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Introduction

Redshift space distortions distort the observed distribution of galaxies. These effects
are caused by the inhomogeneous distribution of matter in the Universe that sources
the galaxies’ peculiar velocity and the underlying gravitational potential field. Both
of these phenomena stretch or compress the wavelength of the upcoming observed
radiation, and add up to the cosmological redshift sourced by the Hubble flow, chang-
ing the measured redshift [1]. As a consequence, since we use a galaxy’s redshift to
infer its distance by assuming a non-perturbed FLRW universe, the mapping from
redshift space to real space distorts the galaxy maps we build, shifting their positions.

These distortions can be observed in the galaxy power spectrum and the higher-
order statistics. The first work addressing this topic was done by Kaiser in [2].
In that work he shows that assuming the distant observer approximation, at linear
order in density and velocity perturbations, the galaxies’ peculiar velocities boost the
monopole of the power spectrum. Kaiser’s approximation breaks down at the largest
scales, where we predict different contributions acting on the galaxy distribution [3,4].
This happens for multiple reasons.

First, the distant observer approximation is only valid in the regime in which the
subtended angle from the observer to the region of the sky considered is small, which
is not true when considering the largest scales. We refer to these large scale velocity
effects as wide angle and Doppler effects [3|, and they provide additional distortions
to the galaxy distribution and source magnification effects onto the galaxies, altering
the counts near the flux cut of a flux-limited sample [5].

Second, at those scales general relativistic effects become non negligible, and they
generate further redshift distortions, magnification effects, and displacements in the
angular positions of the galaxies. These effects depend also on integrals of the large
scale potential along the line of sight, and we predict that their contribution will
increase when studying large scales structures in the deep universe (z > 1) [6-11].

General relativity has withstood numerous observational tests on smaller scales,
but its implications on cosmological scales remain an area of ongoing research and
debate [12], thus to observe its effects in the field of redshift space distortions would
be an important test of Einstein’s theory of gravity in a cosmological framework.

Regarding the detection of GR effects, future redshift surveys will probe galaxy
clustering in the distant Universe on unprecedentedly large scales. For example the
Euclid mission [13], will measure in the optical and infrared the redshift of H-alpha
emitters in a range of 0.9 < z < 1.9, over a 15000 deg? portion of the sky. DESI (Dark
Energy Spectroscopic Instrument) [14] will measure galaxy redshifts from different
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emission lines, in a range of 0.1 < z < 3.5. SKAO (Square Kilometre Array) [15] in
its final configuration, will probe radio emissions of galaxies up to z = 3.

It is still unclear whether GR, effects will be observable in these next-generation
surveys, and so it is useful to develop analysis tools that will allow to fully exploit
the potential of the upcoming data. This translates in the necessity of creating mock
galaxy catalogues of what a deep-Universe survey will observe.

With this purpose, the LIGER code (Light Cones using GEneral Relativity)
was developed [16,17]. It is a post-processing tool that allows to imprint a posteriori
general relativistic effects on a Newtonian N-body simulation, producing a light-cone
that accounts for redshift space distortions corrections and magnification effects at
first order in the perturbations. This is a valid approach to follow because at first
order in the perturbation, the mathematical description of a pressureless fluid can
be formulated so that its general relativistic approximation is in agreement with the
Newtonian counterpart [18].

The corrections that LIGER implements are obtained by studying the linear
perturbations of the photon geodesics that reach us from distant sources [8,19,20],
which include both local and integrated contributions along the line of sight.

The code has been previously used to forecast the detectability of large-scales
effects on deep surveys, for redshift bins z > 1. Since the transverse size of a lightcone
rapidly increases with redshift, a very large simulation box (of the order of 10 Gpe/h)
is required to cover wide opening angles. However, running simulations with sufficient
spatial and mass resolution to follow galaxy formation would be computationally
prohibitive. For this reason, up until now LIGER has been used onto large, low-
resolution dark matter only simulations, shifting the matter particles and creating at
posteriori the galaxy distribution. This was done by implementing a biasing relation
which involved the assumption of a set of survey functions (e.g. magnification and
evolution biases [21]) that describe the large-scale tracer considered.

While this method allows for a fast production of many galaxy catalogues, there
are some limits in this approach. First, the biasing procedure builds the tracer
catalog on a cubic grid, losing any information regarding clustering on scales smaller
than the cell size. This biasing procedure forces us to increase the cell size as the
linear bias grows, decreasing the number of cells per side of the grid and reducing
the resolution. This limit can be a issue when computing Fourier-based statistics
of highly biased tracers, as aliasing effects might arise at larger scales due to a low
number of cells per side. Second, this procedure makes it difficult to model selection
criteria such as shape selection or flux selections that are more complex than a flux
cut. Last, Poisson shot-noise is artificially implemented by sampling the number of
tracers in each cell of the produced grid, and this procedure gives rise to spurious
effects as we probe smaller scales.

In my master thesis, we update the LIGER code to build lightcones of trac-
ers by mapping them onto redshift space directly, without recurring to the biasing
procedure. This approach solves the issues mentioned above, allowing to produce a
more realistic galaxy catalogue, which does not suffer from the limitations mentioned
above.

