it would provide enough mass and gravity to hold the cluster
together [5,70,71]. The existence and properties of dark matter are inferred from its gravitational
effects on visible matter, radiation, and the large-scale structure of the Universe, see Fig. [1.8].
According to the CMB measurements, about 84.5% of the total matter in the Universe exists in
dark matter form. On the other hand, dark energy with dark matter constitute 95.1% of the total
mass-energy content of the Universe. Needless to say, most of the matter and energy in the Universe
is unaccounted for.

Dark matter is classified as cold, warm and hot dark matter [72]; some combination of them is
also possible. The classification is based on the particles that are assumed to make it up, and their
typical velocity dispersion of those particles.

The best dark matter candidates are based on the CDM hypothesis, with weakly interacting
massive particles (WIMPS) as most favourite particles. There are currently several alternative
theories of gravity that try to do away with dark matter, with MOND [73] and TeVeS [74] among the
most popular, although neither of these theories can account for the properties of galaxy clusters [75].
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Figure 1.8: Image of the Bullet Cluster obtained by the Chandra X-ray Observatory: The blue color
shows the distribution of dark matter, which passed through the collision without slowing down.
The red coulour shows the hot X-ray emitting gas. In green are the gravitational mass contours
reconstructed from weak-lensing observations [5].

1.3.6 Large-scale Structure

According to the prevailing paradigm, it is sufficient that matter density fluctuations grow from
considerable initial fluctuations with amplitudes of order of 10~° to reproduce the cosmic structures
observed today [38]. The small deviations from homogeneity and isotropy in the CMB are of utter-
most importance since, most probably, they represent the seeds, which, via gravitational instability,
have led to the formation of large-scale structure, galaxies and eventually solar systems with planets
that support life in the Universe. Gravitational instability for overdense regions is a powerful sce-
nario for structure formation; it is easy to understand and most likely responsible for the structures
in our universe [6]. In time, matter accumulates in initially overdense regions that are denser than
average. It does not matter how small the initial overdensity was, eventually enough matter will be
attracted to the region to form structures (e.g., in typical cosmological scenarios, the overdensity
was of order 1 part in 10%). A mass near an overdense region is attracted to the centre by gravity
but at the same time repelled by isothermal pressure. If the region is dense enough, gravity wins
and overdensity grows with time, see Fig. [1.9]. In the mean time, the Universe exhibits a uniform
isotropic expansion, and because there is slightly more matter in the overdensity, there will be a
slightly stronger gravitational attractive force tending to draw that overdense region together and
due to that the overdense regions will expand at slower rate than average which can serve to retard
the expansion locally. Eventually, the overdensity, or perturbation as it is often called, will reach a
point where it stops expanding altogether and begins to collapse under its own weight (gravity) [76].
As it collapses it will fragment into thousands or even millions of knots, each of which themselves
will collapse, forming a cluster of stars or galaxies, depending on how big the original cloud of gas
was to begin with [77]. An overdense region that is larger than the horizon distance cannot be
supported by its internal pressure, because any changes in pressure are propagated at a speed that
is lower than the speed of light. Nevertheless, the relative density fluctuation within this overdense
region does grow with time, although it will grow slowly since the overdense region is expanding
at a lower rate than the universe around it. However, the horizon distance increases with time,
so eventually, the overdense region will lie within the horizon distance and can respond to internal
pressure changes. After this time, an overdense region can be stable against collapse provided that
the mass within this region is less than the amount of pressure required for the balance [78]. The
fact that the anisotropies measured recently by COBE [79] and then by Planck just coincide with
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Figure 1.9: Gravitational instability: a nearby mass attracted to the center of an overdense region
by gravity and repelled by pressure [6].

the amount of growth necessary to form structures today is taken as a hint that the gravitational
instability picture may be correct [80]. Nevertheless, several complications must be addressed to
obtain a real picture of the matter distribution in the Universe.

The study of these anisotropies requires a comparison between the observations and theory in
order to know the behaviour and distribution of matter and hence the power spectrum, for example,
in Newtonian framework, the way to relate the matter overdensity to the gravitational potential at
late time in a static universe is determined by the Poisson equation

Vi =p, (1.34)
From the above we can conclude the force of gravitational instability

F, =ma; (1.35)
where a here is the acceleration of the fluid, together with the Euler equation [81]

(625 + uiVj)uj = —% — Vi‘I) s (136)

and the basic equation of mass conservation in fluid dynamics [82]
ip = —Vi(pu') . (1.37)

These equations describe the evolution of small perturbations around a homogeneous background.
By combining the linearised evolution equations (1.37) and (1.36) for the fluctuations, we can get

the equation
(07 = 3V?)op = pop (1.38)

where ¢, is the speed of sound, the total matter p = p+Jp, p describes the homogeneous background
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Figure 1.10: Slices through the SDSS 3-dimensional map of the distribution of galaxies and it
contains about 100 billion stars. Earth is at the center, and each point represents a galaxy. Galaxies
are couloured according to the ages of their stars. The outer circle is at a distance of two billion
light years. Both slices contain all galaxies within —1.25 and 1.25 degrees declination [7].

and dp denotes small inhomogeneous matter fluctuations. Similarly for the potential, pressure
and velocity we can decompose them into homogeneous and inhomogeneous parts. The pressure
fluctuations are proportional to the density fluctuations as dp = c2dp.

Eq. (1.38) can be solved by a plane wave §p = Aexp[i(wt — k)], where w? = ¢2k? — p, and this
solution indicates that there is a critical wavenumber, called the Jeans wavenumber,

L (1.39)

Cs
for which the frequency of the matter fluctuations oscillations is zero [81]. On small scales k > k; the
pressure dominates and we get an oscillating solution with a fixed amplitude. On the other hand,
on large scales k < k; gravity dominates and the fluctuations grow exponentially, the crossover

happening at the Jeans length
2w ™

Aj=— = Cs - . 1.40

Tk p (140)

In an expanding universe such that r(t) = a(t)z, where r(¢) and x represent the physical and
comoving coordinates, the velocity field can be given by [32]

ui(t) = Hri +v; (1.41)

where Hr; is the Hubble flow, and v, = at. With some algebra we can re-write the continuity
equation Eq. (1.37) to first order as

05 1.8 e .

where ¢ is the fractional density perturbation %”, also known as the density contrast. More over, the
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Poisson and Euler equations (1.34) and (1.36) reduce to
V6 = a?ps (1.43)
1 1
ap a

Using these equations together with Eq. (1.19) results in the Jeans’ instability equation 3
. | ~
§+2H — ¥V2(5:p5. (1.45)

The second term on the LHS of the above equation of motion plays the role of a damping (friction)
force term such that below the Jeans’ length the fluctuations oscillate with decreasing amplitude
and above the Jeans’ length the fluctuations experience power-law growth [81].

Hamilton & Tegmark (2001)
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Figure 1.11: A galaxies survey power spectrum from PSCz and APM data survey * [8]. The bias is
the square root of the ratio of power spectra.

By expanding Eq. (1.38) into its Fourier components

op(t,r) = / @k e TS (t) (1.46)
(2m)3
we can compute the matter fluctuation spectrum. For each Fourier mode
(02 + 2k*)ép =0, (1.47)
the solution of which is given by

Spr = Axe™* ! + Bye "kt (1.48)

3More details of this derivation can be found in [76,78,81,82].
4The PSCz is a redshift survey of 15,411 galaxies accomplished by [83], and APM is the best power-spectrum
determination from the angular correlations survey [84].
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where wy = cgk. Fourier modes evolve independently, and the power spectrum is sufficient to
completely describe the density field.

1.4 The Cosmological Parameters

Cosmological parameters, including a parameterization of some functions, are simple numbers de-
scribing the properties of our Universe whose geometry is well characterised by Friedmann metric.
They have been measured within increasing precision over the last decades. The term originally
was used to refer to the parameters describing the global dynamics of the Universe, such as its
expansion rate Hy = 67.74 + 0.46 Km/s/Mpc, often written as Hy = h x 100 Km/s/Mpc, and
the space curvature of the cosmological model € = 0.0008f8:88§8 , These parameters are from the
recent observations made by Planck 2015 based on ACDM assumption, more details in [3,85]. The
structure and fate of the universe can be described by the cosmological parameters, such as mean
mass density ©,, = 0.3089 & 0.0062 of matter in the universe (baryons Q,h? = 0.02230 + 0.00014.
Photons €2, neutrinos €2, and radiation €, represent much less ~ 10~%. The remainder is known of
its nonrelativistic manner and it does not interact with the normal matter, it has in particular no
electromagnetic signature named cold dark matter Q¢ pps, and dark energy Q4 = 0.691140.0062 the
current value of the cosmological constant, at the present time divided by the critical density [3,85].
Each of these parameters evolves differently with the redshift, so it is unlikely that two terms will
be comparable at any given time [86]. The present photon density is 4.7 x 1073! kg m~2 using the
standard models [87].

With these parameters one can test the consistency of the standard relativistic expanding cosmo-
logical model that is known as A-Cold-Dark-Matter (ACDM). However, if Q,,, < 1, then the universe
is undergoing from a state of matter domination into a state where either the space curvature or
the cosmological constant is dominant. These cosmological parameters can only be believably de-
termined when several independent methods of estimation have been applied and all yield similar
values of the parameters. The three main ways of estimation of €, are [86]:

(1) Local low-redshift dynamical tests

(2) Tests that depend on the coordinate distance to high-redshift sources through the angular size
distance or the luminosity distance (radio source and the supernova)

(3) Tests using the fluctuations of the microwave background radiation on different angular scales.

The mean matter density today is p,, ~ 3 x 10727 kg/m?3. We need to describe the nature of pertur-
bations in the Universe, through global statistical descriptors such as the matter and radiation power
spectra (their study is naturally intertwined with the determination of cosmological parameters).
There may also be parameters describing the physical state of the Universe, such as the ionisation
as a function of time during and since the recombination era. Typical comparisons of cosmological
models with observational data now feature ten parameters [88].

Calculating the observables, i.e., the number count, angular sizes of distant objects, Luminosity
distance.. etc., we can track the history of the Universe at least back to where the interaction
allows the interchanges between the densities of the different species before the BBN. But the main
target is to measure the global cosmological parameters based on model assumption. In this thesis
cosmological distances measures are studied in detail, for the homogeneous universe in Sec. 1.5
and for the inhomogeneous universe in Sec. 2.3. In Ch. 3 we will introduce a simpler approach
for measuring distances in cosmology where we develop a lightcone gauge using a simple fact that
observations are made in our past lightcone.

1.4.1 The History of the Universe

With all the observations that have been made and that we introduced in this chapter we can finally
tell the story of our Universe. After the observational confirmation of the expanding Universe,
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cosmologists concluded that the galaxies will be spread much farther apart in the far future and
that the Universe must have been much denser looking back in time. Therefore following the
Friedmann dynamics back in time shows that there is a singularity, namely at a(¢) = 0, we choose
the origin of the cosmic time ¢ = 0 occurs at the big bang singularity, then present-day-value of
to = 13.81 Gyr represent the age of the Universe [33]. This is generally taken to be the precursor of
the current Big Bang model [89,90]. After Planck era t ~ 1073% and within the first ¢+ ~ 10732 our
Universe is thought to have experienced a first period of accelerated expansion, its called inflation
introduced by Guth (1981) [91,92]. This sudden increase in the rate of expansion of the Universe
would have increased the size of the Universe by an enormous factor. Prior to inflation the entire
universe was small and causally connected; it was during this period that the physical properties
evened out. Inflation resolves the horizon problem and the so-called flatness problem of the big bang
model. It has therefore been accepted as part of the current concordance model of cosmology. Many
inflationary models have been proposed and tested with observations [93], but the most popular
models of inflation that involves a single scalar field, the inflaton, whose slight inhomogeneities, and
due to quantum fluctuations, have been the seeds of the Universe structures that we observe today.

The so called the reheating phase [94] started after the end of inflation during which the inflaton
decays into particles of the standard model of particle physics. The Universe was about 379000
years old - much before the formation of stars and planets-it was denser, much hotter, and filled
with hydrogen plasma. As the Universe expanded further, both the plasma and the radiation filling
it grew cooler and at a temperature of about 3000K, it became favourable for protons and electrons
to combine into hydrogen neutral atoms, and some stable nuclei (helium and lithium) could be
formed from a primordial mixture of protons, neutrons and electrons [95, 96].

This is the Primordial nucleosynthesis, or BBN as it is commonly called [97], is the earliest
and one of the most stringent tests of Big Bang cosmology. The relevant BBN reactions that
played an important role in the history of the Universe took place in the first three minutes, notably
(corresponding to temperatures of T' ~ 1 MeV to ~ 10% KeV or higher [98]). At the end of this epoch
the scale factor reads ap/agpny = 5X 107 and dominated by radiation. From Friedmann equations we
know that radiation density €2, decreases faster than the nonrelativistic matter density, at some point
they become equal Qy,, ao/deqy = U/ ~ 3400. During the recombination epoch and at this point
atomic nuclei and electrons recombined into atoms, then photons stopped interacting with matter
and became allowed to travel freely through space, and so the Universe became transparent [99].
When light started to travel freely through space rather than constantly being scattered by electrons
and protons in plasma, a photon decoupling of matter and radiation formed. The decoupled photons
reach present-day observers as the CMB, and they appear to come from a spherical surface around
the observer such that the radius of the shell is the distance each photon has travelled since it was
last scattered at the epoch of recombination. Such a surface is referred to as the last scattering
surface (LSS).

Since light from this epoch has basically remained unaltered to the present day in the CMB
imprint, that is what gives it the term relic radiation. The Universe remained basically neutral for
few hundreds of millions of years the dark ages, during this time structure form via gravitational
accretion creating the first stars and their light broke some of the neutral atoms into hydrogen
ions in the interstellar medium during the epoch of reionization ag/are ~ 12. The next billions of
years the formation and evolution of galaxies took place and the large-scale-structure separated by
walls and filaments. The cosmological constant starts to dominate over matter density leading to
an accelerated cosmic expansion ag/a,, ~ 1.3 [33].
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1.5 Distances in Cosmology

We have shown in the previous sections a brief review of some current status of observational
cosmology that fits so well with ACDM model. We emphasize that for every observation that involves
the relation between angular or luminous distance and redshift area distance, FLRW spacetime is
assumed, ¢.e, light propagates through a homogeneous and isotropic universe.

Here we are going to show some theoretical derivations of these distances with standard cosmo-
logical model. This will give a framework to interpret cosmological observations and to measure its
free parameters. In particular we will show the crucial relation between cosmological distances and
redshift for their correct interpretation. Over small distances, the relation between angular diameter
distance and redshift, or luminosity distance and redshift, does not depend on whether there is or
is not a cosmological constant, or the total value of the matter density €2,,. These differences only
become apparent over much larger distances, which make these expressions sufficient when they are
written as functions of redshift z.

In cosmology spatial distance and velocity measurements are important to determine the con-
sistency of relativistic theories and to measure the cosmological parameters. Thus investigations
of spatial distance measurement arose from the fact that any specific astronomical measurement of
distance carried out in any relativistic model of spacetime must lead to a result which depends upon
the particular operations of measurement, and not upon the particular coordinate system used to de-
scribe the spacetime. Formulating invariant quantities corresponding to these various astronomical
distances depends on the observations of apparent magnitude, apparent size, or apparent luminosity
of distant light sources [100,101]. There are different ways to measure distances in cosmology all of
which give the same result in a Minkowski universe but differ in an expanding universe. They are,
however, simply related as we shall see [38].

1.5.1 Redshift
A photons trajectory

We can define the four-vector k, as the gradient of a wave phase

ky= 0.9, (1.49)

which indicates the local direction of electromagnetic wave propagation through the spacetime. The
propagation equation of the waves has to obey in the geometric optics

Kk, = 0. (1.50)

By taking the gradient of Eq. (1.50) and using Eq. (1.49), we can define the trajectory that followed
by the electromagnetic waves
KMV, kY =0. (1.51)

The path where k* is everywhere tangent are called null geodesics, and it can be interpreted as the
world lines of photons or light rays. The geodesic equation (1.51) can also be written.

dk*

% + Fuyakyk’a - O 5 (152)

The momentum of the photon is
pt = hk* | (1.53)

where i = h/(27) the reduced Planck constant. The affine parameter v along a given light ray is
naturally defined with its tangent vector

_ dz#

o= &
dv ’

(1.54)
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indicating that a small variation in v corresponds to a small displacement dx* = k*dv along the
light ray. Then the geodesic equation becomes

dk* Pt dx? dx?
v po_ A BoLVLe _ m ax”
KVyk dv + LRk dv? o dv dv '’

(1.55)

where V,, is the covariant derivative with respect to v. 7 denotes as the observer proper time, then
the angular frequency is defined as

d
w= 'df' = [u"d, 0| = utk, . (1.56)

In order to detect the wave its propagations have to be in the direction opposite to the direction in
which the observer is actually looking. This implies

k= w(ut +n*) . (1.57)

Here n* is a unit direction vector of the photons, and u* their 4-velocity vector, defined more with
the orthonormality relations

wu, = -1, nfn,=1, u'n,=0. (1.58)

The difference between the frequency emitted by a source wy and the actual frequency measured by
an observer w, is quantified by the redshift z as
ws  (ulky)s

l+z2=—= .
wo  (urky)o

(1.59)

1.5.2 Proper Distance

If we place the galaxies at equal distance from each other and labelled them by a fixed coordinate
x, and if space itself is expanding in time, the scale factor a will depend on time as well, and the
relative velocity between two galaxies at distance

d = aAx (1.60)
is
v=alAx, (1.61)
such that dal(t)/dt )
oo d0O/d, ay (1.62)
a(t) a

where v is the recessional velocity, typically expressed in km/s, and d is the proper distance (which
can change over time, unlike the comoving distance, which is constant) from the galaxy to the
observer, measured in megaparsecs (Mpc)®. Here Hy is the Hubble constant and corresponds to the
value of the Hubble parameter H(t) at the time of observation. H(t) is a value that is time dependent
and which can be expressed in terms of the scale factor.

It is convenient to normalise the scale factor such that ag = 1, so that comoving scales become
physical scales today. On the other hand, an object at z < 1 at physical distance d away from us,
recedes with speed v, then roughly d ~ 19 — n is the time delay between the events (A, B) in the
same frame, and the positions of the two events will be changing over time due to the expansion,
and therefore, ag & a(n) + a’(nop — 1), so that

/

1—|—z%1—|—%(770—77)x1—|—H0d. (1.63)

5 1 parsec = 3.2615638 light years = 3.0856776 x 1016 metres.
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AT

Figure 1.13: The proper distance between nearby events (A, B) connected by a unique geodesic G.

Therefore we have v = z, and Hy = v/z. The proper distance can be written as

’ dz' 1 [” dz'
d/0(1+Z>H(Z>H0/o(1+z)h(z) (1.64)

where H(z) is the Hubble parameter as a function of redshift, and h(z) = H(z)/Hy is an expansion
parameter normalized by the Hubble constant, given by

h(z) = V(1 +2)4 + Qa1+ 2)3 + (1 +2)24+ Q4 . (1.65)

1.5.3 Comoving Distance (Line-of-Sight)

A comoving distance between two events in the Universe, at a specific moment of the cosmological
time will remain constant, if the two objects are moving with the Hubble flow which will give distance
that does not change in time due to the expansion of space [102]. The total line-of-sight comoving
distance between two nearby objects along the radial lightray can be given by

1 Zody
d. = — . 1.
= /0 e (1.66)

The line-of-sight comoving distance is the fundamental distance measure for all other distance mea-
sures [102].

1.5.4 Transverse Comoving Distance

The comoving distance between two objects on the sky that are at a constant redshift z, and they
are separated by an angle 6 is 66d,,, where d,, is the transverse comoving distance, i.e., the cross-
sectional length of an object perpendicular to the light ray. It is related to the line-of-sight comoving
distance d, by [102]

L sinh [,/|Qk|dc/dH} i >0,
. i =0, (1.67)
\/d‘%klsm [,/|Qk|dc/dH] if Qp <0,

where di = 1/Hj is called Hubble distance.

E

dm =

1.5.5 Area Distance

The area distance is also known as the angular diameter distance. This cosmological distance measure
relates the proper transverse size of an object to the solid angle in which it is observed, from the
directions originating at the object and pointing towards the observer. The area distance r4 at
the observer, also called “the corrected luminosity distance” in [103], and “observer area distance”
in [104], is defined by,

dS, = r4(0)dR, , (1.68)
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dS_ 2
[  ngum—
. I
observer

° light rays

Figure 1.14: In a curved spacetime, light travels on null geodesics, and the area distance 74 of the
source from the observer is 7“124 =dS,/dS,.

where df), is the solid angle subtended by that object at the observer, and d.S, is its cross-sectional
area or the transverse size of the object at the observer, see Fig. [1.14]. The area distance measured
from the source would be defined using the geodesic bundle diverging from the source and the ratio
between the physical transverse size of the source and the solid angle under which it would be

observed from the source
dS, = r%(9)dQ, . (1.69)

From the above definition of the area distance at the source, one can say that it is not directly
observable, i.e., an observer can measure dSs, then the observer cannot without knowing r4(S)
determine the solid angle dQ, into which this radiation was emitted [105]. The relation between
ra(0) and r4(9) is

ra(S) =1+ 2)ra(0). (1.70)

From now on in our calculations of distances we will consider the area distance measured from the
observer r4. The area distance is related also to the transverse comoving distance measured in
FLRW by
J— dm
14z
The difficulty of measuring angular distance in astronomy is that it requires standard rulers or
sources of a known size or it can be calibrated by independent experiments. The angular diameter
distance is also naturally involved in strong gravitational lensing and time delays experiments.

ra(z) (1.71)

1.5.6 Luminosity Distance

Distances can be inferred by measuring the flux from an object of known luminosity. In a nonrela-
tivistic picture, the luminosity distance dy, is defined by the relationship between the flux F' of the
luminosity, i.e., the rate at which radiation crosses a unit area of surface per unit time, and the
intrinsic luminosity L of an object, i.e., energy per unit time, arriving at the observer [106]

| L
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A light source not only appears smaller but also fainter as it lies farther from the observer. It is
related to the transverse comoving distance and angular diameter distance by

dp(2) = (1 + 2)dpm = (1 + 2)%r4 . (1.73)

The factor (1+ 2)? can be interpreted as follows: the first (1+ z) comes from the shifted energies of
the photons at the emission and reception and time dilation between the source and the observer, the
second factor (14 z) is due to the exchange of the roles of s and o Eq. (1.70). Because gravitational
waves follow null geodesics just like electromagnetic waves, their detections are expected to usher in
excellent measurements of luminosity distance to their sources.

1.6 Observations on the Past Lightcone

our galaxy world line ———

future event ———
future past

light-cone
here and now

present past

\

light-cone

new dara

Figure 1.15: Observations from the vertices of our past lightcone and future past lightcone.

One of the fundamental features of cosmology is that there is only one Universe, on which we
cannot experiment; we can only observe it [105]. The Universe is so large that the spatial distances
and time scales involved are also very large. Thus, we must distinguish between the observable
Universe for which we have data, and the Universe which includes regions we cannot directly influence
or observe. In GR light travels on the null cone which is the surface of the lightcone. Therefore an
observer on the apex can only observe another event crossing the null cone.

On cosmological scales we are it is not possible for us to move away from our local galactic
worldline C. Therefore observations give direct access only to our past lightcone C'~, at one cosmo-
logical time ¢: here and now. This is a fundamental constraint on what is empirically decidable in
cosmology [107]. Therefore an observer on the central worldline C' can only observe distant galaxies
and quasars and a radiation background. All the astrophysical data obtained from actual observa-
tions are mainly localised on our past lightcone in a 3-dimensional hypersurface around our past
worldline. Since all these observations are made at different times and in different directions, they
are assumed to have been obtained by observing from a single point on C(g) [108]. The observation
of a cosmological quantity (massive stars, black holes, etc.) in the sky requires a set of lightcones
along the observation time interval, where data needs to be located only in one past lightcone [108].
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However, the time variation of the same object is expected to be extremely long compared to the
time interval in which the observations are made, hence we can only consider one lightcone C~(q)
to specify our data.

source worldline

past null cone: & {q)

null geodesic: (@, @ constant)

Figure 1.16: Observations of an event on the null cone.

There are particular restrictions down our past lightcone to the limiting redshift beyond which
either we cannot perform astronomical observations, or due to the fact the actual structure of the
past lightcones is not ideal, but rather very complicated due to the null caustics-points, that occur
near to these giant cosmological objects. One needs to consider the existence of such caustics when
observations are interpreted, a challenge that can be overcome assuming the Universe is filled with
a perfect fluid in which cosmological quantities could be considered as particles [108]. Now with
these smoothing approximation techniques we may have the ideal past lightcone ready to set up for
observation.

1.7 The Scope of this Thesis

The lightcone gauge is a set of observational coordinates adapted to our past lightcone. And it is
made at one point in spacetime as initial data for the field equations without any a priori assumptions
about the spacetime geometry, such as assuming that spacetime is isotropic and homogeneous. The
attempt is to deduce the large-scale structure of the Universe by using idealized astronomical obser-
vations, and then confront these interpretations of the astronomical observations with cosmological
theory.

In the work we will present here we intend to use and examine cosmology in our past lightcone
with cosmological observations. Assuming that our galactic world line is a regular geodesic, where
observations are made, then metric variables and curvature components as one approaches the central
world line can be achieved. We will add perturbations to the lightcone to obtain a perturbed metric
to first-order calculations. We will derive the observables quantities within our perturbed lightcone,
and compare them with what has been obtained from the standard approach. The point of this
new gauge is to convince you as a reader that the calculations of the cosmological observables are
much easier since we consider signals moving in straight lines and hence no light deflection and
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space distortion need to be worried about. We will also use the new gauge to calculate the density
fluctuations, then we will make gauge transformations to our result in the perturbed lightcone gauge
to the general gauge and see if our result is compatible with the results obtained in the standard
gauge. We prove that our perturbed metric is genuine and it fulfills the EFE degrees of freedom.

The second topic is to address the recent observations of the accelerated cosmic expansion rate
by using modified theories of gravity. We analyze models of f(R) gravity that allow non-rotating
fluid solutions, i.e., when the vorticity is zero. We consider several sub-cases, such as shear-free
cases, non-expanding cosmologies, etc...

In the scramble for the understanding of the nature of dark matter and dark energy, it has recently
been suggested that the change of behavior of the missing energy density might be regulated by the
changes in the equation of state of the background fluid. Chaplygin gas models are based on the
existence of some kind of exotic fluids out there in the Universe. Our approach attempts to replace
such exotic fluids with modification of gravity (geometry rather than extra fluid). We will attempt
to produce f(R) models that replace Chaplygin gas solutions. This work aims to bring to light a
geometric interpretation of the model by re-writing the different toy Chaplygin gas models in terms
of exact f(R) gravity solutions that are generally quadratic in the Ricci scalar with appropriate
ACDM limiting solutions.
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Perturbation Theory in Cosmology

Nothing happens until something
moves.

Albert Einstein

2.1 The Inhomogeneous Universe: Gauge-invariant Cosmo-
logical Perturbation Theory

The measurements of the anisotropies in the CMB of the Universe show only small initial fluctuations
from FLRW background. This spatial variation of the density growth in the actual universe is not
quite uniform in all directions. The evolution of these fluctuations until the time when they become
of order unity can be studied within linear perturbation theory [38].

2.1.1 The Metric of the Perturbed Spacetime
We shall now slightly perturb the FLRW model with the basic perturbation equations [10]

Guv = guu + 0259,“/ y (2'1)

where g, represents the unperturbed Friedmann metric, and dg,, can be parametrised in terms of
its components respectively as

0gdatde” = —2¢dn? + 2B;dndzt + QCZ-jdxidxj . (2.2)

Here B; is a rank-1 tensor and Cj; is a rank-2 tensor [10]. For linear perturbation theory, the
spacetime metric is thus

ds* = a®(n) [ (1 + 2¢)dn* + 2B;dz'dn + (vi; + 2C;;)da* da’] . (2.3)

The inverse components and the Christoffel symbols associated with this metric are given in Ap-
pendix A.1.

28
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2.1.2 Decomposition of the Perturbation Variables

The perturbation variables in Eq. (2.2) can be decomposed by splitting the vector field B; as a sum
of a gradient of a scalar and a divergenceless vector as [10]:

B;=V;B+B; where V'B;=0. (2.4)

For a velocity field, B will be the potential, and B; the vorticity. Here we can see that the 3-

components of the vector have been split into 1 scalar (B) and 2 vector (B;) components. Analo-
gously, the symmetric rank-2 tensor C;; can be decomposed as

1 ) . .

