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“I believe in the possible. I believe small though we are, insignificant we may be, we

can reach a full understanding of the Universe. You were right, when you said you felt

small looking up at all that out there. We are very, very small, but we are profoundly
capable of very, very big things.”

“Hawking”, BBC film (2004).






Abstract

The size of galaxy redshift surveys has constantly increased over the latest years in terms
of solid angle and redshift coverage; therefore, the future large-volume galaxy surveys
(e.g. SKA, Euclid) will allow us to measure galaxy clustering on scales comparable
with the Hubble radius. For such large scales and at high redshifts, general relativistic
effects alter the observed galaxy number overdensity through projection onto our past
lightcone. They consist mainly in redshift space distortions and gravitational lensing
convergence; however, further corrections may now be measured and should be taken
into account, including Doppler, standard and integrated Sachs-Wolfe effect, and time
delay contributions. These corrections lead to new terms in wide-angle two-point cor-
relation functions, going beyond the plane-parallel and Newtonian approach.

The aim of this thesis is to investigate and compute the full general relativistic ex-
pression for the angular correlation functions, including all redshift-space distortions,
wide-angle, lensing and gravitational potential effects on linear scales. In particular,
this angular power spectrum is written in order to generalise the 2-FAST algorithm
recently developed in literature, which circumvents the direct integration of highly os-
cillating spherical Bessel functions. The Limber’s approximation is also applied for
large multipole moments ¢ in order to give a simplified expression of the angular power
spectrum, more suitable for further numerical integration.
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Chapter 1

Introduction

1.1 The standard ACDM model

The development of general relativity in the last century by Einstein provided a com-
plelling theory of the Universe [1]. This powerful theory is assumed to be the correct
theory of gravity on cosmological scales by the standard model of Big Bang cosmology,
socalled because it provides the simplest concordance with the following properties,
both theoretical and observational (see Fig.1.2 and 1.3):

e the expansion exhibited by the Hubble diagram;
e light elements abundances, in accord with the Big Bang nucleosynthesis;

e the blackbody radiation left from the first 400000 years, that is the Cosmic Mi-
crowave Background radiation (CMB) (see Fig.1.1);

e the large scale structure of galaxies distribution.
The most reliable model is called ACDM because it provides:

e a cosmological constant A, which has the modern meaning of quantum vacuum
energy, and in this cosmological model is associated with the dark energy in order
to explain the accelerated expansion of the Universe;

e Cold Dark Matter (CDM), which is a form of non-baryonic matter necessary to
take into account the gravitational effects observated in large scale structures (e.g.
galaxies rotation curves, gravitational lensing of light by galaxy clusters).

Then, ACDM assumes: the cosmological principle, which provides that on sufficiently
large scales the Universe looks homogeneous (invariant under translations) and isotropic
(invariant under rotations); a “flat” spatial geometry, and an expanding spacetime
(these concepts will be further explained in the following sections). In this chapter
we are going to start with the basic assumption of the ACDM as valid, because it is
consistent with the latest experimental observations (e.g. Planck [2]), thus allowing
to reliably constrain cosmological parameters. Then we will explore the homogeneous
background Universe, focusing on the background Friedmann-Robertson-Walker metric
and the concept of expansion of the spacetime. After, the inhomogeneous Universe will
be presented, because at smaller scales galaxies appear distributed in a pattern that
is not homogeneous any more (see Fig.1.13); we are going to see how matter density
fluctuations generated in the early Universe were “frozen” at the time of decoupling,



Figure 1.1: The anisotropies of the Cosmic Microwave Background (CMB) as observed by
ESA’s Planck. The CMB is a snapshot of the oldest light in our Universe, imprinted on the
sky when the Universe was just 380 000 years old. It shows tiny temperature fluctuations
that correspond to regions of slightly different densities, representing the seeds of all future
structure: the stars and galaxies of today. Copyright: ESA and the Planck Collaboration [3].

when CMB was produced and photons began to propagate freely; so CMB anisotropies
are a sort of “photograph” of that primordial epoch, and in principle they allow us to
gain information about the early phases of the Universe, and to study the pattern of
the galaxies distribution itself. The evolution of the inhomogeneities is studied with
the perturbed Einstein equations, which involve both geometry (through the metric)
and matter density (through the stress-energy tensor). For small fluctuations the linear
perturbation theory can be used and will be presented. Through Einstein equation them-
selves, metric perturbations are connected to the matter density fluctuations, which are
involved in the statistical analysis.

First of all, we are going to summarize the stages in the evolution of the Universe, as
predicted by the ACDM model.
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Figure 1.2: A brief history of the Universe,
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Figure 1.3: The evolution of the Universe according the standard ACDM cosmological model.
Image Credit: Adaptation of original NASA WMAP Science Team image [4].

1.1.1 A brief history of the Universe

About 13,8 billion years ago the Universe was in a hot, dense and nearly uniform state.
With the Big Bang, the expansion began. The early Universe was composed of a
mixture of photons and matter, tightly coupled together as a plasma, which evolution
is approximately pictured in Fig.1.3.

1)

At very early time (~ 10732 s) the mechanism of exponential expansion given by
the cosmic inflation established the initial conditions: homogeneity, isotropy, and
flatness [5, 6]. This epoch was dominated by radiation, and baryonic matter con-
sisted in free electrons and atomic nuclei with photons bouncing between them,
forming the primordial plasma. Further, the microscopic quantum fluctuations
were amplified to density perturbations, propagating through the plasma colli-
sionally as a sound wave; this produced under- and overdensities in the plasma,
with simultaneous density changes in both matter and radiation. CDM was not
involved in these pressure-induced oscillation, but acted gravitationally, thus en-
hancing or negating the acoustic pattern for photons and baryons [7]. This phe-
nomenon is known as Baryon Acoustic Oscillations (BAO).

A bit less than 400000 years after the Big Bang, expansion let the Universe be-
come cool enough (~ 3000 K) to allow protons capturing electrons, and thus
forming neutral hydrogens atoms, and soon after helium (recombination). At
that time, photons didn’t interact any more with charged particles since they had
been bounded in neutral atoms; therefore, photons began to propagate freely,
being decoupled from matter. Perturbations then didn’t propagate as acoustic



waves any more, but the pattern that existed at that time became “frozen”. [§]
It was the origin of the CMB, that fills the Universe still at present time and that
has been detected with a redshift z ~ 1100. Measures have been performed by
COBE, WMAP and Planck (see Fig. 1.4 for a comparison [9], and the following
subsection).

3) The period after recombination is known also as the "Dark Ages”, because then
the Universe was largely neutral and therefore unobservable throughout most of
the electromagnetic spectrum. During this epoch, cold dark matter began to
collapse gravitationally in overdense regions; then, the gravitational collapse of
baryonic matter into these CDM halos occurred, and the era of the ”Cosmic
Dawn” began with the formation of the first radiation sources, such as stars; then
the radiation produced by these objects reionized the intergalactic medium.

4) Due to gravity, cosmic structures growed and merged, forming a large cosmic web
of dark matter density. The abundance of luminous galaxies traced the statistics
of the underlying matter density. The largest bound objects that can be observed
are clusters or superclusters of galaxies and, despite this arrangement, the BAO
correlation length is retained as “frozen” when the CMB was born.

5) The Universe continuously expands. The negative pressure associated with the
cosmological constant, which is related to the dark energy in the ACDM model,
becomes more and more relevant with respect to the opposing gratitational forces,
so the expansion of the Universe becomes accelerated [4].

1.1.2 ACDM consistency

In this subsection we are going to show why the ACDM model is consistent with ex-
perimental observations and data, and can for this reason be assumed in this thesis
work. Many experiments have been performed over the last decades with the aim of
measuring and studying the CMB spectrum, through which cosmological parameters
can be constrained [9]. The first one was the Cosmic Background Explorer (COBE),
launched by NASA in 1989, which discovered that averaging the CMB spectrum across
the whole sky, it was substantially that of a black body at a temperature of 2,73 K, even
though it showed very small fluctuations of the order of 107°. Later in 2001 NASA’s
second generation space mission, the Wilkinson Microwave Anisotropy Probe (WMAP)
was launched in order to study in a more detailed way these tiny fluctuations, imprinted
when photons and matter decoupled (as seen before). WMAP’s results helped to deter-
mine the proportions of the fundamental constituents of the Universe and to establish
the standard model of cosmology prevalent today. The last experiment is ESA’s Planck,
launched in 2009, with a wider frequency range in more bands and a higher sensitivity
than WMAP, as shown in Fig.1.4 which reports the difference between WMAP and
Planck. Planck is a space-based observatory observing the Universe at wavelengths be-
tween 0.3 mm and 11.1 mm (corresponding to frequencies between 27 GHz and 1 THz),
broadly covering the far-infrared, microwave, and high frequency radio domains. The
results that we are going to report are from one of the latest articles of Planck collabo-
ration [2], without discussing in details the methods of analysis but only explaining the
cosmological parameters constrained and the final results; more details can be found
in all the articles of the Planck collaboration. The ACDM model is assumed, with
purely adiabatic scalar primordial perturbations with a power-law spectrum. Three

4



The Cosmic Microwaue Background as seen by Planck and WMAP

Planck

Figure 1.4: This image shows the Cosmic Microwave Background as seen by ESA’s Planck
satellite (upper right half) and by its predecessor, NASA’s Wilkinson Microwave Anisotropy
Probe (lower left half). With greater resolution and sensitivity over nine frequency channels,
Planck has delivered the most precise image so far of the Cosmic Microwave Background. The
Planck image is based on data collected over the first 15.5 months of the mission; the WMAP
image is based on nine years of data. Copyright: ESA and the Planck Collaboration; NASA
/ WMAP Science Team [10].



neutrinos species are assumed, approximated as two massless states and a single mas-
sive neutrino of mass 'm, = 0.06 eV. Then the following features are set: flat priors on
the baryon density wy, = Qyh?, cold dark matter density w. = Q.h%, an approximation
to the observed angular size of the sound horizon at recombination 0, (as reported
below), the reionization optical depth 7, the initial super-horizon amplitude of curva-
ture perturbations A, at 2k = 0.05Mpc~!, and the primordial spectral index n (see
Ref.[2, 12, 13]). We report here an interesting plot of the constraints on parameters of
the ACDM model (Fig.1.5), and a table of its main parameters as extrapolated by the
various Planck analyses (Fig.1.6). But first we want to recap their meaning [13]:

o w, = Mh? is the baryon density today:;
o w. = Q.h? is the cold dark matter density today;

e 1000,,¢c is a 100 x approximation of the sound horizon at recombination to the
observed angular size r,/D,4 (used in CosmoMC, see Ref.[14, 15]);

e is Thomson scattering optical depth due to reionization;

e is the log power of the primordial curvature perturbations (ky = 0.05Mpc™!);
e ng is the scalar spectrum power-law index (ko = 0.05Mpc™);

e Hj is the current expansion rate in km s~ Mpc ™

e (2, is the dark energy density divided by the critical density today;

e (), is the matter density (including massive neutrinos) today divided by the
critical density;

e ‘Age’ is the age of the Universe today (in Gyr);

e 0g measures the amplitude of the (linear) power spectrum on the scale of 8
h~'Mpc;

e 2, is the redshift at which the Universe is half reionized.

What we can see in general in Fig.1.5 [2] is that likelihoods all overlap in a consistent
region of parameter space. A likelihood function® is a measure of the plausibility of a
parameter value of a model describing a given data set. Planck results consist indeed
in these likelihoods for both polarization (E) and temperature (T) of CMB, and their
combination EE, TE, T'T can be seen right in Fig.1.5.

By focusing on two crucial parameters as Hy and €2,,, Fig.1.7 shows a very tight con-
strain on Hy with the full Planck CMB power spectrum data and a ACDM model [2].
Further, the base-ACDM model assumes that the spatial hypersurfaces are flat; this
prediction can be tested to high accuracy by the combination of CMB and BAO data

11eV =1.9-1071° Joule.

21 Mpc = 10% pc, where pc stand for parsec. 1 parsec is defined as the distance at which 1
Astronomical Unit subtends an angle of 1 second of arc (1/3600 of a degree). 1 pc = 3.26 light year =
31 x 10'2 km [11].

3Given a data set of N independent measured values x;, f a probability density function and 6 the
value of the parameter on which f depends, the expression Z(z1,x2,...xn;0) = Hf\; f(z;0) is the
likelihood function and represents the probability density to obtain a certain value 6 of the parameter,
given the experimental data set. The most consistent value of the theoretical model is assumed to be
the one that maximizes the likelihood function [16].

6
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Figure 1.5: Constraints on parameters of the base-ACDM model from the separate from the
separate Planck EE, TE and TT high-¢ spectra combined with low-{ polarization (lowE) and,
in the case of EE, also with BAO, compared to the joint result using Planck T'T, TE, EE+IlowE.
Parameters on the bottom axis are Planck’s sampled MCMC' parameters with flat priors, and
parameters on the left axis are derived parameters (with Hy in kms~*Mpc~'). Contours
contain 68% and 95% of the probability [2].

TT+lowE TE+lowE EE+lowE TT,TE,EE+lowE TT.TE.EE+lowE+lensing  TT,TE.EE+lowE+lensing+BAO

Parameter 68 % limits 68% limits 68% limits 68% limits 68 % limits 68 % limits
Qi 0.02212£0.00022  0.02249 £0.00025  0.0240 = 0.0012 0.02236 + 0.00015 0.02237 + 0.00015 0.02242 +0.00014
QI 0.1206 = 0.0021 0.1177 £ 0.0020 0.1158 £ 0.0046 0.1202 £0.0014 0.1200 £ 0.0012 0.11933 £ 0.00091
1000yc . ..o e 104077 £0.00047  1.04139 £0.00049  1.03999 £ 0.00089  1.04090 £ 0.00031 1.04092 = 0.00031 1.04101 £ 0.00029
T 0.0522 £ 0.0080 0.0496 + 0.0085 0.0527  0.0090 0.0544+00070 0.0544 £ 0.0073 0.0561 £ 0.0071
In(10"%A) . ... ... 3.040 £0.016 3.018%0020 3.052+0.022 3.045 £ 0.016 3.044 £0.014 3.047 £0.014
N 0.9626 + 0.0057 0.967 £0.011 0,980+ 0.015 0.9649 £ 0.0044 0.9649 £ 0.0042 0.9665 = 0.0038
Holkms™' Mpe™'] .. 6688092 68.44 +0.91 69.9 £2.7 67.27 £ 0.60 67.36 + 0.54 67.66+ 042
Quooo 0.679=0.013 0.699 £ 0.012 0.71179033 0.6834 £ 0.0084 0.6847 £ 0.0073 0.6889 = 0.0056
Qoo 03210013 0.301 = 0.012 0.2897502¢ 0.3166 = 0.0084 0.3153 +0.0073 0.3111 = 0.0056
Quhi? 0.1434 £0.0020  0.1408 £ 0.0019 01404700038 0.1432 £0.0013 0.1430 £0.0011 0.14240 = 0.00087
Quld .. 0.09589 £0.00046  0.09635 £ 0.00051  0.0981*5501¢ 0.09633 = 0.00029 0.09633 + 0.00030 0.09635 = 0.00030
Ty 0.8118 +0.0089 0.793 £0.011 0.796 +0.018 0.8120 £0.0073 0.8111 £ 0.0060 0.8102 = 0.0060
S5 = 05(n/0.3)%° 0.840 £ 0.024 0.794 +0.024 0.7810%2 0.834 £ 0.016 0.832 £0013 0.825 £0.011
o Q0 L 0.611=0.012 0.587 +0.012 0.583 £ 0.027 0.6090 £ 0.0081 0.6078 + 0.0064 0.6051 +0.0058
T oo 7.50 £0.82 717958 7.107957 7.68 +0.79 7.67+0.73 7.82£0.71
1094, .. ... 2092 £0.034 2.045 £0.041 2,116 £0.047 210149038 2.100 £ 0.030 2.105 £0.030
10047 L 1.884 £0.014 1.851£0.018 1.904 £ 0.024 1.884 £0.012 1.883 £ 0.011 1.881 £0.010
Age[Gyr] . ... ... 13.830 = 0.037 13.761 £ 0.038 13.647318 13.800 £ 0.024 13.797 £ 0.023 13.787 £ 0.020

Figure 1.6: Parameter 68% intervals for the base-ACDM model from Planck CMB power
spectra, in combination with CMB lensing reconstruction and BAQO. The top group of six
rows are the base parameters, which are sampled in the MCMC' analysis with flat T'T priors.
The bottom group lists derived parameters [2].
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Figure 1.7: Inverse distance-ladder constraints on the Hubble parameter Hy and ), in the
base-ACDM model, compared to the result from the full Planck CMB power spectrum data.
BAO constrains the ratio of the sound horizon at the epoch of baryon drag and the distances;
the sound horizon depends on the baryon density, which is constrained by the conservative
prior of Qyh? = 0.0222 + 0.0005. Adding Planck CMB lensing constrains the matter density,
or adding a conservative Planck CMB “BAQO” measurement (1000, = 1.040940.0006) gives
a tight constraint on Hy, comparable to that from the full CMB data set [2].

(the CMB alone suffers from a geometric degeneracy, which is weakly broken with the
addition of CMB lensing). Such a result can be seen in Fig. 1.8, where Qg = 1—-,,— Q)
is the curvature density [1]; this plot shows a very consistent constrain with a flat Uni-
verse [2].

Finally, we want to report an important test on the equation of state, assuming that
dark energy is responsible of the accelerated expansion of the Universe. If the dark
energy (DE) is a generic dynamical fluid, its equation of state parameter w = p/p
(where p and p are the spatially-averaged background DE pressure and density) will
be in general a function of time. In order to test it, the following equation of state is
adopted: w(a) = wy+ (1 — a)w,, with wy and w, assumed to be constants, and ACDM
predicts wy = —1 and w, = 0. Without going into details of the analysis that has been
done, marginalized contours of the posterior distributions for wy and w, are shown in
Fig.1.9. A wide volume of dynamical dark-energy parameter space would be allowed
using only Planck data, but most of it corresponds to phantom models with very high
values of Hj, which are inconsistent with the late-time evolution constrained by SNe
and BAO data. The tightest constraints are found for the data combination Planck
TT,TE,EE+lowE+lensing+BAO+SNe; the difference in *y? between the best-fit DE
and ACDM models for this data combination is only Ay? = —1.4. Numerical results
for cosmological parameters constrained from this analysis are reported in Fig.1.10.[2]
In conclusion, assuming the ACDM model, cosmological parameters are proved to be
tightly constrained by the various Planck analyses with a sufficient confidence level. For

4Given a data set of N measures, if o; is the experimental value of a quantity and e; is the expectation
value, then x2 = Zfil Qi—ei,
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ious data combinations. The tightest constraints come from the combination Planck
TT,TE,EE+IlowE+lensing+SNe+BAQO and are compatible with ACDM. Using Planck
TT, TE,EE+IlowE+lensing alone is considerably less constraining and allows for an area in
parameter space that corresponds to large values of the Hubble constant [12]. The dashed
lines indicate the point corresponding to the ACDM model [2].
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WO e oo —-0.961 + 0.077 —-0.76 + 0.20
Wa.o o ~0.28:93! 07219
Hy[ km s™'Mpc™!] 68.34 + 0.83 663+1.8
o T 0.821 £ 0.011 0.80070915
S8 0.829 + 0.011 0.832 +0.013
A -1.4 -1.4

Figure 1.10: Marginalized values and 68% confidence limits for cosmological parameters
obtained by combining Planck TT,TE,EE+lowE+lensing with other data sets, assuming the
(wo, w,) parameterization of an equation of state given by w(a) = wo + (1 — a)w,. The Ax?
values for best fits are computed with respect to the ACDM best fits computed from the
corresponding data set combination [2].

this reason we can assume ACDM in this thesis work.

Notation and conventions

Natural units will be used, in which the speed of light and Planck’s constant are set
equal to one: ¢ = h = 1. Therefore, lenght and time have the same units. The metric
signature is (—, +, +, +), so that ds* = —dt* + dz* in Minkowski. The Greek indices
v, ... run from 0 to 3. whole the Latin indices 7, k, ... stands for spatial indices. Bold
font denotes spatial three-vectors (e.g. ). Einstein summation convention will be used.

1.2 The homogeneous Universe

If we look further and further to our Universe, we can notice that on sufficiently large
scales the clumpy distribution of galaxies becomes more and more isotropic (see Fig.
1.13), that means indipendent from the direction, according to the cosmological prin-
ciple: the Universe should appear isotropic to any inertial observer; therefore, if it is
isotropic in any point of spacetime, it will also be homogeneous, that means indepen-
dent of position. For these reasons, for sufficiently large scales (> 600 Mpc), we can
approximate the Universe as perfectly homogeneous and isotropic. Before talking about
geometry, we want to recall some basic concepts about the expansion.

1.2.1 Expansion

Experimental evidence like the Hubble diagram tells us that the Universe is expanding,
therefore in the past the distance between two cosmological objects was smaller than it
is at present time. This fact is mathematically described by the scale factor a, whose
present value is ag = 1; it relates the physical, proper distance between two points of
spacetime with their comoving distance that remains unchanged with the expansion:

d(t) = a(t)do , (1.1)

where d(t) is the proper distance at time ¢, and dy is the distance at reference time t.
If we imagine a grid that expands, the points on that grid mantain their coordinates,
thus their comoving distance doesn’t change, while the proper distance is affected by
the expansion and therefore evolve with time proportionally to the scale factor. The

10



Figure 1.11: If we imagine to

oo a0 . oo 0.0 1.0 set ?L gr1c.1 in space, the co-
. moving distance between two

Physical Physical . . .
K Distance Distance points on 1t remains constant
Omovin, - - . . .
Distance. =a(t) =alty) with the expansion of the Uni-

=1 - ; >a(lp) . . .
"[‘;rf‘"““g verse, while the physical dis-
1stance

=1 tance changes and gets larger
N with time, proportionally to

Time the scale factor [1].

way in which the scale factors change with time is quantified by the Hubble rate:
a
H(t) = - 1.2
(==, (12)

where - = d/dt.[1] According to the final Planck 2018 results, the value for the Hubble
rate today is Hy = (67.66 + 0.42) (km/s)/Mpc [2].

Further, general relativity provides the connection between this evolution and the energy
density in the Universe; it is given by the first Friedmann equation:

8nGG Pec — Po
H*(t) = — | p(t 1.
(0 =5 ot + (1.3
where the subscript 0 stand for the value of the quantity today, p(t) is the energy

density, and G is the universal gravitational constant. The critical density is defined as

_ 3H5
Pe=3%7G

(1.4)

1.2.2 Friedmann-Lemaitre-Robertson-Walker metric

The features of homogeneity and isotropy of the background spacetime can be repre-
sented by a specific kind of metric tensor, which is a fundamental tool used in general
relativity incorporating the geometric nature of gravity. In a four dimensions spacetime,
the invariant line element is:

ds® = g datdx” (1.5)

where the first coordinate is time-like (dz° = dt), and the last three are spatial. The
metric g, is symmetric, so in principle has four diagonal and six off-diagonal compo-
nents. It provides the connection between the values of the coordinates and the more
physical measure of the invariant interval ds® [1]. But what is the metric describing
an expanding Universe? As we could see in Fig.1.11, when two grid points move away
from each other, the distance between them is proportional to the scale factor a(t).
If the comoving distance today is xg, the physical distance between the two points at
some earlier time ¢ was a(t)xg. Therefore, in a flat Universe, the metric then is similar
to Minkowski (diagonal), except for the fact that each distance must be multiplied by
the scale factor [1]. This suggests that, for an expanding flat Universe, the metric in
comoving coordinates z* = (t,z,y, z) is:

ds® = —dt* + a*(t)6;;da’ da? = —dt* + a®(t) (dz”® + dy* + d2?) . (1.6)
However, it will be more convenient to use the conformal time 7, defined as
dt
dr = — (1.7)

a(t)’
11



in a way that the background FRW metric can be written as
ds* = a®(t)(—dr? + 0;;da’da’) = a*(t)(—dr* + da® + dy® + d2°) . (1.8)

Moreover, using conformal time, the derivative with respect to it is defined as ' =
d/dr = ad/dt = a -, so the Hubble rate becomes

_ ; —a—aH(t). (1.9)

This quantity will be largely used in the next chapters. The aim of this section was
only to introduce the FRW metric describing geometrically a homogeneous and isotropic
background Universe.