This thesis is organized as follows: in the first chapter we review the theory
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of structure formation and of redshift space distortions, considering also relativistic
effects. In the second chapter we describe LIGER’s functioning and the details
related to our new implementation. We will also give a quick overview of the FKP
estimator for the galaxy power spectrum, which we will use in our tests of the code.
In the third and fourth chapters we will show the results of our tests done to validate
the new code and our conclusions.
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Chapter 1

Theory

The Standard Model of Cosmology is the currently accepted cosmological model
that explains the structure, components, and evolution of the Universe It describes a
universe constituted of three main components: radiation, matter and dark energy.

We refer as "radiation" to all the particles that approach relativistic speeds, i.e.
for which special relativistic effects are not negligible, such as photons or neutrinos
in the early phases of the Universe [31].

The matter component is divided in two categories: baryonic matter and dark
matter. Baryonic matter can interact with the radiation field through different pro-
cesses, and ultimately constitutes the "light-interacting" part of galaxies, such as
stars or dust. Dark matter, that is yet to be directly observed [32], interacts weakly
or not at all with the radiation field, and was introduced independently in the de-
scription of different astrophysical and cosmological processes, to match observations
with the currently accepted theory of gravity [33].

Lastly, dark energy was theorized to explain the late accelerating expansion of
the Universe, which is not compatible with the behaviour of any of the previously
listed components. For this reason the Standard Model of Cosmology is also called
the ACDM model ( [34,35]), where A is the cosmological constant and is related to
the density of this dark energy component.

The ACDM model describes a universe that in its earliest stages was subjected
to a rapid expansion called Inflation, in which any region of space would grow in size
by many orders of magnitudes during a small period of time [36]. This expansion is
driven by the inflaton field. This quantum field after inflation starts to decay, giving
ultimately origin to the particles that make up our current Universe [37], in the so-
called reheating phase. During inflation, the quantum fluctuations of the field are
stretched on scales comparable with the regime of classical physics, thus going from
a quantum stage to a classical one [38]. These perturbations leave an imprint on the
matter and radiation contents of the Universe, generating density perturbations.

After the reheating phase, the Universe is dominated by radiation, which sup-
presses the growth of perturbations due to its pressure [39], until the matter compo-
nent starts to dominate. We refer to the epoch in which matter starts dominating
over radiation as matter-radiation equality. After the Universe becomes matter dom-
inated, the radiation pressure becomes negligible, and the density perturbations in
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the matter component can start to grow under the influence of gravity, generating
the LSS of the Universe.

In the most overdense regions of the Universe, dark matter haloes can form: these
are gravitationally bound regions of the universe which overcame the cosmological
expansion and collapsed into a virialized structures [40]. A dark matter halo can be
host of substructures, called sub-haloes, which consist in smaller haloes that orbit
the main halo’s gravitational well. Baryonic matter clusters at the center of each
halo or sub-halo, following the gravitational well that they generate. In time, these
structures grow, attracting matter from the surrounding underdense regions [41].
Under certain conditions, the radiative processes that allow for the formation of
stars can trigger, and galaxies form at the center of haloes and sub-haloes, forming
a galaxy cluster.

The result of this description is a universe populated by dark matter haloes, which
host galaxies that cluster together due to their mutual gravitational interactions [42].

In this framework, we see how studying the clustering of matter in the large
scales of the Universe could give us insights about the primordial fluctuations of the
inflaton field.

There is one main limitation to this approach: the main source of information
about the large scale structure of the Universe is the light emitted from the galaxies.
However, within our current theories, baryonic matter constitutes a small fraction
of the matter content, leaving most of it undetectable. Still, due to its link with the
underlying density field, the study of galaxy clustering is one of the most promising
ways to infer information about the late Universe matter distribution.

1.1 Homogeneous and isotropic Universe

In order to study the Universe as a whole, we need to make some assumptions about
its largest scales structure: we introduce the cosmological principle, which states
that the Universe is homogeneous and isotropic around any point. This is does
not hold at any scale: for example, the Local Group of galaxies spans ~ 3 Mpc
in diameter, while the typical size of a supercluster is ~ 100 Mpc, so at least for
scales smaller than 100 Mpc we know that the Universe presents inhomogeneities
and anysotropies. Since surveys of the Universe haven’t found structures larger than
superclusters, we can say that the cosmological principle holds for scales larger than
100 Mpc (see e.g. [43]).

This principle admits an expanding Universe, which is consistent with our current
observations [22,44|. In order to account for this expansion we define fundamental
observers, who are comoving with the cosmic fluid. In their frame of reference we
use the comoving position x, which is related to the physical position r through [30]

r(t) = a(t) x, (1.1)

where a(t) is the scale factor, that describes how the Universe expands in time. We
set ap = a(ty) = 1, where we define ¢y as our instant of time in the Universe’s
evolution, such that r(tp) = x.
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Figure 1.1: Velocity-Distance Relation among Extra-Galactic Nebulae. Radial ve-
locities, corrected for solar motion, are plotted against distances estimated from
involved stars and mean luminosities of nebulae in a cluster. The black discs and
full line represent the solution for solar motion using the nebulae individually; the
circles and broken line represent the solution combining the nebulae into groups; the
cross represents the mean velocity corresponding to the mean distance of 22 nebulae
whose distances could not be estimated individually. Reference for the data: [22].