The 6 components of C;; have thus been split into 2 scalar (¢ and E), 2 vector (F;) and 2 tensor
(hij) components. Therefore, dg,,, is decomposed into 10 components with 10 degrees of freedom of
the metric. The advantages of this Scalar-Vector-Tensor (SVT) decomposition lies in the fact that
the three types of perturbations are decoupled and can thus be studied separately.

2.1.3 The Gauge Problem

A problem in perturbation theory can be summarised in the ‘choice of gauge’. If coordinates are
chosen in the background manifold s then the correspondence €2 introduces a coordinate system on
the physical manifold s. With tensor fields @ (e.g., the Ricci scalar, the energy density p, etc.) on
s, and the corresponding physical quantity Q on 3, then we define the perturbation §Q of Q at the
point = € s by [10]

0Q(x) = Q(z) — Q(z, 1). (2.6)

It is usually understood that the perturbation 6@ is small. However, @) can be assigned at any
point on the physical manifold s by simply altering the correspondence (2.

In order to map between this two manifolds, we need to compare two different spacetimes. We will
consider for the physical observable universe s with a spacetime manifold M, metric g and energy
momentum tensor 7', which in some sense must be close to the FLRW universe, and a fictitious
background spacetime 3 with manifold M and metric § and energy momentum tensor 7. This
implies that there exist some unphysical degrees of freedom related to the choice of the coordinate
systems on the two manifolds [10].

Similarly, p(z) describes the actual value of the energy density at point x, while p(x) describes
the fictitious background value there. The quantity ép = p — p is the variation in density of the
background model and the realistic lumpy model [109]. In general, the mapping is given as

Q:9,, — Guv- (2.7)

An interesting and yet nontrivial problem is how to identify points in the background § with
corresponding points in the realistic spacetime s, in accord with

gul/ - gMV = guy + 69;,&11' (28)

This is related to the difficulties of the background choice. We will assume the existence of back-
grounds that lead to the FLRW universe. There are may be many different ways to these different
backgrounds leading to slightly different FLRW backgrounds. But since |g — g is small, of order e,
the differences of FLRW backgrounds must also be small, of order ¢, and can be regarded as part of
the perturbations [38].

The only possibilities for gauge-invariant quantities are: a scalar or a tensor, which are constant
in M. These quantities can be given any value we desire by altering that map; we can, e.g., set
it to zero by choosing the real surfaces of constant energy density to be the background surfaces
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Figure 2.1: Any perturbed quantity is defined by the mapping between the background universe

FLRW, M, and the actual perturbed universe M [10].

of constant time and, hence, of constant energy density. Consequently, perturbation equations
written in terms of this variable have as solution both physical modes and gauge modes, the latter
corresponding to the variation of gauge choice rather than to physical variation, because they depend
intrinsically on the manifold choice, and this is what is called the gauge problem. One way to solve
this is by very carefully keeping track of the gauge choice used and the resulting gauge freedom.
The perturbations are not unique but Eq. (2.6) is invariant under coordinate transformations. And
as long as it does not matter how we map €2 : s — 5 when it leaves the background manifold 5
unchanged, the mapping is called a gauge transformation [110].

2.1.4 Gauge Transformation

The gauge transformation reflects the freedom of choosing different diffeomorphism {z#} in the
physical manifold M

at T =k + ¢H (2.9)
where ¢# is a vector field. Thus, if we alter (push forward) the initial correspondence Q(z) maybe
only slightly to Q(x + ¢) to obtain the new identification map *, this describes the same geometry

as ¢ [38]. Since we have chosen the background metric g we only allow diffeomorphisms which leave
g invariant, but they can deviate at first order. The definition of the perturbation is now

0Q"(x) = Q(x) - Q" (¥)) - (2.10)

It is evident that the difference is

AQ(z) = 0Q"(z) — 0Q(x) = Q((x)) — Q" (x)), (2.11)

and constitutes the fundamental gauge-invariance [111]. The only gauge-invariant quantities are the
ones for which
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with vanishing or constant contribution to the background [38,111]. The perturbation of an arbitrary
tensor field @ = @Q + €5Q obeys the gauge transformation to first order as

0Q — 6Q + EC@ , (2.13)
and the metric transforms as
G = Guw + LG, - (2.14)

Since all relativistic equations are covariant by definition, they can always be written in the form
Q = 0, where Q is a tensor field [10,111]. Tt is thus always possible to write all the relevant equations
in perturbations up to first order in terms of gauge-invariant quantities only. Such a treatment would
ensure that no gauge, i.e.., unphysical, degree of freedom, is misleadingly used.

2.1.5 Gauge-invariant Variables

In order to extract the physical degrees of freedom, we will consider an active transformation of the
coordinate system defined by the displacement vector (. Therefore the coordinates of any point will
change according to Eq. (2.9). The vector ﬁeld C* is decomposed into 2 scalar degrees of freedom

(T and L), and 2 vector degrees of freedom (fl), which is divergenceless, i.e., V'L; = 0, as
=7, (=Li=V,L+1L,. (2.15)

The perturbation variables under gauge transformations look like [10]

d—d+T +HT, (2.16)
Ci; = Cij +ViL; +V,;L; + 2HT;; . (2.18)

Then the metric g transforms as
LG = a*[=2(HT +T")dn? +2(L" — V' T)dndz; + (2HTY7 + VIL' + V' L))dwdz;] . (2.19)

Now using the above decomposed perturbation variables, and under gauge transformations they
become [10]

= d+T +HT, (2.20)
Bi—B;+L", (2.21)
B—-B-T+1L, (2.22)
Y=+ HT, (2.23)
E—-E+L, (2.24)
F' 5 F'+ L, (2.25)
hij — hij . (2.26)

Since one of the gauge-invariant quantities corresponds exactly to the Newtonian potential energy
from Newtonian gravity, the Newtonian limit can be performed easily. By putting the scalar per-
turbations F = —L and T'= L', E = B = 0 one gets the so-called longitudinal gauge:

5g = —2®0dn* + 2V~;;dz’dx? . (2.27)
For vector perturbation it is convenient to set F* = —L? so that F* will vanish and we will have
8g0i = ®i = (F] — Bi) . (2.28)

This is a ‘vector gauge’ and it is gauge invariant. Clearly there are no tensorial gauge transformations
and hence h;; is also gauge invariant [38].
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The traditionally favoured choice for cosmological perturbations is the metric perturbation the-
ory. In the so-called Bardeen’s approach [112] for metric perturbations, we can construct a set of
gauge-invariant independent quantities related to density perturbations, but these quantities are not
perturbations themselves in terms of the background metric, i.e., they do not depend on L’ and T.
For instance

$=0—H(B—-E)—(B-E, (2.29)
b=U+HB-E), (2.30)

where ® and ¥ are called Bardeen potentials. The Bardeen approach to cosmological perturbation
theory is widely used and fundamentally important.

A new method developed by Ellis and Bruni (1989) [109] as an alternative description of spacetime
in terms of scalars, 3-vectors and projected symmetric trace-free (PSTF) tensors is the so-called 1+3
covariant approach [113], and the later is what we are going to use and call as standard gauge. It
has the freedom of choosing a set of coordinates and transforming to another if wished. This work is
built on the work of Ehlers [114], Hawking (1966) [115], Olson [116] and Stewart and Walker [111],
and does not use the metric directly but describes the spacetime instead by means of covariant and
gauge-invariant quantities obtained by a local foliation of spacetime into ‘space’ and ‘time’.

2.1.6 The Four-velocity

A comoving observer’s trajectory along a worldline orthogonal to the hypersurfaces ¥, is given by,
u” the four-velocity of the observer
ut =7" + dut (2.31)

satisfying the condition given in Egs. (1.58). With a time-like geodesic, the normalisation condition
of w" to zeroth order provides the solution

o =a'0l, W, =—ad,, (2.32)

and hence u’ = 0 at zeroth order. From Eqs. (1.58) we see that

g;wuuuy =-1, (233)
and therefore ,
—a?(1+42¢)u’” = —1. (2.34)
This leads to )
u = — (1 - (;S) , (2.35)
a
and
ou’ = —a"t¢. (2.36)
We then write ‘ ‘
Sut = a Mot (2.37)

where v? is the peculiar velocity of the object. It is also easy to show that
dug = —a¢p, and du; = a(v; + B;) . (2.38)
We can decompose v; into a scalar and a tensor part according to the form of Eq. (2.4):
v; = Vv 4 7;. (2.39)
And upon performing a gauge transformation on du*,

out — dut + Loat, (2.40)
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where
Leut = OV ut —u*Va(H . (2.41)

After SVT decompositions on v and v;, they will transform as
v—sv—L", (2.42)
v -0 — L, . (2.43)

Like the case of metric perturbative gauge-invariant quantities, we can define the gauge-invariant
quantities associated with quantities in Eqs. (5.54), (2.43):

V = v—FE, (2.44)
Vi = v —B;, (2.45)
W, = v,—F. (2.46)

Different choices are possible [10,106], and it is also worth noting that we can relate different gauge-
invariant variables like -
W, =V, —®,. (2.47)

2.2 Perturbations of Null Geodesics

We would like now to study the effects of perturbation on the light rays coming from a source to
the observer.

2.2.1 Effects on Source Position

On astronomical and cosmological scales, light gets deflected by any inhomogeneous gravitational
field and affects the source’s apparent position, therefore when measuring distances of a distorted
image or the brightness of images one has to study the geodesic deviation of null geodesics. Conse-
quently, such measurements rely on our good understanding of light propagation through the cosmos,
in particular the way that light beams are focused by matter lying between us as the main observer
and the sources.

e

Figure 2.2: The deviation of the angular coordinates 6! of the source given an observational direction
d.

For example, if we want to study the position of a far distant source, on the observer’s celestial
sphere, we could consider an event S, and a straight line of sight d corresponding to the direction
07|7—23 = (0, ¢) towards which the observer is looking, where (6, ¢) are two angles in the sky. Now
due to a perturbed spacetime, between the source and the observer, the deflection of light implies
that the light ray deviates from its radial straight line 8 = 7, to angular coordinates corresponding
to

0 =0 + 56" . (2.48)

This new direction corresponds to the direction in which the observer would see the image if light
did follow a radial straight line [33]. The above equation relates the real position of the source to
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its observable position.

2.2.2 Effects on Null-vector

The geodesic of photons is a worldline z# () where X is an affine parameter. Applying perturbation
to the geodesic equation (1.52) to first order, we get

k= (B 4 0kM) T = (T o + 0T"0) (2.49)

%W +E BT, 4+ 2k T ,adk® =0, (2.50)

The tangent vector of the null geodesic satisfies the condition
G krE =0 (2.51)

Perturbing the above Eq. (2.51) also to first order, we will get
E'E 09,0 + K'G,, 0k + % g,,0k" =0. (2.52)

2.2.2.1 Conformal Trick

We can use the perturbed FLRW metric as in Eq. (2.2) and by connecting two metrics using Sachs’
and Wolfe’s conformal techniques [117] such that

ds® = ads | (2.53)

where .y ‘ o

ds” = [—(1+2¢)dn* + 2B;da’dn + (6;; + 2C;;)da’da’] . (2.54)
~2
ds is a conformal space metric, and it is called a perturbed Minkowski metric. It has all the
geometrical properties of the FLRW metric but its space is not expanding. The lightlike geodesics

~2 ~ ~2 -

of ds? coincide with those of ds . If k is a null geodesic for the metric ds with affine parameter \,
then _

k" = a®k* (2.55)

is a null geodesic for ds? with affine parameter A. However the affine parameters do not coincide
and are related by ~
d\ = a"2d\ . (2.56)

In the following, we will first calculate EK and then we will use Eq. (2.55) to determine k*. Lightlike
geodesics are invariant under conformal transformations; we are doing this to make our calculations
easier. We will drop the tilde (7) and keep in mind the calculations are made on the conformal
space unless otherwise stated. The 0-components of the geodesic equation (2.50), with the use of
Eq. (2.52), can be written as

d —0— — —0—i —i
TLOK + EE ST000 + 2k T0000k° + 2k Kk 6T%; + 2% T%;
KO 4 2K TO0;0k" + F B 6105 + B 100k + K 1050k =0, (2.57)

and with a conventional choice of k" = (1,n%) at the background, where n’ is the unit vector, we
have

d i i, j
ﬁéko + ¢ +2n'Vip+n'n’ (C}; — ViB;) =0. (2.58)
We also define the backward affine parameter along the past lightcone, such that
d .
¢ = o _ n'V;o . (2.59)

)
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Then we can rewrite Eq. (2.58) as

A0 —w oLy i (0 _ B,
Ok = ¢ =226 — ' (Cf; — ViB)) . (2.60)

Integrating both sides of Eq. (2.60) yields
o d ey
5k — 0k? = / [¢>’ —2-56—n n (C}; — ViB;)| dX . (2.61)
k° is a component along the light trajectory between the observer o and the source s is given by

KO — kO =T + 0k — T — K0 . (2.62)

And since the background is Minkowski, the background term is the same both at the source and
observer points. Therefore

o
d o
ko — ko = /s [¢>’ — 250 n'n’ (Cj; — ViBj) | dX. (2.63)
Now calculating the i-component of the null vector,
d . _—o—0_ . 0. o i
ok + BR 0T + 2% Toodk® + 2k & 0T o; + 2k Tig;0k°
2R T ;0K + BB T + BT k" + 5 T j0k7 =0, (2.64)
and hence
d .. . v 1 , , . , , .
aék‘z—f'B?'/‘i‘V?’(ﬁ—FQTLj (Cz/j + §(Vsz - VlBj)) —l—njnk (VkC’j—i—VjC”k —VZCJ'/C) =0 y (265)
which we can rewrite after integrating both sides, as
4 i ? il i i il 1 i i
Ok, — 0k, = / [—B -V ¢—2nJ<C j+§(VjB —VBj)>
—nin* (vkcg + V0% — viojkﬂ dX . (2.66)
k' is a vector along the path between the observer o and the source s
ki — K =T + okl — K. — okl . (2.67)
In the Minkowski background, this yields
. _ 0 . . . , 1 _ .
K-k = / {Bll —Vig—2n/ <c"’j + 5 (VB ~ VZBj)>
—nIn¥ (vkcij +V,;C% — Vicjkﬂ dX, (2.68)

and since we are dealing with a conformal space the background terms are constant.
Now applying Eq. (2.55) and Eq. (2.56) to our null vector results Egs. (2.63) and (2.68) to move
back from conformal space to FLRW space, then for the 0-components will get

KO = —2k0 — —/ a”? [¢’ — 2a2%¢ —n'n? (C}; - viBj)] A . (2.69)
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In particular the observer sends a light ray of a past-pointed null cone vectors. Then this implies

—gapk®u® <0 . (2.70)
We can normalize the null vector k0 = —1 at the observer position
ot _1 Oa_2 ¢’—2a2i¢>—nin1‘ (CL —ViB;) | dA (2.71)

Applying the same conformal transformation to the i-components, we will get

i ag i L[ _ il i j il 1 i i
S agk(’_a?/saQ[_B —V¢—2n](0j+2(va—VBj))
—nink (vkcij +V,;C% — vicjkﬂ dx , (2.72)

where k! = n! at the observer, then we get slightly simpler expression in the FLRW space

i n,, L[ - il i j il 1 i i
—nink (vkcij + V;C0% — vicjkﬂ dX . (2.73)

By lowering the indices, we obtain
ki = 1+/Oa_2¢’d)\— /Oa—Z[ninﬂ' (Ci; = V(;By)ldA — Bin' | (2.74)
and
ki = nf+/soa2vi¢d)\+/so aQB;dA+2/SO a2 [nj (C;j + %(VjBi - viBj))] d\
+ / a=? {nlnj (zvjcil - vicljﬂ d\ — B;|2 +2n7Ci;|° . (2.75)
2.2.3 Effect on Frequency

Now we can calculate the effect of perturbations on the observed frequency of the light signal by
using Eq. (1.59) to first-order perturbation along with the 4-velocity we define in Sec. 2.1.6 and
Egs. (2.71), (2.73) we get

US + (S(,L}S |:(y;1,1/ + 6‘9;“/)(%” + 6]?“)(@’/ —|— (S’U,V):|

1 +2z = f— (5 = — = 9
@ot 0o (g, +dg,0) (B + k1)@ + ou)|
1 . , _ o
142z = ) [[1 —¢+n'v,—n'V;B—n'B;]? + / (¢ + ) dn
o 1 1 — —
— / n'n’ (VZVJ-E/ + V(sz/) + ihij - §(V1V]B + VjBl + VZVJB + ViBJ)) dn:| s

(2.76)

where we have used a~2d\ = dn. Substituting for the Bardeen potentials quantities using Eqs. (2.29,
2.30) and further simplify the term V,;V;(B — E’) as follows:



Chapter 2. Perturbation Theory in Cosmology 37

n'n?V;V;j(B-E') = nivi<;—;7>(B—E’), (2.77)
_ i,g N 2 AV 7 i N
= (dn 677>(B EY +n Vzdn(B E", (2.78)
_ I 2 AV i oy i i _
= (B-FE) n (B—E") 4+n'V; dn(B E". (2.79)

Thus, integrating both sides leads to
/ n'n!V;V;(B - E')dy = / (B—E"Y"dn— (B—E"Y|°+n'V{(B-E)°. (2.80)

Moreover, let us decompose v; using Eq. (2.39) into scalar and tensor parts:

v; = [Viv +Wi] , (2.81)
= [Vi(V+E)+(V,+B)], (2.82)
- ‘/z + [lel +PZ} 5 (283)

where V; is the gauge-invariant velocity perturbation of the baryon fluid, and now we can obtain

1+2=

) o o 1 —
[[1 —®+H(B-FE)+Vn'l?+ /S (®+¥)'dn — /5 n'n’ (Viij + 5% - viBj> dn] .
(2.84)

1
a(n)s

Using (2.28) in the above equation results

1+2z=

io ’ i T
{[1 —®+H(B-E)+Vin'° —i-/s (®+ W) 'dn— /S n'n’ (Vi@j + 2h;j> dn} :
(2.85)

1
a(n)s

This redshift relation is in a general gauge presentation, which we can reduce to any sort of gauge we
want. The redshifts calculated are gauge-invariant if and only if they relate to the observed redshift
of emission points on an invariantly specified surface in our past lightcone C'~(¢). This equation
is known as the Sachs-Wolfe (SW) equation as well and it relates photons’ present potential and
energy to their potential and energy at the emission. The interpretation given the perturbations
considered is based on a splitting of perturbations into scalar, vector, and tensor parts [10]. The
ordinary Sachs-Wolfe term,

Osw = [P+ H(B-E]? (2.86)
is the scalar only contribution whereas the Doppler term
@dop = [Vznl - 61712]: (287)

is the scalar-and- vector contribution and indicates that the emitter source and the observer do not
have the same velocity. Finally, the term

o . 1 o
Orsw = / ((@ +0) —®'in" + thjnln]> dn (2.88)

contains all three kinds of perturbations and is called the integrated Sachs- Wolfe term. The physical
meaning of this splitting is non-local, and its implications depend on the details of the gauge choice
made. All terms in the above equation are gauge invariant. One may think the term H(B — E') is
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not gauge invariant under gauge transformation, but can proven to be so using the transformations;

n—n-—"T, (2.89)
zt— a2t — L7, (2.90)
and thus
B-FE —B-FE-T, (2.91)
a(n) — a(n)[1 — HT). (2.92)

Therefore, 1 4 z is gauge invariant.

2.3 The Perturbative Cosmological Distances

We are going to calculate the cosmological distances in a perturbed FLRW space. The perturbed
distance is a gauge-invariant quantity. In any arbitrary geometry of spacetime it is easier to measure
the distance in a gauge of our choice.

A distance measure from a moving source with 4-velocity us; and an observer moving with 4-
velocity u,, can be obtained as a solution of the Sachs focusing equation [118,119], which rules
the relative acceleration between neighbouring geodesic motions, it represents the deviation of the
geodesic equation

d’D 9

W:—(R+|E| )D, (2.93)
3 is the complex shear of the light ray, this equation surely provides the best geometrical interpre-
tation of curvature, where

1
R = 5R,Wk:#k", 122 = 2,2 . (2.94)

Y, describes the shear

e o 1
Zuu = Z<Wj> = N( Vak‘o. - §9N,“, ) (295)

untty

where N, is the screen space tensor given by Eq. (4.1), 8 describes the expansion of a bundle of
light rays [120]. The shear related to the photon ray vector by

o 1
NYN[V ks = 30N + T (2.96)

In perturbed FLRW metric to first order, the Sachs focusing equation reduces to [119]

d*D

—— =—RD 2.97

e (2.97)
since the complex scalar shear vanishes for a conformally flat spacetime and X2 contributes only at

second order [119]. We consider a light bundle with vertex at the source; this leads to the following
initial conditions:

dD(\,)
dA
These are general initial conditions for an arbitrary affine parameter A for distance measure. We can
normalise A such that ws, = (1 + z;) then one could obtain the redshift luminosity distance, while

ws = (1 + z5) 7! gives us the redshift angular diameter distance [119)].

D(Xs) =0,

=ws = —(guk'u’)s . (2.98)

2.3.1 Area Distance

One considers a past-oriented lightlike geodesic, so we can normalise A = Ag such that ws; = 1. That
will ease the calculations for us for now. We will get the area distance in terms of the direction n
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and the time of emission 7,. If we would like to obtain the real observed area distance simply we
need to measure the source redshift in the same direction n.
The area distance will be given by

ralh) = ()\O—)\S)—/ / R(A— Ag)dNdA . (2.99)

Note that as we showed in Sec. 2.2.2.1, a perturbed FLRW universe is conformally related to a
perturbed Minkowski spacetime by the scale factor a. The null geodesics are invariant under confor-
mal transformations, therefore the distance D will not be affected by the conformal transformation
that we are going to apply. Then the effect of the expansion on the distance simply leads to a
rescaling [121]. The two conformally related area distances will be

TA=0s T4 . (2.100)

We will drop the tilde and bear in mind that the following calculations have been done in
conformal space. From Eq. (2.99) we can calculate the area distance using the right initial conditions
of the Sachs focusing equation for an arbitrary affine parameter A. At the source s it is useful to
express the affine parameter in terms of the conformal time

o o
/k"d)\ = /dn, (2.101)
S S

and from Eq. (2.63) we get

Ao—As = —7s) / / {—@+@)+nvi(<1>—qf)
. o 1
=2n'V;® —n'n? [V;V;E" + VF}) + §hgj —VuByl[dNdx.  (2.102)
This leads to
)\o_/\s = (770—775){1—(‘1’4"1’)4-(3—]5)/]

+ /T,no(no ) [ —n'Vi(@ + ¥) —n'Vi(B ~ E')

s

—l—ninjVZ-Vj(B — E') —n'n’ (V(ZF’) + h + V(l )} dn , (2.103)
where we have used the identity B.60. We need to calculate
1 ) o
R = i(ROO + 2Rg;in" + Ri]"l’bl’n]) . (2104)

Using a Maple code, we have calculated the Ricci tensor components, and therefore

Ao A
_/As /AS(A_AS)RdXdA - “/ / (A=2) [ ddAZHP H(B ~E') ~ (B~ E)
+(V? = n'n/V,;V; NP+ T) + (V? —ninjviVj)(B—E’)’

~V23[n'(B; — F!)] —n'n’ [V(iE;) —VaFj] - n'n?V=2h;
—2n'nIV,;V;(B — E')] dN'dX , (2.105)

where V2 = ViV,. By joining Egs. (2.103) and (2.105), we can give the area distance in FLRW
space by
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ralmm) = alme)(m —ns) [1 v, H(B - B
s [ =m0 (7 - w0V, -
2 To—11s . s o i Vj o
o o o 9
~n'V2(B; — F}) — n'nd (VB — Vi F}}) — n'nd V2hi; — ﬁ(v(iF;)

o —

2

niV;)(® 4 )

1 — .
—|—§h,£j + V(iBj))nZnJ) dn} ) (2.106)
where we have used the conformal transformation as mentioned in Eq. (2.56).

2.3.2 Luminosity Distance

For the perturbed luminosity distance we need

1 )
(1+Z)2 = 012(7”|:1—2(D0+2‘I)5+2H(B—E/)+2‘/ﬂ’l2
Mo o Mo 1 o
+2/ (@ + \I/)/dn —2n'n’ / (VlFJ’ + ih;j — le]> dn:| . (2.107)
Ns Ns

Using Eq. (2.106), the luminosity distance is given by
dr(m,ng) = a(ns) (0o — 1) {1 — 20,420, — U, +H(B - E')+2Vin' + 2/ (® + U)'dn

Y 1 _
—2ntn? / (Vle’ + ih;] - V7B]) d’?

1 1 /?70 ( 5 o ,
o nN—=—"ns)No—"N \Y _nln]viv’ - nlvi O+
r— ns( ) ([ i It )
2 1R i, > i 572 2 1
—V<n (Bl — le) —n nJ[V(iBj) - V(lF]/;} —n'n’V hij - H[V(ZF;) + §h;]
+V(iBj>]ninj>dn} : (2.108)

We can re-write the term [(® + ¥)'dn as follows, with the use of Eq. (2.59) and Eq. (B.55):

o 7o
/(‘I)—F\I')/dn = / @’dn—i—/ U'dn , (2.109)

s s

1 Mo 1 Mo n Mo
= / (1 —ns)®'dn + / / ®'dn' dn + / U'dn ,(2.110)
Mo — s Ns Mo — 1s n n Ns

s s

or

/(<I>+\I/)’d L /%( ay 1 /%( iV, bd
= —Ns)—>5— - —MNs)N Vi
" ) g = | "

s

1 Mo [ 1 o Mo
+ / / —— Odn'dn — / / n'V;®dn’dn
No = Ns Jy, Jy, dn Mo = Ns Ju., Jo.

s s

o o
—|—/ f\I/dn—/ n'V;¥dn , (2.111)
n. dn ns
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1 1 Mo i 1 Mo
J@+vyay — (7 — )] — [ = nnividy + [
No — Ms No — MNs Jn, No — MNs Jn,
No [N Mo
- / / niV,®dy'dny + U 7/ niv,Wdy (2.112)
Mo = Ms Jn. Jn. ns
Mo 1 o
= (P, +7)— (77 ns)n 'V ®dn + ; / ddn
o = 1ls Jn,
o ‘
/ / n'V,;®dn’dn — / n'V,;Wdn . (2.113)
—Ms

Substituting the above decomposed term back into the dy,(n,7ns), we will get

_ ) Mo
dp(n,n,) = Wo=1) 1 1 9y, + 20, — 30, —|—H(B—E’)+2Vin’+L/ ddn
as(n ) (Mo —1s) Jy

s

Mo 77 _ 778 i 2 No .
/ / n'Vi(® + W)dn'dy — ———— / (1 —ns)n"V;®dn
773 o (77 - 779) Ns

Mo . —
iy / / niV;®dn'dny — / n'n’ <V(z )-I— h V(iBj)> dn

Mo n o
—2/ n'V,;¥dn —|— - / / n' —ns ( —n'n?V,;V;](® + T)
7

s

—V?Bn' —VBanin! + VBan'n’ +V2n1F + V,Flin'in?
@B ) n @Bj) ()

—77)

9 o o
n'n?hj; — V2hijn’n3>dn’dn] :

—— = VuFin'n? +
(s —n) D

(ns —m)
(2.114)

Converting the double integrals into a single integral, this yields

_ ‘ No
dp(n,ns) = (7’2(735) [1 +20, +2®, — 3V, +H(B - E') +2Vin" — = / (n — 15)n'V,;®dn
1 Mo i Mo Mo
+W/ (n—ns)nzvi(q)—&-\ll)dn—Q/ n'V; \I/dn— / / n'V;®dn'dn
o s Ns s

2 Mo No i 1 o
+(770—773)/n ddn *\/ n'n’ (V(IFJ/)+ ihij — V(lBJ)) dn

s

1 1 Mo o —
e [ o= =) (IV2 = 0 9,10 4 ) = VBt - 9

2
— 2 V(<§» nind 4+ V2n, FV + V(zF"ninj + 2 Vv nind — ninih!
k3 (3 1t g 17
(77 - 775) 2 2 (77 - 775) ¢ J) (77 - 775) ”
—V2hijninj>dn} . (2.115)

2.3.2.1 The Observed Luminosity Distance

The conformal time and the background redshift are not observable quantities. A luminosity distance
as a function of these is not a directly measurable quantity; we need to relate it to a gauge-dependent
quantity. What we do measure (observe) instead is the redshift of the source

Zs = Zg + 025, (2.116)
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where

. Mo
dzs = (1472, [\I/o — U, +H(B—E")+Vin' — / n'V;(® + ¥)dn
n

o 1 _

Writing
dL<n7 77&) = dL(Il, 77(5&)) = dL(nsz) )
by taking the Taylor expansion of dy,(n,Z,) around z, we get [119,121]

dr(n,zs) =dp(n, zs) — dr(n, zs)|,=z 0zs,

dzs
with
d d
7d s)lz=z - %d 9 78 5 S zZ=Z
. r(n, z)| TR r(n, (Zs 4 025))|

d _ 02 2
= dZSdL(ILZS)(]. — (Zs ) )|z_z,

d _
= = dr(n,zs) + O(1)

= (1+4z) Y +HP+0(1),

where we have used the fact that Z, + 1 = 1/a(ns). This leads to

d
g dr(n, zg)l.=z = — ((1 +2,) 7Yy, —|—H;1) 0z ,

(2| = = 4 ) [0 = 0 (B - B+ v

(2.117)

(2.118)

(2.119)

(2.120)

(2.121)

(2.122)

(2.123)

(2.124)

No Mo . 1 —
7/ n'V;(® + 0)dn f/ n'n’ <V(1FJ’-) + ih;j - V(iBj)> dn} .

s s

Then the redshift luminosity distance will be given as

dr(n, ZS) = (1 + 25) [(770 - 775) + [(770 —1s) — Hs_l]‘llo - [2(770 - 775) - Hs_l]\ys

_ 7o
12110 — 1)® — HVH(B — B') + (1 — 1) — Hy Vi +2 / Py

s

7o

+ /’Io (s — MN'Vi(=3® + V)dn + [(no — 1s) — H3 ' / n'Vi(—V + ®)dn

s s

o Mo 1 _
"‘F’I’LZRJ/Hs_l (VZFJI + §h;] - ViBj> d77
Ns

+3 /% (1 — 1) (110 — 1) <[V2 — IV, V;)(® + U) — V20 (B; — F)

s

—ninj [V(Z E;) — V(ZFJ/S} — ninjV2hij - m

(2.125)

1 — .