1.3 The inhomogeneous Universe

1.3.1 Cosmological perturbations theory

In order to understand how primordially-generated fluctuations in matter and radiation
grew into galaxies and clusters of galaxies due to self-gravity, it is necessary to deal with
inhomogeneities. As long as perturbations remain relatively small, we can treat them
in perturbation theory, and the growth of the fluctuations can be solved linearly. The
aim of the cosmological perturbation theory is to relate the physics of the early universe
(e.g. inflation) to CMB anisotropy and large-scale structure, and to provide the ini-
tial conditions for numerical simulations of structure formation. In the early universe,
gravitational perturbations were inflated to wavelengths beyond the horizon at the end
of the inflationary epoch; then, for each given length scale, they re-enter the horizon
at a later time when the horizon has grown to the size of the fluctuations (e.g. see
Ref.[17]). Newtonian gravity can be used on small scales, well inside the Hubble radius,
and for non relativistic matter (e.g. cold dark matter and baryons after decoupling).
However, for scales of order O(1/H?) and larger than that (super-horizon, before the
horizon crossing time) and for relativistic fluids (like photons and neutrinos) relativistic
effects arise, so a full general relativistic treatment is required.

The goal of the theory of spacetime perturbations is to find approximate solutions
of some field equations (Einstein equations), that means findind small deviations from
a known exact background solution, that in our case is FRW metric. However, in gen-
eral relativity, we have to perturb not only fields in a given geometry (e.g. T}, G,u),
but geometry itself (g,,) [18]. Then the socalled gauge problem arise, since the concept
itself of cosmological perturbation in general relativity presents ambiguity.

1.3.2 The gauge problem

In the perturbation theory of general relativity we must consider the perturbed space-
time M close to a simple and symmetric background spacetime that we already know
(see Fig. 1.12) [19]. Then, we consider a physical quantity represented by the generic
tensor T (e.g. g, 1), and we define:

e T} : the value of the tensor in the unperturbed background spacetime My;

e T : the value of the tensor in the physical perturbed spacetime M;

12



VA
- Figure 1.12: On the left side, the back-
ground spacetime My; on the right side,
the perturbed spcetime M.

e AT =T — Ty: the perturbation of the tensor.

If we want to compare two tensors in differential geometry, we have to consider them
at the same point in spacetime. But T and Tj are defined in two different spacetimes,
that entails an intrinsic problem in defining the perturbation itself. In order to fix
it, we have to establish a one-to-one corrispondence (a map, a diffeomorfism) between
the points in the background spacetime M, and the points in the physical perturbed
spacetime M: this is called a gauge choice. A change of this map corresponds to a
gauge transformation, and in principle we can choose it in an arbitrary way, so that the
value of the perturbation of the tensor is arbitrary too at any given spacetime point
unless it is gauge invariant. This is the kernel of the gauge problem [18].

1.3.3 General definition of a gauge transformation

We now want to practically build a gauge transformation ¢,, with A a real parameter.
We consider a family of spacetimes M), each one identified by the value of the parameter;
if A = 0 we recover the background M,. Want we want to do is the establish a family
of one-to-one maps from My to M, for each value of X\. Therefore we have to:

e fix a coordinate system z* in Mo;
e take a vector &£(x);
e introduce the parameter \ is a way that: &* = dx# /dA.

A one-to-one correspondence ¢, carries the coordinates x* over M), defining a gauge
choice. A change in this correspondence, keeping the background coordinates fixed, is
a gauge transformation [18].

Now, we want first to consider a point P with coordinates z*(P) in My, and its cor-
rispondent point O = ¢,(P) in M,. We can also think O as the point of M, corre-
sponding to a different point () in the background using a different gauge v,: then
O = \(Q) = ¢A(P). Therefore, the gauge transformation can actually be seen as a
one-to-one correspondence between different points in the background; it can be built
going from P in M, to O in M, through ¢,, and then “going back” from O to @
through 3", in a way that Q = ®5(P) = ;" (¢x(P)). Then we have the coordinates
of @ that can be written as 2#(Q) = ®,(z*(P)). In linear theory, the action of @y
can be represented with that of a one parameter group of transformations, associated
with the vector " defined before. Therefore, for a very small value of A\, the gauge
transformation can be written as

(Q) = 2"(P) + A" (z(P)) , (1.10)

13



which is known as the “active” approach where we are not changing coordinates. How-
ever, a “passive” approach is also possible reading (1.10) as a passive coordinate trans-
formation. Isolating x* and doing an expansion at first order in A\, we get:

2 (P) = 24(Q) — A (2(P)) = (Q) — N (2(@) + O(€?) . (111)
Therefore we can introduce a new coordinate system y* in a way that:
y"(Q) = 2"(Q) — " (2(Q)) - (1.12)

For A =1 an ordinary coordinate transformation is found. Given these definitions, how
do objects as scalars, vectors and tensors transform?

1.3.4 Explicit transformation laws

We want now to build the explicit expressions of the gauge transformations for a generic
scalar, vector and tensor. In order to do that, we start with a vector and then we
will generalize the results. Consider a vectorial field Z with components Z* in the
coordinate system z* fixed. The components of the new tensor Z* (m“(P)) corresponds
to the components Z* that the old tensor Z assumes in the new coordinates, using the
“passive” approach for a gauge transformation. Then:

Z“(:C(P)) = Z’“(y(Q)> = giz (

7" (2(Q)) - (1.13)
Q)

We are defining a sort of “dragging law” of the tensor from the point () to the point P.
Using the fact that

g = 0
we have
21(2(P)) = 2" (x(Q)) - Ao 2/ (x(@)) (1.14)
Doing an expansion 2#(Q) = x*(P) + A¢*(x(P)) at first order in A, we get:
oz o

Z“(x(P)) ~ Z“(x(P)) + D ()\ﬁl’(x(P))) — )\&r” Z”(x(P)) + 0(£?)

~ ZM(x(P)) + ALeZM (2(P)) | (1.15)

where L¢Z* is the Lie derivative of the vector Z#, defined as
ozw ,  o0gt

895”6 B 83:VZ '

If A = 1, the socalled “Lie dragging” can be defined, that tells us how the vector
transforms under a gauge transformation:

LeZM = (1.16)

I = ZM 4 L 7" (1.17)

and Z is called the pull-back of Z.
This result can be generalized to a generic tensor 1" of arbitrary rank, for which a generic
gauge tranformation is defined as:

T=T+ LT . (1.18)
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Lie dragging of a tensor perturbation

Since our final goal is dealing with cosmological perturbations, we are interested in how
a perturbation of a generic tensor transforms under a generic gauge transformation.
We preliminary define the tensor T for the first gauge choice, and the tensor T for the
second different gauge choice. Then in principle two perturbations can be defined:

e AT =T —Tj in the first gauge
e AT =T — Ty in the second gauge
where T} is the tensor in the background. Then
e T'="Ty+ AT in the first gauge
e T =Ty + AT in the second gauge
Using both the latest definitions and (1.18), we find that:
T=T+LT=Ty+AT+ LT =Ty +AT = AT =AT+LT.

At first order in perturbations, since LT is already at first order, we can write 7} instead
of T', getting the generic gauge transformation for the perturbation of an arbitrary tensor
at first order:

AT = AT + LTy . (1.19)

Lie derivatives

We summarize here the explicit expressions of the Lie derivatives of the three objects
we work with. Knowing that &* = dz#/d\, and that ; is the symbol for the covariant
derivative while > stands for partial derivative (which here coindice), we can write the
following expressions.

e scalar S: a9
— p_ Y2 e,
Eés_ S;uf BGITA (1-20)
e vector V:
Eﬁvy - V;L;)\é'A + gi\tv)\ = V,u,,)\g)\ + §,/LV,\ (121)
LVH = VA —hVA = VA — hV™ (1.22)
e tensor 7"
LeT = Tun& + E T + E T = Tun& + E T + T - (1.23)

In the specific case in which the tensor is the metric g, the previous expression can be
lightened due to its properties of symmetry and torsionless (¢/y” = 0). Then we have:

Eﬁg;w = (5)\9)\1/);# + (5)\9)\#);” - gu;,u + gu;u : (124)
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1.3.5 Perturbed flat FRW Universe

If we want to perturb Einstein equaions, we fist have to consider the perturbation
of the background Friedmann-Robertson-Walker metric (1.6). Calling r the order of
perturbation (r = 1 means linear), the components of the perturbed spatially flat FRW
metric are:

+oo
1
_ 2 — Al
goo = —a*(7) {14—2 E_l T!A } : (1.25)
+o00 1 *)
g2 1 pr
goi = gio = a”(7) 5_1 EZE (1.26)

+o00 +o0o
1. 1
i :a2(7){[1—225D< >}6ij+z;ﬁE§j)}, (1.27)

where Ef(r) = 0, 7 is the conformal time, A" = A" (x, ) are called the lapse functions,
and B\ (@, 7) are called the shift functions.

Scalar, vector and tensor components

It is often used a decomposition on perturbations into the so-called scalar, vecor and
tensor parts.

e The scalar (or longitudinal) components are relatex to scalar potentials, like D)
and A™.

e The vector parts are those related to transverse (divergence-free or solenoidal)
vector fields. For example:

B — 9,B" 4+ BV* (1.28)
scalar vector

)L

where B is a solenoidal vector, thus 9B = 0.

e The tensor parts are related to transverse traceless tensors. They appear for
example in the decomposition of the traceless part of the spatial metric:

By = AyBED + 9B + 9,E" + ED* (1.29)
HT_/ (. ~ J/ v
scalar vector tensor

where &Eﬁ =0 and
1
Aij = (9183 — §V25ij . (130)

Perfect fluid

In perturbing Einstein equation G, = 87G),,, we also have to deal with the stress-
energy tensor and its components. For a perfect fluid

T, = puyu, + phy, , (1.31)
where:
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e p is the energy density, that can be written as

+o0
1 T
p=rot) 0" (1.32)
r=1
e p = p(p,S) is the isotropic pressure (.S here is entropy), for which the perturbation
is given by
Ip op
bp= —| ¢ —| 65 . 1.33
P= 9% T as ) (1.33)
c? non adiabatic part
———

adiabatic part
So 0p = 25p + OPpon adiabatic; Where ¢, is the adiabatic speed of sound of pertur-
bations;

e u, is the four-velocity of a fluid element, that can be written as

1 g |
r=1 "

where the first addend corresponds to the background four-velocity in FRW, co-
moving with the cosmic expansion (Hubble flow), while the second addend rep-
resents the pecurial velocity of the fluid element. Moreover, the normalization
u,ut = —1 sussists, and allows to connect v?r) to the lapse perturbation A™); in

particular, at first order U%) = — AW, Finally, for the spatial component v’ of the
peculiar velocity the usual decomposition can be done:

w' = 0w, + v’ with 9 =0; (1.35)

® N, = gu +uyu,. It can be easily proved that h,,u” = 0, so h,, is a projector on
hypersurfaces which are orthogonal to the four-velocity u,,.

First order gauge transformations

As we saw in the previous subsections, gauge transformations are determined by the
vector ¥, Its time and spatial parts can be written as

& =a, (1.36)
g=0p+d, (1.37)

where o and 3 are scalars, and d’ is a vector with the property 9;d* = 0. Starting from
these definitions, and using (1.19) with the metric perturbations in a way that:

6§uu = 5g;w + E{guu s (138)

where g, is the backgroud FRW metric, the following gauge transformations at first
order can be calculated (we are omitting the label (1)):

!/

A=Atd +%a, (1.39)
a
Bi=B;—a,+8,+d (1.40)
D-p-ltyp_ 2 (1.41)
pr— —— —_— _a .
Eij = Eij + 2840 + dij + dji (1.42)
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where ' = d/dr. Using (1.20), we have for the density perturbation
0p = 0p + Lepo = dp + pyr (1.43)
while, using (1.21), we have for the four-velocity
du" = out + Leuy (1.44)

where ufy = 0} /a(7) is the background value in FRW (comoving). Then:

!/

P = La—o : (1.45)
a
=0 - —d . (1.46)

Important gauge in cosmology

Fixing a gauge means choosing a specific form for £#, and so for the perturbations which
depend on it. Here we present the main gauge used in cosmology.

Poisson (conformal-Newtonian)

The Poisson gauge, also known as conformal Newtonian or longitudinal, consists in
setting:

B*:Oa
E*:O,
E'=0. (1.47)

It is also known as orthogonal - zero shear gauge, since this particular quantity o =
—B, + E. /2 called shear is zero in this gauge.

Synchronous

The synchronous is one of the most used gauge in cosmology, and consists in setting:

B, =0,
B, =0,
A=0. (1.48)

It is also labeled as time-orthogonal because the first two conditions imply go; = 0.
Through this gauge choice we can define the proper time 7" of observers with fixed spatial
coordinates; in the hypothesis of ¢ = 1, if A = 0, we have that dT' = (a2(7)d72)1/2 SO
dT = a(7)dr = dt with ¢t cosmic time in FRW. In this way all the observers with the same
spatial coordinates (who “lie” on the same hypersurface) are synchronised. However,
there is a residual degree of freedom because a function for the spatial coordinates has
not been fixed.

Comoving

The comoving gauge is socalled because the peculiar velocity of the fluid element is
zZero: ‘
v,=0 = v, =v,=0, (1.49)

that means that it is comoving with the cosmic expansion.
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Synchronous-Comoving

If we fix both the last two gauges with all the conditions listed above (1.48) and (1.49):

A=0
v; =0, (1.50)

we obtain the synchronous — comoving gauge. (1.50) implies that
v+ B, =0, (1.51)

which is a condition of orthogonality of the hypersurfaces at constant 7. In order to
prove that, we introduce the four-vector N* = (1 — A, —B%)/a, unitary time-like and
orthogonal to space-like hypersurfaces at constant 7. If we make N* and u* covariant:

N, =—a(l1+A,0),

Uy = a[—(l + A),'Ui + BZ:| .
We can notice that in the synchronous-comoving gauge they coincide, so the four-
velocity is orthogonal to 7 = constant hypersurfaces. This gauge is what we will use in
the analysis of the following chapters, because it allows us to synchronize observers on

the same spacelike hypersurface, and to make them comoving with the cosmic expansion.
It is actually possible right because we are adopting the ACDM model and its features.

Uniform energy density

The uniform energy density gauge consists in fixing:
dp=0. (1.52)

Then
op

bp=op+pa=0 = a=-——.
Po

(1.53)

At constant 7, we are selecting spatial hypersurfaces at constant p.

Gauge invariant scalars

Two gauge invariant and linearly indipendent scalar quantities can be built from the
metric pertubations:

!/ /

o =24+ 2B, +2°B, —E' - L F (1.54)
a a
1 / /

20 = 2D — JV?x. + Q%B* - %E; . (1.55)

These quantities are the Bardeen potentials [20]. In Poisson (or zero shear) gauge they
reduce to ¥ = A and & = —D.
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1.3.6 Metric and the matter density perturbation

We have dealt with the metric perturbations, which have a purely geometric nature.
However, through perturbed Einstein equations, they can be connected with the mat-
ter density perturbation dp. We are not going to report all the perturbed Einstein
equations, but we will take only the results we need from the straightforward article by
Ma and Bertschinger [17]. First of all, we can start from this expression of the spatial
perturbation:

1

(Sgij(T, a:) = 2D(7', .’B)dw + 2<818j — 3

V%Sl-j) E(r,x), (1.56)

where the perturbed FRW metric used in the previous sections has been conformally
transformed and replaced with g,,,/a? in order to get rid of the factor a?; what conformal
transformations are and why they are possible will be explained in Chapter 2. Since in
Chapter 3 we are going to use the Fourier transform of 9,,, it is convenient to shift to
the Fourier space where the metric perturbation becomes

1
09i;(T, k) = 2D(7, k)d;; — 2 (kkj - gkzéij) E(r,k) . (1.57)

However, what we will discuss now is based on the results explained by Ma and
Bertschinger in [17], therefore we have to compare for a moment our and their no-
tation. They use such a metric perturbation in Fourier space:

0gi;(1, k) = kQJh(T, k) + 6< k’2j _ 55”)7](7, k). (1.58)

These perturbations h and 7 can be related to our D and E by comparing (1.57) and
(1.58):

h(r, k)
6 b)
h(r, k) +6n(T, k)
2k2

D(r, k) = (1.59)

E(r, k) = —

. (1.60)

If we consider the energy-momentum conservation equation 7" = 0 and take the
i = 0 part, we get the the continuity equation for the matter energy density. If we
perturb it, we get in the synchronous gauge for non relativistic matter:

5 (k) = —%h’(r, k). (1.61)

We can now consider the linearized Einstein equations in Fourier space, and take the 0z
part (Egs.(21b) and (22) in Ref.[17]); something peculiar happens in the synchronous-
comoving gauge:

k' (1, k) = 4miGa’ k6T, ocu =0, (1.62)

since the peculiar velocity u of comoving observers is zero in this gauge, as we also said
in the previous chapter. Therefore we can get an expression of E'(7, k), starting from
(1.60) and then using (1.61) to substitute A’ with &/ :

_NW(r k) 8,(T.k)
2k2 k2

E'(1,k) = . (1.63)
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Furthermore, we can relate 9/, with 6, through the linearized Boltzman equation for
cold dark matter density perturbation, knowing that ' = 0:

ifaH

o (1, k) = —ikv(r, k) = —ik - -

Om (T, k) = aH fo,(T, k), (1.64)

with v(7, k) as the velocity field of matter in linear theory. The parameter f is the
dimensionless linear growth rate and is defined as

o dlnD1

= 1.
F=—ma (1.65)
where D; is the growing mode of §,, in a way that
D, (2)
5777, ) — 5 9 . ]_
(x,z) =0(x,0) D) (1.66)
We can now substitute (1.64) into (1.63) and get
aH f H
E,<T,k) = 767%(7', k) == H—Zﬁ(gm('r,k) . (167)

We can do more by considering the Fourier transform expression of 9,,, in a way that
om(z, 2) = [ d®k/(27)% e*®6,,(k, z), and by noticing that applying the operator V2 on
both sides of this expression, we get V24,,(x,2) = —k*),,(x, z). Therefore in Fourier
space the action of the operator arises to be V72 = —1/k? and, substituting it into
(1.67), we find this final expression:

H

From this result, the second and the third derivative of E can be obtained: °

H*> (3
E'=———— (2, — - 1.
e (5 1) %0 (1.69)
g -3 g (f-1)V2s (1.70)
RSk m - :

We still have to explicit the dependence of the parameter ¢ = D — %V2E on the matter
density contrast d,,; this can be done with the 00 part of the linearized Einstein equation
((21a) in [17]), knowing that ¢(7, k) = —n(7, k):

1 1
o= ~5 (aHR + 87Ga*STy)) = ~5 [aH(—26],) 4+ 87Ga* b
At last we can state that:
H? 3 9

Finally we have the useful expressions of E’', E”, E"” and ¢, which will appear in the
galaxy overdensity in terms of the matter density contrast. We are going to use them

5From the time evolution of the linear density contrast and the definition of €,,.
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Figure 1.13: 3D map of galaxy positions from the 2dF galaxy redshift survey. Note that
redshift 0.15 is at a comoving distance of 600 Mpc. Image credit: 2dF [22].

in calculations in Chapter 3.

An excursus on metric and matter perturbations has been done, in order to intro-
duce the tools necessary to face with calculations in Chapter 2, where we will entirely
compute the galaxy overdensity A,, and in Chapter 3 with the angular power spectrum.
What we are still missing is the concept of galaxy clustering, which is the technique
studied and adopted in this thesis.

1.3.7 Galaxy clustering

Galaxies are not randomly distributed but they tend to crowd together in clusters and
even superclusters due to gravity; they surround large areas with very few galaxies,
the socalled woids, in a way that on the largest scales the distribution is similar to
soap bubbles, far from the homogeneous and isotropic Universe that we assume in the
cosmological principle. However, if we smooth the pattern on large scales (~ 100M pc),
it starts to look much more homogeneous (Fig.1.13). An interesting challenge is to
understand what is the largest structure in the universe, or in other words at what
scale do galaxies or clusters appear to be randomly distributed. We know that the
pattern in which galaxies are distributed today derives from the initial distribution of
matter in the early Universe; therefore the knowledge of the large-scale distribution and
clustering of galaxies today is a key mean to test cosmological theories.

Galazy clustering is related to the 3D distribution of galaxies at present time, measured
from the angular positions of galaxies in the sky and the redshifts of the galaxies. It
allows the direct measurement of the cosmic expansion [H(z)] through baryon acoustic
oscillations (BAO), the growth history of cosmic large scale structure [f(z)], and the
redshift-space distortions (RSD) on large scales [21]. Clustering is understood and
measured in terms of statistics, in particular of correlation functions.
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v,

Figure 1.14: The two-point correlation

T2
function describes the excess probability,

dv, / compared with a random distribution of

PY galaxies, of finding a galaxy in an element
of volume dV5 at distance rio away from
a galaxy in dV; [23].

1.3.8 Correlation function and power spectrum

The fields of fluctuation, which in our case will be the galaxy number density pertur-
bations, need proper statistical tools to be analysed with a clustering technique: they
are the N-point correlation functions and their Fourier transforms, as power spectra,
bispectra, etc... However, in our analysis we will focus only on the two-point correlation
function and the corrispondent power spectrum P(k) (even though the final point of
our analysis will be actually the angular power spectrum C} that will be introduced in
Chapter 3).

Consider any random field §(x) with zero mean (§(x)), just like the density fluctua-
tions we work with. The probability of realising some field configuration is a functional
P[o(x)] of the density fluctuation. Correlators of fields are expectation values of prod-
ucts of fields at different spatial points. The spatial two-point correlation function or
autocorrelation is defined as the excess probability, compared with that expected for a
random distribution, of finding a pair of galaxies at a separation r5 (see Fig.1.14):

dP =7} (1 + &(r12))dVidVsy (1.72)
where 74 is the mean galaxy number density, and the two-point correlation function

is the mean value of the product of the two fluctuations evaluated at different spatial
points & and @ + 719, respectively at time ¢ and t':

5(:1:) = (5(w,t)5(33 + Tlg,t/)> . (173)

At this point we can expand the fluctuation in Fourier space:

§(x,t) = /d?’k:e“”d(k, t), (1.74)

(2m)?
and define the power spectrum P(k) of § as:
(5(k,t)0(K' 1)) = (2m)*P(k)6% (k + k') . (1.75)

Here the angular brackets denote an average over the whole distribution, and 6%,() is
the Dirac delta function which constrains k' = —k. The power spectrum represents the
“spread”, or the variance, of the distribution: if there are many under- and overdense
regions, it will be large, otherwise if the distribution is smooth it will be small [1]. Tt
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Figure 1.15: On large scales, the variance A? = k3 P(k)/2m? is smaller than unity, so the distribution
is smooth. The solid line is the theoretical prediction from a model in which the universe contains
dark matter, a cosmological constant, with perturbations generated by inflation. The dashed line is
a theory with only baryons and no dark matter. Data come from the PSCz survey (Saunders et ai,
2000) as analyzed by Hamilton and Tegmark (2001) [1].

can be easily proven that the power spectrum is the Fourier transform of the two-point
correlation function:

£(@) = (5(z, )0(x + rio, ) = ( (2;)6 / et / B @) (g )5k 1)
= (271?)6 / d’ke™* / K e @) (27 )P P(k) 6} (k + K)
_ (27103 / Ple*2P(k) (1.76)

The shape and amplitude of the power spectrum of density fluctuations contain infor-
mation about both the amount and nature of matter in the universe (see Fig.1.15).
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Chapter 2

Galaxy overdensity:
a general relativistic expression

One of the key tools to study the large scale structure of the Universe and costrain the
cosmological model are galaxy redshift surveys, which are sets of source positions along
with the measured redshifts [24] (e.g. in Fig.2.1). The size of galaxy catalogues has
constantly increased over the last fourty years, both in terms of solid angle and redshift
coverage, and sampling rates. The latest generation of surveys will allow us to measure
galaxy clustering on more and more larger scales, comparable with the Hubble radius
[26] (see Fig.2.2 and 2.3). Galaxies that we observe are located at a time coordinate in
which their world line intersects our past light cone. By detecting photons that travel
from their source position in our past light cone towards us, we can infer the comoving
location of a galaxy from two basic observables:

e the direction of the photon n, which is a unit vector that points to the apparent
position of the galaxy in the sky. Indeed, in absence of distortions the trajectory
of the photon is a straight line that starts from the galaxy that emitted it and
ends at the observer’s position on Earth;

e the measured redshift of the galaxy. It can be easily related to the distance of the
object from the Earth using Hubble’s law; therefore, combining the redshift with
the angular position, a 3D map of the galaxy distribution over a section of the
sky can be constructed.