If we consider a steady point in comoving space (x = constant), and take the
derivative of equation (1.1) we retrieve its physical velocity

Vphys =T =ax=H(t)r, (1.2)

where we defined the Hubble parameter H(t) = (a/a). This equation relates
the position of a steady object located at x to its velocity sourced by the Universe
expansion. We refer to the motion due to the cosmological expansion as the Hubble
flow. The value of H at t = ty is known as Hubble’s constant Hj, from which we
define Hubble’s law [22]

Uphys = Ho T, (1.3)

where r is the physical distance of a steady object from us and vy is its velocity.
This equation is an approximation of equation (1.2), valid only in the local Universe,
where we observe objects at a time ¢ & tg. In figure (1.1) we show Hubble’s diagram,
which prompted the discovery of an expanding Universe.

In the context of general relativity, we can describe the most general metric
that satisfies the cosmological principle, the Friedmann-Lemaitre-Robertson-Walker
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(FLRW) metric, which allows for an expanding, curved spacetime, with a line element

ds® = —c*a(t)? dt* + a(t)* {dx® + fu(x) [d6® + sin®(0) do?] } , (1.4)

where ¢ is the speed of light, (x, 0, ¢) are the spherical coordinates in the comoving
frame of reference, and k is the curvature parameter, which states if the Universe is
cosmologically open (k > 0), flat (k = 0) or closed (k < 0) [45]. The function f gets
a different form depending on the curvature:

2 Jrsin (x \/E) (k> 0)
i) =< x (k=0) - (1.5)
ﬁ sinh (X ij) (k<0)

This function is closely related to the distance of two objects in the sky, and we will
return to it in the following section.

1.1.1 Distances in cosmology

In a FLRW spacetime, there are different ways in which we can define the distance
of an object, depending on the method of measurement used. In this subsection we
will breafly list all the different distance definitions, and we will be referring to [46].

Redshift

Analogously to the propagation of sound waves, the velocity of a source can shift the
wavelength of the emitted light. We define the redshift of a source as the relative
Doppler shift of its emitted light resulting from radial motion

Z:)\O_)\e
= )\6 ,

(1.6)

where ). is the emitted wavelength and Ag is the one observed.
If we consider only the radial velocities sourced by the Hubble flow we obtain

1
where the scale factor a is evaluated at the time of emission. Due to this relation, it
is common practise to refer to epochs of the Universe with their redshift z, evaluated
from the scale factor of that epoch. For this reason, the redshift sourced only by the
Hubble flow is often referred to as cosmological redshift.

Comoving distance (radial)

Since light travels only null geodesics, i.e. ds = 0, looking at an object at a given
distance means observing it as it was in the past. If we consider the radial path of a
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photon that starts from the source at a time ¢ and reaches us at a time tg, knowing
that it travels on null geodesics we obtain the comoving distance

to c ,
t) = dt 1.8
= [ (1.9
which is the distance, in the comoving frame of reference, from the emitter to us (the
observer).

Comoving distance (transverse)

If we consider instead two objects located at the same redshift from us, but sepa-
rated on the sky, their distance in the comoving frame is given by the comoving
transverse distance, given by the function fi(x) in equation (1.5). As we can see
from its form, this distance differs from the radial one due to the curvature of the
Universe: for a flat Universe (k = 0), the two forms coincide.

Luminosity distance

If we measure the flux F' received from a source and we know its luminosity L, we
can infer the luminosity distance

L
Du(z) = ., (1.9)
which scales with the flux in the way we would expect x to scale in the nearby
Universe, where we would have a ~ ag = 1 and x — 0. Due to the curvature
and cosmological expansion of the Universe, the comoving and luminosity distances

differ, as they are related by

Dy, = f’“i") (1.10)

which reduces to Di, = x/a in a flat Universe. Objects with a known luminosity L
can be used to measure the distance of their portion of the Universe, and for this
reason they are called standard candles.

Angular distance

Similarly as in the luminosity case, measuring the angular extension 6 of an object

in the sky for which we know its intrinsic size R, we can infer the angular distance
Dy = B ) (1.11)

0

which scales with the size in the way we would expect x to scale in the nearby

Universe. The comoving and angular distances are related as

Dy = a fr(x), (1.12)

which, again, reduces to Day = ax in a flat Universe. Objects with known intrinsic
size are called standard rulers, as they can be used to infer the distance of their
portion of the Universe.
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1.1.2 Energy content of the Universe

We want to study how the matter and energy content of the Universe interact and
shape the metric. To do so, we make use of the Einstein equations (EE), which relate
the Einstein tensor G, = R, — 1/2g,, R, that describes the spacetime geometry,
and the energy-momentum tensor 7}, that describes the Universe energy content:

1
Guw = Ry — Qg,wR =87G T, (1.13)

where we see that G/, is linked to the Ricci curvature tensor R, and scalar R. In
order to solve these equations we need to plug in into the left-hand side the FLRW
metric and in the right-hand side the energy-momentum tensor, for which we need
to make some assumptions. We consider a perfect isotropic fluid, comoving with the
Universe [30], for which

—p 0 0 0
0 p 0 0

o

T 0 0 p 0 : (1.14)
0 00 p

where p is the density and p is the pressure, which is isotropic due to the perfect
fluid assumption.

From the different components of the equations (1.13), we get the Friedmann
equations

81G k
a 47 P
P
p=—3H <p+c2>, (1.17)

where GG is the gravitational constant. These equations are not independent from
each other, given two of them, the third one can always be derived.