(2.126)
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This equation is the final expression we have got for the luminosity distance [122,123] in a perturbed
Friedmann universe in general gauge, as a function of the measured source redshift z; and its direction
n. This equation is complicated and contains the angular and redshift fluctuations of the luminosity
distance, which may also contain important information about our universe. Nevertheless the matter
distribution and the geometry have fluctuations too, but to first order in perturbation theory these
fluctuations can average out in the mean and are therefore expected to be small.
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Chapter 3

|deal Observational Cosmology

Time is the true driving force of
the Universe.

Khalid Masood

Cosmological observable quantities, henceforth simply referred to as observables, encode infor-
mation about the state of the Universe at a particular cosmological redshift. In our past lightcone
we can obtain these observables which can give us our connection to the rest of the Universe. Hence
a precise measure of cosmological observables can directly determine the geometry of the observable
part of the spacetime, in the so-called observational approach [124]. Furthermore we can assume a
dynamical theory for the spacetime curvature of the past lightcone, i.e, GR.

The observations are taken so that we can discover what these observations imply about the
large-scale structure of the Universe. The idea was first discussed in [103], and Refs. [108,125-127]
discussed the construction of the spacetime metric and ways to determine local matter density
in the Universe directly from astronomical observations on our past lightcone as initial data for
the field equations, and later to establish what is called now the lightcone gauge based on an
observational coordinates set. The main aim was to a great extent that cosmology rather be a
directly observational subject [108]. Therefore, they bring cosmologically interpretable astronomical
observations into a confrontation with the cosmological theories, to reveal the structure of distant
regions in the Universe.

3.1 Observational Coordinates

A lightcone gauge has been constructed and adapted to observations made on the null cone using
observational coordinates as following. A spacetime consists of a manifold M with metric g. We
shall assume the spacetime filled with a perfect fluid of the form

Ty = puyy +p(9w + uuu,,) ) (3.1)

where T, is the stress energy tensor. The first step in constructing a set of observational coordinates
is to identify fundamental observers. The integral curves of the velocity vector u* and their nor-
malised 4-velocity, represent the worldlines of these fundamental observers, i.e, they are comoving
with the galaxies. If 7 is the proper time along these worldlines, then

_dzt

ut = I ufu, = —1. (3.2)

45
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Let us now single out our worldline C', where C' is a set of timelike geodesics generated by u* at the
event attached to us, on Earth.

event q event worldline

past null cone: C'~(g)

null geodesic: (ﬁ, $ omstcmt]

\observed event

Figure 3.1: Observational coordinates {w,y, é, QAS} based on the event g on the worldline C. w is the
time of observation; 6, ¢ represent the direction of observation; and y is a measure of distance to the
object observed.

We will introduce the set of observational coordinates z* =: {w,y, 0, gZA)}, constructed as follows:
the coordinate w is the past lightcones of the events on C, generated along our worldline. It can be
normalized by measuring the proper time along the central worldline C' (in other words, w|c = 7|¢).
By choosing w = wg to correspond to the event ¢ here and now, the null cone generated then
will represents the surfaces of events that happened on our past lightcone at constant wg. Then
generically ¢ will be at the vertices of the lightcones where we receive information and signals from
the Universe. Then w is completely determined when wg has been chosen. The null geodesic vector
field k* and v is the affine parameter along this null geodesic, generating the geodesics of these

lightcones, will be written as
kt = dzt /dv | (3.3)

where
ky=w, = k'k,=0. (3.4)

This definition necessarily implies that & is hypersurface-orthogonal [128],
Fuw = kv - (3.5)

Null geodesic vector fields are orthogonal to the null surfaces and generate the past-directed null
geodesics along the past lightcone, on which w is constant:

K kY =0=w k" =0. (3.6)
Once the null geodesic vector condition is satisfied at the central worldline, this implies

kyaut =w ut < k. =1, (3.7)
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and this shows that the affine parameter v is uniquely defined geometrically on the null geodesics,
and this defines the central condition. If we specify that v = 0 on the worldline C, so the event “q”
is given by

w:wo’llzo. (3'8)

The coordinate y measures distances down the null geodesics, and so represents spatial distance
[P

from “g” [108]. There are various choices of y that might be suitable for different purposes, for
example [108]:

(1) y = v, the unique affine parameter down the null geodesics through C' determined by the central
conditions on C' (v|. = 0,utk,|c = 1). The spacetime metric will be simplified, but one loses
the beautiful physical interpretation of observational coordinates;

(2) y =ra, the area distance down the null cones from C;
(3) y = z, galactic redshift observed from C, imposing y=cst along matter worldlines;

(4) y chosen as in one of (1)-(3) on the initial null cone w = wy, and then specified thereafter to be
comoving with the fluid; y ,u* = 0.

When one of these specific choices has been made, y is uniquely defined on all the null cones. We
will use such a choice of coordinate y as a coordinate comoving with the fluid, and determined by a
unique specification on the initial null cone w = wy. From equations (3.3) and (3.4), and because
w, ,k* =0 we will have [108]

ky =0, , k'=da"/dv=(1/B)8} = (1/8) =dy/dv for B>0, (3.9)

where [ is some function that determines the relation of the affine parameter v to the coordinate
y. Eq. (3.9) shows the rate of change of the coordinate y down the null geodesics relative to the
affine parameter v. [ = cst when y is affine parameter; and 8 — 1 when we choose y = r4 as
y — 0 [108]. Different values of y with constant values of v represent an event at the same distance
from ¢ down the null cone in different directions. The coordinates (é, qg) are angles on the “physical”
sky. The observer sees the sky as the superposition of 2-spheres embedded in the lightcone, then
we can redefine é,qg as spherical coordinates on the celestial sphere with respect to the (physically
non-rotating) reference frame eul. They label the geodesics generating the past lightcone (they are
constant along such geodesics) [108]. At a constant surface w, the null-cone geodesics are generated

by constant 6 and ¢, so

k'O, =k'¢,=0. (3.10)
They are based on a parallelly propagated orthonormal tetrad e, [108] along C. Then at a constant
w and v,
; ds® 2 52 | 24772
lim § — = dQ)* = df* + sin” 0dp” . (3.11)
v—0 12 wfcstt

These coordinates do not necessarily cover all the spacetime, but they do cover that part which is
observable from the worldline C.

3.2 The Observational Metric

The metric components can be obtained from the previous discussions. From Egs. (3.4) and (3.9)
we see that

k'k, =0= w,g"w, = ¢" =0, (3.12)
k= g"k, = g" = (1/B)8} , (3.13)

1These tetrad vectors ey are defined through the conditions: (u = eg,u - e; = 0,eje; = dj;), and thus satisfy the
parallel propagation along C: Vyeu|c = 0, with u the velocity of the comoving geodesic observer.
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and thus
gMVgV7 — 55 = gOugVA/ — 52 = g1y = 569/ . (3.14)

We can get the general expression for g"” and compute its inverse by introducing new functions for
the non-constrained components. We thus have [108],

a B v v3 0 1/8 0 0
_ ﬂ 0 0 0 vy _ 1/6 1) g9 03
I = va 0 hoy hog |’ g = 0 o2 hsz/h  —has/h ’ (3.15)
VU3 0 h23 h33 0 g3 —hgg/h h22/h
where
h = det(hr;) = hazhss — (ha3)? , (3.16)
§ = —(a+ Bv202 +v303))/5* . (3.17)
Here we have defined
oy = —(vahss —vshas)/Bh , (3.18)
o3 = —(vshaa —v2ha3) /Bh, (3.19)

where (I,.J) € {2,3}2. The angular distance 74 can be defined in terms of the proposed functions
above, . A
7“;44 sin2 0=h= det(hjj) s f[J = h[]/Ti = det(fu) = sin2 0 R (320)

where fr; give an alternative representation of the quantities hyy. The metric form above implies
that the surface w|.s; are null surfaces. But it does not, as it stands, guarantee that these null
surfaces are the past lightcones of the geodesic worldline C. To set this feature, one has to impose
some limits on the behaviour of the metric tensor components near the worldline C' [108]. When the
coordinate y is taken to be the affine parameter or the area distance, these essential limits are [108]:
: _ : _ : 2y _ . 1.0 7,2 _ 102

;gr(l)a— 1, ;gr%)ﬁ 1, Z}1_r>r%)(v1/y ) =0, Z}l_r)r%)hudx da’ Jy* = dQ* . (3.21)
When this coordinate y is taken to be the last case (4), from what we obtained above, and by making
a coordinate transformation y' = y'(w,y,0,¢),w = w,0' = 0,¢" = ¢, as y — 0, one finds the limits
are found to be [108]

lima=—-1, limpB=_pF(w,2’), limv; =0, limh;de’de’/y* = p2dO%. (3.22)
y—0 y—0 y—0 y—0

These limits we just introduced guarantee the necessary conditions to make the null hypersurfaces to
be the past lightcones of observer of the worldline C'. Finally we can say that we have observational
coordinates if and only if the metric tensor components obey Eqgs. (3.15) and (3.21) [108].

Now we could characterise the cosmological quantities on the null cone at w = wg down to
some distance y*, and with the knowledge of the following: the metric tensor components g,, =
{a, B,vr,h1s}, the matter 4-velocity components u*, the total number density n of the sources, and
the radiation density p,qq at each point of the null cone. Assuming the equation of state of the
matter is known from local astronomical observations, knowledge of n will determine the local rest
mass density of matter p,, at each point and the isotropic pressure p,, will be determined, and so
the matter contribution to the total stress tensor will be known [108].

3.3 The Perturbed Lightcone Gauge

The Perturbed Lightcone Gauge (PLG) is a gauge built on our understanding of the observational
coordinates that we introduced in Sec. 3.1. The PLG links the perturbed variables («, 3, vr, hry)
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introduced in the lightcone metric, into their equivalent variables in the perturbed FLRW. The PLG
uses the same coordinates (w,y, é, QAS) 2 as the observational coordinates with the same definitions.
The produced expressions we obtained are in a general gauge, and we could reduce them into any
gauge we desire.

3.3.1 The PLG Coordinates Transformations

The coordinate transformation will depend on all coordinates. We can think of this coordinate
transformation like projecting a lightcone of a fundamental observer expressed with observational
coordinates, into a spatial hypersurface presented by 143 general coordinates system, see Fig. 3.2.
Considering the perturbed FLRW metric with coordinates a* = (1, x,0, ) as given in Eq. (2.3)

spatial
hypersurface

Mo — Ns

past light-cone

Figure 3.2: Spacetime diagram showing the transformations between the observational coordinates
into a spatial hypersurface in general coordinates.

with
Yij = 6101 4+ S?(x) (6767 + sin®(0)6267) (3.23)

the ‘o, and *;;” perturbed components are decomposed as given in (2.4) and (2.5). We will define
the four-vectors £€* and the tensor 6* associated with the coordinates transformation as

e N (3.24)

where € is a small parameter that keeps the equation as it is needed for possible higher-order terms,
&' = (x,0,0,0), and the 6" expresses the coordinate change of the perturbed part of the observational
metric. We can therefore define the new coordinates in terms of the FLRW coordinates as follows:
20 =w= n+x +edw(n,0,¢), (3.25)
Il =y=x+ 659(777 X 03 ¢) ) (326)

2We will use the overhat symbol " to indicate the use of the observational coordinates.
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=0 =10+e0(n,x,0,0) (3.27)
=$=0¢+ep(n,x.0,0) - (3.28)
The associated Jacobian matrix is
86w 9w 9w 9w
lte L+e3r <% €D
- 6‘?:%4 1+ eaéy eaa—gay 6%—% a&
o a
gt = &M 4+ ool + (3.29)
oxV e%‘zf e%‘i{e 1+ 6360 e%‘if 63:”
¢ 98¢ 8d¢ aa¢
€E—5— an EW GW 1 + e+

The matrix can be inverted according to the relation
(AdeH) ' =A"1—eA 't HAT (3.30)
where A is the background metric, and H is the perturbation. Thus we get

ozt

ox?
In general, the last term in the RHS of (3.29) is given by

= 51— NIl — €D, 0" + €61D,0" + 04D, 0y — €l 5LD,,0y . (3.31)

do" 9o 9
dzv Oz Oxv’ (3.52)
oL
= ot (3.33)
Re-writing Eq. (3.31) using Eq. (3.33) we will get
ozt o6 9 Do Dby ddy by
_ = §r— kel — — oL+ edl — +eot —(516”— €hol == (3.34
e v 7000 T gm T g T e T 050 T e v g * (33
or A
oxH 00 00y
— SH _ SHs1 14
e ot — oo, 5 + b Dt (3.35)
And again we can rewrite Eq. (3.29) as
Dl ok 9ok
_ si fsl 1
D =060+ 6459, —l—ea A—l—eaxw by (3.36)

Egs. (3.35) and (3.36) are our key equations for the transformations. Now 7;; will transform as
follows:

Oxf Hx?
Vi = put o 1A (3.37)
D6RN ([ asﬂ )
= (5# + 6kl + 68) (6 + 5051 o j)ma , (3.38)
aau 967
- € Vn + g Vi (3.39)
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Applying Eq. (3.33), one can rewrite this as

= Ase @+@51 Ao. 4 a;sﬁ_’_asﬁ(;l e
Vi =V TN o T aw i )T TN 55 T fgw O ) Vie

I

At the background we can write
= gh — g,

Hence we have the following:

ogr 0gr 9
ox”  9z7 dx”
6" by
= ool (53 — 80, — 55 +asgaxﬁ> 7

85@/

SHEL _ 5K ~
0% 068931’

And finally, the metric tensor g, transforms as

ox" 0x°

90 = af a7 17

(3.40)

(3.41)

(3.42)

(3.43)

(3.44)

(3.45)

These transformations are valid up to first order. Note that Y;; Is a zeroth-order term. The new

metric elements are then: (we will stop writing e for simplicity)

gww:a2(u)—y)[—1—2(¢—8w5w—|—8w5y)] ,

Gy; = a*(w — ) [511 + 200} + B 4 ;0w — 850y — 0100w + 59,0y — ’m@wg}} ,

(3.46)

(3.47)

_ 2 151 151 1 I 1 I 1 S
gi; =a (w — y) |:’}/g3 — 51‘ 5j — 2(;551' (;j — 26(i83)5w + 25(j8;)§y — 2B(i5j) + 20%3 - 2’7]%@85)5 ] .

Let us now introduce the definitions for the perturbed metric elements:

dgoo = b = —2 (¢ - aw&u + 8w5y) ,

dgo1 =08 =20+ B, + 5‘y5w — ayéy — Opdw ,
dgor = vy = By + 8f5w — 6j5y - ’}/jjang ,
8911 = 0= —2¢ — 20,6w — 2B, + 20, ,

dgi; =0= —8f5w + ﬁf&y — B +2C;; — 27,;(181)81% ,

0grs = Hp; =2Cp; — 2yz;050" |

(3.48)

with (I,J, K) € {2,3}2. The perturbed metric describes the past lightcone in the observational

coordinates % = (w, y, 0, é) given by

ds* = a*(w —y) {(—1 + da)dw? + 2(1 + 6 8)dwdy + 2vfdxfdw + hfjdxfdxj} .

(3.55)

The tensor hj; = (ij + Hfj), where Q;; = S2(y) (5?5? + sin%é)é?&?’i), is a spatial tensor given

by

b — ( Steo + Hoo Hpy
1J Hpg Qoo + Hpy '

(3.56)
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We can further split the tensor h;; into trace H T and traceless parts H, where

1

sin® 0

HT = Hyp +

Hyy , (3'57)

is the trace of the perturbed h;; on the 2-sphere. Eqs. (3.52) and (3.53) are constrains that define
the observational metric.

3.3.2 The PLG Four-velocity

We will use the u/ as the perturbed 4-velocity of a fundamental observer in the observational
coordinates, which is defined by

ul = (u“’,uz) , (3.58)
where .
L (3.59)
a(w—y) '
The full perturbed 4-velocity is given by
uft = o ((1 + (5u“’),6uy,(5ué,(5ué) . (3.60)
a(w —y)

Expanding terms out using the Einstein summation rule with Eq. (3.2), yields
goou’u® + 2go1ulut + 2gorulul + gryufu’ = -1, (3.61)

and therefore, using the expressions for the components of the metric tensor from the preceding
section, we get

(=1 +8a)(1+0u®)? +2(1 + 68) (1 + ou®)du' +

207 (1 + 6u®)dul 4+ (s + Hyy) dulou’ = —1. (3.62)
Further simplifying gives
—20u” + o + 26u' =0, (3.63)
whence we can conclude 5
5u = du' + 70‘ . (3.64)

It is now easy to see that using lowering operation on the indices u; = gﬂpuﬁ, the zeroth component
of the covariant 4-velocity is given by

ug = goou’ + goru' + goru’ (3.65)
= a(—1+da—6u’ +ou’ — %O‘), (3.66)

s
= a(-1+ ;) ; (3.67)

where we have used Eq. (3.64) in the last two steps. Thus,
o 1
u = E(l +da/2) . (3.68)
Moreover,

u = giou’ + gnu' + g’ (3.69)
a(l+ 63+ du°) , (3.70)
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and finally,

grou’ + grut + grou’ | (3.71)
a(U[ + Q[J(SUJ> . (372)

ur

3.3.3 Connecting the Perturbations 6" with the Perturbed FLRW

To determine the local structure of the Universe, we wish to know the values of S,u, where it is
always labeled with the observation coordinates i = {w,y, é, QAS}, and we can do that directly via the
definition of the k* in observational coordinates given by Eq. (3.9). The most important thing here
is that in order to calculate the null vector k* in the observational coordinates, we do not have to
follow the long procedure we did in calculating the null vector k* in 143 general coordinates system
in Sec. 2.2.2. However we can reach the same result if we do so. From Eq. (B.5) at the background
and Eq. (3.9), where we defined 8 = (1 + 68) ,we can write

Kt =a2(1-6B)8) . (3.73)

It is to be recalled that k# = dx#/d)\ where X is the affine parameter with d\ = a~2dn and
2.4d

a‘gx = a% + %. Thus we can write
dw
w = = —_— . 4
k 0 e (3.74)
_dn | dx déw
dA + d\ + dx ’ (3.75)
déw
= K"+ X4+ — .
+ kX + o (3.76)
from which
bw = — /(k" + kX)dA . (3.77)
Similarly,
K =a"%(1-68) = dy (3.78)
dx’ '
_ dx dgy
2(1-6 = L+ —-—= .
21-08) = X+ L (3.79)
and hence
5B doy
-2 = (3.80)

This leads to

@:-/(ﬁ)ﬂ:-/wm. (3.81)

And for 61 = (56,6¢), where I € {2,312,

: dl
I
= = —_— . 2
K =0 - (3.82)
dI - dbl
= ot (3.83)

and therefore
of = — / klolax . (3.84)
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Here we connected the perturbations of the observational metric with the perturbations of the
perturbed FLRW metric. Applying all the above into the constrain Eq. (3.52) we get

0=—¢— By + Cyy — dyow , (3.85)
0=—¢—B,+Cyy+ 0y /(kz" + EX)dA . (3.86)
We can use the facts that
0 0 0 d
. lw=cst — §_ |x=cs A ly=cst = ST 3.87
0 0
%Iy:cst = %|X:cst 5 (388)

which means that y mimics the behaviour of the affine parameter along the light ray. And we can
define also the identity

1 1
KR = (nX(¢ + 1) + BX + nX0,0XE + nX9, FX + nx2hx><) . (3.89)

This result makes use of the null geodesic equations (2.71) and (2.73). Therefore, we see that the
very definition of the observable coordinates via the relation k¢ = 5’15; ensures that the metric
has the correct form again.

3.4 Einstein Field Equations in the PLG

Using our observational metric (3.55) to calculate the 10 partial differential equations of the EFEs,
we are going to consider a cosmological fluid with

Opp=wp=p=-3H(1+w)p=-0yp, (3.90)
where H = dya/a and H = —0ya/a. We also note the following useful relations:
2
% — —0,H+H?, (3.91)
2a
% = O,H +H>. (3.92)

Then at the background the EFEs read:

E© = 3243k 87Ga%p—a’A =0, (3.93)
Eg); = —3H>-3k+81Gd’p+a*A=0, (3.94)
EZ(I(Z)I) = —2Hp+2H? — 81Ga’p + 2k — 8nGa’p =0, (3.95)
Eég) —  S?H2 — 5%k + a?AS? — 25%(Hp + H?) — 87Ga®S%p =0, (3.96)

EY) = Ssin’(0)H? — $° sin® (0)k — 87GaS? sin? (0)p + > AS? sin*(9)
—25%sin?()(Hp + H?) =0, (3.97)

and

Ei?g) _ Eq(ﬂo(g _ Eéz) _ E?S(;) - E;(;) —0. (3.98)

We have calculated the 10 equations using the observational metric (3.55). As we can see, at the
background the EFEs satisfy the observational metric justification.
We are going to derive the dynamical equations of the perturbations in observational coordinates.
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In order to simplify the system we need to use the spherical decomposition dynamics, as follows:

“+o00 !
=X > [W"(w,y)Y“”(I)} : (3.99)
=0 m=—1
duo(w, y) Z Z [5u w,y Ylm(I)} , (3.100)
=0 m=—1
Z Z |: lm w y Ylm :| (3.101)
=0 m=-—I
Z Z { B (w, y) Y™ (T } (3.102)
1=0 m=—1
(w,y, I Z Z { b (w, y) Y™ (I) +Ulm(w,y)YlIm(I)} , (3.103)
=1 m=—1
dur(w,y, I Z Z {&le w,y) Y™ (I) +5ulm(w,y)YlIm(I)} ) (3.104)
=1 m=-1

“+o00 l
Hpy(w,y,I Z Z Hip (w,y)y15Y"™( )+Z Z [Hlm(way)YIlT(I)

l 0 m=—I =2 m=—1

7" (w, y)Yl;?(I)} , (3.105)

to enable us to decompose them harmonically and produce functions suitable for the extraction of
observational quantities, see Sec. A.2 for more details. Using the above definitions and a Maple
code we calculated the 10 equations using the observation metric (3.55). The conservation equations
V. T#, where {z : w,y, I} are given by

1
(1) Vv, 18 = [— (14+w)p (28wHT + D0’ + 0B — 1(1 + 1)6u> — Owlp
“3H(1+ w)ép] Y =0, (3.106)
2 1
(2) V.1 = [— ga(4 — 3w)pdu’ — (1 + w)p(ayéuo - 28w6u0) + a(—§ +w)pfB

1
+2(1 + w)pdy S + 5(1 + W) pdu HT + (1 + w)0ydp + wdydp

+3H(1 +w)dp — p(1 + W)l + 1)5u] Y =0, (3.107)

(3) V. IV = [52(1 + w) Dy 0T + S? <wp — 167Ga*(1 + %)wp + 47-lp> o
+(1 + w)pdy,T + (wp — 167Ga*(1 + é)wp + 4’Hp>v} Y,
+ { — (14 w)psu’ + S?(1 4 w)pdydu + S? (w[) — 167Ga’*(1 + ;)wp>

1
+4Hpou + (1 + w)pdy,v + (w/) — 167Ga’*(1 + g)wp + 47—[p)v
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—I—wép} Y;=0. (3.108)

We also substituted for the scalar da by the vector du® using Eq. (3.68). Since our observer is

comoving with the matter, we can consider u! = 44 — (), where 7 is the matter proper time. And

dr
the field equations are:
(4) Er; = {ayv — 2M7 — 25202 H — S?0°H + 2(S*H — S(1 — 8%k)%)9, H
—-25(1 - SQk:)éc’)yH} Y+ [ — 26+ 20,v — 4Hv — 25°0; H — S0, H

+2(S*H — S(1 — S%k)7)0, H — 25(1 — s%)éayﬂ] Y, =0, (3.109)

_ §2)% .

(5) Ef = {85‘2 ((lgk)}z + 41Ga’wp — ;A(ﬁ) ou’ + (85°H — 45(1 — S%k)2)d,6u’
—25%020u” + (4SH(1 — S%k)? + 45%k)B + (45°H — 25(1 — 5%k)2)9, 8
+25%07,8+25%02 H" + %SZajHT +2(—S*H + S(1 — S%k)2)9,H”

+25(1 — S%k)20,HT — 167Ga>S?wip — (1 + 1)8 + (1 + 1)d,v

—2HI(l + 1)11} Y =0, (3.110)

(6) Eur = {167rGS4a2(1 +w)pdT + U(1 + 1)T — %02 7 — S20%T + 25(1 — 5%k) %9, T
+(167GS? (1 + w)pa® — 4S%*k)v + (2 — 1(1 + 1))526wH] Y
+ {2528345110 — AHS%5u® + 167G S*a* (1 + w)pdu — 5?0, + 520, 8
—5%02,v — S*00v + 25(1 — Sk)2 Dy + (167@52(1 + w)pa? — 4S2k)v

—%SQ&UHT + %SQBwH(Q — 11+ 1))} Y; =0, (3.111)

(1) B, = { 21520, + < — 24 45H(1 — S%k)7 — 167GS>(1 + w)pa2>v

+520%v — 167rGS*a* (1 + w)pdu + (2 — (1 + 1))S2ayH} Y;

+ [ —2HS%9,v + ( — 24+ 45H(1 — S%k)7 — 167GS>(1 + w)pa2>v
+52020 — 167G S a2 (1 + w)pdu — S29,8 — 2S(SH — (1 — S%k)%)8

1 1
f§S2ayHT + 5(2 —1(1+1)S%9,H|Y; =0, (3.112)
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(8) Eyy = {— 321G Sa*(1 4 w)pdu’ — 327G Sa*(1 + w)pB — 167Ga*S(1 + w)dp

—4(SH — (1 - S%k)2)8,8 — SO2HT —2(1 — $%k)29,HT |Y =0,  (3.113)

(9) By, = {167TGS3a2(1 + w)psu’ — 48(1 — 4SH(1 — 5%k)? + S?Aa?
—45%k 4+ 47GS? (1 4 w)pa®)ou’ + 45*(SH — (1 — 5%k)7)d,0u°

—48(1 — 2SH(1 — S%k)2 — 25%k)8 — SI(1 + 1)B + 167GS*a*(1 + w)pf
+45%(SH — (1 — Sk)2)d, B + 167GSa?5p — SI(1 +1)d,v

1 1
—4(SH — 5(1 - S%k)2)I(1+ 1)v+ P9 HT + S0, H"

FSHT 4+ 0(1 - §K) 1570, H — 25°(SH — (1 ~ 57k)})0, HT

2 2
—;Sl(l+1)HT—Sl(l—2H)H+Sl(l+1)H]Y:O, (3.114)
(10) Eupw = [45(1 —48H(1 — S%k)7 + (A + 87Gp)S2a® — 652k) su®

+251(1 + 1)6u® — 452 (SH -(1- s%)%)aw(suo

—45? (25% -(1- s%)%> 8,0u’ — 167Ga’S26p + 2S1(1 + 1)
+45%(1 — S%k)20,,8 — 45> (SH —(1- SQk)%)ayﬁ

—48 (35% +25H(1— S%k)7 — 1)5 — 281(1 + 1)0,v — 251(L + 1)Dyv

+2(28H — (1 - S%k)2)I(1 + o — S22 HT — $*92HT —25%92 HT

—SHT — 252(1 — %K)z, HT +25%(SH — (1 — S%k)2)9, HT
+%Sl(l +1)HT + SMH — Si(l+ 1)H} Y =0. (3.115)
Here we have used 925(y) = —S(y)k, and
@Sw)* _ 1 (3.116)

S)?  S(y)?