The three dimensional maps that can be built from the previous information are based
on the assumption of an unperturbed Friedmann-Robertson-Walker universe with a
fixed set of cosmological parameters. However, these redshift space maps gives a dis-
torted picture due to the presence of inhomogeneities in real spacetime. Indeed, the
presence of such perturbations superimposed to a FRW background deflects the null
geodesics of the photons emitted by galaxies. Therefore, the observable quantities for a
galaxy that differ in the two cases of an unperturbed and perturbed universe are: the
redshift, the angular position on the sky and the flux in any given waveband. These
are relativistic effects which arise on cosmological scales because we make our observa-
tions in our past light cone, and consist mainly in the socalled redshift space distortions
and gravitational lensing convergence. Anyway several additional corrections, which
are tipically suppressed on small scales, might be detected in nowadays surveys even
on distances comparable with the Hubble radius. At linear order, these corrections
include Doppler, standard and integrated Sachs-Wolfe terms, and (Shapiro) time delay
contributions. A reliable model of large scale clustering should include all the previous
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Figure 2.1:

The SDSS’s
map of the
Universe. FEach
dot is a galaxy;
the colour is
the g-r colour
of that galaxy.
Image  credit:
M. Blanton and
SDSS [25].
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Figure 2.3: Comparison of the sky coverage of the most recent surveys: BOSS, EUCLID and
SKA, where “sqd” stands for square degrees. Image credit: Roy Maartens and SKA.

modifications. For this reason, a full explicit expression of the galaxy overdensity A,
will be calculated in this chapter, including all the general relativistic contributions at
first order in perturbation theory; this expression will be given in terms of the metric
perturbations, the redshift distortions and the bias parameters. We will see that A,
includes three main addends: a local term (relative to the source), a weak lensing and
a time delay contribution.

We must highlight that the relation between the galaxy number density fluctuation and
the underlying matter fluctuation ¢, is non trivial on cosmological scales, because the
luminous matter does non exactly corresponds to the dark matter: there is a local bias
we must take account of, and that must be defined properly. In order to do that, we
need to choose an appropriate frame where the baryon velocity perturbation vanishes;
in this way the baryon rest frame coincides with the CDM rest frame, and in ACDM the
synchronous-comoving gauge defines such a frame up to the second order [28]. In this
gauge, galaxy and matter overdensities are gauge invariant ant their relation becomes
linear; therefore we will do our calculations and considerations under this peculiar gauge
choice.

2.1 Perturbation of the photon geodesics

2.1.1 The metric

Assuming a flat Friedmann-Robertson-Walker background, we consider linear pertur-
bations in the synchronous-comoving gauge for the reason just mentioned in the intro-
duction of this chapter. Synchronous means that the proper time of all the observers
coincides with the comoving time, so they actually lie in costant time hypersurfaces
which are equivalent to constant age hypersurfaces. Comoving means that their pe-
culiar velocities with respect to the background are set to zero, so they are moving
together with the background expansion; moreover, constant time hypersurfaces are
orthogonal to the four-velocity of the cosmic fluid. Therefore, the perturbed metric we
obtain is

ds* = a®(7){—dr* + [(1 + 2D)d;; + 2E;j]dx'da’} (2.1)

where 7 is the conformal time, D is a scalar perturbation of the spatial diagonal part
of the metric, and E;; is a traceless (E! = 0) and transverse (0'E;; = 0) spatial pertur-
bation; it includes in principle pure scalar, vectorial and tensorial components, but we
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our worldline 0

spatial
hypersurface

Figure 2.4:  Position of a pair
of galaxies on the past lightcone,

which differs from its projection on

the spatial hypersurface for a wide \

angle 6 [29].

consider only the scalar one E which is related to E;; via the operator A;;, so that:
1
Ej=AyE = (aiaj — §V25ij)E : (2.2)

We can do this because in first-order perturbation theory the scalar, vector, and tensor
parts do not couple to each other, but evolve independently. This is the reason why
we can treat them separately, studying the scalar perturbations as if the vector and
tensor ones were absent. The total evolution of the full perturbation is just a linear su-
perposition of the independent evolution of the scalar, vector, and tensor components.
However, we will focus only on the scalar perturbations because they couple to density
and pressure perturbations and exhibit gravitational instability: overdense regions grow
more overdense, thus they are responsible for the formation of structure in the universe
from small initial perturbations [19].

After defining the perturbed metric g, in Eq.(2.1), we perform the conformal transfor-
mation §,, = g,,/a® in order to get rid of the factor a* and simplify calculations that
will follow. We are able to do that due to an important fact: null curves or light-like
geodesics, along which photons propagate in the expanding Universe, are invariant un-
der conformal transformations [30]. This means that, if 2#(\) is a curve that is null
with respect to g,,, it will also be null with respect to g,,. This property can be eas-
ily demonstrated, starting from the definition of a null curve: it is a geodesic whose
tangent vector is a light-like vector everywhere along it, that means

dxt da”
I ™ax A

Switching to the conformally related metric:

0. (2.3)

dzt dx” 1 dxt dx¥

g orier 1 detdam 2.4
I ax @2 AN da (2.4)

Therefore, it is clear that null geodesics defined by the metric g,, remain so also if they
are defined by the conformally related metric g,,. As a consequence, it can be said that
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conformal transformations leave light cones invariant. For this reason, studying the
photon geodesics in conformal coordinates z#(x) is equivalent to studying those in the
“old” coordinates z#(\) defined by g,,; however, the affine parameter A is transformed
to another affine parameter y, in a way that

d\/dx o< a® . (2.5)
From this moment we will work with the conformally transformed metric

~ g/.u/
, = 2B 2.6
gﬂ a2<7_) ( )

All the coordinates we will use (spatial and temporal), momenta and frequencies are
from now on the conformal ones.

2.1.2 The photon geodesic

The motion of a photon in the observed frame is characterized by two observable quan-
tities:

e the direction n of motion measured by the observer on Earth, which is related to
the apparent position of the source (a galaxy in our case);

e the observed redshift Zz.
First of all we can assigne a position & to the galaxy (our source), so that
T =xn, (2.7)

where @ is the observed position of the galaxy, 7 is the observed direction of the photon,
and y is the comoving distance from the observer of events located along the geodesic
in the unperturbed spacetime, and moreover defines the observed-redshift relation x(z).
The null geodesic from a galaxy observed to us can be described in terms of the following
conformal spacetime coordinates:

" (x) = (10 — x, x) , (2.8)

where 7 is the present day value (at observation) of the conformal time. In the unper-
turbed universe Eq.(2.8) is a straight line. We deduce that:

dzt

— = (-1,n). 2.9

o= (L) 29)
At this point, as it can be seen in Fig.2.5, we want to define a map from the real space
to the redshift one, in a way that:

o =7t 4+ Azt(n, Z), (2.10)

where x* is the actual comoving position located at distance y along the direction
n' = z'/x and T is the apparent position. Writing that x. = Y + Jx, where the
subscript e stands for “evaluated at emission” (at the source) and y and is the observed

comoving distance, and then perturbing x* around z*, we obtain at linear order:

" (xe) = 7"(Xe) + 07" (Xe)

P
A s+ 527(%) (2.11)

T (x) + R
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a(Ta - )Z)

a(z’(x + 0x))

Figure 2.5: Representation of the perturbed
photon geodesics, where the observer is located
at the bottom and sees the photon arriving at
the direction n. The solid line is the actual
geodesic from the source (indicated by the star)
to the observer, while the dashed line is the ap-
parent unperturbed geodesic (a straight path)
which is inferred from the observed direction n
and which traces back to an apparent source
position (the circle) that is different from the
real one [31].

a, =1

Comparing expressions (2.10) and (2.11), we deduce that:

_dz° 3 3
Amo(x) = d—;( ox + 5x0(x) =—0x+ 5x0(x) , (2.12)
i

) AT’ ) )
Azi(R) = d”; Sx + 82°(%) = Aoy + 627 (%) - (2.13)
—~—

’fLi

It can be noticed that the first addend of (2.13) corresponds to the change in the affine
parameter, while the second addend comes from the perturbation of the photon path
[26].
The aim of this subsection is to compute the explicit expression of all the terms in
(2.12) and (2.13), and in order to that we need to see how metric perturbations alter
null geodesic. We consider a photon emitted at a certain galaxy position &g, which
arrives at the observer position &, = (0,0,0) from a direction 7 with a redshift Z
measured at , and given by

e Pl

(a7,

In this formula w, is the covariant four-velocity of the matter fluid (we are modelling
the matter content of the Universe as a collissionless fluid), p* is the photon four-
momentum, the subscript e stands for “evaluated at the source”, and the subscript o
stands for “evaluated at the observer”. The expressions for dz* and dx can be derived
by perturbing the photon geodesic around the FRW solution. From (2.11) we deduce
that

(2.14)

a*(x) = 7"(x) + dz"(x) , (2.15)
and we can write that

B (14 Su, i+ e) (2.16)

dX - 9 ) .

where the corrections are defined as:

e the fractional frequency perturbation év = déx®/dx;
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e the fractional perturbation to the photon momentum de! = doz*/dy.
Then we consider the unperturbed geodesic equation

A2zt S dx¥ dz”

dy*  YPdx dx

(2.17)

that describes the motion of a free particle which is subjected only to the gravitational
interaction, and thus to the effect of only the geometry of spacetime. f",jp are the
Christoffel symbols computed from the metric g, (2.6) conformally transformed, that
are defined as

. 1. R )
Iy, = 59" (00800 + OpGve — Oulup) - (2.18)
In the background, the Christoffel symbols f’;p computed from g,, that we are going to
use are different from I'}, computed from the metric g,,, (2.1). Indeed, for the metric
g the non null Christoffel symbols are

!/ / !/
o @ i g o @
while for the metric g,,, we can easily see that all Christoffel symbols f’lfp are null, since
the scale factor a(7) disappear with the conformal transformation; this fact simplifies
further calculations.
We can now perturb the geodesic equation at the first order:
d* 5t o, da” da? o, dox” daP

dx: " dy dy Pody dy

(2.20)

and we can notice that the second addend in the rhs is zero due to what we have just
said above. We need to know the perturbed Christoffel symbols 6I", in order to explicit
the time and spatial components of (2.20). They can be computed as:

A 1 _ _ _ _
5F5p = § [5@#0 (augpa + apgya - aagup) + g;w (81/5ng + apdgya - aadgup)] ) (221)

where ﬁ,“, is the background metric, the inverse background metric is given by ¢ =
diag(—1,6%), and its first order perturbations §g* is given by

S = _§Mp§u05gpo ’ (2.22)

The only non-zero perturbed Chrystoffel symbols are!?

oLy = D'sy; + Ejj (2.23)
ol'y; = D'6; + B}, (2.24)
6Ty = 0;D 6} + 0;E;, + 01D 0% + O E: — 'D 65, — 0'Eyy. . (2.25)
We are now able to compute the perturbed geodesic equations.
o n=0:
dév
— =—(D'+E/); 2.26
o~ D E) (2.26)

10 indicates the time componet, while 4, j, k = 1,2, 3 stands for the spatial components.
2Prime ’ represents the derivative with respect to 7.
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doe d

= _2E<Dﬁi + E;ﬁﬂ') + 0D + 9 Eyid ik (2.27)
d ‘ o ‘ ‘ 2/, . .
= 2— (D0 + EW) +0'D+ 0 E — = Ein® — Eynt) . (2.28)
dx j 1= LB I

Calculations, which can be found in details in appendix A, are done using (2.20), the
fact that

d

dx
and all the definitions of the projections along and perpendicular to the line of sight
of the derivative operators, vectors, and tensors which can also be found in appendix
A. We can obtain the perturbations to the photon momentum by integrating these
expressions along the line of sight, and in order to do this we have to fix the conditions
at the observer’s position x = 0. The reference frame of the observer is built with an
orthonormal tetrad ej;, which is a local basis for the tangent space in spacetime. In
this way, by defining p* as the observed photon momentum and p = p;p’ its spatial
modulus, we can compute components of the observed photon direction as

=9 -0, , (2.29)

et pt
qe = (2.30)
p
Using the orthonormality condition
g““eieg = (2.31)

we can first get the components of the tetrad. We find that?:

=(=1,0,0,0), (2.32)

= (0,(14 D,)d; + E;) . (2.33

O
,u
[
Cp =

At this point the photon momentum perturbations can be obtained by perturbing the
orthonormality conditions (2.31). We start with
(9" + 69" (el + bett) () +deb) =n™, (2.34)
and we take the 00 equation:
(6% +09%) (€5 +8e6)” + (gidy + 9") (e + 0¢) (€ + beg) =1 = ~1.

By substituting the expressions of ef, and dropping the terms of orders higher than the
first one, we get
Seg =6y =0. (2.35)

Then, by perturbing the other condition:
(ef + 56{) (63- + (562) =1,
and neglecting higher order terms as before, we get

dey = — (Dot + EL77) . (2.36)

3The notation “o” stands for the quantity evaluated at the observer’s position.
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Detailed calculations can be found in appendix A. We are now ready to integrate (2.26)
along the line of sight:

X[ dde d : - XT . 2/ .
20— (DA + E'n7 ) |dy = ‘D+0E — = (En* — E@nt) |dy (2.
/0 [dX + dX< n' 4+ JTL>:| % /0 {8 + 0'E) X< N |n)} X (2.37)

5ei(x) — dei(0) + 2<sz" + Ej.ﬁf> - Z(Dﬁi + Ejﬁj)
X

o

= / ' {alD +0'E| — 2 <E ar — E”ﬁi)} dy’
0 X g

oei(x) = —2(Di + E;ﬁJ')X + (Dit + B )

o

X[ . 2/ B /
+ [ |0 D+ B - (Bak - By |ax (2.38)
0 X

Since de' = ddx'/dy, dx' can be obtained by integrating over the line of sight from 0
and Y. The double integral can be simplified with a trick (see Fig.10.5 in [1]) which
reduces it to a single integral of the quantity inside multiplied by x — x:

oat = / dedy = x(Di + Eii') + / {—2(%2 + B )
0 o Jo
+(xX—x) (aZD +0'E) — N (Eknk - E”ﬁ))] dy . (2.39)
At this point (2.27) can be integrated too:

X dév X / / ~ X / /
de = —/ (D -+ EH )dX — 5V(X) = —/ (D + EH ) . (2.40)
0 0 0

Since dv = ddéx®/dy, by integrating over the line of sight as before we get:

520 = /DX ovdy = — /OX dx(f( — X) (D/ + E||/) . (2.41)

The physical interpretation of the frequency shift v embodies the Doppler, Sachs-Wolfe
and integrated Sachs-Wolfe effects.

2.1.3 Redshift

Now an important physical quantity will be introduced, because it is the key observable
quantity we work with, and that will be related to the affine parameter at emission: we
are talking about the redshift z(y). We consider a photon emitted from a galaxy (the
source), which is moving in direction 7o (hence it is seen under the direction —n from
the observer). Given n* = a (=14 60’7 + d0n) = a ?(—1 + dv,n + dn), and the
comoving observer’s four-velocity u, = (a,0,0,0) in the synchronous-comoving gauge,
the redshift along the perturbed photon geodesic is given by:

(uuﬁﬂ)e
(u#ﬁu)o 7

1+2(x) = (2.42)
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where “e” stands for “evaluated at the emission (source) position” and “o” for “evalu-
ated at the observer’s position”. Setting a, = 1, and

X
§2(%) = —ov(x) = / dx(D'+ E)) , (2.43)
0
as the redshift perturbation, we compute that:

(-1+0v(0))a" (="(x) _ 1+3d2(x)
-1 a(x%(x))

where () = 7 is the conformal time. For a given source observed at redshift z, Eq.
(2.44) is an implicit relation for the affine parameter y,. at emission:

1+ z(x) = (2.44)

IL+z2(xe)=1+2, (2.45)
which gives a definition of the space-time location of the source

at = 2"(Xe) - (2.46)

source

The redshift z(x.) that would have been observed for the same source without any
perturbations along the line of sight is given by

14+ Z(xe) = @0 (2.47)

Therefore at xy = y. we get
1+z2=(142)(1+0z2(x.)) - (2.48)

At zero order we have x. = x and z(x) = z(x), but at first order we can make an
expansion around x. = x + dx. First af all we can notice that, from expressions (2.10)
and (2.11), we have:

z(xe) = T"(X) + Az’ (X) . (2.49)

)
Then, we can perform the expansion of a(z°(x.)):
(

a(z"(xe)) = a(z°(x) + Az°(Y))

= a(@(0) + 2D A (5)

— (a1 +

—_
L
=)

—
S]]

o

S~—

a(z%) dz°

/(z0
ooy =H(E0)=aH ()

= a(z°(Y)) {1 + aH(fO)AxO(X)} : (2.50)

Now the expression (2.12) for Az® can be inserted, getting to:

a(2"(0)) = a(@ ({1 + aH(2) | -ox +62°(%)] } (2.51)
At first order in the perturbations, its reciprocal is
- (;1:01()2)) - - (xol()Z)) [1-am (@) [-ox +s°(0)] } (2.52)
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Therefore the expression (2.48) becomes:

1+2=(1 +z){1 - (aH)g[éscO()Z) —5@ +5z<>z)}. (2.53)
We can now give the connection between the affine parameter and the observed redshift
by solving (2.53) for dx:

0 LB oo 143
(aH). H(3) X H(Z)

52 — 6y =

0z . (2.54)

Finally, projections along and perpendicular to the line of sight can be computed start-
ing from the expression (2.13) of Ax?, and using the definitions for the projections that
can be found in appendix A:

143
Az = Az’ iy = oy + 02’ (X) Ay = 02° — Ht;;& +ox , (2.55)

Az’ = (5’ ARy Azt = Ry + dx' — AR S — ARyl = 6x' — 'dxy . (2.56)
More explicit expressions of these displacements will be computed later, but we can
give here a useful expression of 6z using the fact that E;; = 0,0;F — %VzéijE, that
d/dx + ' = 0, and the definition of E} which can be found in appendix A.

X o X 1
52:/ dX(D’+m1E;j):/ dX(D’+aﬁE'——v2E')
0 0 3

X 1 d d
= / dx D — =V’E' + | — —|— 8||E’
0 3 dx

— [9,E"* >~<cz D — 1v2E’ d 4N\ g
*[II ]0+ 0 X 3 dX+dT

- X 1
= [0|E + E"]) + / dy (D’ — gsz' + E) .
0

Then we can see that
0z = [8HE’ + E//} + 0zrsw , (2.57)

4( 7 CC 2

where stands for “evaluated at the observer’s position”, stands for “evaluated

at the source position”, and
56 / 1 2 / "
0zrsw = dx| D" — gv E+F (2.58)
0

corresponds to the integrated Sachs-Wolfe contribution in the synchronous-comoving
gauge. This claim can be easily explained if we take the general expression for the ISW
term

X
Szrsw = / dx(®+ ), (2.59)
0

where ® and W are the gauge invariant Bardeen potentials [20, 31]. They are special
combinations of metric perturbations that do not transform under a change of coor-
dinates, therefore it’s useful to express physical quantities in terms of them in order
to avoid gauge problems. Starting from the metric g,,, in the synchronous comoving
gauge we are adopting, they assume the form [19]:

U =E" (2.60)

1
d=D-— §V2E : (2.61)

35



Therefore the expression (2.58) is immediately obtained by taking the derivative with
respect to 7 of the sum of the two previous potentials, and then of course by integrating
it along the line of sight.

2.2 Perturbation of the galaxy number density

After perturbing photon trajectories, we are ready to study how the observed galaxy
number density is measured and to compute its perturbation. The starting point the
number of galaxies N within a volume V, which can be defined starting from the true
spatial position x given in terms of the observed coordinates x and the galaxy number
density n,(z#):

o o\ 02 0xP 0x% 5
N = /v V —=g(x)ny (%) € pott (x )ajlﬁaji%dgx’ (2.62)

where u* = (1/a,0,0,0) is the observer’s four-velocity in the synchronous-comoving
gauge, and the quantity inside the integral is the number density we want to perturb.
Therefore:

J| Oxt Oxd Oz , o 10z 4
N = [V ) i g = VIl o 5 %
(2.63)
Here below we compute the perturbations for these three terms:
—g(flf), ng7 % .

2.2.1 Metric determinant g and Jacobian

4

Given the unperturbed square root of the metric determinant \/—g = a*, we can write

that:
NN TN (2.64)

Knowing that g = exp(Tr(In(g,,))), it’s easy to compute 6v/=g = 2/=7 g ¢"/6g,u,
thus:

1 1 1
\ /_g — a4 + 5 /_g gﬂl’(sg/ﬂj _= a4 |:1 —|— §gﬂuég“V] _= a4 |:1 + §6g5:| . (265)

The expansion of the Jacobian at the first order in the displacement Ax is:

OAx
ox?

. O0Ax!

A T

(2.66)

ox’
oxI

2.2.2 Comoving galaxy number density

We can now consider the comoving galaxy number density a®n, and start to perturb it:
a¥(2%)ny(2°, %) = a*(2"), (2") [1 + 6, (x, 2°)] (2.67)

where 4, is the galaxy number density perturbation and 2° is the conformal time,
connected to the redshift through (2.47). Now we want to make an expansion around
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70 at the first order as already done in section 2.1.3, by expanding all the terms inside
the expression (2.67):

a*(2%) = a*(z° + Az°) = a*(3°) + dad(o )A 0 (2.68)
x
iy (2°) = 71y (2° + Az®) = 7, (2°) d”;;fO)A 0 (2.69)
Therefore at first order in perturbations we find:
_ da®(z°) L dng(To)
ag(xo)ng(x(],}() = |:a3(x0> + a0 ASL’O:| |:ng($0) + #AQ?O} [1 + §g<X, QZO)}
_ dng(To) g da’(z°)
— [a?’(xo) (%) +a*(z )#Amo—kng(xo) 70 Az’ [14 04(x,2%)]
L 1 dngy(Zo) 1 da®(z%)
_ 0 0 g {T0) A0 4 0 0
= a*(2")ny(T )[1 + — R dat Az FE) Az®| [144,(x,2°)]
dlnﬁg(io) dlna3(zY)
dz0 dz0
dl 35 0
— @y + M) p ] [1-4 8,0
x
d(a’ny(z°))

= a*(Z%)7y(2°) [1 + 6,4(x,2°)] + A" (2.70)

da0

At this point we can write this expression in terms of the observed redshift Z, reminding
that:

o Az¥ =20 — 5y = 1115)52 from (2.12) and (2.54);
o 45 =—H(2)L|._; from (2.47).

By doing these substitutions we have*:

P03 = Em @+ 0] - 16N T
= a’*(2)ny(2)[1 4 0,(%)] — (1 + 2) d(c;jg) _~§z. (2.71)

The comoving galaxy number density gives N when integrated over the volume V
ﬁ a*(2)iy(x,2)d*x = N . (2.72)
1%

Therefore we can compare the quantity inside the integral of (2.63) with the final
expression of a*i, (2.71), with the insertion of the perturbed expressions of /—¢ and

of the Jacobian:
a4 1, 1 OAz"
=aq (z)(1+25gﬂ ng(x,z)a(z) 1+ o |
(2.

a3(§)fzg(§<, Z) = \/mng(x, 2)% Oz
73)

oxJ

a(z)

4Note that the distinction between dg(X) and x is second order.
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We can now insert the expansions (2.68) of a*(z) and (2.69) n,(z) with the previous
substitutions related to z:

0P (2)iig(%, 2) = (1 - %595) [ag(g) - g)iig

(52]
z 1z

x [ng(z) gl +Z>CZ } [1 +5g(>z)] (1 + aﬁ;)
— (), (2) {1 _ ﬁgl(g) % (1425 ai’ié) ‘il—‘f s 2)52]
dln(ng(2))

dIn(a3(2))
dz dz

Z

1 OAT’
Iy X
X (1 + 25gu> (1+6g(x)) <1+ = ) ,

(.

-~

~146,(7)+ 222 4 Lsgh:

where we discarded high order terms as usual. In the end we find:

ng(X, 2) dIn(a’n,) 3 - O0Az’
Lo =1 ———2 (1 1 :
7.02) ( 7 2( + 2)0z +04(X) + 2 5gu
. O0Az" 1 dIn(an,) _
— gyt — Z\2 )
14 04(%) + 5 + 25gu 7 ] (14 2)dz. (2.74)

At this point we can remind that 1+ z = 1/a(Z), therefore d/dz = —a? d/da, thus:

ng(X, Z) oAzt 1 _.dIn(a’n,)
——— =149 — + —0gh — —21
ng(2) +05(%) + oxt * 2 n a(?) dz o7
.. O0Az" 1 dIn(a’n,)
=149 — + gt — —— 2.
+0,(%) + oz’ * 2n dlna |; (2.75)
We can now define the quantity
_dn(a’ng)| dln(a ng)
Further, starting from the metric (2.1) we can find that
1 1
Then it can be computed that
OAz A
9y Ary + 202 9k (2.78)
or’ X

where & is the coordinate convergence, which is related to the effect of lensing (distor-
tions on the directions which are perpendicular to the line of sight) and is here defined

as 1
k= —éﬁﬂAxi : (2.79)

The expression (2.78) is obtained by using the property (A.14) which can be found in
appendix A and that leads to

OAL
o0xt

= 8||Al’|| + aJJA:L’J_ -+ A:cm it
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where the third terms gives Az - )2—< according to the property (A.6) of appendix A.