Since only two of them are independent, in order to fully solve the Friedmann
equations we need to specify the equation of state of the cosmological fluid, which
in most cases [30], can be written as

p=wpc?, (1.18)

where w can be constant for simpler fluid models, or vary in time. Solving equation
(1.17) with this equation of state we get

p(a) = plao) (“)_3(1+w) , (1.19)

ao
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that tells us how the cosmic fluid density changes with the cosmological expansion.
As we said, in the ACDM model we consider three main components that make
up the Universe. It can be shown that their equation of states are [30]

o wy, =0—p, x a™3  in the case of matter;
° w, = % — Py X a~* in the case of radiation;
e wp = —1 — pp = const. in the case of dark energy.

The total energy of the Universe will be given by

P = Pm+ pr+pa, (1.20)

and for each component, we define the density parameters

q, — Pi0

, 1.21
Pe (1.21)

where p. = 3HZ/(87G) is called critical density, and it is defined as the energy
density that would source a flat Universe. We can then write equation (1.15) as

H? = H2[Qpa ™ + Qa3 + Qp + (1 — Q)a™?], (1.22)
where we defined the curvature density parameter as

2k
Q. =1— —. 1.23

1.2 The formation of large-scales structures

Starting from this section, we will set the speed of light to ¢ = 1 and we will measure
distances in Mpc/h, where h is an adimensional that accounts for the uncertainties
regarding the Hubble’s constant measurement. We write Hubble’s constant as

Hy =100 hkms™! Mpc™?, (1.24)

where given the current measurements, the value of h is subjected to tensions from
different experiments, varying in the range [0.65,0.75] (see e.g. [47]).

Until now we described a smooth universe, in the sense that all of its components
are homogeneous perfect fluids with the same density at any point of space, consistent
with the Cosmological principle. However, this principle does not hold for scales
smaller than 100 Mpc h~!, at which the Universe presents structures such as galaxy
clusters, filaments and voids [48, 49|, as it can be seen in figure (1.2), where the
distribution of galaxies observed by the Sloan Digital Sky Survey [23] is shown. To
describe the Universe at these scales, we thus have to generalize from a smooth
description, allowing the local density of a fluid p(x) to deviate from its mean value
p. Since we expect that at the largest scales the cosmological principle will still hold,
we will describe these density deviations with perturbation theory, perturbing over
the smooth background we described in the previous section.
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18

Lookback time (billions of years)

P ‘F.-_‘Jlnxz,n;cy,—
1.5 2 2.5

49

o
Figure 1.2: Distribution of galaxies according to the Sloan Digital Sky Survey

(SDSS). This figure shows galaxies that are within 2° of the equator and closer
than 858 Mpc (assuming Hy = 71kms~'Mpc™1). Picture taken from [23].
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In particular, since in this work we use dark matter only simulations to describe
large scales structures formation, we will focus on the behaviour of non-relativistic,
collisionless particles under the influence of gravity and of the Hubble expansion.
Furthermore, since we are interested in regions of the Universe which will be probed
by next-gen galaxy surveys (z < 2) we will consider a matter and A dominated
Universe.

1.2.1 Linear perturbation theory

In this work we are interested in the clustering of matter on large scales, where the
density deviations from the background value are small [30,48]. More specifically we
will study scales where

=22 P« (1.25)

where p(x) is the matter density evaluated at the comoving position x, p is its mean
value, and we defined § as the density contrast, or overdensity. Since we treat
small density fluctuations, we will work with linear perturbation theory.

It can be shown that at large enough scales, where the motion of matter particles
can be described by a bulk velocity and we can neglect multi-stream effects, the
behaviour of non relativistic, collisionless matter can be modelled after a pressureless
fluid [48-50|. This approximation breaks down at smaller scales, where multi-stream
regions form and we can not define a unique velocity field (i.e. in virialized regions
such as dark matter haloes).

For this section we will work in the Newtonian regime for gravity, and thus we will
be limited in considering scales smaller than the Hubble radius dy = 1/H(t), since
at those scales the gravitational potential would generate non-negligible curvature
effects 9,11, 51].

The equations for a pressureless fluid in a FLRW metric under Newtonian gravity
are [30,48, 50|

dp

N + V- (pu) =0 Continuity equation, (1.26)
ou .

5 +(u-Vy)u=-V,® Euler equation, (1.27)
Vid =4nGp— A  Poisson equation, (1.28)

where p is the density of the pressureless fluid, u is its bulk velocity, and ® is the
gravitational potential, which as we can see from equation (1.28), is both sourced by
the fluid density and the cosmological constant.

In order to proceed with perturbation theory we will separate the quantities
p, u and @ from their background value, moving also from proper to comoving
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coordinates, writing:

p(r,) = p(t) (14 6(x,1)),
u(r,t) = ax+ v(x,t), (1.29)
®(r,t) = (i)(t) + ¢(x,1),

where, solving for the background values, it can be shown that [48, 49|
B(t) = %yxﬁ. (1.30)

Assuming small peculiar velocity perturbations v and a small density contrast 9§, it
can be shown that the linearized fluid equations are [48, 50|

25 1
L v, v=0, 1.31
ot Vxv=0 (1.31)
ov 1

— 4+ Hv=—-Vyo, 1.32
5 +Hv aV 10) (1.32)
V24 = 4wGa’ps. (1.33)

We can combine this set of equations to retrieve a second order differential equation
for

0?6 00

— +2H— =47Gap§é . 1.34
iz T T AT (1.34)
Since equation (1.34) presents only temporal derivatives, we can can separate time
and space dependence in §(x,t): it admits a superimposition of two solutions, a
growing one D) (t) A(x) and a decaying one D()(t) B(x), where A(x) and B(x)
are two functions describing the initial overdensity configuration:

5(x,t) = DM (1) Ax) + D) (1) B(x). (1.35)

DE)(t), DO)(t) are called growing and decaying modes, and in general we have
[48, 50]:

D) o H(t) /0 a%f;z(ﬂ (1.36)

D)(t) o H(t). (1.37)

It’s not necessarily true that D(~) decays with time, while D) grows: for example,
as we will see next, in a A dominated universe both D(=) and DY) freeze over time,
approaching a constant value [50]. We will still assume that D) dominates over
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D) unless stated otherwise, since it is true for a matter-dominated universe, as we
will see next. In conclusion, when talking about the growth of structures, we will
refer only to the growing mode, also called growth factor.