The perturbed observational metric has the 10 degrees of freedom: 3 from the scalar (53, §p, du?), 2
from the vector vy, 2 from the vector du’ and 3 from the tensor H;;. More work in the future will
be added to the calculated first-order EFE in the PLG metric.
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Figure 3.3: Hlustration of the GLC coordinates of an inhomogeneous lightcone parametrized by GLC
coordinates: The observer sees the sky as the superposition of 2-spheres [11].

3.5 The Geodesic Lightcone Gauge

The Geodesic Lightcone Gauge (GLC) has been introduced and discussed in detail in [129-134],
where they introduced a lightcone metric close to the observational coordinates and it has its dif-
ferences from the observational coordinates as well. Their metric consists of 6 arbitrary functions
(Y, U% vap) [11]. Tt is totally gauge fixed, with a specially adapted coordinate system corresponding
to constant-time hypersurfaces, 2* = (w,,0%) where a = 1,2, and 7 is a coordinate to describe
the proper time measured by an observer in geodesic motion. Its line element is given by

ds% o = T2dw? — 2T dwdr + Yap(d6® — Udw)(d6® — Uldw) , (3.117)

w representing a null coordinate defining past light cones, where (0, w0*w = 0), with an observer
moving with a proper time 7 along her geodesic. T is an inhomogeneous scale factor, U® is a shift-
vector, and the symmetric 2 X 2 matrix 7y, is the metric inside ¥(w, 7). The angles 6% are the
angles were the photons keep their path orthogonal to a 2-sphere X(w, 7) of constant time in our
past lightcone. The 0,7 defines a geodesic flow [129]

(0"T)V,(0uT) =0 (3.118)

Then we can obtain g7} ~=-1. The metric and its inverse will take the form

o  -r 0 -1 Yl phy
gk = | =T T2+U -U, |, glo= -1 0 0 ;o (3.119)
T
Tt A e S o

where 0 = (0,0) and Uy, = (U1, Us). With g = detgGL¢, and v = detyq, we get

2

v=g9="Tv]]. (3.120)

This GLC metric has the 6 degrees of freedom to describe the geometry of spacetime.
For flat FLRW metric, the transformation into GLC coordinates and the meaning of the metric



Chapter 3. Ideal Observational Cosmology 59

components are easily obtained from Eq. (3.119):

T=t , w=r+n , =0, >=¢, (3.121)
YT=a(t) , U'=0 , ~udf°df® = a?(t)r*(df? + sin? 0d¢?) , (3.122)

where r is defined from (1.11). The constant 7 and constant w hypersurfaces intersect each other
on 2-dimensional surface (wp,7s), see Fig. [3.3]. Notice that this 2-sphere can be expressed in a
constant redshift hypersurface [129], where it corresponds to the constant T hypersurface on the
past lightcone.

To measure the distance from the observer down to the object in the GLC we need to calculate
the differences between the observer proper time and the object proper time.

T :/ dr' . (3.123)

To move from GLC gauge to the PLG gauge simply by applying the coordinates transformations
using Egs. (3.35) and (3.36) that we have mentioned earlier.

3.6 Differences Between the PLG and the GLC

We can summarise the differences between the PLG and the GLC as follows:

e The PLG uses the observational coordinates (w, y, é, (;AS), whereas the GLC metric uses (7, w, éa),
the first two coordinates has created the main difference between the two gauges.

e The y coordinate in the PLG represents a spatial radial distance or a null distance down the
lightcone. But in GLC the y coordinate has been replaced by the proper time coordinate 7
and the differences on the proper time of the event crossing the null cone and the fundamental
observer moving along its worldline represent the distance down the null cone. And by this
distance replacement definitions they will enhance the significance of the GLC gauge to have
a coordinate system both adapted to the observations of the source and the proper time of the
observer [135].

e An important difference is that the GLC gauge corresponds to a complete ‘gauge fixing’ of the
observational coordinates. We can describe the GLC gauge as a ‘gauge fixing’ with 6 degrees
of freedom, unlike the PLG gauge which is expressed in a general gauge with 10 degrees of
freedom.

e The PLG gauge of the observational coordinates is set by the condition w = 7|¢, where 7 is
the proper time of the observer. On the other hand, in the GLC gauge the lightcone set by
w = [dr/a(t) =n, where a(7) is defined as the homogeneous limit of the T function.

e Both gauges break down when caustics appear down on the past lightcone [108,135].

e The GLC is well adapted to computations of quantities related to light signals, to simplify the
so-called averaging on the lightcone [135].
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Observables in the Past Lightcone Gauge

To go wrong in one’s own way is
better than to go right in
someone else’s.

Fyodor Dostoyevsky

We are going to present here the observables that we can measure on our past lightcone. By
using the observational coordinates (w,y, é, q?)) introduced in Ch 3, then we are going to get a set
of observables defined by the PLG parameters, where they are more simple but different definitions
from what we introduced in Sec. 2.3. To justify our observables that can cover the perturbed FLRW
limits, we need to transfer them from the PLG gauge on the lightcone into 143 general gauge on
a hypersurface that is orthogonal to the observer 4-velocity and described by a perturbed FLRW
metric. In order to do so we need to understand the screen space lying on the hypersurface.

4.1 The Screen Space

We are going to show how the covariant description of light beams, are naturally defined and they
can be turned to a more observation-oriented description. This requires to introduce a notion of
screen, on which observers can project the beam and characterise its shape and extension. The
screen space is orthogonal to the observer 4-velocity, and the tensor [120]

Nyv = guw +upu, —nyn, (4.1)
projects quantities into the screen space and satisfies the following conditions [120]:

N =2, Nu,oN% =N,

s Nk = Nyut = Nyt = 0. (4.2)

4.1.1 Derivatives and Integrals in the Screen Space

We can isolate the components into parallel and orthogonal components to the light ray. We denote
the parts lying in the screen space by 1 and the parts parallel to it by . Furthermore, let us define
the covariant angular derivative V 1; on the screen space and the derivative V|| along the direction
of observations, respectively, as [120, 136]

ViiXj = (%" = nn®) (' = nyn")V i Xa (4.3)

60
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The radial derivative can be interchanged with the derivative along a null geodesic using the
relation

d
ViX=0,X—-—X. 4.5
At the background, one can switch the affine parameter \ with the conformal time 7, and both are
related to the radial distance along the past lightcone by x = A, — A =1, —n = 17 —ns. The spatial

derivative is in general decomposed into parts along the null geodesic and in the screen space as

VvV, = niVH + Vi, (4.6)
d
= n;(0n— di’q) + V. (4.7)

Then the 3-D Laplacian on the Minkowski background becomes

V2 = A9V + VL]V + VL], (4.8)
= Vi + ViV, + VL Vi + VL VL], (4.9)
= AY [ninjVﬁ +n; VL,V +VLnV)+n VL,V +VL, V], (4.10)
= Vi + 0V )V +VLnV + VL V], (4.11)
= Vi+49VLnV + Vi, (4.12)
where [120]
Viing = ﬁ('yij —nn;) = i(%j —nn;) . (4.13)
This leads to the relation 9
V?=Vi+ Vit vi, (4.14)
which can also be rewritten as
Vi = —n'nfV,V; - n'Vv, +V*. (4.15)

]

Since the radial derivative can be interchanged with the derivative along a null geodesic [120], one
can write

niijVjX = Vﬁ = VH(VHX) s (4.16)
(X" —dnX'") —dn(X' — dnX), (4.17)
= X" -2dnX'—d*nX, (4.18)

and we can conclude that

1
V:V; = ni”jvﬁ + 2n(iVJ_j)V” + ;('Yij — nmj)VH + VJ_iVJ_j . (4.19)

4.1.2 Screen Space and SVT Decompositions
We can decompose a spatial vector v’ that is orthogonal to the 4-velocity u* on a perturbed spacetime
into [120] o |
v =n'y + v, (4.20)
where 4 4 o
v =ngv’, v =Nl (4.21)
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And for a symmetric trace-free spatial tensor h;;, the screen space decomposition will look like

1
hij = by (nin; — §Nij) +2hy ny) + haig (4.22)
where
hiij = NikNJl'hkl, hJ_l(inj) = Nk(inj)nlhkl s (4.23)
and . .. ..

4.2 The Redshift of Distant Galaxies in the PLG

The distance-redshift relations for far-away cosmological objects play an important role in cosmology.
It has led to the discovery of the expansion of the Universe [137] and later on to the discovery of its
accelerated expansion [138].

distant galaxy

Figure 4.1: A time interval dr at the observed galaxy is measured as a time interval dw by the
observer.

The redshift of a source crossing the lightcone is the time dilation observed from C(w,y, 0, gg) of
a source of a proper time 7 along its worldlines, crossing our past lightcone is determined by the
ratio dw/dr along our worldline. Using the relations (3.4) and (4.25), then the observed redshift z
of its emitted light is determined by

>

o ac(w) dw
1 = —_—— = ——— w 4-2
tz As  a(w,y) dr v (4.25)

where a.(w) is the scale factor along the central worldline C' at singular point wo|c (it can be taken
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equal to 1 today). Or we can use the expression

1+2= : (4.26)

where we can normalise (k*u,), = 1, and we can re-write (4.26) as

14z = (kuu")s, (4.27)

using (3.4) again, we will get
1+z = (Gub)s, (4.28)
= (u")s. (4.29)

This shows that in the lightcone gauge the redshift of the source is its 4-velocity. Where the 4-
velocity of the source is directly observable because the redshift is directly measurable from the
observed source spectrum. Furthermore

dx? dxt

i =(1 . 4.
Y dr ( +Z)dw (4.30)

And we can obtain the velocity components u, = g,,u” using (3.15) [108].

4.2.1 Gauge Transformations of the Redshift

To show that Eq. (4.29) is fulfilling the right form of redshift in the standard model we need to
transform our result using the PLG to first-order perturbation. Using the coordinates transforma-
tions mentioned in the previous chapter, we can transform the u” of Eq. (2.35) into u* using the
coordinate transformations given by Eq. (3.36), getting

dx®

1 _aw a 4.31

S e (4.31)
dx® dz®

— n _ut 4.32

dan + dot (4.32)

1 ddw

- ()09

+a(w—y) (506i * ox' +8w“’5i v
= 1{1+8w5w—¢)+vi5¢1]. (4.33)
a(w —y)

We can use the definition of the 4-velocity of Eq. (3.68) and substitute for da by Eq. (3.49)

uw::é(l%—5a/2): L1 5 (Gubw — 6 — 0udy)) . (4.34)

a
Comparing the above with Eq. (4.33), we can conclude that
Dby = —v'd} . (4.35)
We could decompose v; into scalar and tensor parts according to Eqs. (2.81, 2.83)

v = Vi44Y[VE + By . (4.36)
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We need now to calculate d,,0w, by using the fact that

k, =0, . (4.37)
Thus we get . A
ky = Oqw = 0y(n+ x + dw) =1+ 00w . (4.38)
Applying Eq. (3.88) leads to
Owbw =k, — 1. (4.39)
We know that
ky =1 +/ a 2@ d\ — / a”? [n'n? (C}; — V(iBj))] dA\ — Bin" (4.40)
S S

which, upon substituting for B; and C;; by Egs. (2.4, 2.5), becomes
ky, =1 +/ a"2¢ d\
3 o 1 1 = =
7/ a? {nlnj (1/}/51']' + ViVjE’ + V(lFJ,) + 5]71;],, §(VZVJB — V]Bl + VZVJB — VlBJ)):| d\
~V.;Bn' — Bn' . (4.41)
Further, we substitute for the gauge-invariant quantities and re-write Eq. (4.41) as
ky = 1 +/ a”2®'d\
—/ 2(B—E"d\ - / [n ‘nd (=W'6;; + V,V;E' +V i F} e h - V,V;B - V(iBj))] dA
—V,Bn' — B’ . (4.42)
Substituting Eq. (2.80) in Eq. (4.42), we then will get
By o= 14 / 'y — / (B~ E'Y'dn + / (B~ E'Y'dn— (B~ E'Y| + niVi(B — E')|2
O i 1 - i B
_/ n'n’ (—\Illcsij + V(zFJ/) + ih;j — V(iBj)> d’l] —n'V;B— B;n", (443)
= 1+/ ®'dn — (B—E’)/_niVi,E'—/ nind < Vo5 + VGl + 5 h i —VuBj) dn
—Bn'. (4.44)
We can therefore write
. o . o 1 _ .
Owow :/ (CI)Jr\II)’dnf(BfE’)’faniE/f/ n'n’ (V(iFj{) + ih;;j — V(iBj)) dn—B;n" . (4.45)

Now substituting the above equation and Eq. (4.36) in Eq. (4.33) yields

1 o
1+z = a(n)[l—i—/(@—i—\ll)dn (B—E'Y —n'V;E' —n'B;
nw< F;)+§h; — VB, )dn ®+HB-E)+(B—-E) +Vn'+~9V,E" + B,]d;

(4.46)
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We can write the above as

1 o o 1 .
1+z = CL(TI)|:1—(I)+H(B—E/)+VX+/S (<I>+\I/)’dn—/s (VXF;(JrQh;X—vXBX)dn} .
(4.47)

Using the gauge-invariant variable of Eq. (2.28), the above result can be summarized as

1 o o _ 1 o
l+z= a(n){[l —®+H(B-E)+V, ]+ / (®+ ) dn — / Vy @y dn — 5/ h;xdn} . (4.48)
And this is the exact answer of the redshift in general coordinates system that we got earlier in Eq.
(2.84), which makes the statement of our redshift in observational coordinates a correct statement,
and the observational approach more trusted.

4.3 The Area Distance in the PLG

The shape and size of the image of the source depends on the path taken by the light rays from the
source to the observer through the spacetime by the null geodesics; i.e, it depends on the spacetime
curvature. In fact they are both represented by the metric components hyy, which are in principle,
directly measurable. For an object of known size and shape observed at time wg and lying at distance
y in the direction 6, ¢ one has [108]

de = h]](w07 Y, éa é)dljdﬂj{] ) (449)

where dl represents distance of the object perpendicular to the line of sight, which are known if the
size, shape and orientation of the object are known. The term dx! represents the corresponding
angular displacements at the image, which are directly measurable [108]. Comparing the angular
measurements with the known dimensions, one can deduce hyy. And directly from (4.49) and (3.21),
we get the area distance r4 given by (3.20) [108]

det[h]‘]]:|‘l1
ra = ke , 4.50
4 [ sin? 0 ( )
where
hy = (L Hig) @5 My, (4.51)
L= a252H% a2SQ(SiH29+H(Z)(Z)) ’ ’

For simplicity we express the embedded S(y) in Hy;, thus defining the determinant as

det[h] = a*5%(sin? 6 + Hyp+ sin® 0Hyp) — a4S4H§¢E ) (4.52)
and therefore
1 i
rA = a4S41—|—HM+AHm> : 4.53
A < [ 06 sin2d ¢¢] ( )

This means the area distance using the PLG can be written in a very simple way as
L7
ra=a((w—y),n)Sy) |1+ 1" |. (4.54)

Nice and simple expression of area distance in the lightcone gauge, but we need to verify this
expression with the one in the general gauge, therefore we need to do the gauge transformation.
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4.3.1 The Gauge Transformations of the Area Distance

In the subsequent calculations, we need to justify whether our results are consistent with the ones
in general 1 + 3 coordinates. Note that w|c 6, ¢ are constants at the surface. We recall that the
area distance for Eq. (4.54), and from Eq. (3.54) we have

Hp;=2Cry— QWR(IVJ)SK )

in observational coordinates, and since

vV H;; = H, = HT | (4.55)
one can write
H™ = 297Cr; — w1V 565 - ’Y”’YXJVISR ; (4.56)
= 20, —2viir, (4.57)
which, when substituting
A
oI = — / ELd)\ (4.58)
>\s
yields
A
T —9oc!, +2v; / ELdN (4.59)
As
and according to Eq. (B.49), we have
A
T =201, 42 / VikTdN . (4.60)
>\s

We will write the above equation in terms of the perpendicular and parallel components to the screen
space’s spatial tensor V;;, where

X+ =N X7 and n''=0. (4.61)

We can think of it as a 2-sphere metric embedded in one higher dimension of Euclidean space with
constant radius, therefore

A
T =204, 42 / Vo iktaN . (4.62)
As

Then the null vector from the source position at x5 and along the light trajectory to the observer
position at x, as a function of the affine parameter \ is given by

A
pLi — 7% a2 {B“/ B V“qﬁf i <C” ] %(V BLi_ Vqu)>
a As
—nink (vkcf + vjc#j — Vi) } d\', (4.63)
1 13! 13 j u 1 L1i 13
= a— —-B~" = V~'¢p—-2n [ C §(V B~ —V~'B))
Ink (vkcﬁi + vjcﬁj —VCOy) } dNdX . (4.64)

One can expand further Eq. (4.62) using (4.63) to obtain
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T a0k,

N | =

H )
+2/X T L S /Ao /A “2( B vt 20 (0 4+ S(V;BY - VB
s ¢ a2 a? (Xo — As) Xs I s ¢ " g / /

—n/nF (VpC5F + V04 = VHCyi) )d)\’d/\}d/\’ ,

where a=2d\ — dn in the perturbed spacetime, and (6, ¢) are constant angles along the light ray
between the source at 1y and the observer at 1,. We can therefore consider the unit radial vector
ntt = 0, reducing Eq. (4.65) to

X n 1 Mo . .
HT =204, +2/ vh{ - 7/ (n ns){ B _wtig
s (770 - 773) s
— 2/ (cﬂ : i(vaﬂ - v”Bj)> —nIn® (V,C5 + V05 — Vi) } dn}dn’ :

(4.66)

1i 2 o, 14! 1 i ~ il

=207+ —— (0 =ns)|VLB™" + VLV -2V ;n/C—"

(Mo —ms) Sy, Jn.
+ Vj_injVjBJ‘i - VLiVliBjnj + VLinjnkaCJf + Vj_injnijCJ;f

- vhvﬂcjknjnk]dn'dn . (4.67)

Expanding more by substituting for B; and C;; by Egs. (2.4), (2.5), and applying the Bardeen
gauge-invariant potentials of Ch. 2 into Eq. (4.67), we get

HT =4V, —4H(B - E')+ 2V, VY E 42V ;F+ 4 ht!
/'70
/ / — s [vuvﬂ@ + vlzv“\p Vi VYLV Endn
770 77s R

+ VL, VHE +V indnPV, V'V E + 2V VIV E'nd + V  indnf Vi ViV, E

. — 13 — . — 14 . N . .
+ VLIV B -V VY B + VB + 2VLnJV(jF“) + Vunjnkvkv( P
— VL, VEVGFynin® + V  ndIn* Vv,V FX + mnﬂn A V“n] "V h
+ Vj_mjh“; — 2VJ_iV“hjknjnk] dn'dn .

(4.68)

Now we will apply the relations from Sec. (4.1) on the terms above, and we will write each term
derivations separately for simplicity, see B.4. Putting all the pieces together we will get

Mo 2
HT = -4V, - 4H(B-FE) = / / { — Vi - fv|‘)(<1>+ W)
S s
—V?B;n* — V(iﬁj)n’n] + fv(i Hn'n? + V2n;F g V(lF”njn - —V(l )an
X

2 1 o
+;nln3 ih;j - V2hijnznj} dn'dn . (4.69)

(4.65)
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Now substituting back in (4.54), the area distance is given by

1 1

7o
ra(n, = a(ns)(no —1ns) |1 -V, —H(B—-FE Jrfi/ —Ns) (Mo —
s = atn) )| B8+ gt [ )
X ((v2 —n'n!V,;V,; — mnzvi)(é + ) —n'V?B,; + n'V2F! — V(iB;-)nan

+ Vi Fjnn' — V2hiin'n? — (VaFjyn'n' + n’njih;j + V(iBj)nsz))dn} ,

_2
(Mo —m)
(4.70)

where S(x) = (1, — 1s). This equation represents the area distance of an object in a general gauge
including the vector and tensor modes contributions in the Friedmann universe, see Eq. (2.106),
and it is equivalent to the expression of the area distance in our PLG, see Eq. (4.54). The double
integrals term in Eq. (4.70) represents the integrated effects proportional to line-of-sight integrals
of the scalar, vector and tensor modes and their time derivatives.

4.4 The Luminosity Distance in the PLG

The luminosity distance received from a source of area distance 74, observed at redshift z, is defined
in the past-lightcone as
dp = (1+42)%ra, (4.71)

and is independent of other spacetime properties. This quantity is directly measurable. The lumi-
nosity distance between a source at 75 along the way of sight of an observer at 7,, is given by using
the PLG as

dr, a(wy)S(y)(1+z)2[1+iHT] . (4.72)

4.4.1 The Gauge Transformations of the Luminosity Distance

We are going now to transform the above-mentioned expression of the luminosity distance in PLG
to the general gauge, and justify our Eq. (4.72). From Eq (4.70), we can write

dr(n,ns) = 500 [1 — 20,420, — U, +H(B - E') +2n'V;

as(n)

et A A (T AR e T AR )
Y = ns — 'V, V; - ———n'V;

2 (770 - 775) Ns Ns ! (775 - 77)

_VQBinl _ V(iB;)anLJ + mv(iBg‘)nln] + V2nij/ + anZV(i J/S

n'n’hj; — Vthjninj>dn’d77} : (4.73)

2 / j oo

2
("75 - 77)

Converting the double integrals into single integral with (1, — n) = (s — n) results in
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o — Is . 2 o .
Qo) = T[4 Loy 4 o0n, 3w, 4 H(B - E) + 20V — / (n — ns)n'V; ®dn
as(n) o = Ns Jn,
1 Mo . Mo 2 Mo n o
—&—7/ (n—ns)n'V;(® 4+ ¥)dn — 2/ n'V;Wdn — / / n'V,;®dn’dn
(770 - 779) Ns s Mo — Ms s s
2 e ) / 1 / 5]
To — Ns Ns 2
1 1 e 2 i 27 i = i
o o—mm—n){ (V' =n'n/V;V;)(®+ V) -V Bin' — V;Bjn'n’
2 (770 - 778) Ns
9 o , o o o
-V Ban'n! +V?*n,F7 +V,F!'nin' + ——V,Finin' — n'n’ b},
(n—ns) 9 ! €9 (n—ns) 9 (n =) !
—Vghijninj>dn} , (4.74)

where we have used Eq (2.113) as well. We can relate the peculiar velocities of the source to the
Bardeen potential via the first-oder perturbations of Einstein’s equations using u* = a=1(1 — ®,v%)
where we can get

; 1 a

') =—————— | —Vi®+V,;® ) . 4.75

() 47Ga®(p + p) <a ’ ’ > (4.75)
Eq. (4.74) is the luminosity distance of a source in direction n at conformal time 7. It is presented
in a general gauge, with the scalar, vector and tensor modes together. Then the real observed
luminosity distance will be given as

do(n,z) = (142) [m ) (o — 1 — M)y — (20 — ) — HIW,
] Mo
+2(no — ns) s — H;lH(B — E') + (o — s — H;l)ani + 2/ ddn
n

Mo . Mo
4 / (s — )n*Va(—38 + W)+ (0 — s — H3Y) / RV (—0 4 ®)dy
n

Mo 1 —
+H? n'n? (v(iF;) + §h;j - V(Z—Bj))dn
Ns
1

2

s

—Vthjnznj —

2 — 1 -

where we have use Eq (2.125). It is equivalent to our expression of luminosity distance in PLG Eq.
(4.72) which we expressed in one single line.

4.4.2 The Luminosity Distance in the Longitudinal Gauge

We are now going to rewrite an expression for the luminosity distance from Eq. (4.74) in longitudinal
gauge, which it has been done in [121]. To do so, we will consider a perfect fluid where ® = W. This
gives

o . o S
+ - / (Mo — ) (1 —ns) ([V2 — ' ViV,](@ + W) — V2i(B; + F)) — n'nd (VB + V(i F})

(4.76)
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1
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dr(n,ns) = (14 25)(no — )[14—2\1/ — U, + 20"V + 20 (

Using this and the expression for the redshift fluctuations
62s = (1 + z) [xy — U+ (VP =V + 2/% nivitlldn} 7 (4.78)
ns
where we have used Eq (2.59), then
(2 + 91 62 = (L) = ) = 3]
—Uy +n" (VP = VF) + 2/% nivi‘lfdn} . (4.79)
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Then the redshift luminosity distance in the longitudinal gauge is
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We can re-write the above equation by substituting for each n'V; the terms ( % — 0y) and with
using of Eq. (4.75) again to obtain
do(n,z) = (1+2)0 —n){1+(1— L u
g e ° ’ ’ (770 - ns)Hs ’ (no - 775)7'[3 °
1 1 2 Mo
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In this equation the first line, apart from the background contribution, contains what can be identi-
fied as “gravitational redshift”. This is, however, not entirely correct since this term does not vanish
even if U, = ¥, [121]. The second line can be the terms due to peculiar motion of the observer and
emitter (Doppler terms). The third and fourth lines collect integrated effects proportional to line-
of-sight integrals of ¥ and its time derivative, and the fifth and last line represents the lensing term
with V2W o dp.
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4.4.3 Vector Contributions to the Luminosity Distance

Vector perturbations they may serve as a source of cosmic strings or primordial magnetic fields
[139,140]. The vector contribution to the luminosity distance at 7, and from Eq. (4.74) we can be
written as

o — Ns 1.9 ¥5)
dr(n,ns) = ma(n)}) {1 — /n nJ(V(,-F;) —VuBj))dn
1 Mo i , .
+m . n'n’ (1o — n)(V(iFJ—) — Vi Bj))dn

7]0 —_ _— p— . . . — . .
Jr1 / —(770 n)( = 1) (V2(F,/ —B;)n'+ V(iFj{Snan — V(iB;)n’n]> dn} .

2 /. (Mo — 1s)
(4.82)

Using
0zs = (1 +Zs) |: — /ninj <V(1F]l) - V(lﬁj)) dn:| , (4.83)

and
— (M +z) M+ H ) 025 = (1 + 24) {(170 — s+ 7-[81)} [/n%j (V(iF]’») - V@Ej)) dn} , (4.84)
we can rewrite this contribution as
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(4.85)

This expression depends only on the gauge-invariant quantities F; and B;, and as expected it is a
completely geometrical equation.

4.4.4 Tensor Contributions to the Luminosity Distance

Tensor perturbations are generically produced during inflation, and hence their contribution has to be
added for completeness. A gravitational wave from a far away passing arbitrary object could generate
a tensor perturbation added to the luminosity distance, and in principle could be detected [119].
The tensor contributions for an object at n, and from Eq. (4.74) are given by

(na—ns){ 1/"" i /"" i (Mo—m) ,
dr(n,m,) = -~ Ty~ pindnldy— | nind 2L pl
L( 77) as(77) 2 N i s (770_778) s
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_Z igd o AT US)Ng2pdn | 4.
2/5 T 0, = ) Vi (4.86)
And
1 Mo .
5zs = (1 +z5)[— 5/ nznjhgjdn} , (4.87)

for a measurable relation

— (M +25) M+ HY) b2 = (1 + 24) [(no — s+ H;l)] [; /% ninjh;jdn} , (4.88)
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and hence
Mo Mo
dr(n,zs) = (1+ z) [(n —1s) / n nﬁh/ / n'n? (n, — n)hi;dn
M, e
L[ )
*5/ n'n’ (o —n)(n —ns)V=hizdn| . (4.89)

The origin of the different terms in this relation is as follows: the first term is the unperturbed
expression for the luminosity distance in a Friedmann-Lemaitre universe at the observed redshift z;,
the second term derives from the redshift correction, the third term from the relation between the
conformal time 7 and the affine parameter A, and the last one we can interpret as a lensing effect.
The first two terms come from the perturbation of the redshift.