We are now ready to return to the expression (2.74) of the ratio between 7n4(X, ) and

ng(2): )

ng(x, 2)

Mg(2)

A
= 1+3D+5g+b662+8||Aa:” -i—Q% —

i (2.80)

2.2.3 Explicit expression of n4(X, 2)/n4(Z)
9 Az

The expression (2.80) can be further explicited. We start with the computation of
0 Az, for which we need to derive the following expression:

X 1+ (X
A :—/d D+E ——N/d D'+ E) . 2.81
== | dx(D+E5) 7 J, X( 0 (2.81)
b

Reminding that at the first order 9 = 0/0x, we can calculate:

0 (1+z2 1+2
Ary=—(D+E))|.— —=| = bz — —— (D' + E}))|. . 2.82
oAz =—(D+Eyl; 8>~<(H(g))’x>~< 2= e P Bl (2.82)
It’s easy to see that:
1 dz da dz° 1 ‘ a’
Xe) =~ = | = o | = | = H(EZ
) = @) T TN e )| M el
a’ —~1
Besides we can notice that 0/0x = (dz/dx)0/0zZ = H(2)0/0Z. Therefore:
d (142 1+z, ,
oAz = —(D+ By)]. _5ZH(Z)E(H(2)> “HE R e
Another useful expression is:
1+ 2dH(Z) 1+z, ,
Az =—(D+Ey)|, — {1 THE) & }5,2— 70 (D' + By, (2.84)

where a total derivative has been used to substitute the term in d/dz. This expression
will be inserted in the final form of ny(x, 2)/7,4(Z).

Convergence R

We go on with the explicit derivation of &, starting from the expression:

. . . . X W . . . .
Ar'y = X(Ej) = Byi), + / R {_%(E}ﬁ’ — Byi’) + (X —x)0L(D+ B) | - (2.85)
0

The computation of &4 can now be performed [31]:

. 1 i 1 S (mind 5 X (ping 7!
Rk = —éaiiACL’ :\_éah [X(Ejnj - En )ol—'—aii/o dX;( jnj o E”n)
(1) @
T, (X %,
——VL/ dx=(x —x)(D+E)) , (2.86)
. 2 0 X
@
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where in the term (3) the extra factor x/x comes from the fact that 9| has been
moved outside the integral, so it acts at radius y rather than yx; the subscript o stands
for “evaluated at the observer’s position”. These terms will be further explicited one
by one. In the third one (3) we can notice that D + Ej = D — 3V?E + GﬁE, since

Ez] = (813] - %V2(5”) In the second (2)
ﬁJE; — ﬁ"EHA: W (0;0" — 36V E — ﬁz(aﬁ — 3V E = (80" — 0)n'9))E = 9|0 F =
0" oE — iaiE (see the commutation properties in appendix A).

Therefore the second and the third terms can be written as:

X >~< » L loo (Y0 X (o Loop o2
0 0

2 >~< X Ix, - |- 2 " "

INEN
- 2 e X - 0ve (- ivee s B
2/0 X)Z(X v L( 3 i )

-~
K

1 X e V2
+ —vi/ dXKg > (a E—E'"+ 2—a”E — 2—E>} .
2 0 X X

Here we defined

1 X X< 2 1 2 "
k=—=[ dx=(x—x)Vi|D—-ZV’E+E"). (2.87)
2 Jo X 3

Then, by using the fact that ' = J — d/dx, we can compute that: 82E E" =
8ﬁE—(E’)’ = 8ﬁE—(8”E—dE/dx)’ = 8ﬁE—8ﬁE+d(8HE)/dx—i—d(a”E)/dX dQE/dX =
d(20\E — dE/dyx)/dx. If we do these substitutions:

1 X >~<2 d d ~2 >~<2
2)+ (3 :I§+—V2/ dx{(x——)—(QﬁE——E)—l—Q 8E—2—E)]
(2) +(3) 3VL ), i \ 20 ix 2Y N

1 X X2 PPE  d X2

et [ (€5 4 L]

2 g U\ T e Ta [\N T )

d o2 2
- (x = X—> 20/ E + 2—a”E = 2X—E) } .
_dx X/ X X’

~
X

X

»

It can be easily noticed that there is a divergence for x = 0, but this unconvenient can
be skipped by evaluating the integral from € to y, with € very small but positive, thus
cancelling divergences. This is possible because we are looking to regions well outside
the horizon, so we don’t care about small scales.

~2 X X ~2 2 ~2
X 1 X N\Nd°F X
(2) +(3) —H+V2{<X_Y>0E} E +§Vi/e dXKY_X)d_XQ_QFE} '

Since we are considering small € > 0, we can do an expansion of | £ at the first order

n €:
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We can substitute this expression in the term in braces {}:

(o)

X o2
— (;g — X_) ('O, E(0) + n'? 9,0, E(0)e — 7' O;E'(0)e)
X

€
- _ (x — _) 'O E(0) — (xn'n? 8,0; E(0)e — X*A'7 8;0; E(0) — YA'O;E'(0)e

€

o2

+ CR'OE'(0)) — — (x - X—) PO E(0) + Y*1'7! 9,0, E(0) — X*7'0; E'(0)

€
fore = 0.

We want to know how the operator V2 acts. First of all, if we consider a fixed measured
distance y, we are considering points of emission as on a sphere around us; therefore we
can assert that V2 = %vg, where V2 acts only on the angular coordinates 6, ¢ and is

defined as

1 0? 1 0 0

2 = 60— | . 2.
Va sin?0 0¢? * sinf 60 (Sm ) (2.:88)

If we remember the expression of the operator L? (with L as the angular momentum)
in terms of the spherical coordinates, we can recognize that V3[fm) oc —L|¢m) =
—((¢ + 1)|¢m). For this reason, when we have dipoles (¢ = 1) the operator V2 pulls
down a factor —2/x?%, while when we have quadrupoles (¢ = 2) it pulls down a factor
—6/%2. Therefore for (2) + (3) we find:

(2) + (3) = i + (% - %) RIOLE(0) — 617 9,0, E(0) + 2010, E'(0)

1 b% )22 B d2E 5(2
(]
2+ ), X > TP

We can now treat the last term with two integrations by part:
X o2 2 ~2
X° N\TE X
d = —xX)|=— —2=F
/e * K X X> dx* X ]
o2 X X 72 X ~2
X \dE dE / X
=|l=-x])—1|| — dx | —=— dx| 2= F
KX X)dx}e / X{ de . x3

~2 ~2 X
X \dE X
= — | = — - _E
( X) dx (©+ X2

——(X-1)E0+ B0 - ’Z—QE(e) .

By inserting this expression in the previous one we find:

(2)+(3)=Kk+ (% — 2) P'0;E(0) — 67" 0,0; E(0) + 27’0, E'(0)
€

+59-(E-x) o - Se] + v .

dx
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Another expansion for small € around the observer’s position can be done for the quan-
tity in square brackets [ |:

- (E-1)Fo-Lo -
(¥ dE &2E X dE 2 °F
e Y)|dy 2V e dy dx?

< ) [ 20)+¢ (0)} {E(O) )+ e (0>]
- <X; . X) [2'0;E(0) — E'(0) + en'n? 0,0; E(0) — 2en'0;E'(0) + ¢E"(0)]

X [E(O) + en'0; E(0) — eE'(0) + ; AR 9,0, E(0) — €0, ' (0) —

€2

>

%GQE”(O)] |

Again the operator V2 pulls down a factor —2/x? for dipoles and —6/x? for quadrupoles.
At this point, by doing all the calculations, we find that the terms with € in the denom-

inator cancels out, the terms in € and €2 goes to zero since we take the limit for small
€, and the other terms gather in the following way:

loa[ (X2 NdE ¥ 2 o N
2VL[ (e X) dX(e) E(e)| =k+ = V E(x )+Xn8E()
;”W@ZOJE(O) _HOE(0) .

The term (1) in (2.86) is indipendent from x and gives

w

(1) - —ﬁ’ﬁ]@@]E(O) 5

\V)

which cancels with the third term in the previous expression. Therefore, by substituting
the final expressions of (1), (2), (3) into (2.86), we get this final expression of & :

f= ot %ViE( )+ LHIOE(0) — HOE(0) (2.89)

><z|>—t

Final result for n,(X, 2)/n4(2)

We are now ready to give a final explicit form of the ratio between 7n,(%, Z) and 7,(Z2),
by substituting all the terms we computed:

(%, %) o L Z
E =1+3D + 0, +b.0z — (D + B)) |, {1 )
)~

_ 3{/3 dx(D + E}) + %&} - 2{m+ %ViE( )+ Xﬁ’a i E(0 Ai@iE'(O)} '

X

1+gdH(z)] v+ B,

dH(Z) 1+
H(Z) dz H(3)

But this expression is quite unpractical because we can’t clearly see the physical meaning
of all the terms. First of all it’s better to introduce the quantity

1
p=D— gV2E : (2.90)

which removes the residual spatial gauge modes that emerge in the synchronous-comoving
gauge. Further, we can notice that it’s a physical significant parameter because it cor-
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responds to the Bardeen potential ® (2.61) in the synchronous-comoving gauge. Then:

ng(X, 2)

=1+08,+bdz+ 29+ = VQE (aﬁE—le)
1ig(2) 3

1 H 21+ 2 2 [X
—{1— +=d ()+— +Z}52——/ dx(D + E))
0

HE) 4 X H(é) %
Lt Z( D, 26—  ViE _250,B(0) + 2A10,E(0)
H(3) —_ X l

V2E-RE—-20|E

=1+, +bdz+2¢+ = [8||E 6HE( )} |:1—§{—i(_§d[§;2)+§1(§]52
—%/0 dx (¢ + O} E) —%(D%Eﬁ)k—%waym).

/

We can now simplify the integral using again the fact that g =

X d d ¢ L

= 4 = El = [9,E1X il

[aos G ieyone] =tsti o (33 ) }
= [(9HE + E/]g( + / dx(gb + E”)
0
X

=0\ E - 0|E(0) + E' — E'(0) + / dx(¢o+ E") .

0

Further, we can notice that D'+ E” D'+ 82E’ V2E' = 8ﬁE’ + ¢'. By substituting
all of these expressions we find that:

fig(X, Z) 1+2dH(Z) 21+72 200
n(5) e R (o] L Gl
—%/0 dx(¢+ E") — ;(r)( "B+ ¢') — 2k +20,E'(0) . (2.91)

2.3 Observed galaxy density perturbation

In a galaxy survey we usually measure the galaxy number density n,(x, Z) at a certain
direction 72 (which is linked to the observed position & = y71) and with a certain redshift
Z, and then we refer it to the average number density 74(Z) at a fixed observed redshift.
Then we define the observed galaxy density fluctuations as

2oy Ng(8,2) —ng(2) (&, 2)
oy(x) = 2 N6 27 = f_lg 6 1. (2.92)
Therefore from (2.91) we deduce that:
_— 142 1+ 2dH(2) 21+32
0g(&) = g + bebz — H( )0 [ HG) LHG) 0z +2¢
2 / ! 2 X i 1 Z /
— ;[E — E'(0)] — E/() dx(¢+ E") — 2k — HJ{Z§¢> 20/ E'(0) . (2.93)

If we look at this formula, we can see that there are many different contributions:
the first two terms are a gauge invariant expression of the intrinsic galaxy density
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perturbation, the third one is the standard redshift distortion, the terms in square
brackets and ¢ contain the volume distortion due to the redshift perturbation, the
terms with E’ contain the volume distortion due to the metric perturbations, and finally
there are the contributions from the time delay, lensing convergence and Doppler effect.
However, a clearer description of the physical meaning of all these terms will be done a
the end of the chapter, after considering the issue of the magnification and galaxy bias.

2.4 Magnification bias

Until this moment only the intrinsic physical properties of the galaxies, such as their
redshift and their position, have been considered as contributions to Sg(a?;). However,
what we measure also depends on the apparent flux from the source, in a way that
the luminosity distance °D;, differs from the mean luminosity distance D;. But the
luminosity distance is related to the angular diameter D4 [31]:

Dy=(1+2)"Da. (2.94)

Therefore the magnification parameter can be introduced as

D? D;?
M=—"4 - "L 2.95
BN RE 2
which corresponds to the solid angle or flux perturbation with respect to a source at
the same Z in an unperturbed universe. Since it has mean value 1, its perturbation can
be written as

SM=M-1. (2.96)

At this point we can define the factor @ which expresses the connection between the
observed number density of galaxies and the magnification:

Olnn,
= 2.97
< olnM |, (2.97)
in a way that the observed galaxy overdensity can be written as
Sg _ ~;10 magnification + QdM : (298)

where §no magnification given by (2.93), and Q represents the magnification bias. Our

aim is now to find the dependence of 0 M on the metric perturbations, in order to give
an explicit expression of this contribution to d,. First of all we must express the angular
diameter distance in terms of the geometrical quantities we know, so we consider:

- a reference frame generated by an orthonormal basis {7, c;i, ZA)l}, where 7 is the
direction of observation and a?, b* span the plane perpendicular to it;

- a unit purely spatial vector /" which points away from the observer in a way that
u, " = 0;

5Dy can be defined as L/47F, where L is the luminosity and F is the flux [1].
6Da = D/0 where D is the real spatial distance, while 6 is the angular distance [32].
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- the spatial part of the tangent vector to the past light cone L” = dz"/ 8)~<|ﬁ, which
is parallel to . Then, by defining u, = (—a,0,0,0) and u* = 0 for the comoving
observer’s four velocity, we can write that

- LY L 1 0zV/ox

no_ v _ _
¢ Lou, u a(z9)L0  a(zY) —02°/0% (299)

An expression for D4 can be obtained from the area perpendicular to the line of sight
and spanned by at and b on the past light cone:

oxP 0x°

Dl = v/ =g(a) epupot ' 5 = (2.100)
From (2.95) we deduce that:
D? 1 - dxP 0T dx® 0P ..
M= L — —g(x) e poutt” , - a't
Z(V2v2  Ta(v)2v2 pvpo o 9ni diB On
laColx®  la(x)P*x dze 9ni dif Jn)
X3 x07
— « N 4 g n
g) e 0808 i (2.101)

= aE e o o

Using (2.99), collapsing the Levi-Civita symbol to three dimensions and considering
that {n%,a’, b’} is an orthonormal basis, we get:

-1 _ —g(z°) 02 0xP 0xY | in —g(z°) or
M ~[a(R)a(x®)Pax0 /o3 " Yo o &ckn b= —[a(x)a(x?)]?020/Ox | Da7 |
(2.102)

At this point we can introduce the first order expansions of the various factors. We
have already computed that:

V—g(z°) = a*(1 +3D),

x| 4 OAx
oxi| ozt
Then we can use the null condition:
"L, =0
900 (L0)2 + gijLiLj =0
0x0\ 2 ox' 07
_(E 1+ 2D)6;; 2EZ--]—~—~:O
<a>~<)+|:(+ )J+ ]a aX

9z%\” d
—<a—é) +[1+2D+2E,|}<di') ~0.

Therefore, at the first order:

OxP

[
—— =1+D+F Az . 2.1
% +D+ b+ 8” x| ( 03)

- (1+D+E”>%
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All of these expressions can be put into (2.102):

M — a*(z")(1+3D) ( . 6A;ﬂ'>
a?(x)a?(z%) (1 + D + B + 0)Ax)) o7
e’ oA
= 1+3D)(1—-D— E;—9)A 1 ;
2 | (3D 1= 0 xn)( + ag:«z)
o))’ 2A
- C;((f%)) (1+2D = B - 9 Az) (1 + 0 Az + ;' - 2&)
:a(xo): ? 2AIL’”
= | == (1—|—2D—E||—|- - —2/%).
L a(x) | X
It’s now easy to obtain the reciprocal of this quantity:
o\ 12
2A
a(z?) X
We can notice that
3 > 1+2  a(z2%)
I+2=(1 1 1462 = _
FE=AAlas) o 1= e =15
therefore:
a(v) ]’
~1—20z
a(z?)

So at the first order we get:

QAI”

(2.104)

2
M:(1—25z)<1—2D+E— - +2;%):1—2D+E”—#+2/%—25z.(2.105)
X X

In the end, since the perturbation of the magnification is M = M — 1, we get for it:

YT
SM = 262 — 2D + By — == 4 9f; .
X

Many contributions can be recognized:

(2.106)

e —20z — 2D is associated with the isotropic conversion from coordinate distances

to physical distances [31];

e F) is associated with the anisotropy of the coordinate system;

e —2Aux/x is associated to bringing the source closer to or farther from the observer

[31];
e 2f is the convergence term.
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We can now attempt to give a more explicit expression of M by expanding the last
two terms using (2.81), (2.87) and (2.86).

2 [X 2142
5M=—25Z—2D+E+7/ dX(D—i—E”)—i—:LNz(;Z
X Jo X H(Z)
2 . .
+26+  VAE 4+ ZA'9,E(0) —2A'0;E'(0)
N—— X N e’

V2E-02E—29E " —29,E'(0)
[ I 2 I
X 20/E(0)

= -2D + E” + V?’E — 6ﬁE — % {6E — (9||E<O):|

2142
‘I‘ 2/€ — 28||E’(0) —f- |:—2 + - i Z:|

2 X
)%H(g) 5Z+T/O dX(D-i-EH).

X

It can be noticed that, given ¢ = D — %VQE , we can write the following equivalence:
D + Ej =¢+6ﬁE.
Indeed it is easy to see that D + By = D + '/ Ejj = D + 0fE — sV2E = ¢+ OFE.

Therefore the four terms at the beginning of the expression of )M can be written as:
—2D+ B+ V’E —OE = =3D+V’E+ D+ E| — 0{E
= =3¢+ ¢+ E—-IE =—-2¢.

Moreover, the integral in 0 M can be treated as follows:

X X ) X ) dE
/ dx(D + Ey) Z/ dx(¢ + 9 E) Z/ {¢+9n <E + d—)]
0 0 0 X
X dE' dE' d*FE
+E"+ —+ ——+
/0 <¢ dx — dx dx2>
X X d dE
= [ dx(¢+ E" +/ d —<2E’+—>
/0 x(9 ) 0 de dx
dFE

% X
= d E" 2F + —
[ axter s

X

X
= / dx(¢+ E") + {QE’ + O E - E’}
0 0

= /X dX(¢+ E”) + E' + O\ E — E/(O) — 8”E(O) .
0

Substituting al these expressions into 6. M, we ge the final expression for it:

2 2 21+
M =—2¢— Z9E+ =9,E(0 +2m—28E’0+[—2+7 ~}52
o= HE+ ZEQ) 1E(0) 6
2

2 >~( ! / / 2 2
+§/0 dy (¢ + E") +§(E - E'(0)) +2O)E = 0UE(0)

At last we have:

2142
oM = =2 +2/€+[—2+7 -
¢ THC)

}& + (E - E’(o))

2
X

— 201 E'(0) + 2 /Xd (0+E") (2.107)
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2.5 Galaxy bias

The aim of this subsection is to find a relation between the intrinsic galaxy overdensity
dy in the synchronous-comoving gauge and the matter and metric perturbations for
large scales, thus considering only the linear terms. Since we are dealing with large
scales, we must focus on the main features of such an environment for a given galaxy:

- its mean density;
- the evolutionary stage (proper time, the linear growth factor).
In order to represents these quantities, we can consider:

e a spatial volume V' centered around the space-time point > on a constant age
hypersurface represented by t;; = constant, where ty; is the proper time of comov-
ing observers since the Big Bang. This volume is assumed to be large enough for
linear perturbation theory;

e the number of galaxies N, within V', which depends on the mass M enclosed in
it and the age of the universe ¢;; in that volume (that is kept fixed).

A general expression of IV, is
Ny, = F(M,ty, ), (2.108)

with F' as a generic function of the just mentioned variables. Now a coordinate system
(1,) is considered, together with linear perturbations of the quantities we deal with.
Given p,, as the average physical matter density in the background and dp as its linear
perturbation, the physical matter density p can be expressed as:

)
p:ﬁm—l—ép:ﬁm{l—i—_—p] — pm[1+8Inp)] . (2.109)
Since p,, ~ a3, we can notice that:
dlnp, dlna™3 1 4 da a
dr dr a*3( ™) dr a “ ( )
~—

al

The mass M enclosed within V' can then be written as:
M = / p=pn(T)[1+0Inp|V = ppu(r)[1 4 0 — 3aHS, |V, (2.111)
1%

where we split the perturbation in two contributions:

e 0, is the matter density perturbation on a constant-coordinate-time hypersurface
T = const.;

e —), is the time-coordinate displacement on a hypersurface at constant proper
time ty = const., in a way that:

a(t) [T — 07(x)] =ty = constant . (2.112)

Therefore —3aH represents the shift from a constant-age hypersurface to a constant-
coordinate-time hypersurface.
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At this point, defining 7, as the average physical galaxy number density on a constant-
coordinate-time hypersurface, we can do the same analysis for N:

N, = / ng = ng(7)[1 + 6 Inng|V = fiy(7)[1 + 6y + bepaHOT|V (2.113)
v

where the two terms in the perturbations are:
e ), as the galaxy number density perturbation at 7 = const.;

[}
B dInng

ep — 9

dlna
and the whole term b.,aH 7 represents the galaxy density perturbation on a
constant age-hypersurface.

b

(2.114)

Expressions (2.108) and (2.113) can now be compared. We first make the following
definitions:

e the average of the function F' on hypersurfaces at fixed ¢y

F(M;ty) = (F(M;ty; 2'%)), (2.115)
e the bias ~ ~
In F/(M, F ;
h= dln ( atU) _ 9 (pVV,tU) : (2116)
Oln M oV J1n py m

where py is the average matter density at ¢y = const. within the volume V;

e the stochastic contribution to galaxy density

F(M:ty; z#
FMstysa") (2.117)

«(=") F(M:ty)

The comparison of the two expressions of N, can now be made:

Ny = F(M;ty; ')
= F(pnV;tu)[1+b(6nm — 3aHOT) + €] (2.118)
fig[1+ 8y + bepaHOT|V .

In the background we found that, for §,, — 0 and 7 — 0: 7i,(7)V = F(p,,V;ar).
From (2.118) we deduce that the galaxy density perturbation is:

Oy (") = b(7) [0 (2") — BaH (7)07(2")] — bep(T)aH (7)07 (") + €(z*) . (2.119)
If we observe this expression, the following considerations can be done:

* on subhorizon scales (A < aH) the term aHd7 is negligible with respect to d,,,
so (2.119) becomes a linear relation

dg(xh) = by, + €; (2.120)
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* in the synchronous-comoving gauge, with ¢y = a7 everywhere and 07 = 0, ex-
pression (2.119) becomes linear as just mentioned but for all scales; it is right
the case we dealt with in calculations in the previous sections. Inserting (2.120)
(with eventually € set to zero) into (2.93), we obtain an expression of the observed
galaxy overdensites completely in terms of the metric and matter perturbations,
and of two peculiar parameters b and b,;

* In this section we used the physical quantities, but it is better to deal with the
comoving ones because we are doing our analysis in the synchronous-comoving
gauge. Therefore, from now on we will consider the comoving galaxy number
density agng and a new parameter b, instead of b., defined as

_ dIn(a®ny)

= ———22 2.121
be dlna ( )

2.5.1 Gauge invariance

The bias parameters b and b, are gauge invariant. We could expect such a thing because
they are in principle observable:

- given a change J,, in the average mass density within a certain volume V, b
represents how much the galaxy density changes as d, in response to d,,;

- b, tells us how much the average number density of galaxies changes with the age
of the universe.