Using this result and equation (1.33), we can see that the gravitational potential
¢ will evolve in time as

D)
¢ x — (1.38)

Lastly, we define the linear growth rate as the logarithmic derivative of the growth
factor over the scale factor

dIn D)

f= Tna (1.39)

which as we will see in the next section, appears when linking the density perturba-
tions to the velocity streams it sources.
Structures growth in an EdS universe

We will first solve equation (1.34) for a simplified situation: a flat, matter dominated
universe, also called Einstein-de Sitter universe (Eds). In this universe we have
Q. = 1, while all the other densities are set to zero. Using this condition we find
a(t) oc t¥3, H = 2/(3t) and p = (67G#%). From equations (1.36) and (1.37) we then
get:

DY) 23 D) o1, (1.40)
which leads to:

v o 13 v o =43 (1.41)

o) ot ¢ o t7/3, (1.42)

As anticipated, we see that in this case the growing mode dominates over the decaying
mode, and also that the potential field stays constant in time.

Structures growth in an Universe with matter and dark energy

Now we will consider a more realistic setting for the late Universe, in which both mat-
ter and dark energy are present. Current observations state that the A component
started dominating over the matter one in the recent Universe, around z, ~ 0.55 [52],
so it is useful to check how the growth factor behaves in this case. In [50] it is shown
that in this case the solution for D) and D(-) is

52\ /Qn\Y? Q
D) B, (2,2 2m 14 —m 14
<o(55) (o) [vams) @49
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Qy 2\ 32
D) x q73/? <1 + Qa3> , (1.44)
where
Q
T O+ A (1.45)

and Bg(a, ) is the incomplete Beta function. We see that as €,,/Q) becomes
smaller the growing mode DY) slows down, approaching a constant value. In the
later times, when z < z, = (24 /)% — 1, the growth of structures slows down in
respect to a(t), due to the expansion of the Universe.

1.2.2 Peculiar velocity field

We will now see how the peculiar velocity field v is linked to the density perturbation
d, since it will important for the rest of the work. To do so, we start by showing
that at large scales, the bulk motion of the pressureless fluid is purely irrotational.
If we write v = vyl + Virr, the sum of a divergenceless (vey1) and irrotational (viyy)
component, from equation (1.32) we can see that:

‘.’curl + churl - 07 (146)

that implies vy o 1/a: the divergenceless component of the velocity will be
smoothed out with the expansion of the universe. We remind that this hold as
long as the pressureless fluid model holds: when probing smaller scales this will not
valid anymore.

Now that we know that & evolves in time as D(*) () we plug it in equation (1.31),
which can now be written as [30,48, 50|

V-v=—aHf6. (1.47)

Since we are working with a purely irrotational velocity field we can write it in terms
of a potential field:

v =V, (1.48)
which means

V2 = —aHf 6. (1.49)
Solving for v, and deriving we get:

3
x' —x

v(x) = —aHfVV 26 = % /d%'(s(x’,a) (1.50)

X' —x|
This equation relates the velocity field to the surrounding matter distribution and
it can be applied to use a galaxy peculiar velocity (since it is expected to follow the
matter flow) to probe the underlying matter density field.
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1.3 Spatial statistics of the density field

Following the definition of § in equation (1.25) we see that by design its average
value is expected to be 6 = 0. To study the spatial properties of the density field
it is then useful to recur to 2-point statistics. In this section we will study the auto
correlation of the density contrast ¢ (either of matter or any of its tracers) in a
equal-time hyper-surface: the quantity defined in this way does not represent a true
observable because what we measure in a survey lies on the lightcone hypersurface
instead, but we will see in section (1.4) an analog treatment for that case.

Before starting, we will have to introduce the density contrast for a tracer, such
as galaxies or haloes. Calling the comoving number density of a tracer ngy(x), we
define its density contrast as

dg(x) = m (1.51)
Ng

in which 7y is its mean, background value.

1.3.1 Discrete fields

Before studying the properties of § we want to be more detailed about the definition
of the tracer density field ny(x). Looking back at equation (1.51) we see that we
treated n, as a continuous field, in a similar way as the matter one. Tracers are
discrete objects, and thus a proper density description would be

nd(x) = dp(xi—x), (1.52)

1 "4 specifies that the density

where the sum is over the tracers positions and the labe
is computed from a discrete set of objects.

The way we treat this issue is by considering the discrete tracer distribution as
one realization of the sampling of the underlying continuous field (see e.g. [49]). The
most common way to do so is by Poisson sampling: suppose to divide the space

in cells of volume AV then the expected number of particles in each cell is
N; :/ dx® ngy(x), (1.53)
Vi

where we integrated in the i-th cell’s volume. At each cell then, the number of tracers
present N; will follow the distribution

N
M! '

The Poisson sampling we considered is local, in the sense that the probability
of finding N tracers in a given cell is independent on the configuration of the field
in the surrounding space. In principle this is not a given truth: the probability of
finding N particles in a region of space could depend on the configuration of the
density field in the surroundings, or also in the sampling of particles in the same of
surrounding regions, calling for more complex models.