4.4.5 The Shear on the Lightcone

The shear o;; of the null geodesics generating the null cone is a measure of the rate of distortion
down these geodesics. It is usually defined by projecting the covariant derivative of k, down the
null geodesics into the “screen space” orthogonal to k* and the 4-velocity u* of the fundamental
observers, and then subtracting off the trace [108]. The trace-free part is then the shear of the light
rays:

. ra 150915
= 0; 03 . 4.90
s = (3 )sto) 20 (1.90)
The magnitude of the shear is &, determined by
1
5’2 = §UIJgIKO'KLgJL . (4.91)

Both r4 and f7; can, in principle, be directly observed, whereas the shear can only be determined
from the knowledge of hry [108]. From Eq. (4.90), where

f[J = hI,]/Ti = det(f]J) = sin2 9, (492)

give an alternative representation of the quantities hy; as its conformal two-structure. So

R 52 1, o

ggy — 6yH99 - iayH (4.93)

. S2 1

Opp = 6yH¢¢ - §8yH (4.94)
S2

(3'945 = (8yH9¢> (495)

As the size and shape of the image are independent of the motion of the observer, one may carry
out this calculation for the particular observer moving with zero proper motion and zero redshift;

the corresponding 4-velocity will then be u" = % {1 + Opdw — o+ vx] , and the projection into the

screen space, defined by its components h;; = =6 6 g;j- From these results it follows that while h; ;,

and so both 74 and f;;, can in principle be dlrectly observed, the null geodesic expansion 6 and
shear 6,5 can only be determined from this knowledge of h;; if the metric component 3 is known,

this implies that 6 and shear 6, are not directly observable.
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The Galaxy Number Count

If what appears little be
universally despised, nothing
greater can be attained; for all
that is great was at first little,
and rose to its present bulk by
gradual accessions and
accumulated labours.

Samuel Johnson

The large-scale cosmic structure contains lots of information about the global properties of our
Universe, and by analysing maps of galaxies we can probe the initial conditions of the Big Bang and
its physical processes that have operated subsequently [141,142]. Galaxy clusters are the largest
bound structures in the Universe. Clusters vary from groups of tens of galaxies to more than 1000
galaxies. They represent nonlinear overdensities. Statistical measurements of galaxy motions and
clustering with the weak gravitational lensing, provide some of the strongest evidence to date that
Einstein’s GR is an accurate description of gravity on cosmological scales. However, what are not
yet exactly known are the content and the mechanisms responsible for the Universe’s acceleration
that put GR in an increasingly more awkward position.

5.1 The Galaxy Surveys

Galaxies are the building blocks which define the large-scale distribution of visible matter in the
Universe and it can be used to trace the underlying dark matter distribution. Without dark matter,
galaxy formation would occur substantially later in the Universe than it is observed. After this
all dark matter ripples could grow freely, forming seeds into which the baryons could later fall.
Such information requires a combination of the galaxies’ location in three dimensions and distance
information from its redshift [143].

From the analysis of the SDSS data, it has been concluded that the irregularities in the galaxy
density are still on the level of a few percent on scales of 100h~'Mpc. Also, about 10% of the
observed galaxies are found in gravitationally-bound clusters, such as the nearby Virgo and Coma
clusters [144-146]. It also seems to exist in larger structure forms, such as superclusters with densities
about twice the average density of the Universe. Recent large galaxy surveys have been performed
with SDSS, and the 2dF Galaxy Redshift Survey that measured the spectra of hundreds of thousands
of objects and obtained precise three-dimensional maps of the deep sky about the distribution of
matter in the Universe [147,148]. The latest generation of the SDSS (SDSS-IV, 2014-2020) will

73
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extend its precision by expanding its revolutionary infrared spectroscopic survey of the Galaxy in
the northern and southern hemispheres, with the collaboration of the extended Baryon Oscillation
Spectroscopic Survey (eBOSS) and APO Galaxy Evolution Experiment 2 (APOGEE-2). Spatially
resolved maps of individual galaxies Mapping Nearby Galaxies at APO (MaNGA) will be made
using the Sloan spectrographs [149].

The galaxy survey map could be a good test for models beyond ACDM models like modified
gravity models and dark energy models.

5.1.1 The Real Measure in Galaxy Surveys

What we measure from galaxy surveys is an incomplete picture because what we actually measure
are the galaxy redshifts (z) and the sky positions (6, ¢), we cannot provide the true positions of the
galaxies [150]. If the Universe were completely homogeneous and isotropic, where light propagates on
straight lines, we could know the true position of galaxies directly. But we know that the Universe is
not homogeneous and isotropic, and there are small but significant inhomogeneities between us and
other galaxies that distort our coordinate systems, as well as change the redshift and the photons’
propagation slightly. They also change the shape and the size of the image and therefore we see a
distorted image of the galaxies and hence we see a distorted version of the dark matter distribution.
That effects the galaxy number count and the convergence k (or the magnification). To interpret the
observed data properly, we need to understand these distortions. Two well-known examples are the
redshift-space distortions due to the peculiar velocity of the galaxies and the gravitational lensing
which affects the size and the shape of the object’s image.

5.1.2 The Galaxy Bias

We cannot always assume in advance that any given class of galaxy traces cosmological density in an
unbiased fashion, and we should therefore look at the properties of a variety of tracers. The galaxy
bias is the relationship between the spatial distribution of galaxies and the underlying dark matter
density field (matter density contrast)

59(25 k) =b(z,k)om(z, k) , (5.1)

known as local bias. Here we define the linear galaxy bias b as the ratio of the mean galaxy number
density contrast to the mean density contrast of dark matter. And the scale-independent local bias
is defined as

0g(2,k) = b(2)0m (2, k) . (5.2)

A scale independent galaxy bias factor b assumed in one gauge appears as a scale dependent galaxy
bias factor b(k) in another gauge. This translates into a perfect degeneracy in the power spectrum:

Py(z, k) = b*(2) P (2, k) . (5.3)

The empirical degree of bias today is probably small, but naturally larger at earlier epochs of galaxy
formation. At high redshifts, the first galaxies to form will be the first structures to collapse, which
will be biased tracers of the mass. The galaxy bias is expected to be a strong function of redshift,
initially b > 1 at high redshift and approaching unity over time. This is consistent with the idea
that galaxies formed early on in the most overdense regions of space, which are biased. For 2 < 0.3
would imply that optically-selected galaxies are anti-biased, where b < 1, indicating that galaxies
are less clustered than the dark matter distribution, whereas substantial bias must exist for Q = 1
models, for which there is a strongly non-monotonic function of scale. The real-space power spectra
show only a weak scale-dependent relative bias of b ~ 1.15 on large scales (scales larger than 60
Mpc) and tend towards a constant value, increasing to b ~ 1.5 on the smallest scales (scales smaller
than 30 Mpc).

The galaxy bias of a given observational sample is often inferred by comparing the observed
clustering of galaxies with the clustering of dark matter measured in a cosmological simulation.



Chapter 5. The Galaxy Number Count 75

Therefore, the bias depends on the cosmological model used in the simulation. A very important
cosmological parameter is og, defined as the standard deviation of galaxy count fluctuations in a
sphere of radius 8h~! Mpc, and the absolute bias value inferred can be simply scaled with the
assumed value of og. The relative bias as a function of scale can be defined as the square root of
the ratio of the power spectra [151-156].

5.2 Galaxy Number Count

The number count is what we can measure when we divide the map of galaxy surveys with beams
at fixed redshift and solid angle, see Fig. [5.1]. By counting the galaxies in each pixel separately we
can study the fluctuation of the galaxy number and the distribution of dark matter, i.e., if there is
no galaxy in the region, that means no dark matter there. The geometric properties of spacetime

Figure 5.1: The number count of galaxies per pixel at fixed redshift and solid angle.

play a role in the determination of the distribution of galaxies. The number count is the number of
these galaxies observed in a given solid angle df? in the distance range (r,r + dr), the corresponding

volume of which is given by
dV = a*(n)r*drdQ . (5.4)

If the source number density is n(7s) and the probability of detection is P, the number of sources
observed is

AN = P {”(’7)] a () f2(r)drdQ (5.5)

(1+42)3 ’

where the quantity in brackets is constant if source numbers are conserved in a FLRW model, and dr
can be expressed in terms of observable quantities such as dz. f is the selection function representing
the fraction of galaxies in dV that are actually detected and included in the number count. In
general f depends on 7,7, 60 and ¢. We can estimate f from the knowledge of the galactic brightness
distribution and spectrum and redshift z, and the detection limit, there are many undetectable
objects in the sky, including entire galaxies, because they lie below the detection line.
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5.2.1 Distortions in Galaxy Number Counts

The observed redshift and position of galaxies are affected by the matter fluctuations and the grav-
ity waves between the source galaxies and the observer. The volume element constructed using
the observed redshift and observed angle is different from the real physical volume occupied by the
observed galaxies. The observed flux and redshift of the source galaxies are also different from their
intrinsic properties. Therefore, the observed galaxy fluctuation field contains additional contribu-
tions arising from the distortion in observable quantities and these include tensor contributions as
well as numerous scalar contributions [157].

Observer Observer Observer

dde d = dQ dzdQ}

Figure 5.2: Same redshift Figure 5.3: Same solid angle Figure 5.4: Same radial bin
bin different physical volume: different physical volume: An different distance: The whole
Where in one of the pixel all overdensity cluster bending the galaxies in the pixel is moving
the galaxies moving toward the light beams emitted by the toward the observer.

centre of the pixel. galaxies.

Credit: C. Bonvin.

In a galaxy redshift survey, at redshift z the observer looks at different part of the sky and
selects two pixels in two different directions with the same solid angle and redshift bin to measure
the number of galaxies N(n, z)d2,dz in each of them. By averaging over the solid angle he can
obtain the redshift distribution (N)(z)dz of these galaxies. This observer can experience different
cases of distortions in the galaxy number count:

e If one of these pixels is inside an overdensity region, that will make all the galaxies move
toward the centre of the pixel and the number of galaxies in the pixel will squeeze in size and
therefore the observer will count two different galaxy number in two different physical volume
with the same solid angle and redshift bin, see Fig. [5.2].

e In Fig. [5.3], a case where the same observer have the same redshift bin and solid angle of the
two pixels, but an overdensity cluster is observed in the way between one of the pixels and the
observer. The overdensity cluster will bend the light beams coming from the galaxies changing
the size of the solid angle, and the observer will see a different physical volume between the
two pixels.

e Fig. [5.4] shows a case where in one of the pixels all galaxies are moving in the same direction
towards the observer. Due to the expansion, the galaxy number will be diluted and the observer
will see fewer galaxies in that pixel.

Therefore, the observed galaxy number density is affected by perturbations given the total num-
ber of observed galaxies, and it contains additional contributions from the distortions in the ob-
servable quantities, compared to the standard description that galaxies simply trace the underlying
matter distribution.
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5.2.2 The Galaxy Number Count on the Lightcone Gauge

Suppose one counts the galaxies seen in a solid angle d€)y around the direction of observation (6, é),
down to a distance y. An increment from y — y + dy will result in including dN new galaxies in
the count, where dN is the number of galaxies detected in a volume of size as (dy, dé, dg{)) around a
point on our past lightcone

dV = (r3dQ)(u"k,dv) (5.6)

corresponding to the range (y — y + dy) in the coordinate y. If the number density of galaxies
at the position y is n, then (n dV) is the number of galaxies that will be contained in this volume.
However there is a chance that not all of the galaxies will be counted in dV, in general, for some will
be too faint to be detected, while others may not be selected for inclusion in the galactic number
count because of various selection effects (e.g. they may be confused with stars if their images are
very small) [108]. We will write dN in the form

AN = fdV | (5.7)

where f,, is the selection function representing the fraction of galaxies in dV' that are actually
detected and included in the number count; one can estimate f,, from knowledge of the galactic
brightness distribution and spectrum, the area distance r 4 and redshift z. In general, f,, will depend
on w, y,é and é The number count of galaxies in a box of size (dy, de, d(ﬁ) around a point on our
past lightcone can also be calculated as

dN = fmri (1 + 2)do, Bdy , (5.8)

where dv = Bdy, and 8 = a?(1 + 63). If y has been chosen to be an observable quantity, then dN
is directly measurable. As z and r4 are known, one can estimate the selection function f,,, which
depends on 74, z, the galaxy properties and the observational limits and selection effects. Therefore,
in principle, one could determine the quantity § in terms of known quantities.

5.3 The Perturbation of Galaxy Number Counts A

The galaxy number density contrast in one pixel can be given by

_N_N_b (ip_
=5 - p_

A b-0. (5.9)
The number count A is an observable quantity; it relates the number of the galaxies in each pixel to
the average numbers of the galaxies N, and the distribution of dark matter 6 and its bias b. Since
the density of the Universe is changing with time, it is useful to express the magnitude of density
variation using the relative density fluctuation, which is defined as follows:

dp _ density within a fluctuation — mean density of the Universe (5.10)
p mean density of the Universe ' '

5.3.1 The A Calculations in Redshift Space

Galaxy formation is a local process and its relation to the underlying matter density should be well
defined and gauge invariant. The observable quantities such as observed galaxy counting should be
independent of a choice of the gauge condition. The large-scale distribution of galaxies, the density
fluctuation §(x, t) which we calculate in a given Friedmann background, is not a gauge invariant, this
is “the cosmological gauge problem” [38]. Since it depends on the background Friedmann universe
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we compare the observed p(z,t) with [150].

t) — p(t
S(x, 1) = LD =P (5.11)
p(t)
In order to fix this problem, one has to consider individual observational effects like the redshift

space distortions [158,159], the Alcock-Pacinski [160] or lensing [150, 161].
For unbiased distribution as we will consider for this section, p, is the mean galaxy density, i.e.,

5= o). (5.12)

The physical survey volume density per redshift bin per solid angle can be written as a background
part in a homogeneous world and a fluctuated quantity, since the solid angle and the redshift bin
are distorted between the source and the observer:

V(n,z) =V(z) +dV(n,z). (5.13)
Then following the discussion in [150], the redshift density perturbation can be written as

bz = A=) (5.14)

{p)(2)
N(m,z) _ (N)(2)
V(n,z) V(z)

IO (5.15)
V(2)
o NmAVE) Y[
- <V(Z)+5V(n7z) (V)( )) (<N>(z)> 4 (5.16)
= <N(nvz)—N(n,Z)WV((nZ’)Z) —<N>(z)> (<N;(z)) : (5.17)

N(n,z) — (N)(z) N(n,z)éV(n,z)

- (N)(2) VRN 19

 NmH M) (1062)+ o¥02) Joven. (5.19)
(=) V(2)(N)(2) ’ '

_ N2 —(N)(z) V(nz2) (5.20)

(N)(2) V(z)

The perturbation in the number density of galaxies is an observed quantity, and the volume pertur-
bation also can be measured with other tracers than galaxies, and it is therefore measurable by itself
and hence gauge invariant [150]. Therefore they are gauge-invariant quantities. And hence d,(n, z)
is a gauge invariant. We can re-write the above expression as

_ N@,2) = (N)(z) _ 6V (m, 2)
A(n,z) = N02) =0d,(n,z) + Vo) (5.21)
which is a gauge-invariant expression.
5.3.2 The Computation of §,(n, z)
We need to relate 6, (n, z) — §(x,t) to a gauge-independent quantity. So to first order
nsy A2 =PC)  (pE)+dpn2) ~ )
p(z) p(z)

p(2)



Chapter 5. The Galaxy Number Count 79

Taylor expansion of p(z) around Z gives
p(z) = pz+62), (5.23)
.
= P(=) + Lox(n, =) - (5.24)
Using the fact that z =z 4 dz and Eq. (5.23) in Eq. (5.22) yields

)i
() + 6p(n, 2) (Z)

,(n,z) = z .
2= ey * ozt () (5:25)
dp(n,z) — $£0z(n, 2(n))
_ , 5.26
Pe) + dﬂéz(n ) (520)
_ bpmz)  dp ba(n,2(n)) o)

7(3) + Zoz(n,2(n)) 42 p(Z) + Loz(n, =(n))

_ S () dpsslno)) _ dpletnnt) (,_ dpdetnst))
) & o) & o) &z o)
(5.28)
Thus, to first order
_ dp 6z(n, 2(n))
5,(n,2) =d(n,z2) = 3 ) (5.29)
where p;(;) ) = §(n, z), and by using
dp _ p
dz 31 +z’ (5.30)
the matter fluctuation (at the observed redshift) is given by
4]
5.(n,2) = 8(n, 2) + 32220 (5.31)

(1+47%)

Here we relate the perturbation variables in direction n at redshift z to their unperturbed position
and time 7. Z = Z(n) is the redshift of the background universe that we measure on and dz is the
redshift perturbation to this universe, 6,(n,z) = d(n, z) in a uniform-redshift frame 6z = 0. It is
gauge invariant since is defined by observable quantities, where the time slicing is set by the observed
redshift z, rather than by an arbitrary choice of coordinate systems or gauge conditions as for d(n, 2)
and differs in its value contingent upon the gauge choice [162].

Moreover, by solving the background relation zZ = Z(n), we can write

p(n,z(n)) =n(n) + dp(n,n) . (5.32)

Note that p(z) = p(Z + dz) deviates to first order from p(%z). Both §z and dp depend on the chosen
background and are, hence, gauge dependent; however their combination in Eq. (5.29) must turn
out to be gauge invariant as it is in principle observable.

Gauge-invariant density fluctuations and velocity perturbations can be found by combining J, v and
v; with metric perturbations. We shall use the Bardeen relations [112]

V = v—E =ulo (5.33)
D, = §+3(1+w)H(E — B) =", (5.34)

D = " 431+ w)HV =6+ 3(1+w)H(v— B)
= D, +3(1+w)HV, (5.35)

D, = §+3(1+w)(y)=25"" —3(1+w)¥
= Di+3(1+w)¥. (5.36)
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Here v'°™9 and §'°"9 are the velocity and density perturbations in the longitudinal gauge and D,
is density fluctuation on the uniform curvature hypersurface. On sub-horizon scales the differences
between d, 6709, Dy and D are negligible as are the differences between v and V. Since measurements
of density and velocity perturbations can only be made on sub-horizon scales, we may therefore use
any of the gauge-invariant perturbation variables to compare with measurements [38].

If we want to introduce a bias between the matter density and the galaxy density, it would prob-
ably be most physical to assume that both galaxies and dark matter follow the same velocity field, as
they experience the same gravitational acceleration. We then expect that biasing should be applied
to the density fluctuation in comoving gauge D and not to D,;. On small scales, such differences
are irrelevant, but on large scales they do become relevant, as becomes clear when considering the
(linear) power spectra for the different density fluctuation variables [150].

5.3.3 The Volume Distortion

The volume perturbation % should be gauge invariant, because it is, in principle, a measurable
quantity given unbiased volume tracers. The differential volume element (seen by a source with
4-velocity ut) is given by

AV = vV =geaputde’ dzdz’ . (5.37)

In terms of the observed redshift z and sky position determined by the polar angles (0, ¢) at the
observation time,

ox” 0z 0z | 0(0s, vs)

d -V vo "
v Ieuvapt 0z 005 0ps 6(90,<p0)
= v(z,000)dzd0,dy, , (5.38)

dzdf,dy, ,

where v is a volume density, which determines the volume perturbation

oV w(z)—v(z) 6
—_— = — . 5.39
1% o(Z) 7 (5:39)
The determinant of the Jacobian matrix is
% gz aaz
9(0s, ps) 5 % %%
— Ll =detJ = | F= - , (5.40)
o) A

0z a0, dpo

and gives the transformation matrix from the angles at the source to the angles at the observer. In
homogeneous and isotropic backgrounds, the geodesics are straight lines, that is,

05 = 90 y Ps = Po - (541)

But in a perturbed universe, angles are perturbed with respect to

Os =00+060, @s=p,+dp. (5.42)
Thus using (5.42) in the Jacobian expression given in (5.40), to first order of Taylor expansion, one
gets
065, :) 950 9dp
— | = —+ . 5.43
FO | R T 049

We discussed in the last two subsections a general simplification steps for computing the two
terms of Eq. (5.21). We can apply them to any spacetime metric. In [150] they calculated the
perturbed galaxy number counts using the perturbed FLRW metric. In the up coming section we
are going to compute the perturbed galaxy number counts using our perturbed PLG metric and use
the simplified steps we just introduced above. Then we will do a coordinate transformation to our
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final answer to the perturbed FLRW space and compare it with what [150] obtained.

5.4 Galaxy Number Counts Fluctuations with the PLG

Let us now consider the geodesic of a photon emitted from a galaxy in our lightcone background
which arrives to us at the vertex of our lightcone, moving in straight null-like vectors pointed in
direction n (hence, to lowest order, it is seen under the direction —n from the observer). The
observer receives the photon redshifted by

1 5 5
l4z=u"=-(14+)=(1+2)1+2). (5.44)
a 2 2
Since
dz=2z-%2 (5.45)
and 1
0z = 5(1 + 2)da (5.46)
we have 3
0,(n,2) =dp(n,2) + 5(5@ . (5.47)

The volume perturbation in terms of redshift and sky position is determined by our observation
coordinates (w,y, 0, ¢), and therefore

w0y 90 06 ow 90 ¢

VUV = V—g€23U T —F —= + \/—7961230’11}/7## , (548)
0z 96, 0, 0z 00, 0
where the components of € satisfy
€0321 = €0231 = €0312 = €0132 = €0213 = €0123 = 1, (5.49)
€1320 = €1230 = €1302 = €1203 = €1023 = €1032 = —1 , 5.50)

and the angles between the source and the observer are fixed, it can be shown that there is no
angular displacement

60 =0p=0. (5.51)
That will lead to the volume perturbation being given as
0 0
v o= \/—guw—y — \/—guy—w . (5.52)
0z 0z
(5.53)

With constant light cone w|.s:, we get

_ w9y
v=Vgut o (5.54)
Furthermore
HT
V—g = a*S%sin(0) (1 +5+ 55) , (5.55)

and the 4-velocity of the source according to the observational coordinates

u={(1+2),n;v'}, (5.56)
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where v* = Uy,vé and v%. Since % is the change in comoving distance y with redshift along the

photon geodesic, we can re-write it as

dy _ d+dy) _ dy(1 + %y)]
dz  d(z+62)  dE(1+2)]’
dy(1+ %) +yd(1 + %)
QA+ 2tz )]
dy déy

Gzt doz T dz4doz’

_dy doz doy doz
= Fw e E®
dj  djds: _diy

S B & & (5.57)
Using the fact that §j = y, we can rewrite the above result as
d d dx dé dé d dx dé déy\ d
Yoo X _SACE T (SX XS DS (5.58)
dz dz dz dz dz dn dz dn dn ) dz

Here dy/dz is to be understood as the change in comoving distance y with respect to the redshift along
the photon geodesic. The distinction between z and Z is only relevant for background quantities.
Appling our reslut above to Eq. (5.54), then it will look like

HT dx dxdéz déy\ dn
= a*S?si 14— 1 A STl i .
v(z) = a*S*sin(6) ( + 5 —1-56) (1+2) <d77 iz dn + a ) I (5.59)

In Eq. (5.58)), the last term contains the redshift-space distortion, which will turn out to be the
biggest correction to the power spectrum [150]. To lowest order along the photon geodesic, with
14+2z=2% =1 we have

a a’

dn  dnda
dz  dzda’ (5.60)
dnda dn d 1
= _——_— = —— . 1
da dz dad?(l—f—z) ’ (5.61)
1 _ _
= S+t =S+, (5.62)
= —aH t'=-H"! (5.63)

With all the above taken into account, the volume element becomes

T
v(z) = —a*S(y)?sin(6) (1 + HT + 55) (1 + ;5a> (?; - 7_“11_’_2)?; + C?j)?—l_l ,  (5.64)

or
a'S(y)?sin(9) 1 06z 00y HT 1
=—F |t ——— 08— -0 5.65
v(z) H ( TG oy oy 2 P73 O‘) ’ (5.65)
where we have used the relations (3.87). Furthermore, if we introduce the volume density as
5jv _ v(zli@(z) ’ (5.66)
v o(Z)

and 7(z) is given by the Taylor expansion of 7(z) around Z, we get



Chapter 5. The Galaxy Number Count 83

v(z) = B(Z+0z), (5.67)
- 3@+ 2—252 , (5.68)
v(z) =v(z) + d%(;)éz(n, 2) . (5.69)

To obtain the fluctuation of v just subtract the unperturbed part v(z) from v of Eq.(5.65) (and
additional 1/a factor coming from the background part of [1+z] term), using a = 1/(Z + 1)

—ion _ S(y)?sin(0)
obtaining
oz . d[ SwE)?
= - 81n9d?[(1+z)47{ ,
. [25(y)dS(y)/dz(1 +2)*H — S(y)*[4(1 +2)3H + (1 + z)*9Z&
= sind — )
_ 1+ 2
~ g 125 (y)(dS(y) /dx)-(dx/dz) (1 +2)*H — S(y)*[4(1 +2)*H + (1 +2)* 94 2]
- Y (1+72)8H? } ’
= ang [P WH 4 2)H - S [A0 4 2)*H + (1 +2) H (—aH )]
- oo I (1+7z)3H?2 ’
= sinf|2S(y)a(l +2)*H 2 - S(y)? 41 +2)°H - (1 +z)—4aH’H—3]] . (5.71)
"9 W
= @) | oz —4+ 5 |(1+2)7 . 72
U(Z)[S(y)’H +,H2]( +72) (5.72)
Thus,
N 2 H oz
and
v 1 06z 06y HT 2 H S
EL (S g2 . 74
v <’H(1—|—z) dy Oy 2 b+ {S(y)H+H2 ] 2 > (5.74)
And since from Eq. (3.81) we can conclude
Qoy _ doy _ _
0 dn o, (5.75)
then
dv 1 26z HT 2 H S
S (. g2 . .
7 <H(1 Doy 2 ¢ [S(y)H+H2 } 2) (5.76)
With S(y) =¥ = (1, — n,) in flat space, and 6z = 3(1 4+ Z)da, one can then write
1 0 HT 2 H da
A(n,z)5(H,Z)+M&y—2+[w+}[2—1:|2. (577)

This is the expression for the density redshift perturbation in observational coordinates using the
observational metric, and as indicated does not include unmeasurable monopole terms or a dipole
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term (n'V;), that usually arises by the perturbation at the observer position. Moreover it does
not depend on the peculiar velocity of observer and emitter, and we do not need to compute the
deviation vectors that relate the perturbed geodesic to the unperturbed one. It only depends on
quantities in terms of the perturbed metric and in principle all measurable.

Eq. (5.77) is gauge-invariant expression, the first term we have discussed it earlier, the sec-
ond term contains the Doppler term, the integrated sachs-wolfe, the gravitational redshift and the
redshift-space distortion. The third term contains the lensing distortion and time delay, and the last
term contains the redshift perturbation of the volume.