The quantities we are using generally change with the coordinate time. In order to check
the gauge-invariance of the bias parameters, we study the effects of a time-coordinate

transformation from 7 to 7:
T = ¥=7+4T, (2.122)

where in general T'= T'(7,x). For a generic scalar function f there is no change under
this transformation; therefore, given the background value f and the scalar perturbation
0f, f is given by both:

F=F@)+6f(r,x) = f(F)+0f(+ &) . (2.123)

The explicit expression of the scalar perturbation in the new coordinates in terms of
the old ones is: B
df(r)

5}“:5f+f(r)—f(r+T):5f—7T. (2.124)

This formula can ben applied to the perturbations of the matter density, of the redshift
and of the galaxy number density:

y d1n p,,

8 = 6, — T =36, +3aHT (2.125)
T
v In(1+ 2
5Z:5Z—WT:5Z+CLHT, (2.126)
T
. In(a37
5y =6, — WT — 5, — beaHT (2.127)
T

where in the first line we used (2.110), in the second line

din(1+2) dn(a'(z%1))) lda  d uH
dr N dr  adr  a ’
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and in the third line

dn(a®ng)  dln(a®ng) dlna dln(a%%)l@ _ b a bol
dr  dlna dr  dlna adr ‘a7

We can notice that the quantity o, + b.0z which appears in (2.93) is gauge-invariant,
indipendent of any bias choice. Then, we can also perform the transformation of (2.119)
at fixed b and b, (at first order):

0y = b0 — 3aHOT] — baHOT + € (2.128)
= b6, + 3aHT — 3aH (61 + T)] — beaH (67 +T) + € (2.129)
=0, — b.aHT, (2.130)

where we used Eq.(2.119). We perfectly recovered the gauge transformed expression of
d, with fixed bias, and in this sense they must be gauge-invariant in order to assure
that d, itself is gauge-invariant.

2.6 Final expression of the observed galaxy over-
density

What we have done until this moment can now be summarized: we first have computed
the expression for the observed galaxy overdensity (2.93); then we have added the
contribution of the magnification bias Q0M, thus calculating the explicit expression
of 0 M; at last we have introduced the concept of galaxy bias, and found that in the
synchronous-comoving gauge it becomes a linear relation. At this point we need to
gather all of these results in order to give a final expression A, for the observed galaxy
overdensity in terms of the metric perturbations and of the bias parameters. We will
do this in the synchronous-comoving gauge, exploiting some advantages that arise from
this choice. We can start by writing explicitly the sum of all the terms we have just
explained; therefore, the final observed galaxy overdensity A, will be written as

Ay =06,+ QoM . (2.131)

The first addend Sg corresponds to the expression (2.93), and within it the following
quantities must be explicited:

e the term §, is substituted with the linear bias relation for the synchronous-
comoving gauge
dg = bopy (2.132)

as we saw in the previous section (but setting € to zero);

e as regards ¢, we will use this quantity in order to remove any residual spatial
gauge mode. But the important property we want to highlight here is linked to
its time derivative ¢', since it appears in the ¢0 Einstein’s equation:

¢ = —4nGOTy ocu' =0, (2.133)

where §T¢ is the 10 component of the perturbed stress-energy tensor and u' is
the peculiar velocity of the observer, which is zero in the synchronous-comoving
gauge. Therefore, everytime we see a term with ¢’ we can drop it;
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e Jz is expressed through (2.57) which takes also account of the Integrated Sachs-
Wolfe effect. It is right in the ISW term that we can use the property of the
previous point, because we notice that in the synchronous-comoving gauge, since

¢ =0:
§z5¢ _ Xd D — EVQE/ + E") = id ¢/ + E"Y) = >~<d B
Isw — 0 X 3 - 0 X - 0 X )

e the convergence r is explicited with the expression (2.87), but here is used in
terms of 7¢.

The second addend is the magnification contribution, where Q is given by (2.97) and
dM is given by (2.107); also in this case 0z and k are explicited as just written above.
We are going to write the explicit expression of A, by writing all the previous terms
together, but dropping the unobservable constant contributions from the perturbations
evaluated at the observer’s position and exploiting ¢’ = 0:

1+% ., 1+ 2dH(2) 142
Agz b(5m+be(52—%8“E — {1— H<~) dz —|—§ B 0z
2 2 [X
+2¢—7E’—7/ dx<¢+E”>—2/@
X X Jo
21+ 2 2 2 [X
+Q{—2¢+2/{+ {—2+7L~Z]6z+rE’+f/ dx<¢+E”>}
X H(z) X X Jo
X 1 3
= bo,, + be{8|E’ +E" + / dXE/”} — ijaﬁEl
0 H(Z)

B {1_ 1+ zZdH(Z2) 21+5H

X 2
- L 8E’+E”+/dE”’}+2 - —F
aE 4 xraeY X *~ 3

0

2 [axor )+ 98 [Tk (- (o4 )

_ov? /OX dxf(x . (¢ n E>

21+% X
+ Q{—2¢+ {—2+—iH8HE’+E”+/ dXE”’}
X z 0
2 / 2 >~< 1A
+ =K + = dX((b-i-E ) .
X X Jo

These terms can be organised more conveniently by gathering all of these different
contributions into three bigger ones, in a way that:

Ag:A5+AK+A], (2.134)

"However, the operator V2 is moved outside the integral thus having an extra factor x2/x? inside.
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where the three terms result:

Ag = b6, + [be—(1+2Q)+

- Q)(x¢—E') ,

X
} / dyE" . (2.137)
0

e Ag is a local term evaluated at the source which includes the galaxy density
perturbation, the redshift distortion and the volume distortion caused by the
redshift perturbation. It substantially contains the Newtonian local terms plus

some general relativity corrections.

e A is the weak lensing convergence integral along the line of sight, and is the

same that arises in the Newtonian context.

e A;is a time delay integral along the line of sight, and is a pure GR correction.

23






Chapter 3

Angular power spectrum

A full explicit expression of the galaxy number density perturbation A, (2.134), which
takes account of all the possible non negligible corrections at large scales, has been just
given in the previous chapter. But why do we need such a quantity?

Galaxies’ overdensities become part of statistical tools used by cosmologist to extract
information about the early phases of the universe (e.g. primordial non gaussianity), to
test cosmological models and general relativity itself, which effects becomes important
at large scales: we are talking about two-point statistics, that deals with correlation
functions and power spectra. These tools must reflect the underlying simmetries of the
large scale structure of the Universe, which is statistically homogeneous and isotropic
in standard cosmology. For example, for galaxy redshift surveys, the three dimensional
redshift-dependent Fourier power spectrum P(k,z) (which is the two-point correlation
function in Fourier space) is not well defined: it works for the flat-sky approximation,
instead with large scales there are problems. This quantity is not directly accessible,
because when we observe the large scale structure of the Universe we lose the full spatial
simmetry. Indeed, by making observations only within our past light cone, at each cos-
mological distance we observe the large-scale structure at a different time. Therefore,
the time evolution of large scale structure genuinely breaks the homogeneity along the
radial direction (the line of sight) [33]. We have no more a three dimensional spatial
simmetry, but we are left with a spherical simmetry on a two dimensional sky where
two angular cooordinates can now be used. In such an environment we must switch
from the power spectrum P(k, z) to a more suitable quantity for large scales: the an-
gular power spectrum Cy, which is the two-point correlation function in the spherical
harmonic space. The aim of this chapter is to calculate the C, coefficients for the full
explicit expression of A, (2.134). In particular, the different contributions from Ag,
Ag and A; will be computed, thus distinguishing various categories of coefficients rel-
ative to the local, the weak lensing and the time delay terms, but also to the mixed
ones where these contributions are combined together (in the product of the As). The
starting point of all the calculations are the expressions (2.135), (2.136) and (2.137) of
the three contributions just mentioned. We can notice that, except for the first addend
in Ag, the others don’t show the explicit dependence in the matter density perturba-
tion &,,, which will be crucial to involve the definition of the power spectrum P(k) in
calculations. These other addends are basically made of big coefficients depending only
on the redshift z multiplied for expressions of ¢, E’' and its derivatives. Therefore the
results of subsection 1.3.6 in Chapter 1 will be used to connect the metric perturations
with the density ones. However, first of all we are going to give a brief overview on the
concept of spherical harmonic expansion of our observables.
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3.1 Spherical harmonic expansion

The observable we work with is the galaxy density perturbation A, = A,(#, z)!. Since
we measure it on the two dimensional sky, the spherical simmetry allows us to make
an expansion of this quantity in spherical harmonics Y7, (z) with respect to its angular
position on the sky for every redshift z:

Ag(P,2) = Mg (2) V() | (3.1)
m
where the coefficients Ay, are given by
A (2) = (Im|A,) = /dQn(€m|ﬁ,><'ﬁ\Ag> = /dQﬁ%%(ﬁ)Ag(ﬁ, z) . (3.2)
We can briefly prove that (3.2) is correct by substituting (3.1) in it:
Bnz) = [ A2Y5, () 3 o (Vo (7).
Ut
This gives an identity due to the property
[ 920 (8ot () = S (33

which kills the summation and gives Ay, (2), identical to the left hand side. Since
our observables are based on the measure of the redshift z, there will be some errors
connected to such a measure which must be taken into account; but, most importantly,
we have to filter our observables within the angular coverage of the survey, while in
principle we are integrating over all scales in the previous definitions. For these reasons
A, (7, z) must be averaged over a window function W (z) normalised to one. If we want
to express it in comoving distance space, we can write that W(x) = W(z)aH (z) since
from (2.54) we can deduce that x(z) = [; d2’/aH(2'). Then the normalisation of W is:

/Ooo dxW(x) = /OOO dxaH (2)W(z) = /OOO d=W(z)=1. (3.4)

We can now express Ay(n, z) averaged over W

Ay () = / T W) 2) (3.5)

in a way that the quantity A,(72) is defined and will be used from now on in calculations.
By putting it into (3.2) we get the expression

Bon = [ a0 ) [ V08,5, 2) (3.6)

for the coefficients of the expansions we will work with. Since A, (72, z) will be computed
in the momentum space, we write down here the plane wave expansion in spherical
harmonics

e*® = dm Y il jo(kx) Yo, (k) Yim(£) | (3.7)

Im

'From now on z will be used instead of Z to simplify the notation.
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where j, are the spherical Bessel function, that will be largely used later. The quantities
we have just presented are used to compute the explicit expression of the angular power
spectrum CY, which is a set of coefficients in the expansion of the two-point correlation
function in spherical harmonics:

§(R1, Pz, 21, 22) = (Dg(Rr, 20) D (P2, 22)) = D Cul21, 22) Yo ()Y (R2) . (3.8)
Im
However, this definition is not straightforward to use practically, so these C} coeffi-
cients are better computed with another definition. If uncorrelated Ay, coefficients
and isotropy are assumed, in the observed sky we have that:

5%’5mm/C€ = <AZmA€/m’> ) (39)

where the C, are specified by the cosmological theory and the symbol () means av-
eraging over many sky realizations of the field A,. However, one actually observes a
unique sky realization, and an estimator Cy of the angular power spectrum can thus be
constructed by averaging over m the value of |Ag,|*:

. 1 m
Cp=— Apnl? . 3.10
=g L A (310

It’s trivial to show that this estimator C} coincides in our case with €y which appear in
(3.9):

m m

A 1 1 1
G, = %—“mz AjnBem = 577 ngcz =52 DC =G (3.11)
Therefore, it is sufficient to find Ay, and its complex coniugate and then multiply them
in order to compute Cy; of course, it must be considered that there will be a large
number of Ay, coefficients according to the GR effect we are considering, and for each
one there will be various addends, so the calculation in not so straightforward. These
Cy can then be compared with their measured values in galaxy surveys, and can so be
used to make the tests nominated in the introduction. In performing calculations, some
particular integrals where the power spectrum P(k) and a product of spherical Bessel
functions will arise. They will be also defined in a more complex way, but the basic
expression we are going to find is

/ 2 [~ . . /
wel ) = 2 [ dRPE 0 (b). (3.12)
0

where x and ' are the comoving distances at two different epochs. These integrals are
hard to compute, because spherical Bessel functions have a highly oscillatory behaviour
when integrating in the & — oo limit; nevertheless numerical methods can be used to
give an estimation of them. However, in this discussion we are going to just explicit
wge Whenever we recognize such an integral, and we are going to define other similar
integrals in order to express the Cy coefficients in terms of a sum over them.

3.2 Explicit expression of AJ

As we have already seen in the previous chapter, the full expression of the galaxy density
perturbation A, is made of three addends Ag, Ax and A;. The aim of this section is
to compute the coefficients A (3.2) that appear in the expansion (3.1) with all of the
previous contributions; they will be needed in the C; calculations of the next section.
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3.2.1 The local term Afm

In this subsection the coefficient A7~ will be calculated starting from the expression
(2.135) of Ag:

B (14+2)dH(z) 2 (14 2) , .
Ag = bby + |be — (1+2Q(2)) + e ;(1 - Q(2)) 0 } (6HE +E )

L}LjaﬁE’ - %(1 — Q(z)) (ngﬁ - E’) )

It can be rewritten subtituting the expressions of E’, E” and ¢ as functions of 4,, (see
the subsection 1.3.6 in Chapter 1):

Ag= bb,
+ [be - (1+29(2)) +

+ {be — (1429(2)) +
x [— °(2) (§Qm— f@))]v—?(sm

1+22\2
- (T ) A,
£2(1- Q) [— (fi(jl) (f(Z) ¥ gfzm)} v,

2 H{(z) —2

We find such an expression

Ag = b6y — A(2)H(2) f(2)O)V 20 + f(z)@ﬁV’%m — A(2)H?*(2) <;Qm - f(z)) AVAR

—2(1 - Q(2))H*(2) (gﬂm + f(z)> V26, + %(1 — Q(2))H(2) f(2)V 26, ,
(3.13)
where we have defined:
A =t~ (Lr20e) + T 20 eay
H(z) = ﬂzi (3.15)




Expression (3.13) can be simplified by introducing parameters «(z), S(z) and v(z)

defined in Eq.(20), (21) and (22) in Ref.[29]:
) = X e () = 1200 + 5(2) — 5 [1 - 0] G "
3.16
B(z) = ‘]bc((zz)) , (3.17)
12) = (ﬂi) { (flg) {5 (2) - ;angif)} belz) + ; (ﬂzi)ﬂ (2) [Qm(z) - 2]
. ;f[fi) QJZS) [1 —4Q(z) + ng(z)} + % [1 . Q(z)} Qb”(“ij)} . (3.18)

a(z) is a generalization of the Newtonian expression, 3(z) has the same form as in the
Newtonian analysis and 7(z) is a new term arising from general relativistic corrections
[29]. An important equivalence will be used in order to connect the big expressions of
z which appear in Eq.(3.13) to «, £ and ~:

(1+2)dH(z) 3

H(z) d=z :EQm' (3.19)

It is easy to prove it starting from the Friedmann equation for a flat background:
8
H? = ng(ﬁm +pa) (3.20)

where p,, is the mean matter density, for which p,, = pno(1 + 2)3, and py is the
energy density associated with the cosmological constant, and is constant itself (we
are neglecting the other contributions to p, e.g. barions, radiation,...) If we take the

derivative with respect to z:
dH 8 _dpp,
2H— = —7G—— 21
dz BWG dz ’ (3.21)

we need to compute the derivative of the matter density: dp,,/dz = ppm,3(1+2)* = 3apm,.
At this point we can insert what we have just found into the previous equation:
dH  8nGdp, 8rG

di _ _ 5 22
& " GH o 6H aPm (3.22)

Therefore?:

(1+2)dH(z) 1 887G, _ 81Gpm 3 3

= 3ap, = - ==0,,.

H(z) d=z aH(z) 6H

This relation is important because it allows us to use it in the definition of A(z) (3.14),
and therefore, gathering the similar terms in the expression (3.13), we can write them
in terms of «, # and . The following equivalences are found:

o —A()HA(2) (ggm - f) —2(1 - Q(2)H2(2) @Qm " f> = (1= Q)
=0(2)7(2) ; (3.23)
o —A(2)H(2)f = ib(z)a(z)ﬁ(z) . (3.24)
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Expression (3.13) can thus be written as

Ag = bb,, + Z F; (X, %, a%) V20, , (3.25)
where:
Fi = <H:)al2)A(:)0) (3.26)
Fy = f(2)d] ; (3.27)
Fy =b(z)7(2) . (3.28)

We are now ready to compute A7 with the formula 3(3.6):

M= [ aa¥ia) [ davoas(a.:)
0

- 3
= /dQﬁYZﬂ(ﬁ)/ dxW (x) [bém + Z FiVQ(Sm}
0 i=1

=AY D+A2Q),
where
A (D = / 107 () / WV ()b (3.20)
AS () = / ALY, (R) / dxW (x ZFV 26m (3.30)

These two terms need to be explicited in order to compute C} in the end.

First addend of A

In this subsection we are going to focus on the first addend AZ (D). First of all, we
want to write bd,, in the Fourier space:

b, (T2, 2) = / %eik'”b(z)ém(l%, z). (3.31)

Since e*™ = 47", i'5s(kx) Yy, (k) Yim(r) from (3.7), by substituting it on the previ-

ous expression we find

b6, (2, 2) = / (;ljf 4WZ@ k)Y (B) Y (A)b(2)0 (B 2) . (3.32)

Now (3.32) can be inserted in (3.29):

~

5D [ 0225, 0) [0V ) [t S 0V (0o )6 R 2)
0 Vit

Using [ dQaYy, () Yoy () = 0 Opmmy (property (3.3)) we kill the summation, having
at last:

A5 (D) = / e [ 5 O ) Vi (R)b(2)5n (R, 2) (3.33)

3We will omit the arguments of Fj; to simplify the notation
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Second addend of AJ

We can now pass on the second addend A7 (2). The first step is to write Y, F;V =24,
in Fourier space. Operators F; acts on V™26, and are composed of coefficients which
depend only by z multiplied for derivatives with respect to x. Indeed, 9 and 8ﬁ appear,
but in this context they are basically derivatives along the line of sight, therefore they
can be replaced with 9/0x and 9%/9x?. These derivatives will act on V~24,,, and in
particular on the spherical Bessel functions j,(kx) which depend on x. For these reasons
we can Fourier transform only V~24,,. If we define p(n, z) = V~24,,(n, z), we can write
the Fourier transform as:

w(ﬁ,z):/(gﬂl;geik-ngp(k,z)

— [ S i (R Yo ). 2

- / (;l:;a‘lﬂZi‘]’e(k‘x)Y&(’%)Yzm(ﬁ)V‘Qam(l%,z). (3.34)
m

Now (3.34) can be inserted in (3.30):
85.@= [ d0avi @) [ v
0

5
Pk " P
« ;F / g D e )Y (B) Yo ()20 . )

'm/
o d3k Y k . * /7 —92 7
= [ W) [ 551D FajeX) Yo (R)V 20, (k. 2) (335)
0 a=1

It can be noticed that A (2) is made of three addends, which must be calculated
separately.

F, term

We call A7 (2); the term in F} and the first addend of A7 (2):

5,1 = [V [ S R0V (0 0 k.2
= [Tt [ S a8 ) Vi BT (e 2) - (336)

Now we can notice that:
e V2 acts on §m(12:, z) in Fourier space by pulling down a factor —1/k?;

e 0, can be replaced by 0/0x, which acts on the spherical Bessel function ji(ky).
A recurrence relation can be used to calculate such a derivative:

d 4 (+1
Jera(z) . (3.37)

a0e@) = g e (@) = 5

Therefore in our case we find:

(+1
20+1

jffl(kX) - je+1(kX) . (3-38)

o0 . 1
&‘WW) =kl
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Further, we can lighten the notation by calling:

l +1
f—l—m ; fl—_%—ﬂ : (3.39)

So, using the property (3.38) with definition (3.39), this final expression for the F} term
turns out:

55,1 = [T [ 5o |- | [Faia0 + fvea ()

m
= [T w0 |01 | [ o [Fiea (o0 + i)
x Y, (k)om(k, 2) (3.40)

where the terms which don’t depend on k has been pulled out of the integral in £k in
the second line.

F5 term

The term AJ (2);; in F3 presents a second derivative 0ﬁ, which here corresponds to
9?/0x* and acts always on j,(kx). Such a derivative can be computed using another
recurrence relation:

d2
@ﬂ(@ = [-2je—2(x) + foje(x) + fojesa(z), (3.41)
where
(-1 2k 4201 (+1)(e+2)
Jo2 = 20-1)20+1) Jo= C@20-D@20+3) J2= (20 + 1)(20 + 3)
(3.42)
In our case we have:
82
o2t = K | Faealkx) + fogelhx) + fagera(kx)] (3.43)
The term in F3 can be written explicitely:
oo d3k R R
8@y = [ W) [ G R b0V BT 0k, 2)
[e'e) d3k‘ ' 82 . . 7 3 R
= [ a0 [ G e g i)V v 2
> ek, . . .
= / dxW (x) / 55t (/2] [f—z?ea(kX) + foje(kx) + fojesa(kX)
0
x Y (k)om(k, 2) . (3.44)
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F5; term
The term A7 (2);;; in Fy is simple to handle in a few steps:

> &k, . P -
@iy = [ W00 [ St Pk )72k, 2)

= [ a0 [ S @) Vi 89 260, 2)
= [T [Hen @ [ oY Rk (35

0

Final expression for the second addend of AJ

A final expression for A7 (2), which is the second addend of A7 |
summing over all the three contributions just calculated:

Af’m@ A @I + Af’m@ll + Afm@lll
1 d3k

= [T it{ - 26a25) [ 505G [Faieato0 + (i)

can now be given by
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- f(2) / &k [f—z]z 2(kx) + foge(kx) + f2Je+2(k‘X)]

—b(2)(2) / #i—fje(kx% (3.46)

Finally, the full expression for the A7 is given by the sum of (3.33) and (3.46):

5= [Cawreo [ O )Y (R)b(2)5 (R, 2)

2
e , 1 d®k
- [T aartor{sene) [
1 &Pk

+ WEaEBE) [ 5 [P i) + fialiov)]

#002) [ 55 [-adteal) + ) + Seiesa090)] Vi 13 2)
(3.47)

3.2.2 The weak lensing term Agn

In this subsection the coefficient A will be computed starting from the expression
(2.136). However, we will use x as the observed distance and y as integration variable:

Ag = [1-Q(2)] V1 /X d;z%(x —X)(¢+E").

0

Knowing that the expressions of E” and ¢ as function of é,, are [Eq.(1.69) and (1.71)]:

. {39 <z>—f<z>}v25m,

(1+2)
H2(2)
)

(1422

o300+ 1|25,
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we find that

A= =[1- 0NV [ aE (v~ 0) 1 2| 39D+ 1)+ 39D~ 1)
X V725, (n, )
=—[1-9(z)]V2 /0 : df(%(x — X)3Qn () HA(Z)V 26,(n, 2) . (3.48)

Now, using Eq.(3.6) combined with the Fourier transform (3.34) of V~24,,(f, 2), and
using the following properties by order:

1 000+ 1
V2 Vi = V2, = - AP Dy, (3.49)
X X2
/ Y, ()Y (8) = GGy (3.50)

we can find the A coefficient with the following steps:

A= [a0aYi @) [ oW,
—— [ @ [T aarel- 0@)v [ ad (- s emee
X V726, (n, )
- [a0u¥i @) [T aaveol - ]9 [ dek (- )30

0 0

[ gyt S i )i ()i ) 5 )

el /

:/dQ ng(A)/m AW (x)[1 - Q(z)}é/oxd;(%(x_X)ggm(g)%g@
/ Y ZZZIJZ’ kEX)Y, '(’%) Vo Yo (o) 5m(l%72)

o'm/ g
O +1) Yy, ()

—((t+1) / WV () [1 - Q)] / d~% 30, (2)H(2)

[ et )Y (R B 7). (351)

3.2.3 The time delay term Afm

The coefficient Af,, will be now computed starting from the expression (2.137):

Ar= — 211 0] /Oxd>z<¢+E”)

X
+ [be - (1429(2)) +
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Expressions (1.71), (1.69) and (1.70) can be introduced, and A(z) can be written in
place of the expression multiplying the integral in E”, according to definition (3.14):

p
Ar=-— ;[1 —Q(2)]

< [Max| -2 (G + 10) - HE (B - 1)) v,

—i—A(z)/O dx [—3%%(5)@(2) - 1)}v25m. (3.53)

Since A(z) = —b(2)a(z)B(2)/xf(2)H(z) = —a(z)/xH(z), we have:

A; :%[1 — 9Q(2)] /OX dX 30 (2)H*(2)V 20,

1 a(z)
X H(z)

Now, proceeding in the same way of the other terms, we compute:

/0 : dx 3 (2)H* () (f(2) = 1)V 26y, . (3.54)

AL = / 1Y (R) / DV (A (7, 2)
0

_ / ALY (R) /0 N dxW(x)

x {_%[1— Q(2)] /O ¥ 45 30, (2)H2(2) / Qiglzg > i G (kR) Y (k) Yo (70) 61 (R, 2)
La(z) [* . 13T ey~ d*k O 1w . -
IR CCIUCR Y EE=) 3 O ) Yo ()52
_ /0 h dXW(X){—%[l— Q(2)] /0 * 30, (2)HA(2) / %mwg)m(k)%(é,z)

La(z) [* a3~ _ A .
-2 [avnaemalie - 1) [ Sniiovi@nea ). 65

3.3 Angular power spectrum C)

Once that the three contributions of A have been computed, the expression of the
angular power spectrum Cy can be found. Indeed, using (3.9):

300 Oy Co = (A} Doy )
= (A% + Apy + A ) (Al + Al + Ab))

+ ABCAL - AKAS L AREAL
—_— Y Y
CK (©) (d)
+ AAL A AS AN (3.56)
oK ©) )

It can be noticed that 9 terms arise in the full expression of Cy:
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- AZEAS L ABCALand Alr AL which are the unmixed local, weak lensing

and time delay contributions;

- the mixed terms [from (a) to (f)] in which the local, lensing and time delay
contributions in the galaxy density perturbation are related through their mixed
product. In the following subsections all these terms will be computed, in or-
der to give a full final explicit expression of the C, coefficients. However, new
mathematical definitions are needed.