Pr{N; = M} = (1.54)
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1.3.2 Correlation function

For simplicity in the rest of this section we will refer to both matter and tracer
density perturbations with a general density field d(x), unless specified otherwise.
We can use the overdensity § to construct the correlation function, defined as its
covariance. Considering two comoving positions x; and Xo:

§(z12) = (6(x1)d(x2)), (1.55)

where x19 = |x1 — x2|. The dependence on only the distance between the two points
is granted by the assumption that the Universe is isotropic and homogeneous. In the
next section we will see that this is not true when dealing with the observed density
field, which is projected upon the lightcone [53] and subjected to various distortions
due to the redshift-distance mapping.

By our definition in equation (1.25) the density contrast has average (§) = 0,
then its variance is then given by

o® = (3(x)%) = (0). (1.56)

When instead of using a continuous field we need to study the correlation of a
discrete set of particles, we need to account for the noise generated by the sampling
process, known as Poisson shot noise. This results in an extra signal generated
by the spurious self-correlation the particles. Computing the covariance of the over-
densities measured from a discrete set of points 6% one can show (see e.g. [49])

(64(x1)0%(x2)) = &(w12) + %5D(X1 — X)), (1.57)

where 7 is the mean number density of the particles. We can see that the term that
adds up to the correlation function is nonzero and singular only if x; = X3, so for
X1 # X2 the covariance of 54 provides an estimate for the correlation function.

Meaning of the correlation function

Considering the number density of a given tracer n we have:

n(x) =n[l+d§(x)]. (1.58)
If we then compute the correlation of the number density at two different locations
we get:

(n(x1)n(x2)) = 22 [1 +&(z12)], (1.59)

where we have made use of (1.55) and of the fact that (6(r)) = 0. Considering an
uniformly distributed tracer then n(r) = n and we describe the actual distribution of
discrete tracers as a result of a Poisson-like process with probability 7. In general the
tracer won'’t be distributed uniformly and equation (1.59) shows how the correlation
function describes the excess probability of finding two tracers at a distance 719
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with respect to a Poisson process. For small separations ris we expect galaxies to
be strongly clustered due to gravity, so £ is positive. As the distances get bigger
we expect galaxies to be less correlated and so £ dies off to zero, eventually going
negative, due to the presence of regions devoid of galaxies between clusters. At even
larger scales where we expect the cosmological principle to hold, £ will grow back
to 0, since the galaxy distribution will appear uniform, following a properly random
process.

In figure (1.3) we show the correlation function measured from the 2dF Galaxy
Redshift Survey [24], with its best fit with a power law function, which is often used
to model the correlation of galaxies at scales smaller than 10 Mpc/h:

ne(x) = (;)ﬂ, (1.60)

where v and ro are the fit parameters.

1.3.3 Power spectrum

We define the Fourier modes of the density field §(k) as the Fourier transform of
o(r):

5(k) = / M §(x) B, B(x) = / e~ 5 (1) @Bk (2)° | (1.61)
We then define the power spectrum P(k) as the covariance of the Fourier modes:
(27)% 0p (k1 + ka) P(k1) = (6(ky1)d(ks)), (1.62)

where ép is the Dirac Delta, which appears due to the homogeneity assumption that
grants translational invariance, while the fact that P(k) depends only of the module
of the wave vector is granted by the isotropy assumption.

It can be shown that the power spectrum is the Fourier transform of the correla-
tion function [30,48, 50]:

P(k) = /eikxf(:c) 3z =2m /000 dx x?sinc(kx)€(z) . (1.63)

Similarly to the case of the correlation function, computing the power spectrum
from a discrete set of points also generates a spurious noise due to the sampling.
Fourier transforming equation (1.57) we obtain that the shot noise contribution to
the power spectrum consists in a constant additive term (see e.g. [49])

~d ~d 1
(0 (k1) (ka)) = P(k1) + —, (1.64)
which needs to be subtracted to correctly estimate the power spectrum.

In figure (1.4) we show the power spectrum measured from the Sloan Digital Sky
Survey III [54], with its best fit from the ACDM model.



1.3. SPATIAL STATISTICS OF THE DENSITY FIELD 16

o
S
O T T T IIIIII T T T IIIIII T IE
L e ]
~
o “\...‘ il
o
L ° _
St i :
E ® ]
L [ i
L . ]
ek LEN g
F - 3
F - ]
N A ]
C -~ _ .
o - .
F { B 3
3 T e ]
=L \\{ ~ e
= ~ —
SEST i # .7
F \ f
C N g
1—- L"“L =3
QE S e
©F o 8 ]
E | | | ]
w T 0 10 20 30 7
o ——
;‘_
o
[
(1]
=
[o]
(=%
W —
\
[=]
©
o
in
0
0.1

r [h™'Mpc]

Figure 1.3: Real-space correlation function of the 2dF Galaxy Redshift Survey [24],
with error bars from the rms spread between mock catalogues. The data is compared
with the best-fit power law described in equation (1.60). Figure taken from [25].
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Figure 1.4: Galaxy power spectrum measured from the Baryon Oscillation Spec-
troscopic Survey (BOSS), part of the Sloan Digital Sky Survey III. The galaxies

considered are in the redshift bin [0.4,0.6] and follow a specific target selection cri-
terion. Reference for the data: [26].
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Position-dependent power spectrum