5.4.1 Gauge Transformations of the Density Fluctuations

We need now to convert our result in Eq. (5.77) from the PLG into its equivalent expression in
the general coordinates and then we will contrast the outcomes. The upcoming result is already
obtained in [150,157,162]. Now we will convert each term one by one:

0k 1 ok 1 di: 519
2H 0y  H(1+2z) dy H(1+32) dy’ '
Mo Mo 1 o
= —®+HB-E)+V, + / (®+ W) 'dn— / (a(XF;() +§h§<x - 5<><Bx>> dn
s MNs
1 d / o / o / 1 / %)
+ﬂd77 —d+H(B-E)+V,+ (®+ W) 'dn— 3><Fx+§hxx —0yBy) dn| ,
(5.79)
, Mo , Mo , 1 , o
= —O+HB-E)+V, +/ (P + 0)'dn— / (8(XF><) +§hXX — 8(XBX)> dn
s s
1 1 —
+ﬁ [QXVX + 0 — (c’)XF;(—i— §h;(x — GXBX> } , (5.80)
where for a pressureless matter moving along the geodesics, we know that
Vi —HV, —9, ¥ =0. (5.81)
and for
b 0z
3 T Ora (5:82)
7o
= [—¢+H(B—E’)+VX+/ (®+¥)'dn
ns
Mo , 1 , o
— : aXFX + §hXX — 6(XBX) dn| . (5.83)

Finally, the H” term, you may see B.5 for more detailed derivation. Using the definition of Agq
as the angular part of the Laplacian, which is denoted as

1 .
AQ = (83 -+ cot 089 + 728;) = VJJ'VLZ s (584)
sin“ 6
we can show that

HT = [—2\11—2?{(3—E’)

1 Mo n o 1
+ ; / / <Asz {(‘D + W) - B, + F}, - ZhXX} )dn'dn] . (5.85)

Mo —
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Now using Egs. (5.34) and (5.36) together with the above expressions, we get

1 —
An,z) = Dg\IfH(BE/)+H|:\I/,+aXVX (a F, + 2h;<x -0, B ”
2 M / e / /
+ ’H+@ —O+HB-E)+V,+ [ (2+V) O\ F, +2hXX Dx
s s
1 Mo , y 1
E— (" —ns)Aq| (@ +¥) — B, + F - hxx dn’ .
o S Ns
For only scalars we have
1
A(n,z) = Dg—\I’—H(B—E/)—&—H[\I//—&-aXVX}
2 H / o p
Ns
1 Mo
[T - n)aa@+ (587)
Mo = Ns Jn,

Eq. (5.87) represents the gauge-invariant redshift density fluctuation using a FLRW metric.
The H~'0, ¥ term is the gravitational redshift. The light emitted from a galaxy has to pass via
that potential field and reach the observer. In so doing, the photon has to lose some of its own
energy and hence become redshifted. That will result in changing the redshift of the beam. The
term H 10, (Vy) is the redshift space distortion due to the galaxies’ peculiar velocity relative to
the observer line of sight, and this is considered the largest signal correction on the intermediate
scales [150]. The middle line comes from the redshift perturbation of the volume, and it contains a
Doppler term; it also contains the ordinary and integrated Sachs-Wolfe terms. The third line (the
integral) is the lensing distortion which corresponds to the change in the solid angle causing radial
and angular volume distortions and time delay [163-165]; it is relevant especially on large scales.
The rest of the terms have very small relativistic effects.

The standard Newtonian description of the galaxy power spectrum breaks down and the general
relativistic description is therefore essential for understanding the observed galaxy power spectrum
and deriving correct constraints from these measurements. The relativistic effects progressively
become significant at low angular multipoles at high redshifts z > 2, where the relativistic effects
are dominant and significant on the horizon scale but they break the symmetry of the correlation
function [166]. Due to these effects A contains additional information 6, V,®, ¥, this can help
testing gravity by probing the relation between density, velocity and gravitational potentials. They
do affect our observables and by measuring these effects we can use them to test the relations between
the density, velocity and gravitational potentials. Using the PLG gauge was an attempt to make
the measuring of these relativistic effects achievable in most simple way. Our results will be most
significant for future galaxy survey catalogs like BOSS, DES, Euclid, and of significance to SLOAN-7
data analysis.

B

)

(5.86)
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Chapter 6

f(R) Theories of Gravity

The great tragedy of science - the
slaying of a beautiful hypothesis
by an ugly fact.

Thomas Huxley

Relativistic cosmology based on Einstein’s Field Equations (1.2) describes a universe with its
geometric properties. It is derived from a density variational principle Lagrangian (L) of the EH
action with scalar curvature R.

If L is chosen to be a function of R, we can consider that as an Extended Theory of Gravity [58].
This approach is aimed to address problems and shortcomings from the standard cosmological model,
such as the recently discovered, arguably not yet explained, phenomenon of cosmic acceleration
and the lack of a final theory of quantum gravity. It is also important to point out that any
extended theory also has to address where GR’s positive results had been obtained, i.e., such as Big
Bang cosmology, inflation, dark energy, local gravity constraints, cosmological perturbations, and
spherically symmetric solutions in weak and strong gravitational backgrounds.

The f(R) model of gravity is a family of theories, each one defined by a different function of
the Ricci scalar. Via the arbitrary function introduced in L, we have the freedom to explain the
accelerated expansion and the structure formation of the Universe without adding unknown forms of
energy or exotic matter. However, not all functional forms of these models can be accepted as viable
cosmological models; a wide range of them can be ruled out based on observations, cosmological and
astrophysical principles, while others can be rejected because of theoretical pathologies.

f(R) theories were first speculated on by Buchdahl [167] in 1970, but it gained more popularity in
cosmology after further developments by Starobinsky [168]. The recent interest has centred on their
potential candidacy as possible infrared (IR) and ultraviolet (UV) completions of GR [59, 60, 169—
172]. More recently, these gravitational alternative theories have found cosmological applications in,
inter alia, the dynamical study of homogeneous cosmological models [173-180, 180-188], the linear
growth of large-scale structures [189-197] and astrophysics [198-202].

6.1 Derivation of the f(R) Field Equations

There are three ways in deriving the field equations from the action in f(R) gravity. From the EH
action in Eq. (1.1), with some function of R, we get

5= / A /=g [F(R) + 2L (o, W) (6.1)

87
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where L,, is a matter Lagrangian that depends on g,, and matter fields ¥,,. Unless otherwise

stated, in this chapter and the next ones, primes ’,” etc... are shorthands for first, second, etc...

derivatives with respect to the Ricci scalar. We will also use f as a shorthand for f(R).

6.1.1 The Metric Formalism

The first is the standard metric formalism in which the field equations are derived by the variation
of the action with respect to the metric tensor g,; where it is the only independent variable. In this
formalism the affine connection depends on the metric g,;. The variation of the determinant is

1
0/—g = —5\/—ggabég“b . (6.2)
The variation of the Ricci scalar with respect to the inverse metric g* is given by

SR = Ru0g™ + g*°0Ray , (6.3)
Rapdg®™ + g (V0TS — VyoTS,) . (6.4)

In this (metric) formalism the connection can be written as
c(m 1 c
o™ = 59 (Vabgas + Vi6gaa — Vadgas) - (6.5)
Substituting this into Eq. (6.4) we will get

OR = Rup6g™ + gapV269™® — Vo Viydg® . (6.6)

Now the variation in the action reads

1

5 [@rv=a+ rov=adis, 6.7)
1 1

3 /(f’5R\/—g - 55\/—ggab59“bf)d4x ; (6.8)

08

= %/\/Tg {f’ (Rab(Sgab + g V269" — V,Vp5g™") — ;gab(Sgab(Sf] d*z . (6.9)
Using integration by parts, we get
68 = %/\/jgdqab |:f/Rab - %gabf + (90 V? = Va V) f/] d*z . (6.10)
Since the action remains invariant under variations,

L (R)gus + (g0V? — Va0 ' =T | (6.11)

f/Rab - 9

where 17} is the energy-momentum tensor of the matter fields defined by the variational derivative

of L,, in terms of ¢g®:
m 2 0L,

ab — /7_9 5gab )

(6.12)

and satisfying the continuity equation
Ve =0. (6.13)

The trace of Eq. (6.11) is given by

3V + ffR-2f =T, (6.14)
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where T' = g“bT;’g‘ The first term in Eq. (6.14) is a propagating scalar degree of freedom ¢ = f’ and
the trace equation determines the dynamics of the scalar field [168]. It is due to the introduction
of fourth-order derivatives of the metric in the last two terms of the LHS of Eq. (6.11) that this
formalism is sometimes referred to as a fourth-order theory of gravity. We will use this formalism
for the rest of the thesis.

6.1.2 The Palatini Formalism

The second way of deriving the f(R) field equations is the Palatini formalism in which both g,; and
I'¢,, are treated as independent variables, and hence involves varying the action with respect to both
variables [203]. Varying the action (6.1) with respect to gqp yields

1
F'Rap(L) = 5 f9ap = T3 - (6.15)

where Rqp(I) is the Ricei tensor corresponding to the connections I'y; and it is different from the
Ricei tensor calculated in terms of metric connections R,p. The trace of (6.15) gives

fR=2f=T. (6.16)

Here the Ricci scalar R(T) is different from the Ricci scalar R(g) in the metric formalism and is
given by

s Vel (RN f (R + o
20f/(R(T))> " fI(R(T))

The variation of the action with respect to the connection leads to the following field equations:

R(T) = R(g) + V2f(R(T)) . (6.17)

Gap = % - %(R(T) - %)gab + %(vavb — g V2) f’
3 ! !/ 1 Ivc pl!
377 {vaf Vo' = 590 VeV f} : (6.18)

They are the same field equations as those obtained via the metric formalism but this will no longer
hold for f(R) theories whose Lagrangians are non-linear terms in R. Therefore the action in Palatini
f(R) is equivalent to

S = /d%\/?g E@R(T) — U((p)] +/d4x£m(gab7\11m) , (6.19)

where

R(T)f'(R(T)) — f(R(T))

o= F(RT), U= ) (6.20)
From Eq. (6.16) we note that 9,U = R/(2), and therefore
AU — 200,U =T . (6.21)
Now using the relation (6.17) we can re-write the action (6.19) as
5= [atev=g|ger + S 002 - U] + [dtulan ). 022

We note that there are no second-order covariant derivatives of f’, and hence the Palatini formalism
is sometimes known as a first-order approach [204].

These two approaches give rise to different field equations for a non-linear Lagrangian density in
R, while for the GR action they are identical with each other.
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6.1.3 The Metric-affine Formalism

The matter part of the action (6.15) depends on the affine connection and hence introduces a torsion
associated with matter. If this connection has its standard geometrical meaning the resulting theory
will be a metric-affine theory of gravity [205]. The field equations (6.11) can be written in the
following form: ~

Gy =T +TH =T, , (6.23)

where the effective EMT of standard matter is given by

m
— Tab

T = 7 (6.24)
and the curvature fluid contribution to the total EMT is
1
Th = 7 [9ab(f = Rf')/2+ VoVt — g V2 F'] (6.25)

Since V*Gyp = 0 for the total fluid, it follows that the total energy-momentum is also conserved:
Ve, = 0 and for the standard matter V“Té;"‘) = 0. It is straightforward to see that

1"

VGT£ — FT;ZV“R , (626)
_ vaT(m) " m
verm = Tab - %Téb VR . (6.27)

This theory is not yet a well explored one. But it is important to note once more that metric-
affine gravity is a modification of GR that follows its geometrical spirit but relaxes its simplifying
assumptions [205].

6.2 The Dynamics of f(R) Gravity
The effective total energy-momentum tensor described by
Top = pugup + phap + 2q(aub) + Tab (6.28)

sources the following thermodynamical quantities:

P = Pm + PR,
P = Pm + DR,
Ga =G +ar,
Tap = 77 4+ TR (6.29)
with m
=" bm=t A= wR=T (6.30)

representing the effective energy density, isotropic pressure, heat flux and anisotropic pressure terms
for standard matter. In a perfect fluid the quantities ¢;* and 77} both vanish in an FLRW background
and the effective background energy density and isotropic pressure of the curvature fluid are given
by

_ 1

_f’
1 1 ! 17 " H2 2 "7

pR—f,L(f—Rfo Rt "1 + 30 R| | (6.32)

o= |5RF - 1)~ 05", (6:31)
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with an effective equation of state [199]

o — _3f —3Rf +6/"R+6f"R*+40f"R
r= 3f — 3Rf +60f"R '

(6.33)

There are also other ways of defining the effective equation of state wg in a way that it mimics the
equation of state of dark energy [206-210]. The energy conservation equations for the matter and
curvature-fluid components read

pm = _@(pm +pm)7 (634)
11T

. R

pr = —O(pr +pr) + PmJ}T ; (6.35)

thus showing energy exchange between the two components due to the coupling between these
equations. The Friedmann and Raychaudhuri equations for these theories are generalised as

~ D, Pm 3 f > f// 9k
© = —360° = 3(fm + 3pm) — 5(pr + 3pr) | (6.37)
_ 1 2 1 s ¥
= 30"~ 55 <2pm f—20Rf ) : (6.38)
The generalised Friedmann equations in a flat FLRW read
1 .
BfIH* = (p+3p)+5(f'R—f)=3HF, (6.39)
—2f'H = (p+4p)+f —Hf . (6.40)
The Ricci scalar is given by
a a* ok . k
=6(-4+—+—|=6(H+2H*+ — 41
R 6<a+a2+a2> 6( + +a2>’ (6.41)
whereas the 3-Ricci curvature scalar is
~ 1
R=2 <p - 3@2) = 6k/a’ . (6.42)

6.3 The Viability of f(R) Models

Over the last few decades, several models of f(R) gravitation have been proposed [174,200,211-217].
However, most of these models suffer from a number of problems such as matter instability [218-220],
the instability of cosmological perturbations [189,190,221], the absence of the matter era [222], and
the inability to satisfy local gravity constraints [55]. Amendola et al [223] derived some conditions
for cosmological viability of f(R) models. Viable f(R) dark energy models need to satisfy [200,204,
215,224]:

1. Avoiding the appearance of ghost particles. This corresponds to putting the constraint

f >0 VR (6.43)

to the f(R) model in question. This ensures that the graviton energy is positive and hence
that gravity remain attractive [215].
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2. Avoiding the matter instability. This requires the condition
f’>0 VR> f". (6.44)

Any violation of this condition gives rise to the negative mass squared (M? < 0, M being a
characteristic mass scale) and tachyonic scalaron field.

3. The early universe was governed by a GR-like law of gravitation (as evidenced by BBN and
CMB constraints), i.e.,
f

lim = =1=f'<1 6.45
Rl—I>noo R f <5 ( )
implying together with Condition (2) that f/ must monotonically asymptote to 1 from below.

4. A less stringent condition is also that
lff—1<1, (6.46)
at recent epochs but this is not a necessary condition for the ongoing cosmic acceleration.
5. For a stable late-time de Sitter-type expansion
i

> RYR>0. (6.47)

6.4 Some f(R) Models

In this section we briefly discuss some of the most common models of f(R) gravitation that have
gained some level of attention in recent years.

6.4.1 R? Model

The first model of inflation proposed by Starobinsky [225] showed that R? corrections in the standard
GR gravitational action of the form

f=R+BR* (B>0) (6.48)

where 8 = # can lead to accelerated expansion. In the slow-roll approximation for inflation, the
the inflaton field ¢ > M and the slow-roll parameter is given by

H 1
=~ 6.49
‘= TH? T 368H2 (6.49)

The number of e-foldings in this model can be given by

1
~ o (6.50)
whereas reheating around ¢ ~ 0 results in the inflaton potential
L s
V(9) = —=¢2. (6.51)

~ 1283

This model is very consistent with the thermal temperature anisotropies observed in the CMB
and thus it can be an alternative to the scalar field models of inflation [226].

18 =1 has been used for this figure.
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Figure 6.1: Scalar field rolling down to the minimum of the potential well equivalent!to the R+ SR?.

6.4.2 1/R" Model

The idea that the cosmic acceleration today may have originated from some modified theory of
gravity have been proposed by Carroll et al [227], as one of the earliest geometrical alternatives to
dark energy by introducing a Lagrangian of the form

52(71—&-1)

feR-pme

(B>0,n>0), (6.52)

where B here is a constant with dimensions of mass. The total effective fluid is due to matter
instability and hence the accelerated expansion requires

2(n+2) - 1
32n+1)(n+1) 3’

wp = —1+ (6.53)

and can be achieved with carefully chosen values of 5 and n.There is a general understanding that
this model does not possess a standard matter-dominated epoch because of a large coupling between
dark energy and dark matter [177,189,190,228].

6.4.3 R"™ Models

Among the most widely studied f(R) models of gravitation are the power-law f(R) models whose
Lagrangian densities take the form

f=BR", (6.54)

where 8 = S(n) is a running coupling constant chosen in such a way that 8 = 1 for GR, i.e., for
n = 1. This model has been used to obtain spherically symmetric solutions for galaxy clustering, and
it is shown that the rotation curves of spiral galaxies shows a good agreement with the observational
data at n=1.7 [229].

6.4.4 oaR -+ fR" Model

This is a class of models whose Lagrangian densities look like

f=aR+BR". (6.55)
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It is considered as a generalisation of both the R™ and the GR actions since & = 0 reduces to the R"
and a =1, f = 0 reduces to GR. Although this toy model is currently used a lot as an alternative
solution to inflationary and dark energy cosmology, it is known to violate the f” > 0 condition, and
is not considered a viable candidate [55,227].

6.4.5 Starobinsky Models
These are models of the form [230]
f=R+BR. {(1+R2/R3)_"71] . (B>0,n>0), (6.56)

with positive free parameters 5, n. R, roughly corresponding to the order of the curvature scale
of the present-day value, Ry. An interesting aspect of these models is that in the limiting extreme
curvature regimes,

li =R 6.57
. /ll%rcr;of , (6.57)
li ~R—-—BR.=R—-2A. 6.58
n /éﬁmf BR. (6.58)

Thus at low-curvature regimes, there is no existence of the cosmological constant in the model
whereas there is an effective cosmological constant term A = SR./2 that can mimic dark energy at
late times.

Starobinsky shows that for some limiting values of n and R/R. > 1 in the de Sitter solution

R = const., one can obtain a cosmic expansion history indistinguishable from that can be obtained
in the Concordance Model.

6.4.6 Hu-Sawicki Models
Hu and Sawicki [231] proposed a Lagrangian density of the form

B1m? (R/mQ)n

—n_ _ 6.59
I = R T35 () (6:59)

where (81, B2 and n are the free parameters of the model and
m? = 2m (6.60)

3

is a curvature scale that depends on the value of the matter energy density. It is interesting to note
that this model also introduces no cosmological constant term for low-curvature regimes, since

lim f=R,

R/m2—0

whereas for high curvature regimes, one can recover an effective cosmological constant at present
epoch because in this limiting case

. 61 2 61 2 R "
1 ~R- P2y A2 (L)
R/ngri)oof 62m * 5%771 m2

These models have more recently shown growing popularity as viable f(R) gravitational solutions.
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6.4.7 Appleby-Battye Models
These are models that can be parametrised as [232,233]
f =R+ R.log {eiﬁ +(1- 675) eiR/R”} , (6.61)

where § > 0 is a dimensionless constant and R, scales as the present-day value of A. These models,
like the Starobinsky and Hu-Sawicki models, can be shown to mimic ACDM for large R and avoid
the cosmological constant in the limiting R = 0 regime

li -R, 6.62
R/}l%rcn—mf ( )
li ~R— 3R, . 6.63

6.5 Scalar-Tensor Representation

Before we close this review chapter, it is worth pointing out that there exists an equivalence between
f(R) and Scalar-Tensor theories of gravity [204,234-237]. If one replaces the f(R) action with one
containing a standard matter non-minimally coupled with a classical scalar field ¢ defined as

p=f -1, (6.64)
the resulting action can be written as
1
Ao =5 [ dev=gLsom) + L) (6.65)

and the corresponding field equations can be thought of as the field equations of a classical canonical
scalar field ¢ with a potential V' (¢) given by

(14 6)Gas = T3 + 50l = (1+ O)R) + ViVab = g VoV (6.66)

In this representation, the scalar field ¢ will have an EMT given by

! 1gab(.f - (1 + ¢)R) + vbva¢ - gabvcvc¢ ) (667)

TS = ——
@ pe |2

and satisfies the Klein-Gordon equation (KGE)

VY6 5 2~ (L4 O)R + (o — 3p)] =0 . (6.68)

Defining the scalar field potential via the equation

av 1 dV dR
—=-2f-( =—— .
and using the trace equation
Lpa L L, g (6.70)
a= 373 Pm Pm) .
the KGE can be rewritten as
av 1
VoVe — — — =(pm — 3pm) =0. (6.71)

dp 3
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The scalar potential evolves according to

awv 1 ”

IR 3 2f— (14 ¢)R] f". (6.72)
Using this correspondence, one can recast the evolution equations in f(R) gravity into respective
cosmological equations in Scalar-Tensor theories, and vice versa. For example, in [52], we used
the equivalence between f(R) gravity and the Brans-Dicke subclass of scalar-tensor theories, and
treating the Chaplygin gas as a scalar field model in a universe without conventional matter forms,
we reconstructed the Lagrangian densities for the f(R) gravitational action.



Chapter 7

Irrotational-fluid Cosmologies in f(R) Gravity

Consistency is contrary to nature,
contrary to life. The only
completely consistent people are
dead.

Aldous Huxley

As an application of the preceding chapter, several classes of cosmological models with irrota-
tional fluid flows and where the underlying theory of gravitation is f(R)-gravity are investigated
in this chapter. Using the 1 + 3 covariant decomposition formalism, the integrability conditions
describing a consistent evolution of the linearized field equations of shear-free dust universes are
presented. We also derive consistency relations of models with more severe constraints, such as non-
expanding spacetimes as well as those spacetimes with vanishing gravito-magnetic or gravito-electric
components of the Weyl tensor.

In order to understand the dynamics of nonlinear fluid flows in f(R) theories, it is important
to understand the relationship between their Newtonian and general relativistic limits. This is rele-
vant both in the physics of gravitational collapse and the late nonlinear stages of cosmic structure
formation [108,238-242]. The differential properties of time-like geodesics describe the fluid flows
in cosmology [31,191,243]. The expansion ©, shear (distortion) o4, rotation (vorticity) w?®, and
acceleration A, of the four-velocity field u® tangent to the fluid flowlines describe kinematics of such
fluid flows. The generalised field equations, i.e, governing the fluid flows, are obtained by contracting
the Ricci identities along and orthogonal to u®.

7.1 The 1+ 3 Covariant Description

The covariant approach in cosmology is an excellent framework for studying cosmological per-
turbations, and has been primarily developed to analyze the evolution of linear perturbations of
Friedmann-Lemaitre-Robertson-Walker (FLRW) models in general relativity (GR) [244-246]. The
formalism is based on threading spacetimes via covariantly defined variables with respect to par-
tial frames. A fundamental observer slices spacetime into time and space. Unlike in the standard
gauge-invariant perturbation formalism (based on the foliation of a background spacetime with hy-
persurfaces and perturbing away from it), the covariant approach starts from the theory and reduces
to linearities in a particular background and has the main advantage that no unphysical gauge modes
appear here.

97
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In the 1 4 3 covariant decomposition, the four-velocity u® defines the covariant time derivative
for any tensor Sa-b along an observer’s worldlines:

S, 4 =uV 8", 4. (7.1)
The projection tensor into the tangent 3-spaces orthogonal to u® is given by
hab = Gab + uaup , (7.2)
and is used to define the fully orthogonally projected covariant derivative for any tensor S, 4
VeS%. 4 =hohP e kb hih" v, 809, (7.3)

with total projection on all the free indices. The orthogonally projected symmetric trace-free (PSTF)
part of vectors and rank-2 tensors is defined as

V<a> — hgvb , S(ab> — [h(achb)d _ %hubhcd] Scd , (74)
and the volume element for the rest spaces orthogonal to u® is given by [31,247,248]

€abec = udndabc =~V \9|50 la 611262063 d) ud = €gbc = 6[abc]; eabcuc = 07 (75)

where 74pcq is the 4-dimensional volume element with the properties
Nabed = Mabed) = 2€abctd] — 2U[a€p]ed- (7.6)
We define the covariant spatial divergence and curl of vectors and rank-2 tensors as [249]

divV =V,  (divS), = V’Sy, (7.7)
curl V, = € VOV, curl Sop = ecd(a@CSb)d. (7.8)

The first covariant derivative of u® can be split into its irreducible parts as
Vaup = —Aqup + 5hap© + 0ap + €qpet”, (7.9)

where A, = 1,, © = @au‘l, Oab = @<aub> and w® = eabcﬁbuc. The Weyl conformal curvature tensor
Clapeq is defined as [31,248]

R
Cabcd = Rabcd - 2g[a[cRb]d] + gg[a[cgb]d] (710)
and can be split into its “electric” and “magnetic” parts, respectively, as
E,, = Cagbhuguh, Hy, = %naeghcghbdueud. (7.11)

E,, and H,y, represent the free gravitational field [31], enabling gravitational action at a distance,
i.e, tidal forces and gravitational waves, and influence the motion of matter and radiation through
the geodesic deviation for timelike and null vector fields, respectively.

Cosmological quantities that vanish in the background spacetime are considered to be first-
order and gauge-invariant by virtue of the Stewart-Walker lemma [111]. In a multi-component fluid
universe filled with standard matter fields (dust, radiation, etc) and curvature contributions, the total
energy density, isotropic and anisotropic pressures and heat flux are as given in Eq. (6.29) [192]
where the linearised thermodynamic quantities for the curvature fluid component are defined as

1

-5 [%(R F—f)—0f"R+ f"@zR} : (7.12)

PR
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pr=5; (M0~ RE)+ PR R 1 (0 - 79R) (7.13)
qf _ _% {f”/RV R+ f//v R— 1 "@V R} , (7.14)
- J; SRS R (7.15)

Applying the 1 + 3 covariant decomposition on the Bianchi and Ricci identities
ViR =0,  (VaVe — VpVa)te = Rapeua (7.16)

for the total fluid 4-velocity u®, the following linearised propagation (evolution) and constraint
equations are obtained [192,240]:

dab = 72@(7“}) - ab + l77'ab + % Ab) 3
Eop + Litap = €ca(aV© Hb —OFu — 1 (p+D) 0w — 3Viatty — $O7ap
Hap = —OHgp — €cq(aVeE + SecaaVem,)

pm = —(pm + Pm)® — Vg , (7.17)
"
e =~(or + p)® + P~ Tl (7.18)
©=-10%—1(p+3p) + VA", (7.19)
Q' = =394 — pmAa (7.20)
17

iR = —teqt + p’}ﬂf VoR — Vapr — Vorlt (7.21)
W = — 20w, — LeaVPA® (7.22)

(7.23)

(7.24)

(7.25)

(CYg = VP00 — 2VaO + €ape VW' +¢o =0, (7.26)
(Cab = €ca@V o) + Viqwyy — Hap =0, (7.27)
(C*)a =V Hap + (p + p)wa + 3€arc V' =0, (7.28)
(CYa =V’ Eap + 5V7ap — 3Vap + 500, =0, (7.29)
(C%) =V, =0, (7.30)
(C%)a = Vapm + (pm + Pm)Aa = 0. (7.31)

The evolution equations propagate consistent initial data on some initial (¢ = ty) hypersurface Sy
uniquely along the (generally future-directed) reference timelike congruence whereas the constraints
restrict the initial data to be specified. For consistency, the constraint equations must remain
satisfied on any hypersurface S; for all comoving time ¢ .

7.2 Irrotational Spacetimes

Consistency analyses of the field equations for different models where integrability conditions, com-
binations of the Bianchi identities and their consequences, arise from imposing external restrictions
have been made over the years [240, 241, 249-253]. We are going to explore some [sublclasses of
irrotational cosmological models and show how these models put restrictions on the possible forms
of the underlying f(R) gravitational theory.
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Irrotational fluid flows admit geodesic timelike congruences with vanishing vorticity
we =0 (7.32)

and characterise potential cosmological models for the late universe and gravitational collapse. For
a barotropic irrotational matter fluid with the equation of state p,, = wp,,, the evolution equa-
tions(7.17)-(7.25) for this class of spacetimes can be rewritten as:

pm = —(1+w)pm©® — Vg™, (7.33)
1"
e =~(or + p)® + P = Tl (730
O = —30° — 55 (1+3w)ppn — § (pr + 3pR) + VA", (7.35)
dq' = _%@qu = pmAa (7.36)
11
iF = —tegt+ 7 ’J’Z,f VoR —Vapr — Vo7l | (7.37)
Oab = —%@Uab — FEup + %ﬂ-ab + 6<aAb> , (7.38)
Eab + 3%ab = €ca(aVH) — OFEap — 3 (p+ D) 0ab — 3V () — £OTap » (7.39)
Hap = —OHap — €cq(a VB + §€caaVemy (7.40)
and are constrained by the following equations:
(Cl*)a = 6baab - %@a@ +¢.=0, (7.41)
(02*)017 = €cd(avcab)d —Hgp =0, (742)
(C*)a := V' Hap + €arc V' =0, (7.43)
(C*)q ==V Egy + 3V ey — Vap + 10¢, =0, (7.44)
(C%)g := WV opm + (1 + w)pmAs =0, (7.45)
(C%)q = €qpe VPAS =0 = A, = V49 for some scalar 1) . (7.46)

The new constraint(7.46) arises as a result of our irrotational restriction. To check for temporal
consistency, we propagate this constraint to obtain

(eabﬁbAC)' =0, (7.47)

which is an identity. On the other hand, taking the curl of this constraint, one obtains

curl(curl(A,)) = Ve (@bAb) V24, + 2 (p— 102) 4, (7.48)
=V, (?”@w) — VAV + 2 (p- 102V, (7.49)
=V, (?21/)) - V2 (%w) +2(p-Lte) V=0, (7.50)

which is another identity by virtue of Eq’s. (C.4) and(C.12).