3.4 New integral definitions

In Cy calculations many different integrals will appear, which contain the product of
the power spectrum P(k), spherical Bessel functions for different ¢, and various power
of k, all integrated in the Fourier space. First of all, we start with the definition used
also in [33] and already named at the beginning of the chapter:

2 [ . .
wela ) = = [ dRPEk)io (o), (3.57)
0

where we used the notation x; 2 in order to avoid any confusion later. However, since
in this analysis where all the contributions to the angular power spectrum will be
considered, also integrals with different powers of k will arise, we need a generalization
of the previous definition. We define:

2 P(k) ,
wZK/(X17X2) = ; /dk’ k2 k(y)ﬂ(kxl)ﬂ’(/@@) . (358)

But we can do more, since also particular sums of these integrals will appear. Therefore
the following definitions will be introduced, which are a generalization of those which
appear in [33] [from (G5) to (G8)], with f_o, fo, fo previously defined in (3.42):

wigo(X1s X2) = wy (X1, x2) ; (3.59)

wZV,K—Q(le XQ)
wey,oz(Xsz)E(f—Q fo f2) ng(X1,X2) ; (3.60)
wZﬂ—&—Q (Xh XQ)

wZ—Q,E(Xb XQ)
(fo2 fo fo) | wie(xaiixa) | ; (3.61)

WZ+2,4(X17 X2)

W9y o (X1, X2) wz'iz,zz(Xb X2) Wi_g g4 (x1,X2) J2

w22o(X1, X2)

wZ22(X17X2)E (f—2 Jo f2) wZE—Q(X17X2> ng(Xh)@) wZz+2(X17X2) Jo
wZJrz,zfz(Xla X2) w5+2,e(X7 X') wt7+2,z+2(X1, X2) fo
(3.62)
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Further, these new definitions will be used:

wZo1(X1,X2) = (ffl Wee-1 i&’izg) ; (3.63)
)

) (e

wi10(x1, x2) = (f (w 1(‘;822)) (3.64)
» (i
" (i

W)y (s x2) = (fr —1,-1(X15 X2) wZ_1,z+1(X1,X2)> (fl) : (3.65)

Wiy 01 X1, X2) wZ+17e+1(X17X2)

S

(
Wy o QEX X2) wZ—l,é(XhXZ) wZ—1,z+2(X17X2)) f];OQ

w 5 — v v
m(Xl X2) = (f wé+1€ 5(X1, X2) wum(XlaXQ) wé+1,é+2(X1>X2)

?

f2
(3.66)
Wig 01 (X1, X2) W79 011(X15 X2) f
utatand = (e fo £) | uisbew  wtato | (G G

wZ+2,e—1<X1a X2) wZ+2,z+1(X17 X2)

3.5 ng coefficient for the local term

After finding the explicit expression of A7 = AZ (D + A7 (2) as sum of (3.33) and
(3.46), we are ready to calculate the CF coefficient for the local term of the galaxy
density perturbation.

0t Omme CF = (A DG ) = (DD + A7 @) (A7 D + A7)
= A7 DAL, D+ A DAL, @+ AjDAZ,, D
@ (if) (iti)
+AQAS, D . (3.68)

(i)

We can notice that there is a sum of four terms, called for simplicity (4), (iz), (iit), (iv),
and we are going to compute all of them by order.
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Term (¢)

AS*CDA @

- / T W) [ 5 (0o Vo R0 (2

2m
:/OOO dX1W(X1)/OOO dXQW(Xg)/;MZ( i) je(kx1)Yem (k)b(21)

&, : :
x/ o (K X2) Vi (R)0(22) 05 (o, )6, (R, 22)

° &K, N .
X / ngW(XQ)/ Z ]g/(l{? XQ))/Z/ (k/)b(ZQ)(;m(k/,,ZQ)
0

2m

-

(2m)3 P (k)6 (k' —k)

Z/OOO Xmw(Xl)/Ooo dXQW(XQ)%/dk K (—1) 8" jo(kxa) e (kxe)

[ A0 ()Y, (R a)2) PR

[\

~~
0007 Oy

= [ auwon) [ aaWow 2 [ dk bt P b,

-~

w? 00(X17X2)

where we introduced wy (X1, x2) according to definition (3.59). In the end, for the first
addend of the C7 local coefficient we find:

(i) = AL (DA} ®:/o XmVV(Xl)/OOOdX2W(X2)5152w200(X1,X2), (3.69)

where for simplicity b; = b(z1) and by = b(22).

Term (i)
AS*CDA @
- / W) [ 580 e Vo (B11)5, 1)

o p 1 ey
X dx2aW(x2)i" § —b(22)7(22) ﬁﬁjz'(k X2)
0

1 1 &K
- —Hea()B) [

|:f—lj€’ 1(K"x2) + f{jef+1(k'X2)}

dBk/ . N ~
- f(Zz)/ 52 {f_gje “o(k'x2) + fode(K'x2) + fojera(K Xz)} }}/E’m’(k/)dm<k/7 ) -

Here f 41 10 = fo+1,22(¢') and f(22) = b(22)B(22) according to definition (3.17). Using
again the fact that

5% (ky21)0m (K, 2) = (21)° P(K)6C) (K — k) (3.70)
/d%—/dk k?/d@k, (3.71)
/ A2 Yo (R) Y (R) = G106 (3.72)
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we find:
AS*CDA @
_ / i) [ aaw i { s 2 [ dritaidg e

-~

w?,OO (Xl 7X2)

1

= Zbeblea)aCien) 2 [ db ki) Fiea (o) + e bva)| P®

(. >
g

w[},()l (x1 7X2)

e e2)862) 2 [ A R2l00) | sl + Fuilina) + Fesalons) | P9}

(. S/

-~

w@?m (x1,x2)

where we recognized particular integrals defined in the previous section. Therefore for
the second addend of the local C7 coefficient we get:

= AFDAL,, D = —/ dX1W(X1)/ dx2W (x2)
0 0
1
X b1by {72 wioo(X1, X2) + goézﬁé wpor (X1, X2) + B2 wioo(x1, x2) |, (3.73)

where for simplicity the quantities denoted with the subscripts 1,2 are computed in
21,2-

Term (7i)

(i11) = AP AL (D
- [Tt {-san) [ o5 i)
- %b(zl)a/(zl)ﬁ(zl) %@{f—m 1(kX1)+f1Je+1(k‘X1)]

— f(=1) / & {f—ﬂe 2(kx1) + foje(kx1) + f2ﬂ+2(k‘X1)] }Ygfn(iﬁ)(Sm(fC, 21)

e’} d3k,/ . } R R
- / bW (xz) / 5t 3 (KXY (R)b(22) 0, (R, 20)
0

= [T dawn) [ dawio{-sesenten 2 [ i p)

v~

wi 0o (x1,X2)

1

— Zb(zﬁb(@)a(%)mzl)\% /dk k [f—1jz—1(kX1) + f1]2+1(k’X)} je(k‘Xz)P(kz

-~

w%ylo(XI:XQ)

b)) 2 [ b | Foaialion) + fuiena) + el iena) P

N J/

-~

w2720 (x1,x2)
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Therefore in the end we have for the third addend of the local C; coefficient:

(i31) = A QA7 (D)= — /000 dx1W(x1) /OOO dx2W (x2)

1
X b1bs [717«‘1?,00()(17 X2) + Zalﬂlwl},lo(xla X2) + 51“)220()(1, X2)| (3.74)

where the quantities denoted with the subscripts 1, 2 still design that they are valuated
at z1o.

Term (iv)
= AJ* A},
= /OOO dX1W(X1)i£{_b(Zl)V(Zl)/212dk2kﬂ(kxl)
- %5(21)04(21)5(21) %ﬂ {f—l]e 1(kx1) +f1]£+1(k?><1)}

i) / dk [f_m J(kxa) + foelka) + f2]z+2(kX1)] }nmu%)a;(i%, 2)
< [T dawiait{-stantea) [ 5w
1 1 A2k
— gb(@)&(@)ﬂ(zz)/ﬁ'

p |:f/—1j£’1(k/X2) + f{je/ﬂ(’f/)@)}
R o o e ins
- 1) [ 55 [fﬂmu« o) + Fio(Kxa) + Fojvsalk mﬂ }Yg/mxkf)am(k:c ).
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All the calculations, using always the same properties of the previous paragraphs, give:

()= [ duWon) [ e x

{b<z1>b<z2>v<zl>v<22>§ [ i) P

N J/

-~

wzlyoo(Xl X2)

# b)) () 2 [ Tt L) + i) | PO

(& J/

VvV
w?,m (x1,x2)

e () 2 [ i) | F-sieabe) + o) + faiesalo) | PR

(.

~
w%,oz (x1,x2)

F b alaGBa ) [ (o) + s () e PO8

J/

-~

w?Jo(Xl X2)

1
X1X2

X %/dk [f—ljl—l(kXI) + f1]2+1(k5X1)} {f—ljé—l(l@(?) + f1j€+1(kX2>} P (k)

-
wi 1y (x1,x2)

+

b(21)b(22)x(21)(22)B(21) B(22)

+ —b(21)a(z)B(21)b(22)B(22)

> | =

2 [t o)+ e ()] | o) + o) + faieato) | )

J/

-~

wg},lz(Xl,)Q)

a0 3en) 2 [ | Foaeallons) + o) + Fesatin) i na) P

(. s
g

w,%,go (x1,x2)

+ éb(zg)a(@)ﬁ(@)b(zl)5<Zl>

X ;/dk‘ k [f—zjz—z(k’Xl) + foje(kx1) + f2jz+2(kX1)} {f—ljﬁ—l(k’XQ) + f1j£+1(k7X2)] P(k)

N J/

-~

wg},m(Xl X2)

+ b(21)8(21)b(22) B(22) % /dk k? {fﬂ'ez(/@(l) + foje(kx1) + f2je+2(kX1)}

/

-

X [fzjfz(k’XQ) + foje(kx2) + fzje+2(/€X2)] P(k)} :

[ J/
-~

w?ygg (x1,x2)
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Therefore, by designing with subscripts 1,2 all the quantities computed in z; 2, we find
for the fourth addend of the local C¥ coefficient:

:/0 dX1W(X1)/O dx2W (x2)

1 1
X biby {7172w§,00(X17 Xa) + X—Oé15172w?,1o(X17 X2) + E%ﬁzﬁwzm (x15 X2)
1

+ %5271)3,02()(17 X2) + 7251“13,20(9617 X2) + 041042516210211()(1; X2)

1X2

1 1
+ ;Oé15152w5},12()<1, X2) + g%ﬁﬁlwz},m()ﬁ, X2) + 61ﬁ2w222(X17 Xz)} )
(3.75)

where all the definitions of the integrals that has been replaced with the ”w” are those
from (3.58) to (3.67).

3.5.1 Final complete expression of C7

We are now ready to gather all the addends that we have computed in the previous
subsections. The final expression for the Cy coefficient for the local term of the galaxy
density perturbation is given by the sum of the previous terms (4),(i7),(ii7) and (iv):

Of:/o Xmw(Xl)/O dx2W (x2) bibax

{wg,OO(Xh X2) — 32“’202()(1, X2) — Blwgpo(Xl, X2) + 5152“1222(961’ X2)
1

1 1
- _&262705},01@1, X2) — _alﬁlwl},IO(le X2) + —0415152105},12()(1, X2)
X2 X1 X1

1
+ 5&25251111(},21(9617 X2) — [’Yl + 72]“1200()(1, X2) + 7152“&%02()(1, X2)

1 1
+ 7251’“&%20()(1; X2) + Y1X2 041042ﬁ152w?,11(><17 X2) + E&Qﬂﬂwzm (X1, X2)

1
+ ;0413172@1]210()(1, X2) + ’71’72“’200()(1’ X2)} . (3.76)
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3.6 (I coefficient for the lensing term

We are now ready to compute CF by inserting (3.51) into (3.9).
Sp e O = (AKTAK Y — (00 4+ 1)] [€( + 1)] / W)L — Q(=1)]
0

X1 Y ~ ~ d3k . .
></ dxa (Xl ~Xl) 3Qm(zl)7-[2(zl)/ 2/€2Z Lok )Y, (R)om (K, 21)
0

X1X1
0 X2 .
X / dxaW (x2)[1 — Q(22)] / d;zg("z—@ggm(@m?(zg)
0 0 X2X2
>k NP .
X Qk"Ql ﬂ'(k X2>Y€’m’(k >5m(k 7752) . (3.77)

By using the same properties of the previous sections, as [ dQaYu, (k)Y (k) =
840 Oy annd 6% (K, 21) 0 (!, 25) = (210)3P(K')6® (K’ — k), we obtain:

C = (417 [ auWin) [ daW w1 - Q)] [1 - Q)]
x /O b dgl%mm(zlm%a) /0 b dx2M3Qm(z2)H2(zz)

X %/Z—ljjg(lﬂil)j@(k&)lj(l{) :

N

-~

w?}oo(il»*ﬂ
Therefore the final expression for the C* coefficient results:
CKK = 62(6 + 1)2/ XmW(Xl)/ dXQW(XQ) [1 — Q(Zl)] [1 — Q(Z2)}
0 0
Xt Iy ) ) 2 T ) ) o
X / dxl(X1—~X1)SQm(z1)’H2(zl)/ dx QMSQm(Zg)H%zg)wéoo(m, X2) -
0

X1X1 0 X2X2
(3.78)

3.7 (! coefficient for the time delay term
The C/ coefficient can now be obtained in the same way of the previous contributions:
0ot Sy Cf = (A Ay :/ Xmw(Xl)/ dx2W (x2)

0 0

3

{2 - 0] [ s0nr ) [ SRV R, 2)

X1
Lata) ™o = N3 (3 . d3k . .
- e [T s ) — 1] [ S i)Y (120
X {_%[1—Q(Z’2>]/0 dxo 3Qm(§2)7{2<§2)/%2 ]Z’(k/f(Z)Y;m/(’%I)(Sm(’%/,52)
1 a(z)

X2 ~ _ 5, - _ dsk/ . . / -
e [ s Gar 1)~ 1) [ Gt eV ) ) |
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Doing all the products and using all the properties mentioned in the previous sections,
the following expression is found:

CfZ/O Xmw(Xl)/o dx2W (x2)

4 X1 o e o
A li- el - ] [ an s [ i a0, crG
2

<2 / %Mk;zl)je(kxz)P(k)

(.

~
wzl’oo (X1,X2)

[1— Qe 222) / R OESERTYIED / " %03 Qun () HH (32) [ (52) — 1]

X1X2 H(z2) Jo 0
« 2 [ i) ha) P8
wzl,oo?;(l’f(?) ’
afz) [ > \Vy3( % 5 — * a S VH2(3
e U G b oy /0 A 3 (2)H*(21) [f(21) — 1] /0 Az 30 (Z2)H? (%)

X z/z—fjg(/ﬁh)je(kféz)}j(k)

™

TV
w?yoo(f(li@)

1 alz)a(z) [ . s N x2 e .
+ X1X2H<Z1)H(ZQ>/O dx1 3 (Z0)H?(21) [ f(%1) 1}/0 X 30 (Z2)H3(22) [f(22) — 1]

[ it P®

™
TV

N
wi o (X1,X2)

Therefore the final expression of C/ is:

o0 o0 1
C; :/ Xmw(X1)/ dx2W(x2)
0 0 X1X2

calt = Q) [1- 0] [ a3 ) [ ata 30, e

201 Q(ay)] ﬁ}((z)) | a7 aws e 1) - 1
)

alz) X o N u o
H(Zl)/o a3 3 (2)H(2) [ (21) 1]/0 dX2 3 (22)H™ (%)

+H(21>H(22>/0 dX1 3 (20)H (21) [f(21) 1}/0 X2 3 (Z2)H (22) [ £ (22) 1}}

X w?,oo(f(l? X2) - (3.79)

+ 2[1 — Q(Zg)]
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3.8 () mixed terms

Besides the “pure” unmixed contributions that we have just computed, other terms are
needed in order to give the final total expression of Cy: they are named from (a) to (f)
in the expression (3.98), and will be explicitely calculated in the following paragraphs.
However, a specification on the definition of the power spectrum is needed now, because
the density perturbations o (R, z) that will appear are actually in the form (1.66), so the
power spectrum P(k) where the dependency on the redshift has been omitted results
to be actually:

(3.80)

Previously, none or both the D(z) factors were inside the integrals in y, so we didn’t
need to specify such a definition. In the mixed terms, instead, some ¢ (lAc, z) will be inside
the integrals in y and others will not, so that when the power spectrum will arise, one
D(z) factor will be integrated and the other will not. In order to keep the notation
simple, we have not inserted before and we will not insert now the D(z) factors, but we
keep in mind that when we find mixed expressions as wy oo(X1, X2), Wy go(X1, X2) and so
on, we are omitting the Ds.

(a) AGr AL

At = (A0 D + AL Q) AL,

- { /OOO i) / O e Yo (b))

272
- [ it [ om Tt
- Lbea)d(en) [ om S [Faialion) + (o)

—b(z1)B(%1) / % [ff2je72(kX1) + foje(kx1) + f2jz+2(/fX1)] }YZm(’%)(S;(iﬁ: 21)}

x {—W’ 0 [ aawaa - e [an o, e,

BE oy
X /—271'2]6,222 ]Z/(kIXQ)}/g/m/(k/)(sm(k}/,22)}. (3.81)
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Doing all the products and using the same properties and definitions of the previous
sections, we compute:

ASIAK = / " bW () / " W () 60+ 1)[1 - O(2)]

X2 o~
x / a2~ X2) XQ)SQm(@)H?(éz)
0 X2X2

x {—b(@% [ ki) ha) P b1 1) = [ Gl iee) PO

TV Vv
wf o (x1,X2) wi o (x1,X2)

+ %5(21)04(21)5(21)\% / % [f—lje—l(k?XI) + f1j4+1(kX1)}j€(k>~<2)P(k)

J/

-

wi 1o(x1,X2)
2

ﬂ- }

+b(21)B(21) = /dk {f—2]’z—2(/€X1) + foje(kx1) + f2Je+2(kX1)}j£(k>~<2)P(/f)

wzgo (x1,X2)

(3.82)

The first mixed term (a) results:

ASIAK = / T bW () / " W () 60+ DL — Q(z)]

X2 o~
X / dX~2M3Qm(52)H2(52)
0 X2X2

N - 1 N
X {—bﬂl}?,oo()(l, X2) + bl’Ylw?,OO(Xla X2) + ;blalﬁlwzlo(Xb X2)

+ 515110220()(17 Xz)} : (3.83)

where the quantities with subscript 1 are evaluated in 2.
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(b) ASxAL

m

A Bt = (A5 D + A Q) Af

- {/Ooo dX1W<X1>/ﬂ(—i)‘je(kxlmm(l%)b(zl)(s:n(z%,Zl)

272
- [ it [ om Tt
1 1 d*k . .
- beale8() [ o [ (b) + et

— b(21)B(21) / o2 [ffzth(le) + foje(kx1) + f2j£+2(kX1)] }Yzm(’%)(m(’%, 21)}

X /OOO d)@W(Xg){—X3 [1— Q(z)] /0X2 X2 3 (Z2) H?(Z2)

2

BE L
X/27T2k/2i jz'<k/5€2)}/;m/(k/)5m(kla22)
d3k/

- Lo T 020 [15) — 1] [ et KV (K)o 2}
(3.84)

Then, doing all the products:

Af;LAé’m/ _/0 Xmw(Xl)/O dX2W(X2)

x {—bw% [1-Qea)] [ da 30 (2)47(20) = [ akitions)ihia) ()

wg,oo(th)zz)
_ b(z ) 1 OZ(ZQ) /0X2 d>~(2 SQm(QQ)Hi%(EQ) [f(EQ) — 1] %/dk}]g(k’){ﬁ]g(k)}%g)P(k))

Y X2 H(z)

Vv
w?,oo (Xl ’562)

6 (1 0] [ a3 ()M ) 2 [ )ik PE)

X2

~
wzlyoo (x1,X2)

o) 52 [ a3 @ e 1) - 1) 2 [ itk P

~~

wéOQ(XI 75(2)
2
X1X2

X z / dk [f—ljf—l(kXI) + f1]€+1(kX1)}j€<k>~(2)P(k)

) k

T+ 2 beal=)B0)[1 - Q)] / e 30 () H2(5)

J/

~~
w?’lo (Xl 7)22)
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1 b(z)a(z)a(z

_l’_
X1X2 H(z)

X z/%[f—ljﬁ—l(k)a) + f1j£+1(kX1)]jﬁ(k>~<2)P(k)

™

g J/
-~

2)B(21) /0X2 dX2 3 (Z2)H? (%) [ f(Z2) — 1]

wzm(Xla)ZQ)

+ b(21)5<31)3 [1— Q(z)] /0X2 dX2 3 (Z2)H?(22)

X2

X %/dkz [f_gjg_z(kxl) + foje(kx1) + f2j6+2(kX1)]jé(k>~(2)P(k)

" J/

~
wizo(le)ZQ)

1 b(z1)a(22)B(z1) [** . N3/~ N
# el [ g 50, (0n () [0 - 1
X %/dk [ffzjeq(le) + fojé(le) + f2j£+2(kX1)]jé(k>~<2)P(k)} . (3'85)

~-
w?,zo(X17>22)

The second mixed term results:

o0 oo 2 X2
AfrzAé’m’ = /0 Xmw(Xl)/O dX2W<X2) bl {_ [1 - Q(Zz)} /0 d)zg 3Qm(52)%2(22)

X2

1 a(z) /X2 - > \y3(z s }
— dxa 38, H -1
Y2 H(zz) . X2 (22) (2’2)[f(22) ]
- - 1 - -
X {_w?,oo(Xb Xa) + ’Ylwzl,oo(Xb X2) + ;alﬁlw?,lo(le Xa) + 51w§,20(X17 X2)} .
(3.86)

(c) AL AL

m

_ {_e(z +1) /Ooo AW (x1)[1 - Q(=1)] /OXI 45 (=)

X1X1

30, (21)H2 (%)

< f St v i

(o) d3k/ o . R R
X {/ dXQW(XZ)/ 27T2 Ze jf/(k/XQ)}/e/m/(k:/)b(ZQ)(sm(k/, 22)
0

o o 1 &K
- dxW (x2)i" § b(z2)7(22) or2 72 Je(k'x2)
0 w2 k

1 1 d®K
+Eb(22)04(22)5(22) 52

[filjf’*l(k/XZ) + f{j€’+1<klx2>}

A3k ;. / / - / /- / * 7./ 7./
+ f(z2) / 9.7 [f_zjzf-z(kf X2) + foJe (K'x2) + fojea(k Xz)} }Yz/mf(k )om (K, 22)} :
(3.87)
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Doing all the products we find:
Aﬁ;"A?m, = —{({+ 1)/ Xmw(Xl)/ dx2W (x2)
0 0

% —O(z e M z 2(3
1 0] [ dut s, ynea)
{b(@)% / dkjo(kx1)je(kx2)P(k)

-

wg,oo (X1,x2)

W) 2 [ b)) PR

TV
w?’oo (X1,x2)

= bea(ilen) 2 [ i) [foadies(bna) + fen ()| PO

N J/

-

w3701 (X1,x2)

= b(e)8(ea) = [ ki) [-adi-allons) + fodeliona) + Foesalh)] P(k)} .