Projection effects and, as we will see, redshift space distortions break the translational
symmetry of the observed galaxy distribution. This complicates the treating of
Fourier-based statistics such as the power spectrum. For instance, the covariance of
two modes of ¢, is not diagonal anymore, i.e. [55,56]

<Sg(k1)(~59(k2)> = (27)% C(k1, ko) . (1.65)

To treat this issue we can define a position-dependent power spectrum |[57]:

Poclxd) = [0, (x= %) 8 (x+ 3 )y ety

:/C<—k+;‘,k+g) Ciax By

(1.66)

where the second equality was obtained by expressing the overdensity in terms of its
Fourier transform.

To extrapolate position-indipendent information from this quantity we can ex-
pand it in Legendre polynomials £; over x, writing

3
A =@+ 1) [ P [ e 0k, (167
where we computed the angular average over a thin shell in Fourier space centered
in k of volume V.

Of particular interest is the | = 0 expansion of P., the power spectrum
monopole, which has the same form as the traditional power spectrum when trans-
lational symmetry is preserved, as it can be hinted by integrating over space the
position-depedent power spectrum

| Poxgat = | U C (ke gk+3) eiq'xdgy] oo (1.68)
= (2m)2 O(k, —k).

In conclusion, given an overdensity field §(x), the operative definition of comput-
ing its power spectrum monopole is the same as the traditional power spectrum.

1.3.4 Gaussian random fields

The correlation function and power spectrum give an equivalent statistical descrip-
tion of the § field. In general, they don’t uniquely characterize the field in question,
beside specific cases. One example are the Gaussian random fields, which are
characterized by the fact that at each point the probability distribution of the den-
sity fluctuation §(x) is Gaussian. These fields are particularly important in cosmol-
ogy because it is often assumed that for very early epochs, the density field obeyed
Gaussian statistics. This is predicted at large scales by many inflationary models
which generate the primordial density fluctuations in the Universe [58]. For this rea-
son, the observation of non-gaussianities in the primordial perturbations would allow
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to discriminate from different candidate models for inflation. Furthermore, there is
observational evidence of this in the study of the anisotropies of the cosmic wave
background radiation [59], which strongly constrain this model.

1.3.5 Linear bias

The complexity of the physics of galaxy formation makes it difficult to assess the
relation between galaxies’ and the underlying dark matter’s distributions. One pos-
sible solution is to parametrize the way in which dark matter and galaxy clustering
are correlated, by introducing the linear galaxy bias. As we already mentioned, we
define the galaxy overdensity as

Jg(x) = n9(X) =7y (1.69)

where ng is the galaxies’ number density and 7, its average value.
We will refer instead to 0 for the dark matter overdensity. At a given epoch the
galaxy linear bias b is introduced as:

I(x) =bd(x), (1.70)
which also implies:
ng(x) =ng [1 +bd(x)]. (1.71)

This definition assumes a non-local and linear relation between galaxies and the
underlying matter field. Equation (1.70) will be applicable only on large scales,
where |§| < 1, otherwise in underdense regions with § = —1 it could imply a negative
galaxy density ng(x).

Under this assumption it is easily shown that the galaxy correlation function and
power spectrum are related to the matter ones by:

E(r) =b2&(r),  Py(k) =b"P(k). (1.72)

These relations are not accurate in scales in which equation (1.70) is not valid.

Justification for equation (1.70)

The assumptions of equation (1.70) can be explained with different approaches. In
this subsection we will look into the threshold bias approach [60].

This approach starts from the assumption that gravitationally bound structures
form in regions where the linear density field, when coarse-grained on a scale R, lays
above some threshold.

Consider a zero-mean stationary Gaussian random field §(x), with correlation
function £(r) and variance 02 = £(0). We want to study the distribution of regions
in which 0 > vo, where v parameterizes the said threshold. These regions have an
overdensity 0~, = O[d(x) — vo|, where © is the Heaviside step distribution. Then,
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the correlation function of the distribution of these points can be written as [61,62]:

|4 () = 180X (—G[V(;]XG)[i(j J+]>12“) —va)
_ I° [ Gyr, y2) dy dys
[Serte (5)]7
where G(y1,y2) is the joint probability function for the normalized field y = §/o at
the locations x and x + r:

(1.73)

)

Y12 +y3 —2w(r)y1ys
eXp - —’LU2 7‘
[ Al —w?lr) } , (1.74)
271 — w?(r)]2

G(yl) y?) =

with w(r) = &(r) /0.
If we expand equation (1.73) to first order in w(r) and we take the limit v > 1
we find:

2
€>V(T) ~ ; f(T‘) ’ (1'75)

which is consistent with the result obtained by assuming a linear bias relation, as-
signing b =v/o.

1.4 Projection effects on the galaxy distribution

The main source of information regarding the galaxy distribution in the Universe
is given by redshift surveys, which measure the angular positions and redshift of
galaxies in the sky.

A survey is mainly characterized by its shape and selection criteria. Regarding
the shape, in general only a region of the sky is probed: this can be due to the
physical positioning of the measuring instrument, such as in the case of ground
based telescopes, or to avoid specific regions, such as the Galactic plane. Selection
criteria to the sources are often applied due to practical reasons, such as choosing
only targets bright enough to have a precise redshift measurement (i.e. applying a
flux cut), or selecting based of the target size, to avoid including stars.