7.2.1 Dust Spacetimes

Pure dust spacetimes are characterised by

w=0=pn,q =0=A4,,7; =0, (7.51)
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and the linearised evolution and constraint equations read:

pa = —pa© , (7.52)

pr=—(pr +PR)O + pj,f; — Vgl (7.53)

(;) = _%62 2]” Pd — ( PR + SPR) s (754)
R 1948 + pal”

q, = —309q, + Iz VR — Vapr — Vo7 k (7.55)

Gap = =200, — Eqp + 3700, (7.56)

Eab + 370 = €caaVeHf) — OFq; — <f, +pr +pR> oab — 3V () — §O78, , (7.57)

Hap = =OHap — €cq(aVE) + §ecaaVem) ¢, (7.58)

(C'), := Vo, — 3@ 0+¢t=0,
(C?M)ap = €ca@VCop) — Hapy =0,
(O34, == VP Hyp + eabcquR =0,
(C4d)a — VB, + vaw =

%@apR + %@qf =0.
Notice here that no new constraints appear.

7.2.1.1 Shear-free Spacetimes

Over the years, the role of shear in GR and the special nature of shear-free cases in particular have
been studied [204, 243, 254-256]. Godel showed [254] that shear-free time-like geodesics of some
spatially homogeneous universes cannot expand and rotate simultaneously and this result was later
generalized by Ellis [243] to include inhomogeneous cases of shear-free time-like geodesics. Goldberg
and Sachs, on the other hand, showed [255] that shear-free null geodesic congruences in vacuo re-
quire an algebraically special Weyl tensor, a result later generalized by Robinson and Schild [256]
to include non-vanishing, but special, forms of the Ricci tensor.

An interesting aspect of these shear-free solutions is that they do not hold in Newtonian grav-
itation theory [257-259], although Newtonian theory is a limiting case of GR under special cir-
cumstances, namely at low-speed relative motion of matter with no gravito-magnetic effects, i.e,
vanishing magnetic part of the Weyl tensor, and hence no gravitational waves. Now if we turn off
the shear, i.e., if we set

oar =0 (7.63)

in the above propagation equations, we get Eq.(7.56) turning into a new constraint
(CoNgp = Eqp — 378 =0, (7.64)

the temporal and spatial consistencies of which have to be checked. It is interesting to note here
that, unlike for shear-free dust spacetimes in GR, the electric component of the Weyl tensor does not
vanish because of the non-vanishing contribution of the anisotropic pressure ﬂ'ﬁ). However, we see
from Eq. (7.60) that H,, identically vanishes, thus resulting in another constraint from Eq. (7.58):

(C6d)ab = €Cd<aﬁcEg> — %ecdwﬁ%rg)d =0 5 (7.65)

which is an identity by virtue of Eq. (7.64). From(7.61), we see that g% is irrotational, and therefore
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can be written as the gradient of a scalar:
qF =Vas. (7.66)

However, we already know from Eq. (7.59) that ¢% = %@a@. One can therefore conclude that in
irrotational and shear-free dust spacetimes,

$=20+C, (7.67)

for some spatially constant scalar C. We can rewrite this dynamical constraint on the expansion
history, using Eq. (7.14) in (7.66), as

27,0 + ( f'R-1e f”) VoR+ f'VaR=0. (7.68)
For GR, ie., f=R,f' =1,f" = f" =0, we obtain a spatially constant expansion since
Va® =0, (7.69)

which is trivially true for the class of models under consideration. Now to check for temporal
consistency of Eq. (7.64), we take the time derivative of both sides of this equation to obtain the
relation R

iy + 20ma, — Vs =0, (7.70)

which, using ¢ and 7% as defined by Eq’s. (7.14) and(7.15), can be rewritten as

3 f/// f//2 . @f// ~ - " o~ ~ .
[2 (f ) R | Van B VTR =0. (7.71)

Thus irrotational shear-free dust spacetimes governed by f(R) gravitational physics evolve consis-
tently if Eq. (7.71) is satisfied. Note that Eq. (7.71) becomes an identity in the GR limit. Now by
taking the curl of the above equation, we obtain

3"\, of Sed &d 37 Gedy wd) F
|:2 <f/ — F R— Gf/ 6cdav V(bV >R+ ?f,ﬁcdav V(bv >R =0 5 (772)
which is an identity by virtue of Eq. (C.3). Thus the temporal consistency condition given by
Eq. (7.71) is satisfied on any initial hypersurface. Moreover, from Eq’s. (7.65) and (7.72), we can
conclude that all irrotational shear-free dust spacetimes in f(R)-gravity are spatially consistent.

A further restriction one can make for such shear-free spacetimes is turning off F,;. This is a case
of vanishing Weyl tensor (since Hy, = 0 by virtue of Eq. (7.60)), resulting in a locally conformally
flat metric. For such a class of cosmological models Eq. (7.57) changes to the (linearised) constraint

Vial =0 = fl [(fr" — 301") T R+ 9Ty ] (7.73)
Eq. (7.56) implies
Tap = 0= fl,/@(a%R : (7.74)
which, for f” # 0, leads to the conclusion that
ViVyR=0. (7.75)

Using this and the relation (C.1), we see that Eq. (7.73) becomes an identity. Thus the linearised
f(R) field equations in irrotational and shear-free dust spacetimes with vanishing Weyl tensor are
consistent.
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7.2.1.2 Dust Solutions with divH =0

The vanishing of the divergence of a non-zero Hyy is a necessary condition for gravitational radiation
[260-262]. Here we analyse the consistency of divergence-free GM (VPH,;, = 0) scenarios in an effort
to understand the nature of gravitationally radiating irrotational dust spacetimes. We see that there
are no new constraints arising as a result of imposing a divergence-free H,; to the field equations,
but as in the shear-free case discussed above, Eq. (7.61) implies that ¢ satisfies Eq. (7.66) whereas
Eq. (7.67) generalises to } } 3

Vap =2V,0 — Vo, . (7.76)

Another interesting subclass of these models arises if both H,, and FE,;, are divergence-free.
Described as “purely radiative” dust spacetimes [263], such models should satisfy the additional

modified constraint R ~ L
Vapm + 'Vapr + ['0¢f = 25-V'xl, =0 (7.77)

as a result of Eq. (7.62). One can see from this result that purely radiative irrotational dust space-
times in GR where f = R should be spatially homogeneous with V,p,,, = 0.

The so-called Newtonian-like spacetimes are described by the vanishing of the GM component
of the Weyl tensor [264]. Thus if the Weyl tensor is to have a purely GE component, then we notice
from Eq. (7.60) that a curl-free shear is required, i.e.,

Hoyy =0 = e.quVopn? =0, (7.78)

and the constraint(7.65) is obtained from Eq. (7.58). Although such models are known to be of
limited applicability in GR-based cosmology, there are some interesting features in f(R) cosmologies.

7.2.1.3 Purely Gravito-magnetic Spacetimes

These are models with vanishing gravito-electric component of the Weyl tensor and are referred to
as anti-Newtonian' models because they are considered to be the most extreme of non-Newtonian
gravitational models [264]. The only anti-Newtonian solutions in GR are the FLRW spacetimes
[241,264], but a recent covariant consistency analysis [267] has shown that linearised anti-Newtonian
universes are permitted by some models of f(R) gravity.

As can be seen from the set of equations(7.52)-(7.62), no new constraint equations arise as a
result of vanishing Eq,p. This is because of the non-vanishing of 7% for generic f(R) models; but in
the GR limiting case Eq. (7.57) would have turned into a new constraint since 7% = 0.

7.2.2 Non-expanding Spacetimes

In this section we explore theoretical cases where the background spacetime is not expanding, i.e.,
© = 0 to analyse the kind of [in|consistencies one would obtain if a universe with such properties
existed. In this very special case, the linearised evolution equations (7.33)-(7.40) become

pm = =V (7.79)
w ~
g, 7.80
o' =15 VeaP (7.80)
"
b= Tl (7.81)
r_ Pt < = b R
G, = 12 VoR—Vapr — Vo1, (7.82)
Oap = —FEap + %ﬂ-ab + ?(aAlﬁ , (7.83)
Eab + %#ab = 6ccl(a@c]%[l;i) - % (P +p) Oab — %@(aqb) ) (784)

LAn earlier use of the word ‘anti-Newtonian’ exists [265,266], where the word is used to refer to an earlier stage of
the Universe when the dimension of irregularity exceeds the cosmological (Hubble) horizon.
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Hap = —€ca(aVOEf) + 3€ca@Vomy (7.85)

whereas the revised constraint equations are given by

Q

1S)¢1 = @bgab +q. =0,
2s

Q

)ab = 6ccl(aﬁca—b)d —Hup=0,

3s b 1 =b c __
)a =V Hgp + §€abcv ¢ =0,

4S)a = ﬁbEab + %@bﬂ'ab - %ﬁap =0,
)
)

Q Q

C), == w@apm + (1+w)pmA, =0,
C%) := V,A® — (14 3w)pp — 5 (pr +3pr) = 0.

A~ Y~ Y~~~

Eq. (7.80) has been obtained by using Eq. (7.45) into Eq. (7.36) whereas Eq. (7.91) arises from Eq.
(7.35), showing that in the non-expanding case the Raychaudhuri (acceleration) equation changes
into a constraint.

7.2.2.1 Dust Solutions

In the case of dust
A, =0=¢q", (7.92)

the active gravitational mass p + 3p = 0, because of Eq. (7.91). Since Eq. (7.79) implies py(t) =
constant, we notice that
PR + 3pr = const (7.93)

as well. From the definitions of Egs. (7.12) and (7.13) for pg and pr and the trace equation
3f"R+3R%f" + 30Rf" —3f'V?R — Rf' +2f — pm + 3pm =0, (7.94)
we conclude that Eq. (7.93) implies?
f—2f"V?R = const . (7.95)

Thus any nonrotating and noexpanding dust spacetime in f(R) cosmology should have a gravita-
tional Lagrangian that satisfies Eq. (7.95).

7.2.2.2 Shear-free Solutions

As mentioned in the previous subsection, shear-free assumptions in cosmology result in many inter-
esting and at times intriguing properties. Despite the limited applicability of such assumptions in
standard cosmology - not least because the Universe is known, beyond any reasonable doubt, to be
expanding - it is interesting to explore the different mathematical constraints one obtains if f(R) is
the basic gravitational physics behind such cosmology. If we make the shear-free assumption, the
propagation equation (7.83) turns into the constraint

(C7S)ab = Eab - %’”ab - @(aAb) 3 (796)

whereas the constraint equations Eqgs. (7.86) and(7.87) imply ¢, = 0 and H,, = 0. This means that
Eq. (7.84) reduces to _
Eup + %#ab =0. (797)

2In GR, where f(R) = R, this translates into stating the obvious result that a constant pg implies a constant R
since f” = 0.
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If we differentiate the new constraint equation (7.96) with respect to cosmic time, and solve simul-
taneously with Eq. (7.97) we obtain

Eab — (@(aAb))‘ =0. (798)

On the other hand, if we take the gradient of Eq. (7.96) and solve simultaneously with Eq. (7.89),
we obtain .
VPEa — Vap — 1VPV (4 = 0. (7.99)

Moreover, the curl condition of Eq. (7.96) is identically satisfied by virtue of Eq’s. (7.85),(7.46)
and(C.3).

If we consider the special case of dust
A, =0=¢" 7l =0, (7.100)

in this shear-free setting, then Eq. (7.98) implies F,; = const in time. However, since E;, is related
to 7k via Eq. (7.96), then 72t = const as well. This dictates that, because of Eq. (7.15), the
term %@w@b)R, be constant in cosmic time. It is also no coincidence that Eq. (7.95) is recovered
for this subclass as a result of Eq. (7.91). Another interesting point to note about non-expanding,
shear-free dust spacetimes is that since g, = 0 = ¢, = 0, we are dictated by Eq. (7.14) to
conclude

(f”@aR)' =0, (7.101)

thus putting a constraint on the form of the viable f(R) gravitational action that describes such
spacetimes. We notice that Eq. (7.101) is an identity in GR.

A completely general covariant analysis of irrotational fluids in f(R) cosmology requires taking
nonlinear effects into account. In the case of purely radiative irrotational dust spacetimes, the consis-
tency requirement implies that such models need not be homogeneous, unlike their GR counterparts.

The introduction of integrability conditions in f(R) gravitational models, and their conservations
should these conditions be constraints, provides useful insight into the forms of the f(R) action. It
also helps us explore the existence and nature of some universe models that would otherwise not
exist under the stricter requirement of the action involving the EH Lagrangian of GR.



Chapter 8

Chaplygin-gas Solutions of f(R) Gravity

You cannot apply mathematics as
long as words still becloud reality.

Hermann Weyl

In the scramble for the understanding of the nature of dark matter and dark energy, it has recently
been suggested that the change of behavior of the missing energy density might be regulated by the
change in the equation of state of the background fluid instead of the form of the potential [268,269].
The Chaplygin Gas (CG) model in cosmology is one of the most profound candidates for this
suggestion. For quite sometime now, the CG model has been considered as another alternative to the
cosmological FLRW universe models with a perfect fluid equation of state with a negative pressure
[270,271]. The model provides an interesting features of the cosmic expansion history consistent
with a smooth transition between an inflationary phase, the matter-dominated decelerating era, and
then late-time accelerated de Sitter phase of cosmic expansion can be achieved [50,272,273]; the
expansion of the Universe as alternative to the cosmological constant [274]. It predicts also that the
expanding universe will continue expanding and this could in principle be observed.

8.1 Chaplygin Gas in FLRW Models

The Chaplygin gas model in FLRW background provides a cosmic expansion history with a universe
filled with an exotic background fluid: the Chaplygin gas. The model consists of a universe that
transits from a decelerating matter-dominated phase to a late-time accelerated one. However, in its
intermediate stages, it behaves as a mixture of a cosmological constant and a perfect fluid obeying
the p = wp equation of state. The resulting evolution of the Universe is not in disagreement with
the current observation of cosmic acceleration [50,270,272,273].

8.1.1 Original and Generalised CG Model

The CG model was introduced first by Chaplygin [275] as a model for aerodynamical studies. Chap-
lygin assumed an ideal fluid of gas in stabilised motion where all effects of external forces are be
neglected in order to get a steady irrotational flow of the gas, where vorticity formation is avoidable.
It is necessary to consider the pressure as a function of the density. So it is convenient to take the
equation of state in the form

p=-—— (8.1)
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where p and p are respectively pressure and energy density in a comoving reference frame with
p > 0, and A and « are positive constants. a = 1 is constant of the ratio of specific fluctuation,
i.e, heat!. A more generalised CG equation of state is obtained when 0 < o < 1 [276-278]. Then
under homogeneity considerations, the relativistic energy conservation equation in the context of
FRW cosmology substituting for the equation of state yields an expression for the density in terms
of the scale factor a given as

B ifa
p = (A + (W) 3 (82)

where B here is a positive integration constant. When o = 1 this solution takes us back to the
original Chaplygin gas. This simple and elegant model smoothly interpolates between matter phase,
for small value of a (a® < B/A) the energy density is approximated by

: (8.3)

which clearly corresponds to a dust-like dominated phase. For large values of the cosmological radius
a, it follows that
p—p=> p~VA= p~-—VA, (8.4)

which corresponds to an empty universe with a cosmological constant v/A and that is a de Sitter
universe, through an intermediate regime described by the equation of state for stiff matter p = p.
The interesting point, however, is that such an evolution is accounted by using only one fluid. There
is a possibility of interpreting the model as a “quintessential” model [50, 269, 279]?> The critical
density for such model is

pe=(A+B)T7 (8.5)

whereas the Hubble parameter given through the Friedmann equation by

. 2 _1
a_ (o _ L1 _1 5\
H® = (a) =30=3 <A+a3(1+a)) . (8.6)

This model automatically leads to an asymptotic phase where the equation of state is dominated
by a cosmological constant v/A. Subsequently, it has been shown that this model admits, under
conditions, an inhomogeneous generalisation, which can be regarded as a unification of dark matter
and dark energy models [272].

We can express the perturbed pressure as

A
op = —0p, (8.7)
p
and for the density contrast we have
5= o2 (8.8)

p

The most important point of the evolution of density perturbations in a universe dominated by
the Chaplygin gas is that a universe dominated by the Chaplygin gas admits an initial phase of
growing perturbations, with the same rate as in the dust case of the cosmological standard model,
from which it follows decreasing oscillations, which asymptotically go to zero [280]. Furthermore,
the model predicts an increasing value for the effective cosmological constant [50], i.e, in the context
of a Chaplygin cosmology, once an expanding universe starts accelerating it cannot decelerate any
more, a fact that we seem to be observing today.

For open or flat Chaplygin cosmologies (kK = —1,0), the Universe always evolves from a decel-
erating to an accelerating epoch. For the closed Chaplygin cosmological models (k = 1), for static

IThe CG equation of state (EoS) its also obtainable from Nambu-Goto action for d-branes moving in a (d+2)-
dimensional spacetime and that by using the observational coordinates in the light-cone gauge [270].
2A quintessence field is a scalar field with standard kinetic term, which is minimally coupled to gravity.
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Einstein universes, the solution yields
2

B=—+. 8.9

3V3A (8.9)

The generalised Chaplygin gas cosmological model, with no additional fluid components, is compat-

ible with structure formation and large scale structure only for a sufficiently small (o < 107°), in
which case it is indistinguishable from the ACDM model.

The GCG of Eq. (8.1) is important to cosmology and it is one of the promising candidates to
explain the present accelerated expansion of the universe with simple model unifying dark matter
and dark energy [272,274,280] as manifestations of a single cosmic fluid [281-284].

8.1.2 Modified and Extended CG Models

The modified Chaplygin gas (MCG) model is often used often to describe the acceleration phase of
the Universe from the radiation era to the ACDM model. It includes a matter term [276,285]

B
p:Ap—p—a, 0<a<1, (8.10)

where 0 < A < 1/3,0 < @ < 1 and B is a positive constant. It has been shown that A = 1/3 is
the best fitted value to describe evolution of the Universe from radiation regime to the A-cold dark
matter regime [286]. The energy density for such a model is given by

B C 4=
P=|T5 AT paratTa )

(8.11)

where C is an arbitrary integration constant. This model is a more appropriate choice to have
constant negative pressure at low energy density and high pressure at high energy density. We
can use this equation of state to describe low-surface brightness galaxies which are supposed to be
dominated by dark matter [287]. The MCG equation of state is a suitable description for an ordinary
linear barotropic fluid [288]. While there are other barotropic fluids with equation of state being
quadratic and higher orders. For example, recently the model has been extended [289-291] so that
the resulting equation of state can also recover a barotropic fluids with higher orders

pe=Y_ Aipl— e (8.12)
=1

where p. and p. are the pressure and energy density of the extended Chaplygin gas which is the
unification of the dark matter and dark energy. There is no general solution to this approach. But if
we reduce n = 1 the above expression recovers the standard MCG. Barotropic fluids with quadratic
equation of state can be recovered by setting n = 2, reducing Eq. (8.12) to

B
Dec = Alpc + Ang V) (813)

where A1, Ao, B and « are positive constants [292]. These models give us the second-order solution
[293]

B C ™
= —(1+a) (14+A1) f (p)
Pe= 1154, T aianira® ' ; (8.14)

where C' = (14 A;)~! and f(p.) is a function of the critical energy density p. given by [293]
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. Agpc . BA2,OC
Hee) = GF AR T U+ a1+ A0 ((+ Aol — B)
B2+ «)

+A2/ (1+a)(1 + A1) (1 + A1)pe™ — B)

dpe . (8.15)

Note that in case of Ay = 0, we have a vanishing f(p.). With higher order n, we will recover a
higher-order barotropic fluid. From this model numerically, increasing n decreases the value of the
scale factor a and hence decreases the value of the energy density. The evolution of the scale factor
corresponding to n = 1 is faster than the case with n = 2, and the Hubble expansion parameter and
dark energy density are decreasing with n. Different orders of n have been studied in [293-295], and
it has been shown that by choosing appropriate values of constant parameters, the model has more
agreement with observational data than ACDM.

8.1.3 Generalised and Modified Cosmic Chaplygin Gas Models

The generalized cosmic Chaplygin gas (GCCG) models are those Chaplyging gas models that admit
the equation of state given by [296]

p=—p"[C+(pH*-C)"], (8.16)
where 4
== 1 1
=i b (8.17)

with A a constant which now can take on both positive and negative values, and 0 > w > —I, [ being
a positive definite constant which can take on values larger than unity. In the special case when
w = 0 one can write that C' = A — 1. The speciality of this model is stability so the theory is free
from unphysical behaviours even when the vacuum fluid satisfies the phantom energy condition [286].
The above equation satisfies the following conditions:

i) it becomes a de Sitter fluid at late time and when w = —1,
ii) it reduces to p = wp in the limit that the Chaplygin parameter A — 0,

iii) it reduces to the equation of state of current Chaplygin unified dark matter models at high
energy density,

iv) the evolution of density perturbations becomes free from any pathological behaviour of the
matter power spectrum for physically reasonable values of the involved parameters at late
times.

By integrating the cosmic conservation law for energy we get for the energy density

pla) =

B H% Tto
¢+ <1 + a3(1+a)(1+w)) ’ (8.18)

where B is a positive integration constant. B shows the effect of Chaplygin gas, and the cosmic
effect represented by w. A further extension of the CG model is called modified cosmic Chaplygin
gas (MCCG) [286,297], where the EOS is further generalized to

1
p=9p——
0

B B v
— 1 R ) 8.19
1+w +<p 1+w+ > ] (8.19)

Here B and v could be both positive or negative constants, and —] < w < 0 where [ is a positive
definite constant with values larger than unity. Here also, 0 < a < 1, and the case where w = 0
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gives the equation of state corresponding to the MCG. If we then put v = 0, the equation of state
corresponding to the GCG is recovered. We can also reach back to the simplest case where o = 1,
the Chaplygin gas’s original equation of state.

Chaplygin gas models have been studied in flat Friedmann models, in terms of the recently
proposed “statefinder 37 parameters [298], dimensionless parameters that allow us to characterise
the properties of dark energy in a model-independent manner. It has also been shown that the simple
flat Friedmann model with Chaplygin gas can equivalently be described in terms of a homogeneous
minimally coupled scalar field ¢, which has been used in a variety of inflationary models in describing
the transition from the quasi-exponential expansion of the early universe to a power law expansion
in order to understand the present acceleration of the Universe [50,51].

The model can be re-expressed as flat Friedman universes containing a scalar field with particular
self-interaction potentials [299,300]; in other words, a very light scalar field ¢ whose effective potential
V(¢) leads to an accelerated phase at the late stages of the Universe [271] by constructing models
where the matter responsible for such behaviour is also represented by a scalar field [301, 302].

In [50,303]a homogeneous scalar field ¢(t) and a potential V' (¢) have been shown to describe
Chaplygin cosmology. An extended work is done by [304] with a modified CG. Moreover, the
Chaplygin gas is the only gas known to admit a supersymmetric generalisation [305].

8.2 Chaplygin Gas as f(R) Gravity?

In the remainder of the chapter, we are going to study models of f(R) gravity which, when we
impose the Chaplygin gas equations of state (EoS) to their effective pressure and energy density,
produce viable exact solutions that reduce to the ACDM scenario in the approximate cosmological
limits.

8.2.1 Constant Ricci-Curvature Scenarios

Analogous to the matter EoS p,, = wy,pm, where w,, is the matter EoS parameter, we can define
the EoS for the curvature fluid as pr = wrpg.
For FLRW spacetimes, the Ricci scalar R is given by

.4
R=20 + 592 , (8.20)

where © is the cosmic expansion parameter related to the cosmological scale factor a(t) and the

Hubble parameter H(t) via the equations

5alt) _ 3H(t) (8.21)
) " . .

Solving for © one can rewrite the above equation as

~—

(C)

~—

0= % <1 - 3;@2) . (8.22)

If the Ricci scalar varies slowly, i.e., if R is almost constant, the solution of this ordinary differential

3The statefinder diagnostic trajectories in the plane {s,r} are constructed from the scale factor a(t) and their

derivatives up to third order as
a r—1
r= — and s=— =
aH3 3(

1)
W

7

M=

a
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equation (o.d.e) takes the form

0= %\/ﬁtanh [\/?(t - to)l 7 (8.23)

for some constant of integration tg that can be taken to be the time at the commencement of the
inflationary phase of expansion. Solving for the cosmological scale factor gives

a(t) = ag, | cosh l\/?(to - t)] . (8.24)

For simplicity we set o ~ 0. During steady-state exponential expansion in a de Sitter spacetime
(such as during inflation or late-time evolution), the approximation © — 0 results in

4 1
R= g@z = const , a(t) = age3®" (8.25)

and the matter content evolves according to

—3(14wm)

t

Pm = PO <a( )> . (826)
Qg

During such an exponentially expanding cosmic evolution phase, for an initial energy density pg, we
see that the matter energy density decays exponentially:

Pm = poef(H“’T“)@t . (8.27)

8.2.2 Chaplygin Gas Solutions in f(R) Gravity
8.2.2.1 Original and Generalized Chaplygin Gases

In the original treatment, the negative pressure associated with the Chaplygin gas models is related
to the (positive) energy density through the EoS

p=—— 8.28
o (8.28)

for positive constant A and a = 1. But this was later generalized [50,306] to include 0 < a < 1.
One of the first cosmological interpretations of such a fluid model was given in [302] where for flat
universes, Eq. (8.28) corresponds to a viscosity term that is inversely proportional to dust energy
density. Ever since the discovery of cosmic acceleration, however, both the original and generalized
Chaplygin gas models have been extensively studied as alternatives to dark energy and/or unified
dark energy and dark matter models (see, e.g., [50,269,272,274,307,308]).

Now if we consider the background curvature energy density and isotropic pressure terms defined
in Egs. (7.12) and (7.13) above, in the constant-curvature limiting case, we have

1
PR = [R(f'+1) = 2f] = —pr - (8.29)
This equation of state, with an effective EoS parameter wr = —1, provides the condition for an

exponential (accelerated) expansion with a constant Hubble parameter. The energy density pg
(with its negative pressure pr) remains constant and can be interpreted as playing the role of the
cosmological constant A.

Considering the curvature fluid as a manifestation of the Chaplygin gas with the EoS (8.28), we
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obtain
A
PR=—PR=—""4, (8.30)
PR
which, using Eq. (8.29), leads to the o.d.e
R 1
RM —2f(R)+ R =4A=T . (8.31)
dR
Solving this ordinary differential equation yields
f(R) = R+ CyR> — 2A=T (8.32)

for an arbitrary (integration) constant C;. We note that the ACDM solution f(R) = R — 2A is
already a particular solution with C; = 0 and A = A®*!, In particular, if @ = 0, then A = A, from
which, going back to Eq. (8.30), one concludes pr = A.

If we include the linearized Laplacian term in Eqs. (7.12) and (7.13) and use the eigenvalue —’;—2
of the covariantly defined Laplace-Beltrami operator V2 on (almost) FLRW spacetimes

= o k2
VR = —ER (8.33)

for a comoving wavenumber k, we obtain the second-order o.d.e

B*Rf"(R) — Rf'(R) + 2f(R) — R+ 4A=1 =0, (8.34)
where here we have defined i ) 12
24+ 3a
2 e —
B® = 30 ta) @ (8.35)

The solution of Eq. (8.34) is given, for arbitrary constants Cy, Cs5, by

R

f(R) = R+C5 [R* —2RB?|+C; |(R® — 2RB?)Ei <1, —BQ> + (R — B®)B2es? | 2451 | (8.36)

which should reduce to the quadratic solution (8.32) for negligible values of B2, i.e., for small
first-order contributions to the energy density and pressure terms.
8.2.2.2 Modified Chaplygin Gas

On the other hand, if one considers the modified Chaplygin gas (MCG) EoS [51, 131,286, 289, 290,
306, 309, 310]

A
PR=7PR— —5 (8.37)
PR
then the resulting f(R) model generalizes to
R =R+Cr?—2( )" 8.38
s =rrar -2 (=) (839

where Cy is an arbitrary integration constant.

The ACDM solution is a limiting case of this generalized model when Cy = 0 and A = (y+1)A®T,
In particular, if « =0 =+, then A = A.