J/

TV
w%,OQ (X1,x2)

(3.88)

The third mixed term results

AKAS = / DWW () / WV (x2)

X (0 +1)by[1 — Q(z)] /OX1 dﬁ%ggm(gl)wgl)

- - 1 - -
X {—wZOO(Xb X2) + Vzw?,oo<X17 X2) + E%ﬁzwzm()ﬁ; X2) + 5210202()(17 Xz)} .
(3.89)

(d) Az

om’

ARAL = {—€(€ +1) /OOO dxaW(x1)[1 — Q(z1)] /:1 dfa%mm(zl)%?(zl)

X2

d?’k’ VA !~ - S~
X/27T2k/2i jz'<k XQ)Y;m/(k )5m(k722>

2m2k2

1 Oé(z2> X ° s 3/ ~ d3k/ W / ~ * 7./ 2~
- EH(ZQ) /0 dx2 3 (22)H"(2) [f(ZQ) - 1] / i 5o (K'X2) Yo (K)o (K ,22)}} )
(3.90)
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With some calculations we find:

AKAL = / " bW ) / W) [0+ D1 - Q)]

« /0 h d)”{lMBQm(él)Hz(él){z[l—Q(zg)} /0 0% 30 (22 H2(5)

X1X1 X2
1 Oz(ZQ) Xz N 3~ N 2 dk o )
o H() /0 X2 3 (Z2)H?(22) [ f(22) — 1] } — / F]g(kxl)jg(kXQ)P(k) _

N J/

~~
wzl,oo (X1,X2)

(3.91)

Therefore the fourth mixed term is:

AKAL = / T W) / " W) £+ D1 - Q(=1)]

X /0 b dglumm(glm?(zl){ip — Q(2)] /O - dX2 30 (%) H? (%)

X1X1 X2
1 a(z) [* . ) . i L
EH(Zz) /0 dXa 3Qn(Z2)H" (Z2) [f(22) — 1] }wz,oo(Xh X2) - (3.92)

(e) Afm A

A B = Do (85D + A7 D)

Bk, o
< | 53t Je(kX1)Yem (K)OE (K, Z1)

_ %g((,z)) /OXI 0% 30 ()R (1) [F(21) — 1] /%izje(kilmm(k)(sm(k,51)}}
X {/(;OO dXZW(X2)/Z:;-k;,ié/jﬁ/(k/XQ)}/;m/(I%/)b(ZQ)dm(k/,2’2)

% y 1B
- /0 dxW (x2)i* {5(22)7(22) / ﬁﬁﬂ’(k X2)
A3k
+ éb(@)a(zz)ﬁ@z)/#7&“13@1(k’><2) + f{je/ﬂ(k'Xz)]
d3k/ / . / /- / ] - / * Wi o
+ f(22) / 97 [f_zjef—z(k‘ x2) + fode (K'x2) + fajeso(k X2)] }Yefmf(k )0m (K ,Zz)} :
(3.93)
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All the calculations give:

o) o0 2 X1

1

Loatz) EVHAG)[F(2) —
St [N s ore e - 1)
{02 [ ki) PO a0 2 [ i)t P

wzoo()ﬁ,m) wzl’oo()zl»XQ)

+ a2 [ il [foaiies(bne) + fuea o) | PB

J/

-~

w?pl (X1,x2)

Fen)Bea) 2 [ i) [F-aieae) + o) + i) P b (399

[

-~

w;_]og (>~(1 7X2)

Thus the fifth mixed term is:

X1

AL = [ auwtn) [ OodeWm){i[l—Q(zl)] JRRCEREEECY

1 a(z) /Xl } o ~ }
- dx1 3, H 114
SHG) ), P 3mEHAE)[F(E) — 1] b
~ - 1 R i
X {—szO(Xh XQ) + WQW?,OU(XD XZ) + zagﬁzwzol (Xh XQ) + 52“)202()(1, Xz)} '
(3.95)
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(f) Alx AK

m

X1

AL A = { / ) dxlvv(xl){—i[l - o) | % 30 ()2 ()

x / 2iz;z'fjg(k>zl)nm(l%)5;(l%>21)
L a(z) /0X1 dx1 3 (20)H (1) [ f(Z1) — 1] /%fk?iéjé(kxl)nm(’%)ém(k’ Zl)}}

X1 H(z)

. {—w' ) [T - o] [antt o, e,

$PE e g S,
X 27T2/<:’ZZ jf’(k X2)Yé’m’(k >5m(k 722)

- /0 Ood;(lW(Xl) /0 N dX2W(X2){X3[1—Q(zl)} /0 N X1 3 (21)H? (21)

1

i Oé(zl) X1 ~ 2 , 2 2 B
x1 H(z1) /0 A 3 (2)H* (21) [f(21) — 1] } ((0+1)
x [1— Q(z)] /OX2 d&%gﬁm(@)m(&)% / Z—ljj@(kgl)jg(m)P(k) . (3.96)

~
w?,oo (X1,X2)

Therefore the sixth mixed term results:

[e'e) o] 2 X1
A%Af/(m'_/o dXIW(Xl)/O dX2W(X2){X—[1—Q(21)]/O dx1 3 (21)H?(%1)

1

L oa(z) [ = \/3(= Sy
;H(zl)/o 451 30 GO [f(21) — 1] bee + 1)
x [1 - Q(z)] /0 Y (X;;f) 30 (22)H2 (22) wihoo (¥, 2 - (3.97)
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3.9 Total C;

The total Cy coefficient consists in the sum of the three unmixed contributions (3.76),
(3.78), (3.79) and of the mixed terms (3.83), (3.86), (3.89), (3.92), (3.95), (3.97):

Cp= / XmW(Xl)/ dx2W (x2) {
0 0
biba {wg,OO(Xh X2) = Bawy g2 (X1, X2) = B1wf 20 (X15 X2) + B1Bawf 20 (X1, X2)

1 1 1
— —aafowy o1 (X1, X2) — —1Brwg 10(xX1, X2) + — 0181 awy 15(X1, X2)
X2 X1 X1

1
+ g0252ﬂlwl},21(X17X2) - [’Yl + 72]“’3,00(X1>X2) + 7152101%,02(961, X2)

1 1
+ Y2 B1w7 00 (X1, X2) + o araaB1Baw 11 (X1, X2) + g%ﬂz’yw?m@(l, X2)

1
+ ;%51’7210?,10()(1,)(2) + 71’72w21,00(X1, X2)} + {52(5 + 1)2 [1 - Q(Zl)] [1 - 9(22)]

X1 v X2
X dx1 M3Qm(gl)H2(gl) / 3%
0 X1X1 0

1

X1X2

+2[1 - Q(x1)]

(x2 — X2)

22 30, (32 H2 (5
o, S ()

— 9(~ — O(22 ! 1 3 (1) H? (5 X2 V2 3 (Z2)H? (%
+ [4[1 Q1)) [1- O >]/0 051 30 (21 H2( )/0 052 30 (52)H2 (52)

00 30 GO () [ A3 Q)M () [ (2) — 1]
0 0

[ awsonr el -1) [ die 30,601 )
0 0

+H<Z1>H<22>/o X 3 (2)H (21) £ (21) 1]/0
(Xl—)h)

+0(0+1)[1 - 9(z)] /0X1 dx1 . 30 (51)H2(51)

+2[1 - Q(22)]

X2

X2 3 (Z2)H? (%) [f(22) — 1}}

[ 2 o 5 2/ i a(22)
“ e [1— Q(2)] ; dX2 3Qm (Z2)H7(22) + o H (o)

X2 (XQ - )’%2> ~ 2/~ ~ o~
+ L6+ 1)[1 - Q(2)] i dmwsﬂm(zgm (%2) wi go(X1, X2)
[ 2

X ™ [1—9(z1)] /OX1 dx1 3 (21)H2(51) +

X w?,oo(f(uf@)

0X2 A%z 30 (22) M3 (22) [ £ (32) — 1] H

;?I((Zzll)) /0X1 dxa 3Qm () H2(21) [f(21) — 1]} }

+ 00+ 1)[1 — Q(z2)] by X2 dxo b —~>22) 30 (22)H? (%)
0 X2X2

. - 1 . .
x {w?,oo(Xh Xz) + 71“’2‘,00()(1%2) + ;alﬂlwzlo(){h)ﬁ) + 5110?,200(1, Xz)}
1 a(ze)
X2 H(z2)
- - 1 . -
X {_w?,OO(XIa X2) + ’Ylwzl,oo(Xth) + ;alﬁlwggo(XlJ@) + 517«02200(17 X2)}

+L(0+1)[1 = Q(z1)] b2 " dx1 (a ‘le) 30 (21)H?(21)
0 X1X1

2 e 5V H2 (2
+ b {m[l - Q(ZZ)]/O dX2 32m (22)H7(22) +

/Oxz dXa 3Qm (22)H (22)[f(22) — 1]}

- - 1 - -
X {w?,oo(xh X2) + 72w 00(X1, X2) + ga252wg,01(>(17 X2) + Bawf g5 (X1, Xz)}

21 g [ i 30 + 120 [ ag s (e ) -
+b2{><1[1 Qen)] [ dia 3m(E)HAE) + s | 30 (B)R G [f () 1]}

_ N 1 3 - _
X {w?,OO(Xla Xa) + 72w 0 (X1, X2) + g%ﬂQme(Xla Xz2) + ﬂ2w202(X1a XQ)}} . (3.98)

83



84



Chapter 4

Limber’s approximation

The exact expression of the angular power spectrum (3.98) is given in terms of sev-
eral integrals which must be evaluated numerically, but this task is often very difficult
and time consuming because at high multipoles ¢ and large arguments ky the spher-
ical Bessel functions jy(kx) rapidly oscillate; their highly oscillatory behaviour delays
the convergence of the numerical integration. For this reason the Limber approxima-
tion has been often used in recent papers (e.g. in Ref.[33]) as a tecnique to simplify
calculations. It is a powerful method to estimate the magnitude and understand the
analytic dependence of the projected power spectra. Its implementation requires two
basic assumptions:

- working with small angular separations or with large multipole moments ¢; we
will focus on the latest aspect.

- some of the functions which are integrated are more slowly varying than others;
in our case, we assume that the power spectrum P(k) which appears inside the
wy ;. integrals varies more much more slowly than the spherical Bessel functions

Je(kx).

In the Limber’s approximation, the spherical Bessel function is replaced by a delta
function:

2

This definition is taken from Ref.[34], which calls the parameter a as v, as is usually done
in literature. Here we change this notation because v has already been used in the wy;;
definitions, and this can bring misunderstandings in further calculations. Therefore, we
will use a as Limber parameter in order to avoid confusion. We will further demonstrate
that using (4.1) the integral wy gy, defined in (3.58) and (3.59), becomes

op(x1 — x a
w0 (X1: X2) A oolbu - xa) ;2 2)P<;) ; (4.2)
1

1
Je(kx) — 4 /;—aép(a — k) : where a=/0(+—. (4.1)

and we will generalize this result to the case wy,,,, with generic values of v and j, j'. The
Dirac delta suggests that this tecnique reduces the number of integrals, thus making
calculations simpler. Before applying such an approximation to our results, we want
to ensure that it is consistent by looking at the work of Jeong et al. in Ref.[33]:
they compare the numerical estimation computed with the 2-FAST and CAMB [35]
algorithms with the results from the Limber’s approximation for different values of a
(which they call v). Watching Fig.4.1, it can be seen that: in the case a = ¢ the largest
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Figure 4.1:  Here the 107k
lensing potential angular :
power spectrum is plot-
ted [33]. In solid black is

)

the result from CAMB, in O

dashed-dotted black the —=|_

Limber’s approximation ;N L —— CAMB

witha = { (a = v in [33]), —-—- Limber ¢

in dashed black with a = | ==-- Limber £+ 0.5

¢+ 1/2, in dashed gray 1077 ]

i Limber /¢(£ +1
with a = /Ll +1), — 5 FAST ( )
and in solid green the 2- 1 L L ) i
FAST method presented 10" 10! 10? 10°

in Ref.[33] . ¢

deviation happens for small ¢, while with the more proper choice of a = ¢ + 0.5 [36]
the approximation works much better up to ¢ ~ 10; a further improvement has been
given by choosing a = /¢(¢ + 1), but we will not use it because it would complicate
calculations too much. Fig.4.1 then shows that the Limber’s approximation reproduces
the exact calculation for large multipole moments ¢ > 100, while for larger angular scales
(smaller ¢) there is a deviation. Therefore, by assuming the previous two hypothesis,
we are able to apply the Limber’s approximation to all our wy ;. definitions, in order
to give an easier expression of Cj.

4.1 Thecase £=¥¢,v =0

The first step is to demonstrate Eq.(4.2) using (4.1). It is useful to recap the definition
of wy, = wyy for v = 0, to which the approximation is applied in Ref.[34] and [36], and
that is our starting point:

2 . .
wg,oo(Xl,Xz) = wg,e<X1,X2) = /dk kQP(k)]ﬁ(kXﬁﬂ(kXQ) .

First of all, we want to insert approximation (4.1) in the previous formula:

2 s s
uflux) % = [ dk BP0 Tobola ~ kxi)y -00a — o)

A~ /dk k;zP(k)ééD(a —kx1)op(a —kx2) . (4.3)

At this point, we want to write the Dirac delta functions in a different way using the

property:
dp(k — ki)

9" (K2)|

where k; are the zeros of g(k). In our case g(k) = a — kx, ¢'(k) = —x and k; = a/¥,
therefore we find that

dnlg(k)] =)

%

: (4.4)

dpla—ky) = M . (4.5)



This result can be inserted in (4.3):

e 2) (o 2)

ul(ina) ~ [ PR —— -

1 1
~ a__p( ) 5D(i _ i) | (4.6)
X1 X1/ X1X2 X1 X2

We have almost proved (4.2); the last step is to write the Dirac delta function as
dp(x1 — Xx2), using the same property (4.4) mentioned before. Here we consider a

g(x) = alx1 — x2)/x1X2, with ¢'(x) = —a/x?, so the delta becomes

5 _
5 (i _ i) _doba—xa) 2000 Zxa) (4.7)
X1 Xz | - —\ a
Therefore, since the Dirac delta constrains xy; = x2, we find
1 dp(X1 — X2)
0 2 p 42 ID\RL T A2)
wee(X1, X2) A 205 ) e -
5 _
%giﬁyzﬁp61>7 (4.8)
X1 X1

which is exactly the formula (4.2).

4.2 The case £ # ¢, generic v

Our aim is to generalize the formula (4.2) in the case when j # j' and so ¢ # /',
varying also the value of the index v in order to find the approximated expressions
of the ijj/(Xla X2) integrals that appear in the expression of Cy. We have to use the
approximation (4.1) in the definition of wy, (X1, x2), which represents the tipical addend
in wy (X1, X2). Therefore, step by step, we find:

2 P(k) . )
wy o (X1, X2) = - /dk kQ%]z(/ﬂXﬂﬂ(sz)

2 2 P(k) |7 T ,
7T/dk:k: T 1/%517(@—1{;)(1)’/%517(@ kxa) , (4.9)

where a = ¢ + 0.5 and @’ = ¢' 4+ 0.5. Now, using again the property (4.4) for the Dirac
delta functions, we find:

. ]{72 1 5D<k‘—%> 5D(I€—;—;)
wpe (1, x2) & [ dk 2 P(K) N " (4.10)

2 v 1
a X1 1 1 < a a )
~ | — — | P(k opl ——— . 4.11
<X1> ( a > ( )\/aa’ X1X2 X1 X2 ( )
Using again (4.4) with g(x1) = (a/x1) — (d'/x2) and ¢'(x1) = —a/x3, we have:

2
a X1 11X
o ~ | — = Pk
wy (X1, X2) (Xl) (a) (k)—— R a5 p(x1 — x2)

~ —51’(’2‘;_ X2) , /%P(i) . (4.12)
Xi a’ a X1
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Symmetrization

However, the generalization we have just found is not symmetric, since we “used” only
one Dirac delta function to replace the integral in k. Therefore, we want to write the
products of the two deltas in (4.10) as:

/ 1 / /
o el )Ll o)l D)
X1 X2 2 X1 X2 X2 X1
(4.13)
In this way (4.10) becomes
wZe'(X1>X2)
0 oo (b (k) oo oo (- )|
~ [ dk —P(k —|oplk—— |0plk—— ) +plk—— |op| k— —
/ kv *) ad xix22| " xi) " X2 P x2) " X1
1/a\*" (a) 1 1 (a a’)
~—— Pl — opl — — —
2(X1> X1/ Vaa X1X2 P X1 X2
—_——
§5D(X1_X2)
1/a \*" (a’) 1 1 (a’ a)
+-(2) p(E op(—— 2. 4.14
2(X2) X2/ Vaa X1X2 b X2 X1 ( )
—_——

2
%6D(X2*X1)

Doing the calculations and with the constrain y; = x2 we find the following symmetric
formula:

. 15p(x1 — x a a 1dp(x1 — x2) & a
we,ef<xl,><2)%—(21,—yy2) —P(— +—<2E—VW2 —P(=), (415
2 xi’a a X1 2 xia a X1

where a = ¢+ 1/2 and ¢/ =0 +1/2.
This is the starting point to compute the Limber’s approximation of all the wy j Inte-
grals, in order to give that of the C; coefficients in the end.

4.3 Limber’s approximation of w; i integrals

wy oo(X15 X2)

Wy 00(X15 X2) = Wi (X1, X2)

_ 1dp(xa —X2)P<i> +15D(X1—X2)P(i>

2 xitar xi) 2 i X1
5 _
- xp( L), (4.16
X1 a¥ X1
with
1
a=0+3. (4.17)



wy o2 (X15 X2)

16n(x1 — 10p(x1 —x2) Ja—2 [a—2
wie—o(X1,X2) = 5 D(él_ x2) “pP(E) 42 123_(X1 x2) [ p(2 :
’ 2 xi e a—2 X1 2x1 (a—2)¥ a X1
(4.18)
Ldp(x1 — x2) a P(i)_,_l%()ﬁ-)(z) a+2P(a+2);
X

wy ) ==
e,e+2(X1 X2) 9 X%ﬂ,a,, a+2 9 X%iy(a +2)¥ a Xl( )
4.19

Wy o2 (X15 X2) = f2w] e o(X1, X2) + fow( (X1, X2) + 2w 11 9(X15 X2)

AL, ()
AR () s ()

(4.20)

where the quantities a, fy 12 have been defined in (4.17) and (3.42).

WY 50(X15 X2)

. 10p(x1 —x2) [a—2 a—?2 Ldp(x1 — x2) a a
w672,£<X1aX2) = 5 G P +§ 2—v 2P VR E
X1

(CL — 2)V a X1 2 rar a_ X1
(4.21)
1o - 2 2 16 _
wey+2e(X1;X2) == ?_(Xl x2) fa+ P a+ T D();l_ X2) a P a ;
) 2X1 V(CL"‘Q)V a X1 2 X1 Vay a+2 Y1
(4.22)

Wy 20(X1s X2) = fawi_o (X1, X2) + fowf o(X1, X2) + fowfie (X1, X2)

:15D(X1—X2)ﬁ{ fo 2 b }P(g)

125D(;<1?‘”> %fam Va+2 (a+2
+§TI[‘( 2>VP< ) Plar >P( " )}

(4.23)

which results equal to (4.20), as we expected using a symmetric approach.
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Wy 25(X15 X2)

dp(x1 — x2) <a—2)
Wy_o o o(X1:X2) = —5— P ; 4.24
0—2.0 2( 1 2) X% ((I—Q)V X1 ( )
dp(x1 — x2) (a+2>
wl/ , — P ’ 425
é+2,£+2(X1 X2) X%—u<a+2)y i ( )
1op(x1 — x2) [a—2 <G—2) 1ép(x1 —x2) Ja+2 (a+2>
wV_ , = — P + — P 3
el =5 Va2 U ) e Va2
(4.26)

‘ L op(x1 = x at2,/at?2 1 op(x1—x a—2 (a—2
Wiyo0-o(X1,X2) = 5 pla 2) p( >+_ p(x1 2) P .

2)&‘”(@—}—2)” a— 2 X1 2)&‘”(@—2)” a—+2 X1
(4.27)

Also here we can notice that (4.26) and (4.27) are equal. At this point we have all the
elements to compute:

Wy 95(X1, X2) = (f—?)sz—Q,Z—Z(Xla X2) + foafowy o (X1, X2) + fo2fow 5 0(X1, X2)
+ fof-owi, o(x1, X2) + (fo)Qng(Xh X2) + fofowy o (x1, X2)
+ faf 2wl o o(X1,X2) + fafow e (X1, X2) + (f2)2w?+2,e+2(X1, X2) -

With some calculations we find the expression:

6 - —
1
X {fg Va_'2p(a—2> +f0\/ﬁp<g) L \/a+2p<a—|—2)] |
(a=2) X1 a’ \Xx1 (a+2) Y1

Wy o1 (x15X2)

19 - a a 16 — a—1 _(a—1
vt =3 e () e ()

2 X1 Val/ a—1 QX% ”(a—l)l’ a 1
(4.29)
10p(x1 — L5 —
vt = 3B e (5) - e ()
y 2 X1 a? a+1 X1 2X1 ((l—i—l)” a Y1
(4.30)

Wy, 01(X1aX2) = 1wu 1(X1,X2) + f1w4g+1(X1,X2)

4@@{ fa fi } (i)
2 g a” \/a—1+\/a+1 P X

S () i ()]

(4.31)
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me(Xla X2)

wZVfll(Xla X2)

wZH,z(Xla X2) =

wa(Xla Xz2) = [-

l(SD(Xl X2) a_1p<a_1>+15D(X1—X2) a p(ﬂ).
2\ 2 ’

“(a — 1) a X1 2 Vav a—1

1op(x1 —x2) [a+1 a+1 1dp(x1 — x2) a a
o 2—v P +5 2—v P o
2x1 "(a+1)¥ a X1 2 Xy Ve a+1

1wy (X1, X2) + frwiiy (X1, x2)

:léD(Xl_X2)ﬁ|: f-1 n fi }P(Xi>

2 2 Va—1 Va+1
R e () e ()]

which is the same expression of (4.31).

w211(X1a X2)

wZ—I,Z—l (Xla XZ)
wZ+1,z+1(X1, X2) =

w?_l,z“(Xl, X2) =

wZ+1,e—1(X1, X2) =

5 1
DXl ot (4.36)

I/

5D X‘ })( :Xll) (4.35)
)

X1

-1 (a—1> 10p(xi —x2) Jatl (a+1
P 5= P
V +1 2> (a+ 1 Va—1 Y1
(4.37)
15DX1 a+1 (a+1) 15D(X1—X2) la —1 (a—l
2 v P 2—v P
a+1 a—1 2xi "la=1)Va+1l \ xi
(4.38)

Also here we can notice that (4.37) and (4.38) are equivalent. At this point we can

compute:

wZn(Xl, X2) = (f71)2w5—17e_1(X17X2) + f—1f1w5_1,z+1(X1,X2)

+ f1f—1w25+1,e—1(X17 X2) + (f1)2w21+1,z+1(X1= X2) -

With some calculations we find the expression:

5D(X1 —X2) J-1 Ji }

e,11(X1a X2) Xzfu Va—1 Va+1

)
).



wy 15(X15 X2)

wZ—2,£—1(X1, X2) =

wzfz,eﬂ(Xl’ X2) =

wlej+2,z—1(X17 X2) =

wéy+2,£+1(X1, X2) =

wZ—u—z(Xl, X2) =

wzfl,m(xl, X2) =

wlej+1,z—2(X17 X2) =

wéy+1,£+2(X1, X2) =

1dp(x1 — x2) /a—2p< 2)+15DX1 X2) a—1P<a—1).
2xi ™ (a—=2)»Va—-1 X1 2 (a—1)»Va—-2 X1
(4.40)
10p0n —x2) [a 2P( 2)+15D X1 — x2) a+1p(a+1>_
2xt " (a—2)” '\ x 2 +1)rVa—2" \ xa
(4.41)
1dp(x1 — x2) ZP(a+2>+1 - X2) 1P(a—1>.
2xT " (a+2rVa-1 X1 2 — 1) Va+2 X1
(4.42)
15D(X1 X2) |a 2P(a+2)+1 - X2) a+1p<a+1).
2xi " (a+2) 1 X1 2 2”a+1) a+2 X1
(4.43)
15D<X1_X2> a_1P< 1)+1 - X2) a—2p<a—2).
2xi"(a—1)" 2 X1 2 -2 Va—1 X1
(4.44)
1dp(x1 — x2) /a—lp( 1)+1 - X2) a+2p(a+2>.
2xi(a—=1)Va+2 X1 2x;” ”a+2) a—1 X1
(4.45)
15D(X1 X2) / 1P(a+1>+1 - Xx2) a—QP(a—2>.
2xT " (a+1) —2 X1 2 -2 Va+1 X1
(4.46)
15D(X1 X2) |a 1P(a+1)+1 - X2) a—|—2p<a—|—2)
2xi"(a+ 1) 2 X1 2xT ”a—|—2) +1 x1 /)
(4.47)

The simmetry of the various couples of formulas is evident also here. Putting all these
elements together, we can find:

wZ12(XlaX2)

Doing all the calculations, we have:

we 12(X1,X2) =

+

= forf2wi_q (X1, x2) + forfowi_y o (X1: X2) + fo1fowi_y o (X1 X2)
+ fif—2wiiq (X1, x2) + fifowdia (i x2) + fifowi i e (X1, X2) -
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w221(X1a X2)

We already have all the elements in order to compute the following expression:

me(Xla X2) = f—Qf—le—Q,K—l(le X2) + f-2 1wZ—2,Z+I(X1a X2) + fOf—leZ—l(Xla X2)
+ fOfleé+1(X17 X2) + f2f71wéy+2,€—1(X1> X2) + f2f1w5+2,£+1(X1, X2) -

Doing all the calculations we find exactly the same expression of (4.48):

R il T Rt
15[“/—2”’3(”%%\” (%)+f2<@p(a;2)]
s v vl
B S = P

93



4.4 Approximated C, coeflicients

We are now able to apply the Limber’s approximation to all the contributions of the C}
coefficients: the local, lensing and time delay terms, and the mixed terms.

4.4.1 Approximated local term C’f

Substituting the approximated expressions of wy;; into (3.76), and leaving the depen-
dence in a = ¢+ 1/2, we find:

CF = Dpn Ay = /000 QleW(Xl)/Ooo dxaW (x2) bib2 dp(x1 — Xx2) ¥
()t 2 ()
—(51+52)\[<f 2WP< >+f2\/ﬁP<a+2>>

an( g do ) ”

a—+2
(a2 (152 s aovar () + avaae(52))
1 a1 1 oo f-1 fi a
JrXl[_ ( X1 * X2 )ﬁ(\/a—lJr\/aJrl)P(Xl)
a1ffr agfa) 1 f1 a—1 1 a+1
< X1 * X2 >\/5<\/a—1p< X1 >+\/a+1P( X1 ))
a1 azfaf -1 a—1 1 a+1
( X1 N X2 ><VQ1P< X1 >+\/a+1p( X1 >>
><< fo L Jo fo fo )
Va —2 f Va+2
1(o1f1B2  afaf f-1 f1
+2< X1 * X2 ><\/a—1+\/a+1>

(e () () s (0))
2
)?

1
2
1
2
1
2

P

(
+[_(71+72)a12p<;l> (’7152+’Y251)\/a(\/fi+?;+\/% P()Z)
a+ +2

0
(a+2

+ %(7152 +’Y2ﬁ1)\}a<f—2 (\a/a_TQ)ZQPCLX_lQ) + fo \/713(ax1 ))
e () et ()

(Vﬁ—lﬁ\/aflﬂ)]
ol () w (G ) ()
() (e () e (50)]
wep( L)) (4:50)
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Expliciting the Dirac delta and the dependence on ¢, we find:

& 1
CF = A A ,_/O dX1W(X1)b§{X2

(5
1 X1
/ 2fo fo <€+§>
{4+ = + P
" <\/€ \/€+% \/£+‘;’> X
3 5
ol )
(41 2 \x 2 \ xa
oo
)
AW/ \/e+2 \/€+
3 1 5
w [ foayfe-2p(22 +f0\/€+1P(€+2>+f2\/€+513<£+2>
2 X1 2 X1 2 X1
B < /o ) <e+;>+ /o1 P(ﬁ—;)+ f P(e+§>
Je+s \/e—f \/e+ X1 Je—1 A\ Je+3 Ao
- Jo P f-1 (—3 f1 (+3
+ ﬂ2< + + )( P( 2>+ P( 2))
e \/e—g Jers (Jerd/\(Je- L a Je+3d Ao
f1 fi foa <£—§> fo (Hé) fo (Hé))]
P + P - P
<\/€— NG ><\/—§ xu /o Jer o Nxa /o g s \oxa
271 (43 \/54_% ) 2o f2 l+3
- 12P< >+7151 3 + + P< )
(€+3) X1 (¢+3) \/E—% \/€+% \/£+§ X1

(-3 3 0+ 2 5
+ 71B1 f—2 22P<€ 2) +f2 22P(£+ 2)
Je ey ) ey

— B
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4.4.2 Approximated weak lensing term Cf

Substituting the approximated expressions of wy ;, into (3.78) as before, knowing that
a=/{+1/2, we have:

o :€2(€+1)2/
0

X1 _ X2 NS
< / 10 X" X350, ()HA(A) / 0022230, (G HA ()

0 X1X1 0 X2X2

~ 2

X _ _ a
X a—145D(X1 - XQ)P(T)

X1

oo

dx1W(x1) /oo dxaW (x2)[1 — Q(z1)] [1 — Q(22)]

0

— (417 / " W () / T W) [1— Q)] [1 - Q(z)]

0

X (X1 = X1)? 2 e vy~ X (a)
X dx1~———=-94 H —P|{— . 4.52
/o u (x1x1)? () (Zl)a4 X1 ( )

Writing explicitely the dependence in ¢, we find the following expression:

C’f = é(ég—:_;)l /OOO dX1W(X1) /000 dXQW(XZ) [1 - Q(Zl)] [1 - Q(ZM

X1 _o\2 ¢+ 1
< [ a0 oot (S22) (4.5
0 X1 X1

4.4.3 Approximated time delay term C/

Expression (3.79) becomes:

Cér:/ dX1W(X1)/ dx2W(x2)
0 0 X1X2

X {4[1 — Q(=)][1 — Q(22)] /Om dx1 3 (Z1)H? (%) /0X2 dX2 3 (Z2)H?(Z,)

+2[1 - Q(z)] % /0X1 dx1 3 (21)HA (%) /:2 %23 Qun(22)H? (%) [ f(Z2) — 1]

121 - Q)] :1<(2)) /0 30 (R ) [ () — 1] /0 0% 30 (22 H2(5)

alzr)a(ze) [ . e L xe i .
+—H(21)H(22)/0 dx1 30, (Z21)H (Zl)[f(zl) 1}/0 dXa 30 (Z2)H?( 2)[f( 2) 1}}

~ 2
X1 ~ ~ a
=0 —x2)P|— ). 4.54
X al D(Xl X2) (X]) ( )
Therefore, since a = ¢ 4+ 1/2, due to the Dirac delta we find:

Ce{:/ Xmw(Xl)/ dx2W(x2)
0 0

X1X2
{4[1 - Q(Zl)] [1 - Q(Z2)] /OX1 dx1 997271(51)%4(51)

O(s a(27) o alz) ] [ 2 (3 V55 [£(5) —
#2|[1- 0] 525+ [1- Q) ] [ dvsm om0 -

alz)alz) [0 VS F(5) — 112 X1 (+3
+ / a1 90, (2O (20) [ £ (1) — 1] }(€+%)4P( : ) (455)
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4.4.4 Approximated mixed terms

Always remembering that a = ¢ + 1/2, we find the approximated expressions of the

mixed terms in the following subsections.

(a) AS* Ag ’

A%Agm' :/0 Xmw(Xl)/O dX2W(X2)

x L0+ 1)[1— Q(z)] /0X2 dxs %

X {—b—15D(X1 22)]3( - ) - bﬁthI(sD ( : )
X1 a X
biai B | x1 va( fo /i .
* X1 [75D(X1 X2> <\/a—1+\/a+1>P(X1)

30 (22)H* (22)

+ &5/3()(1 — )22)%

2
%5D(X1—)~(2)£( Joo +2—fo+ f2 )P(i

+ 0151

Then:

AT A :/0 dX1W(X1)/O dx2W (x2)

(XQ - X1)
X2X1

o 1 P<€+%)+ X3 P(f-i—%)
(+H" \ xa (+H" \ xa

a1 fr [ va f-1 i a
+ 2 [?(V@—le\/a—l—l)P(;)

x 00+ 1)[1 — O(z)] 3 (21)H?(21)by

1 ( \/aTl3P<a—1) \/a——i-lp(a—i-l

)
+ %5D(Xl - X~2)%<f—2 (aa_—2)22p<a;12) + fo (aiz;])(a;2)>] } . (4.56)

(4.57)



A= [ daWa) [ dawe {Xi[l— Q)] [ e 30 (2 (2)
+ ég((’z)) /0X2 A2 30 (22)H2 (22) [ (22) — 1]} —Wzﬂ (%)

Then:

SR e




(c) AKIAZ,

K+ A S —
Afm Aé’m’

/Ooo dx1W(x1) /OOO dy>W (x2)
X L0+ 1)by[1 — Q(21)] /Xl 2o ba—x)

X1

30, (5 )V HA (2
0 X1X1 <Zl> (Zl)
_— ~2
) pa s p( e

a? X1 at X

@22 | X1 ~ Va S h -
+ » 75D(X1 - Xﬁ?(m + a+ 1)P(%>
o 1 Va—1 ,(a—1
- %5D(X1 - Xz)% <f1 aa— 1)3P(a X1

~—

Ba
T

< X >+f<TP(;1)>]
6D(X~1—X2)\C{_§( J: 0 . >P<

1 fzmp(a;)*f?(mp(aﬂ))”'

+6p(X1 — X2)%

A
—~
Q
|
O
~—
[}

Then:

m

ARAG /OdXIW(Xl)/O Dl (x2)

X L0+ 1)by [1 - Q(Zl)} <X1 - X2)

3Qm(Z2)H2(22)
1X2
1 0+1 123 (”l>
B P 2 :_p 2
{ mr ) e
+a252 €+% 1 + A (f-i‘%)
2 L+’ \ et ) Ve
1 (1 1 (+3 (043
P 2 :
+\/€T%<fl( - <X2 )Hl(f 3’ (’“ )>]
B W( ST T )P(H%>
S R NV R N VAT




(d) AfxAL

o0 o0

AKIAL = /0 I () /0 dsW (xa) €0+ 1)[1 = Q(=1)]

x (g - xa) YN X P
. /0 i, a0, ) (zl>{X2 11— Q)] /O 02 30 (22)H2(2)
a(z)

+ iﬁi) /0 - A2 3Qm (Z0)HP (%) [f(Z2) — 1]}5—5%021 - >~<2)P<%) - (4.62)

Then:

< [ N, e { Lsan e i - o)
e e -1 i () (4.63

B
+2

dp(X1 — X2)




+04252 \/€+%< Jo1 + J1 )P(g""%)
2 1)3 0+ 3
(€+2) 4 % t2 X2
1 (=3 (0-1 l+35 (043
(S oy ()]
B2 g+%< Ja 2 fo Ja ) (64‘;)
+ 2 + + P
2L+ \Je—g  \Jors o+ s he

Al = [ auW) [ daW i 11 - Q)]

2n_oen [ ax SR 4 @) [ SVHA(E) () —

20— 0] [M vt + 2B [ ag son e -1 )
. (X2 _5(2) s Xa ~ ~ a

X/o dxa - 3 (Z2)H™(Z2) ng(Xl_XQ)P<%)- (4.66)

Then:

Al AK = / DWW () / dxaW (o) (6 + 1)1 — Q(z2)] %

2 Xt - 1 alz) ™ . a3~ N
{; [1 — Q(Zl)} /0 Xm 3Qm(21)7'[ (21> + ;m/o Xm 3Qm(Zl)H (Zl) [f(Zl) — 1} }
(=) gy (xipaiey T p(EF
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Chapter 5

Conclusion

5.1 Overview

In this thesis project a general relativistic approach to large scale galaxy clustering has
been studied. General relativity is necessary because for relativistic fluids and for scales
of order O(1/H) and larger relativistic effects arise and can’t be neglected. Galazy clus-
tering is a statistical analysis of the distribution of galaxies at present time, measured
from the angular positions of galaxies in the sky and the redshifts of the galaxies.

We started from the basic assumption of the ACDM model, which is consistent with
the latest experimental observation (e.g. Planck), allowing to reliably constrain cosmo-
logical parameters.

After giving the necessary theoretical tools, we focused on our observational data: the
direction and the redshift of the photon from a certain galaxy. We perturbed photon
geodesics in order to take into account of the relativistic effects of distortion of the
trajectory. Then we computed the comoving galary number density as a function of
the observed position and redshift, and finally we found the expression for the observed
galazy overdensity A,, considering also the effect of magnification. Our observable A,
has three main contributions: the local Ag (evaluated at the source), the weak lensing
Ak and the time delay term Aj.

Then we got into the statistical issue, using the two points correlation function with the
observables A, just computed. In particular, due to the spherical symmetry, the expan-
sion in the spherical harmonic space has been performed, thus shifting from the power
spectrum P(k) to the angular power spectrum Cy. These coefficients are computed in
the redshift space for all the three contributions of local, weak lensing and time delay,
including also all the mixed terms deriving from the product of the two deltas. In order
to include all of these terms, new definitions for the angular correlation functions wy
have been introduced, in order to generalise that reported in [33]. The final results
are very big and complex coefficients where integrals of the product of spherical Bessel
functions appear; their highly oscillatory nature represents a challenge in the direct
integration, since there are convergence problems for large multipoles ¢ and for large
arguments ky.

A simplification that can be applied to the full analytic expression of the C} coefficients
is the Limber’s approximation, assuming large multipoles ¢ and that the power spectrum
P(k) varies much more slowly than the spherical Bessel functions in their product inside
the various integrals. This approximation allows to simplify the final results obtained
previously.
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5.2 Future perspectives

One possible operative approach is to compute the wy,;, integrals (both approximated
or not) numerically with some algorithm that can circumvent the direct integration of
the highly oscillating spherical Bessel functions. Recently the 2-FAST algorithm has
been developed with that goal [33]; it employs the FFTLOG transformation of the
power spectrum to divide the computation of the integrals into: coefficients depending
on P(k), and integrations independent on P(k) of basis functions multiplied by spherical
Bessel functions. For these latter integrals analytical expressions are used, in terms of
particular functions for which recursion provides a fast and accurate evaluation.|[33]
This algorithm has only been applied to the wg, ;5 integrals but not to the generalization
wy ;» where an extra factor 1 /Ek¥ is involved inside the integrals. A straightforward
challenge would be to apply the 2FAST algorithm to the generalization and results
reported in this thesis, in order to have plots that can show in a more explicit way
the behaviour of the various analytic expressions found, and in order to compare these
results, which include all the general relativistic effects, with those already presented in
literature. In general, besides the 2FAST algorithm and the others that have preceded
it, a numerical approach is needed. Due to the complexity of the computation, an
important issue would be also to evaluate the efficiency of the algorithm in terms of
computational cost.
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Appendix A

Mathematical tools

A.1 Useful definitions and properties

In our analysis we often prefer to work with projected quantities, in order to identify the
various contributes along and perpendicular with respect to the line of sight. Imagine
to consider a three dimensional cartesian reference frame in which:

- the z axis connects us (the observers) to the starting point of the photon we
detect, thus defining the so-called line of sight which is basically identified with
the direction n;

- the x-y plane is perpendicular to the line of sight and passes through the source
position.

Many quantities we work with, such as derivative operators, vectors and tensors, can
be defined and projected along or perpendicular to the line of sight. If we consider a
generic spatial vector A” and a tensor B, the following projections can be defined:

A=Al A=A - A = (6; — A'hy) Al (A.1)
B = nyn;BY B, = B - By = (6;; — nin;)BY (A.2)
The same can be done for the derivative operators:

ﬁ = n'n’ o, (A.3)
o =n'0; (A4)
J' =0 -9, = (0" —n'n)o; (A.5)

At this point, many useful relations can be specified:
o' = ~*1(5;- — ﬁiﬁj) (A.6)

Demonstration of (A.6): 7w = x™'&, so 0;n' = X165 — X"*0;x Z'. In order to calculate

9;X we can observe that: 2X - %i; =1 —= 9x -7/ =1 = 09;Xx =n; since |n|*> = 1.

Therefore d;n* = X' (65 — ;x ') = X~ (8% — n' ;).
0
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Demonstration of (A.8): [8H,ﬁi] = [ﬁjﬁj,ﬁi] =7/ [@,ﬂi} + [ﬁj,ﬁi}ﬁj =7/ ()2*1(5” —
i) ) +0 = X (2 = i) =0

(0, 0)] = X" 0L (A.9)

Demonstmtion of (A.9): [(91,8”} = [@,ﬁjaj] = [az,n]}ﬁ [81,8} = 5(1(5{ —
szﬁj)aj + 0= (3 8” ) ah.

01, 0)3] = [0, 93] =0 (A.10)

Demonstration of (A.10): [0y,0y;] = [0}, 7;0)] = [0),7;]0) + [9),9)]7; = 0 because
of (A.8). [9i, 0] = [0y, 7;01] = [0y, 5] 0) + [0}, O)] A5 = (Rady; — 757i0)) O +
[8”,, (‘3“]713 The first term is zero due to (A.8): n;0yn; — n;n; 0 = N0 — nyn0 = 0.
The second term is also zero due to the first part of this demonstration. Therefore
(916> )] = 0. -

[01:,0)] = X" 10 (A.11)
Demonstration of (A.11): [8L,;,8||] = [31- — 3Hi73M = [(91-,8”} — [3‘“,8”} =Yy 10, 0=
X '0.; by using (A.9).
We can also project the Laplacian operator V2 = 09;0¢, thus defining:

aﬁ = 6Hiaﬁ = 0||0H (A.12)
Vi = mz@i = Vz - aﬁ - %8 (A.13)

Demonstration of (A.1): V2 = 9,00 = (81» — man)(ai — 'fzi(9||) = 0,0 — 9;n'0) —
ﬁiauai + ﬁia“ﬁ@” =V?2-— )Z_l (5; — fliﬁi)au — 8Hﬁi8i —+ ﬁm’(‘?ﬁ =V?— )2_1(3 — 1)8” — (‘9ﬁ

8¢Ai = 8||AH + 8J_¢Aj_ + A“aifli (A.14)
Qi = 'L =0 (A.15)
A.2 Derivation of Eq. (2.26) and Eq. (2.27)

. d25a: __ _s70 dx¥ dx? 0 déx¥ daf
(2.26) « L0 — [0 de’de? _ op0 dis” dor

The second term is zero due to the fact that the unperturbed Christoffel symbols
of the conformally transformed metric we are using are zero. Therefore:
dv _ _§[0 datdad —(D’(Sij + Egj)ﬁ%j = (D’ + EH)

dx 1) dx dX

. d26:1: _ _ ST dz¥ daf i déx¥ daf
(2.27) « L8 — 5[ de"de? _ opi dbet du

The second term is always zero, so:

de i da® dx i da? dx® 7 7 ~g % %
B — 9T} dode _ 5T 42 C;X = —2(D'éi + EV) (=) — (8;D 6, + 0, Ej +
1) 1) 1)
D i+ 0pEi—0'D 65, —0'Ejp )l i* = 2D'n’ + 2E'#? —0, Dn' —0; Ead a* —0  Di'
S—— T
2)
—O B 0" +0'D + O'E).
)
2
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1) 2D’ — 20D’ = —2-£(Da')  because d) —' = 4
X X
2) 2EY0] — 0;Einink — pEindat = 2EVA) — (a10; + 2x72) Eink — (nF0, +
2X—2)Ew = 2E'0I — 20, Einl — -(E,gn’f + Eindngnt) = 2(EY — o\ EH) 0 —
LB + Byit) = ~24 (B — 2(Bial + By
Now the expressions 1 and 2 can be inserted in the computation of (2.27):
B = 20 (Di') =24 (Eiid) — 2(Ejn* + Byn') + 9'D + 9B = —24- (D' +

dx

Eii)) +0'D + 0'E| — 2(Ein* + Eyi’).

A.3 Derivation of Eq. (2.35) and Eq. (2.36)

(2:35) © (5% +65%) (3 + 0e3)” + (59 + 057) (€9 + deD) (€9 + 0e?) = n* = —1
(g00+5g00) ((68)2—1—(668)2—1—268568)+(g”+5g”) (e ey —|—6056 —|—e°56 —1—560(56 ) =—1
By substituting €, e(; = 0 and dropping the terms of order higher than the first,
we get: (68)2(§00 + 6@00)2 +29%0e36ed = —1
—1420ef=-1 = ey =0
(2.36) = (] +0¢])(ef +0e;) =1
eje; + ejde + eide] + dejoe] =1
By substituting the expression of ej and dropping higher order terms, we get:
(1+ D)8+ E]) (1+D)&t + ) + (14 D)d? + Ef ) dei. + ((1+ D)8t + E¥) del = 1
(1+ D)26! +2(1 + D)E! +2(1 + D)det =1
2D6! + 2E! 4+ 2(1 + D)del =0
i _ _ D&+E; ~ i i ~ i i
bei = —PUEE ~ (Dgi 4 EI)(1 - D) ~ —(D6i + E})
After projecting this expression along the line of sight we obtain: de! = —(D,n’+
Eéjﬁj)

107



Appendix B

Sky maps

Modern astronomical surveys are the result of a process that has its roots in antiquity
and that it is worth to overview [37]. People have observed the sky for centuries, trying
to understand how the Universe around us works. The stars and planets were the first
to be noticed in the night sky to the naked eye, and from the most ancient times hu-
mans realised that certain celestial events repeated at regular intervals, thus marking
time and helping with agriculture. Following naked-eye observations, sky charts were
produced and became essential for navigation and trade; this feature of sky surveys still
survives today, as in the U.S. Naval Observatory!.

The earliest sky surveys were records of the positions and motions of stars and plan-
ets. Over 5,000 years ago, people produced these catalogues in Egypt, China, Central
America and Mesopotamia, recording what they saw on stone tablets or temple walls,
or building giant structures that aligned with specific astronomical events (as Stone-
henge). The first known star catalog contains 800 stars and was created in China in
about 350 B.C. by Shih Shen. Maps of the universe improved from 600 B.C. to 400
A.D., when Greek philosophers and astronomers began to develop theories about how
the Universe works: they were able to make predictions for the motion and the size of
the Sun, the Moon and the planets just with detailed observations of the sky and the
use of geometry. Further, the development of trigonometry allowed the calculation of
distances to planet and stars (Hipparchus). These ideas culminated in the Ptolemaic
system, by Ptolemy.

thttps://www.usno.navy.mil/USNO
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Figure B.2:  The Rudol-
phine  Tables  (Tabulae
Rudolphinae), named after
. Rudolf 1II, consist of a star
STELL J-:‘ ; E. . catalogue and planetary ta-

. Dbles published by Johannes
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Then, for more than 1,000 years astronomy had a deadlock. During this time, Islamic
and Hindi astronomers made a significant progress in understanding the sky, so the old
astronomical knowledge began to be rediscovered as the works of the ancient Greeks re-
turned through Arabic translations. Copernicus proposed his theory that provided the
Earth rotating on its axis and revolving around the Sun along with all the other planets.
Meanwhile, astronomical observatories were established in Europe, like the one located
on a Danish island (Uraniborg) where Tycho Brahe and Johannes Kepler compiled the
most accurate and complete astronomical observations to that time, cataloguing around
a thousand of stars. In Italy Galileo Galilei used his telescope for the first time, to see
astronomical objects that no one had ever seen before to the naked eye. Since Isaac
Newton formulated his theory of the universal gravitation in 1687, Kepler’s observations
and Newton’s laws have been the milestones of astronomy for nearly two hundred years.

In the late nineteenth century the invention of the camera and the spectrograph en-
abled to produce the first permanent records of the sky. Photographic plates could be
also exposed for long periods, allowing astronomers to see fainter objects at greater
distances. By the 1930’s, they understood that many of these new objects were actu-
ally other galaxies containing trillions of stars. At this point a new objective arised:
studying distant galaxies. In order to do that, more faint galaxies needed to be found,
so systematic photographic surveys of the sky began to be taken. A new telescope,
the Schmidt camera, was employed to photograph larger areas of the sky at once; it
was used at Palomar Observatory (California) in 1936 to search for supernovae. The
first complete unbiased survey was produced in 1949 (POSS-I). Over the decades pho-
tographic emulsions improved and a new survey of the northern sky was produced in
1980s (POSS-II).

With the development of computer and digital images, the plates from the photographic
surveys began to be scanned to create digital pictures that anyone can download. More-
over, the birth of astronomical observatories at other wavelengths (radio: FIRST; X-ray:
RASS; infrared: 2MASS) revealed completely new views of the sky. The introduction
of modern electronic detectors (like CCD) has brought a consistenly higher sensitivity
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Figure B.3: A map of the whole sky, based on
digitized photographic plates from the Palo-
mar and UK 48” Schmidt telescopes (Courtesy
USNO) [37].

with respect to that provided by photographic plates; then, astronomers can take digi-
tal pictures, process and store the data they collect thanks to fast computers and large
data storage systems. But what do they actually look for now?

The astronomical objects we can detect are not only galaxies, but also clusters of galax-
ies, streams and clumps of gas, and dark matter. Astronomers’ task is to know where
to find them, how they interact and their evolution over time. Therefore many modern
sky surveys have been produced in the last century in order to map the Universe over
larger areas, greater depths, and over an increasing range of wavelengths. Some of the
most recent surveys have been mentioned in this thesis.
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