Following similar arguments as in the preceding subsection, if we include the linearized Laplacian
contributions to the energy density and pressure, we get Eq. (8.34) generalized to

2 " / A ﬁ_
B2Rf"(R) — Rf (R)+2f(R)R+4<7+1> =0, (8.39)
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the solution of which can be given by

a+1
f(R) = R+C5 [R* —2RB?|+Cs |(R* — 2RB?)Ei (1, ;) + (R — BQ)BQe;?} -2 ({L) . ,

(8.40)
for an arbitrary integration constants C5 and Cg. This solution obviously generalizes Solutions
(8.32),(8.36) and (8.38) and should reduce to the quadratic solution (8.32) for vanishingly small
B? values. In [311], it has been shown that any quadratic Lagrangian leading to an isotropic,
homogeneous cosmological model takes the form

f(R)=R—2A - éb’RQ , (8.41)

where (3 is an arbitrary, real constant. If we keep only the quadratic solution in (8.40), i.e., if we set
Cs = 0, the Lagrangian (8.41) corresponds to the choice

1
05:_6573207A:(7+1)Aa+1, (8.42)

Another interesting fact worth pointing out here is that the condition for the existence of a maximally
symmetric vacuum solution in f(R) gravity [311]

Rof'(Ro) = 2f(Ro) (8.43)
leads to the quadratic solution resulting in the constraint

A\ ot
Ry (1—-2CsB?) -4 —— =0. 8.44
o (1-208%) —a () (5.44)

The corresponding GR de Sitter, anti-de Sitter and Minkowski solutions Ry = 4A (respectively for
A>0,A<0and A =0) are obtained when C5B% =0 and A = (y + 1)A>*+L,

The resulting solutions are generally quadratic in the Ricci scalar, but have appropriate ACDM
solutions in limiting cases. These solutions, given appropriate initial conditions, can be potential
candidates for scalar field-driven early universe expansion, i.e., inflation, and dark energy-driven
late-time cosmic acceleration. Of course, to take this model seriously one should have a good
fundamental reason to believe such fluid exists in the real universe.

8.2.2.3 Modified Generalized Chaplygin Gas

The so-called modified generalized Chaplygin gas (mGCG) model is described by a barotropic equa-
tion of state of the form [312,313]

A
p=PBp— (1+/3)p7- (8.45)

Models of f(R) gravity that satisfy the condition (8.29), at the same time mimicking the mGCG, can
be shown to be governed by the same equation as (8.31) and admit the same solutions (8.32), provided
B # —1. On the other hand, if linearized Laplacian terms are included, then the corresponding
differential equation in f(R) generalizes to

D2Rf"(R) — Rf'(R) + 2f(R) — R+ 4A=7 =0, (8.46)
where we have defined

o _ 4[2+3a+3B8(1+a)] K
- 31+a)(14+8) a®’

(8.47)
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Worthy of note is that this equation and its solution

f(R) = R+C;[R*—-2RD?] +Cs {(PP — 2RD*Ei (1, —52) + (R — D*)D2ep?
A\ =t
—2(— 8.48
(7 + 1) ’ (8.48)

reduce to their generalized counterparts of Eqs. (8.34) and (8.36) when 5 = 0.
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Conclusions and Future Outlook

It would be interesting to find out
what goes on in that moment
when someone looks at you and
draws all sorts of conclusions.

Malcolm Gladwell

We humans are very eager to observe and understand what is in the Universe, and that is ex-
actly what makes the study of our cosmos very interesting. In cosmology, we distinguish between
the observable universe for which by definition we have data and a universe which includes regions
we cannot directly influence or experiment on. The inference of the geometrical properties of the
universe from the observable universe cannot be achieved without hypothesis and philosophical prej-
udices.

The accurate determination of cosmological distances is the most important probe in cosmol-
ogy. Observing the Universe and measuring many of the cosmological observables can allow us to
determine the cosmological parameters which, in turn, allow us to study and track the history of
the whole Universe and predict its future and in between study its evolution. In this thesis we
calculated the observables in the so-called lightcone gauge adapted to the observational coordinates.
We developed this gauge by perturbing the lightcone, and reproducing a new linear perturbed gauge
to satisfy us up to first-order calculations of the observables. The calculations of the observables in
the new gauge introduced was much easier than the ones we usually obtain in the standard gauge.
We then used this perturbed gauge to compute the fractional perturbation of galaxy number counts,
which is truly measured in large galaxy surveys. In the later calculation we did not have to worry
about the spatial positions of the galaxy because we only observe galaxy redshifts and sky positions
on the lightcone background.

Ever since Hubble’s observations of the 1920s that changed our worldview once and for all, it
has become a textbook fact that the Universe is expanding. One of the important observables in
cosmology is the measure of the rate of this expansion of the Universe. Towards the turn of this
century, a totally unexpected discovery challenged our worldview once again: the Universe is not
only expanding but this expansion happens at an accelerated rate. Since Einstein’s field equations
based on General Relativity do not predict this (in fact the expansion should have been slowing down
at the present epoch due to matter domination), this discovery came as a surprise and left many
rushing to find possible hypotheses. One of such hypotheses is that the Universe is filled with an
invisible form of energy called dark energy. Other propositions came in the form of modifications to
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the underlying theory of gravity. In this thesis we discussed one of such possible modifications, f(R)
gravity. This theory of gravity is one of many candidates studied to solve the current accelerated rate
of expansion. The theory has its gravitational action chosen to include generic functions of the Ricci
scalar, and therefore comes with an the extra degree of freedom that can explain different cosmic
expansion scenarios, including accelerated ones. In particular, we studied f(R) gravitational models
that allow irrotational fluid flows. The integrability conditions describing a consistent evolution of
the linearized field equations of shear-free dust universes were studied, as well as the consistency
relations of models with more severe constraints, such as non-expanding spacetimes as well as those
spacetimes with vanishing gravito-magnetic or gravito-electric components of the Weyl tensor.

We also studied the possibility of the f(R) theory of gravity acting as an exotic curvature fluid
with negative pressure such as a Chaplygin gas. Assuming a temporally constant Ricci scalar, the
resulting f(R) solutions mimicking the Chaplygin gas equations of state are generally quadratic in
the Ricci scalar, but have appropriate ACDM solutions as their limiting cases. These solutions,
given appropriate initial conditions, can be potential candidates for scalar field-driven early universe
expansion (inflation) and dark energy-driven late-time cosmic acceleration.

The whole thesis was divided into three parts. Part I covered the literature review and the
general theoretical foundation of what would follow as calculations of the cosmological observables
in Part II. Part III focused on a class of alternative cosmological models, f(R) theories of gravity,
and their cosmological underpinnings.

In Chapter 1, we introduced the literature review on General Relativity and some cosmological
observables that are of importance to the development of the thesis.

In Chapter 2, we presented some basic background information about the GR solution and the
relation to the standard models of the Universe. We explained the perturbation theory and its ne-
cessity to the evolution of the Universe, and we calculated the observables in light of the perturbed
first-order FLRW models.

In Chapter 3, we introduced the observational coordinates set that is adapted to our past-
lightcone. Since we are the only observers in the Universe, we do our observation from one point
at the vertices of our lightcone. We derived the observational spacetime metric. In particular, we
were able to identify the way to fix the gauge properly, by showing the relations between the per-
turbations of spacetime in observational coordinates and those perturbations in the standard metric
approach. We derived its dynamical equations for the perturbations in observational coordinates.
We decomposed the equations into spherical harmonics in order to simplify the system and produce
functions suitable for the extraction of observational quantities, and checked for consistency with the
Einstein field equations degrees of freedom. We introduced the GLC gauge and presented the key dif-
ferences between the GLC gauge and the observational coordinates gauge and hence the PLG gauge.

In Chapter 4, we presented the observables of spacetime in the lightcone gauge using the ob-
servational coordinates. We verified the observables on the perturbed lightcone gauge with those
obtained in the standard perturbed gauge. The result was accurate and satisfactory to our expec-
tations. We showed the advantage of the method developed in our PLG gauge, namely that the
observable relations are simpler than in the standard formalism (not involving integro-differential
equations) and it can be extended to second order more easily.

In Chapter 5, we calculated the overdensity regions using the PLG gauge and the results were
remarkable. We did a verification with the standard gauge as well.

After introducing the rationale for considering alternative gravitational models, we presented the
generalized forms of the field equations of f(R) gravity in Chapter 6. We gave an overview of the
1+ 3 covariant spacetime splitting formalism as applied to f(R) theories and gave the propagation
and constraint equations relating the kinematical quantities arising from the covariant decomposi-
tion, first for the full nonlinear case and then in the linearised regime.
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In Chapter 7, in the framework of these new gravitational theories, we outlined the general con-
ditions that any f(R) model should satisfy for non-rotational dust universes for it to be a viable
candidate for explaining observations on all cosmological scales. We looked at the consistency rela-
tions of linearized perturbations of FLRW universes with irrotational fluid flows arising as a result
of imposing special restrictions to the field equations. We showed that linearized shear-free dust
models have a vanishing gravito-magnetic component of the Weyl tensor. The case of vanishing
full Weyl tensor in linearised f(R) field equations was also explored, as well as those models with
purely gravito-magnetic spacetimes. A subclass of gravito-magnetic models are those in which the
divergence of H,p is zero, a necessary condition for emission of gravitational waves. In GR, it is
known that these models are homogeneous dust FLRW universes. We showed that the homogeneity
condition is not necessary in f(R) gravity. Lastly, we derived an integrability condition for non-
rotating and no-expanding dust spacetimes in f(R) gravity.

In Chapter 8, we explored exact f(R) gravity solutions that mimic Chaplygin-gas inspired ACDM
cosmology for the so-called original, generalized, modified and generalized modified Chaplygin gas
equations of state. The resulting solutions are generally quadratic in the Ricci scalar, but have
appropriate ACDM solutions as their limiting cases. These solutions, given appropriate initial
conditions, can be potential candidates for scalar field-driven early universe expansion (inflation) and
dark energy-driven late-time cosmic acceleration. The solutions discussed here are based on a slowly-
changing Ricci curvature assumption. For future work more realistic solutions should relax this
assumption, and consider higher-order corrections. Numerical computations require more physically
motivated initial conditions, currently not fully understood.
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Appendix A

Some Useful Relations on Part |

A.1 The Perturbed FLRW Metric

The perturbed FLRW metric and the inverse metric in a conformal time:

goo = _a2(1 + 2¢) ) 900 = _1/0’2 + 2¢/a2 ’ (Al)

goi = a’B; g% =—-1/a*B", (A.2)

gij = a*(6ij +2Cy5) , g =6 /a® —2CY [a® . (A.3)

The Christoffer symbols up to first order:
FOOO = a//a + qf)/ y (A4)
FOOj =D;¢+ a’/aBj , (A.5)
Foj;c = (a’/a — 2a’/a¢)6jk + C;‘k =+ QCL//GCjk — B(j\k) R (A.G)
Iy =d'/aB'+ B" + D¢, (A.7)
i i i, Lo (

Fojza’/aéj—FC'; +§( U—le»), (AS)
Fijk = 8ij’ — 8iC’jk + (%C,ZC - a’/aéjkBi . (Ag)

A.2 Spherical Harmonic Decomposition

The spherically symmetric spatial metric is given by

ds® = d? + sin® 0dp? = vy yda’da” (A.10)
where
y = ( (1) % > , (A.11)
and the axial metric, which is a function of just 8 and ¢, is given by
J 0 =
= ( —sind 8180 ) ’ (4-12)
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where
el = '}/Ik")’Jlf‘:kl, and e;7e;% = —’ylk . (A.13)

A.2.1 Properties of the Harmonics Decomposition

The spherical harmonic decomposition is a conventional way to decompose a spatial tensor field 6Q)
into components which transform irreducibly under translations and rotation components, where
these components evolve independently. This is achieved by splitting the spacetime into a 2 X
2 manifold, indicating 2-dimensional spherically symmetric surfaces and 2-dimensional spherical
harmonic functions Y (¢, 6).

Scalars : X (w, y, X*) Z Z [le w,y)Y™(XP)| (A.14)
=0 m=—1

+oo l
Vectors : Xp(w,y, X5 ) =5 3" [le(w,y)YIlm(Xk)—i—le(w,y)YlIm(Xk)} , (A.15)
=1 m=-1
+oo l

1
Tensors : Xpy(w,y, X*) = 52 > X (w,y) Y (X
=0 m=—1

“+o0 l
m m —lm —lm
£Y0 3 (X iy () + X ) V(0] - (a16)
=2 m=-1
A.2.1.1 Polar Decomposition

The (Ylm,YIlm,YIl}”) represent the polar parts; for scalar, vector and tensor respectively. For the
scalar polar part we get

vlem _ ’Yljﬁlv(]ylm _ —l(l + 1)ylm 7 (A.17)
e, VVYim — 0. (A.18)

We can re-write the polar vector part as

yjm = o;vim (A.19)

where we can say
Y™ = 0™ (A.20)
Y =0,y (A.21)

The polar vector divergence can be given as
VY = AYI™ = (1 4+ 1)YI™ (A.22)

Then for the polar tensor part we have

Vi3 =V0,7'" + w’)’uylm, (A.23)

this means
Y = a2yim oy l(l;”wm (A.24)
Y = 95Y'™ +sinfcos00pY'™ + @ sin® gy | (A.25)
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Yir = a3yt CTSZB yim. (A.26)
The polar tensor part is trace-free
FIylm =0, (A.27)
and given this fact we can have
yim!, = 799Yle +y9°Y =0, (A.28)
I(l+1 (l+1 0
[agylm+ L gpyim Dy WD yim 0505 m] (4 90)
sin sin 0
1 cosf
2ylm 2ylm Ylm — 1 Ylm . A
[89 + 298¢, + sin&a (14+1) (A.30)
Also note the polar tensor divergence
(l+1 2—I11+1
Vivim — ryim . L ; )g,yim = 220 H D yim (A.31)
whereas .
AY/™ =YY" =1 -1+ 1)Y{™, (A.32)
from which one gets
0
AY, = [agy(; 98¢ 22 Y, } = (1—1(+1)Ym, (A.33)
AY, = |B3vim D2Ym + Cosea = (1= 1+ 1)ym A.34
0 = ee+m¢e hYy™ | = (1 —1(1+1))Yy™, (A.34)
and for polar tensor
AY}™ = (4 — 11+ 1)V . (A.35)

A.2.1.2 Axial Decomposition

im . . . .
The (Y Im,Y In}) represent the axial part for vectors and tensors respectively and there is no axial

part for scalars. We can re-define the axial vector part as
—l
YIm = €1J6JYlm s

where

—lm
Y, = dpY'm |
0 51119 ¢

?;m = —sinfPy Y™ .

The axial vector divergence is given as

vI?lIm _ vIEIJY}m — ,}/ImvaIJvJylm ,
1 cos 1
_ 82 Ylm _ ) Ylm _ 62 Ylm
sing | 0% sing? 0
For axial tensors we get o o o
Yig=2VY ) =—2",V VY,

cos

ilm

sinf ?

=0.

(A.36)

(A.37)

(A.38)

(A.39)

(A.40)

(A.41)
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where

The axial tensor is also trace-free

which implies that

—lm 1 —lm
oY ——0sY
oo + sin? 0 ot +

The axial tensor divergence is

DY} = —2DTek ;D Y™ = —[1 — (1 + D)][*VpY 65 — %4V, %] .

2 9 cosd
sin 6 [89¢Y Y 8¢Y] ’
. cosf
—2sinf [8§¢Y -7 98¢Y] :
1 cos 0
—— pry - =~
sin2g © ind

—sind [agy — agy} .

—lm
’Y”YIJ =0,

cos

Yy =0.

sin 6

The axial vector harmonics also obey

from which one gets
AV, =
AYy =

and for tensors

2*lm 1 2
|:89Y¢ +Sln298¢Y¢ +

g

AV =Y =110+ )Y,

—lm

1
Y, + ——
o sin“ 0

—Im  cosf

—lm —lm
g0 ] =(1-10+1)Y ",

aeyg’”] —(1—11+1)Yy",

sin 6

AV = (4 -1+ )Y

(A.42)
(A.43)

(A.44)

(A.45)

(A.46)

(A.A47)

(A.48)

(A.49)

(A.50)

(A.51)
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Some Useful Relations on Part Il

B.1 Zero-order Coordinates Transformation

We can see now how the background changes under the PLG transformation. The Jacobian map
will look like

A 1100
gif =0 o 10 [=atrabal, (B.1)
0 0 01
whereas the inverse matrix is given by
1 -1 00
gi’;— TR RS (B.2)
0 0 01
Then at the background level, the line element becomes,
ds* = a*(w — y)(—dw? + 2dwdy + S?(y)dQ?) , (B.3)
and the 4-velocity is given by
b = mag . (B.4)

The scale factor a(n) transforms as a(n) = a(w — y), and S(x) = S(y), i.e, they are the same
spacetime functions but expressed in the new coordinates. The vector field k is given by

by = a(w)d, , K = (a(w)/a*(w —y))dy . (B.5)
Therefore i
% =a(w)/a*(w —y) — 1/a(w), atC. (B.6)

B.1.1 The Observables at Zeroth-order

The observable quantities are given by the relations
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1. The Redshift:

1+ z=qa(w)/a(w—1y). (B.7)
2. The Area Distance:
P2 = S2(y)a?(w) /(1 + 2)? = aX(w — y)$*(y) (B.3)
3. The Luminosity Distance:
d = (14 2)%r3 = a®(w)S2(y) . (B.9)

4. The Number Count

AN = fpn(w —y)r3 dQ a(w)(1 + 2) " tdy = frn(w —y)a®(w — y)S?(y) dQdy . (B.10)

B.2 Relations on the Observational Metric

From the observational metric we can write the complete perturbed metric components to first order
as:

Juw = *CLQ(’U} - y) (1 - 50[) 3 (Bll)
Guy = a’(w—y)(L+6B) , (B.12)
Gyy = 0, (B.13)
gur = a*(w—1y)(vr) , (B.14)
grs = a*(w—y)( Qs+ Hpy) , (B.15)
GyI 0. (B.16)

The contravariant metric tensor follows from the constraint to the required order:
guz/gu)\ = 51); s (B17)

and that gives

g’ =0, (B.18)
¢ = a2w—y) (1-9B) , (B.19)
gt =0, (B.20)
¢ = a*(w—y) (1 - (a+268)), (B.21)
gIJ a—2(w _ y)—l (QIJ _ HIJ) , (B22)
@ = —a 2w —y) 0y (B.23)

Using the definition of the Christoffel symbols given by Eq. (2) we can have the components of the
affine connection coefficients calculated to first order as

1
Lw = pdut + %(1 — 08 —da) + 0,08 — SO0, (B.24)
a a
a’ 1 1
wl = LU 531/01 + 53155 ) (B.25)
v dya 1 1 1
I1Jg = T(*QI‘] —Hp;+ Quéﬂ) — §ayQ[J — iayH[J + ieéﬁayﬁu , (B.QG)
Oya
Ty = 2-—+0,08, (B.27)
a

ry, = %(—1 +da+053) + %ayéa , (B.28)
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0, 1 1 1
szy = %a(/l}] — QJkQ]kUJ) + 583/01 — §QJk8yQIka + 58}5[3 R (B.29)
0, 0, 1 1 1
lelw = —%GQIJQIJU[ — %avj — §8y’UI + 581(505 + 58[6,@ , (B.30)
19) 0, 1 1
v :A%Q—M—MH~§O—%wJMHE%M+%M—?Mm (B.31)
1 1 Owa oya
ry, = §3IUJ + §8J'UI - TT(QIJ +eHry —Q15083) — %(Qu +Hry—Qpy
1 1 1 1
oo — QQIJ(Sﬂ) — iﬁu}HU — iﬁyH” — 55@9“ + iayQ]J50é
1
+0,Q1568 + igkjvJaIQkJ ) (B.32)
1 1 1
FéJ = %leQkJ’Um =+ §levm8y§lw =+ gﬁmlakaJ =+ iﬁmlakaJ
1 1 1 1
+§leaJka + iﬂmlamek — ileakaJ — §Qm13mHkJ
1 1 1
—iHmIakaJ - iHmIaJka + iHmIakaJ , (B.33)
I dya 1y 1J Lors
Fww = ———Q"v; +Q" vy — 59 djda (B34)
a
Oya 1 1
I _ Oya 1 IJ 1J
F’u)y = TQ vy + §Q 8y’U.] - 59 ajéﬁ s (B35)
w 1 1
rl, = %(QMQM + QM Hyy — Qu HF) + EQkIawHkJ + iﬂmaﬂ)k
1
—§Q’€fakuj , (B.36)
Oya 1 1
]‘—‘75.] = %(QkIQkJ + QkIHk.] — QkJHkI) + nglayQM + ileaka]
1
—§H“8kaJ 7 (B.37)
where
w I
ry, =Ty, =Ty =T, =0. (B.38)
The Riemann tensor is defined by
_ L )
Rﬁw = F‘lfﬁ’7 — FZ%B + I‘SBI“m — le‘gé , (B.39)

whereas the Ricci tensor is obtained by contracting the first and the third indices of the Riemann
tensor:
R;uz = g’YBR’yuﬂu ) (B40)

and the Ricci scalar is given as
R=R",. (B.41)

B.3 Derivatives and Integrals

B.3.1 Commuting Partial Derivatives

Here is an attempt at finding a way to commute partial derivatives and integrals that we used in
our calculations. Assume we want to calculate 0, X where X is first order and is written:

X = / YA . (B.42)
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Then we have

d
DX =Y e 0 +0)X = a’Y . (B.43)
Therefore,
(0y + ) 0y X = a®0,Y + 2a*°HY (B.44)
or equivalently,
d
aé)nX =0,Y +2HY . (B.45)
Hence,
877/Yd)\ = / [0,Y +2HY ] dX . (B.46)
Similarly:
Oy / Yd\ = / [0y Y]dX. (B.47)

Using these two relations and integrating by parts, we recover

d
—Yd\ =Y. B.4
—YdA (B.48)

Finally,
61/Yd)\: /81Yd)\. (B.49)

B.3.2 Integration Formulae

Using integration by parts we can convert the double integrals over time into a single integral, using
a regular function f(n). We are going to integrate by parts the following function:

7o
/ (n = ns) f(n)dn, (B.50)
Choosing the auxiliary functions
u=mn-mns , dv= f(n)dn, (B.51)
n
du=dn , v= / Fr')dif (B.52)
Ns
then we can write
No n Mo No n
— s d = — s d - d "\d /, B.53
/s (n —mns)f(n)dn ((n n)/sf(n)n>n5 /77 n/]sf(n)n (B.53)
No Mo n
= (o —1 dn — d N, B.54
(n n)ns f(n)dn /77 n/lsf(n)n (B.54)
Mo n Mo Mo n
= / dn[ f(n)dn + f(n)dn] —/ dn/ f(n')dn', (B.55)
s Ns n s MNs
No No Mo n
= dn(n — s + dn(ne — dn — d N,
S n(n—ns)f(n) /n n(no —n)f(n)dn /77 77/775 f(n)dn
(B.56)

o = [© dn(no —n)f(n) — /no dn /?7 f(n')dn' . (B.57)
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Thus
f(n")an'. (B.58)

[ o]
[t =nops = /n%dn /nnf (B.59)

We can also use the following from Eq. (B.55):

{/nn dn(n —mns)f(n) + /” dn /n f(n/)dn/] . (B.60)

B.4 Some Useful Derivation for Sec. 4.4

Using Eq. (4.12) we have

or

Mo
f(n)dn =
s o — s

Vi VYE = (—n'n?V,V; — 49V | ;n; V| + 79V, V,)E , (B.61)
= (—ninjvivj‘ — ’yij (VZ‘ — niV”)njVH + 7ijViVj)E , (B.62)
= (—ninjViVj - v”ijnjVj + Wijni(nivi)nj (njVj) + ’YijViVj)E =0, (B.GS)
and
= ViFi — ViniF|‘ - niVHFi + niV“niFH =0. (B.65)

From Eq. (4.22) and Eq. (4.24) we can write
, , . 1 . .
hti; = hi—hy(n'n; — SN - 2h i = 0. (B.66)
We can also simplify and write
1 Jok i L Jok i jprLi L 1i Jok
ivﬂn n thk + ivun n thj +Vin hj — *VJ_Z‘V hjkn n

. . . 1 o
= VLiankahjll + (Vlinj)h( — i(VQ -n'n!V;V,; — JVLm]VH)hlkn nk , (B.67)

= Vj_mjn V= (h —hH I/ZQV/ J_] —|— nm]'y] 7 —ny nj)h’ ZNZ
1 i,7 7
— §(V2 —n nJViVj - ](Vi — niVH)’I’LjV”)hlkn ’I’L s (B.GS)
1 i 2 j i 1 1,7 17
= i(VI - niVH)njnkahj + ;nmjh; lNl - §(V2 —n'n?!V;V; —y7V;n;V,
+7ijniVHnjVH)hlknlnk ,
(B.69)
1 i, 2 L 2 i k
= ——n;n; ' Vihy + —mn’h; " — 3 (QV Wj hyn!n® | (B.70)
X
9 o
= ;nlnjh;j — V2hin'nd | (B.71)

and the following terms can be re-written as

0 0 9

Wf VliV“ﬁjnj +WV: 7(v2 - Vﬁ - ;v\|)Ejnj ) (B72)
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= d — .1 - 1 — .

= —VQBjnJ + V”(% —Vn)B;n’ + ;VH)BJ'RJ + ;V”)Bmz , (B.73)
0

9= d — 1_ — 1 =

=-V°B;n) + — -VyB;n + -V B;n) + =V B;n", (B.74)
J [ 1= X =3 Y I

9= 4 1 . 1 B 2 - i

o ., 9
= —V?Bn' — VByyn'n! + ZVBjn'n’ . (B.76)

X

Moreover, we note

QVJ_injV(jFli)l + VJ_mjnkaV(jF“) — VJ_iVLiV(ij)njnk + VLinjnijV(kF“)
0 0

— VI 1Yy VR +W—W
+W

(B.77)
=V, n,VHFI (B.78)
2 y
= (VQ - Vﬁ - ;V”)nij , (B.79)
=Vin; - VH(% — Vn)n; — ;V”nj , (B.80)
d 0 2
= Vznij/ —W—‘r VHVnFj/nj - —V”nij/ , (B.81)
n X
. . 2 .
= v2nij’ + VHF]Nnj — EVHTLJ‘FJI , (B.82)
2 j/ 1 j” 1 i// 1 jl 1 i/
=Vn; IV + §V”F n; + §V||F n; — ;VHnJ‘F — ;V”niF , (B.83)
. o 2 o
= VznjF]/ + V(iFj)”anZ — ;V(Z-Fj)’n]nZ , (B.84)
where Eq. (4.5) has been made use of.
B.5 Some Useful Expressions for Computing H”
The following facts/relations have been used in our calculations of Chapter 5:
1 Jokgp Liy L Jok Li i L Li 3,k
§Vlm n ajhk + ivhn n 3khj + Viin hj — QVMV hjkn n
, , , 1 , .
= Vit Vihyt + Vin? W = oV 1V hgen/n® (B.85)
0
, , 1 , ,
Tl — 5vhv“hjknﬂn’c , (B.86)
(B.87)

(07 + cot 000 + 1/ sin® 98§)hxxnxnx , (B.88)
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QVLiTLjV(jFLi)/ + Vlmjnkaka(jF“) — VLiVJ‘ia(ij)njnk + Vnnjnkﬁjﬁ(kF“)

0 0

:W-l- VJ_mjVMFjI +W— V1 VE T I n®

1i ik
+VL,'V ! k jnjn s
Li g’
=V, VT F ny,
Or we can say

= (05 + cot 000 + 1/ sin® 0} )nX F,

X

0 0

W ~V.VYBnd LB = ~V i VYBnd |

(B.89)

(B.90)
(B.91)

(B.92)

(B.93)
— (82 + cot 096 + 1/ sin? 09%) B, nX. (B.94
(4 () X
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Some Useful Relations on Part Il

C.1 Linearised Differential Identities

For all scalars f, vectors V, and tensors that vanish in the background, Sqy = S(ap), the following

linearised identities hold [192,240,249]:

(ﬁ(aﬁb)f)' = ViV f =20V Vi f+ [V Ay .
V)V f = 0,
6colaﬁcﬁwﬁwf = chaﬁcﬁ(b@d).f = 6cdaﬁcﬁbﬁdf =0 )
?2 (?af) = @a (?zf) + %R@af ’
(Vaf) = Vaf = 0Vaf+ fAa,
(VaSi) = Vaby — 10V,
(V2r) = VEi-2evif+fvea,,
ﬁ[aﬁb]vc = _%R‘/[ahb]c )
VieVps® = —1RS,“hy?,
v (eabﬁbVC) - 0,
Vi (h0v.8)) = 3w, (Vas?) |
curleurlV, = V, (@be) — V3V, + % (/J — %92) Vo,

where R = 2 (u — 792) is the 3-curvature scalar.
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