From the data provided from the survey we can construct the spatial distribution
of galaxies by retrieving the distance of the source making use of the measured
redshift and of its relation with the comoving distance, mapping (z,0,v) — (x,6,).

Tainting this prescription is the fact that the galaxies’ peculiar velocities add up
to the Hubble flow, altering the emitted radiation and shifting the observed redshift
with respect of the cosmological one, thus shifting the inferred distance with respect
to the true, comoving one. This effect was first studied by Kaiser in [2], where he
showed that at large scales the galaxies’ peculiar velocities boost the power spectrum
monopole by a factor that depends on the linear bias and on the linear growth rate.
In a similar way, also the observer’s peculiar velocity distorts the measured redshift,
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creating a dipolar patter in the galaxy distribution [1,63,64]. Lastly, the path that a
photon follows in reaching us from a galaxy is curved by the underlying gravitational
potential, which shifts both the observed radial and angular position of the galaxy,
causing also a time delay to the observed signal [8-11].

Beside affecting the spatial distribution of the galaxies, both the peculiar veloc-
ities and the gravitational potential also distort the apparent flux measured from a
source, and this can change the galaxy distribution properties near the survey’s flux
cut. We will refer to this effect as magnification [8,65].

It is a known fact that the perturbations due to the peculiar velocities dominate
over the terms generated by the gravitational potential [8-11|, but the next genera-
tion of galaxy surveys (see e.g. Euclid [13], DESI [14], SKA [15]) will probe scales
comparable with the Hubble radius, at which we expect to observe these contribu-
tions.

In this section we will review these effects, starting by considering only the ones
sourced by the peculiar velocities, following the treatments presented in |1, 30, 45].
We will then incorporate the complete general-relativistic prescription, accounting
in this way also for the gravitational potential contributions and for the light-cone
projection effects we mentioned in section (1.3), following [8-11].

1.4.1 Redshift space distortions

In this subsection we will start by describing the first treatment of velocity distortions
to the measured redshift, labelled as redshift space distortions (RSD).

As we have anticipated, the velocity of a light source stretches or compresses the
emitted wavelength generating the doppler redshift, which for a peculiar velocity
much smaller that the speed of light |v| < 1 can be linearized to

Zdoppler = V ° )’i’ (176)

where x is the source’s comoving position, and X is the associated versor. Despite the
nomenclature, this effect can either stretch or compress the emitted light, allowing
also for blueshifting effects. In general, also the velocity of the observer will distort
the observed redshift in a similar way: we will account for this effect later in this
section, while for now we will consider the case of a stationary observer with respect
of the CMB.

The doppler redshift then adds up to the cosmological one zcosmo, leading to the
relation (30,49, 66|

Zs = Zcosmo T Zdoppler = Zcosmo TV - X, (1.77)

where the subscript ";" denotes that a quantity is observed or inferred by the obser-
vations while ",." denotes the real one. We will then define the space built from the
redshift measurements as redshift space.

Around the time of the introduction of this field, most redshift surveys probed
only the z < 0.1 region of the Universe (e.g. the CfA and Cfa2 surveys [67]), so the
redshift-comoving distance relation was used in its linearized form in z, that consists
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in a different formulation of Hubble’s law [22]
X(2) = — (1.78)

which becomes progressively less accurate as z grows, and holds only if z is the
cosmological redshift. Plugging equation (1.77) in equation (1.78) we obtain the

mapping

V- X

|xs| =[x, + o, (1.79)
which in three dimensions becomes
XS:xTJrV'XT X . (1.80)
0

From equation (1.80) we see how the velocity effect to the inferred position is
purely radial, with a contribution that depends only on its component along the Line
of Sight (LOS). More specifically, an object moving towards us will have v - &, < 0,
which means it will appear closer to us, while in the opposite case v - Z,, > 0 it
will appear farther away. Lastly, for a motion purely perpendicular to the LOS the
contribution will be null, since v - &, = 0.

In figure (1.5) we show the cumulative effect of these distortions when considering
the clustering of a spherical distribution of galaxies at different scales, by comparing
their positions in real and redshift space, positioning us as an observer from below
the image.

As we expect, the angular size of these structures projected on the sky is left
unchanged, while for their LOS component the effect depends on the scale and on the
phase of the collapse. In the first panel we consider large scales, where the v - Z,./ Hy
term is small compared to the size of the structure, and the cumulative effect consists
in a squashing along the LOS. This is because galaxies from the farther side of the
sphere will be moving towards us, appearing closer, while the opposite happens from
the galaxies in the closer side of the sphere. In the second panel we consider the
turnaround phase, in which the distortions from the two sides of the sphere cancel
out with the radius of the sphere, generating a straight line configuration. In the last
panel we are considering an already virialized structure, in which the velocity effects
can be larger that the actual size of the sphere, turning "inside out" the shape and
elongating it along the LOS. These effects are referred to as "Fingers of God".

1.4.2 Observed density field

As we already mentioned, in a redshift survey we only probe a region of the Universe
and we only measure the redshift of a restricted sample of all the galaxies present in
that region.

The selection function 7, ¢(x,) describes the expected number of galaxies that
a given survey will observe at a position xs. Since 7i4 s is evaluated in redshift space
it can be estimated from the observed data [1].
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Real space: Redshift space:

=
Squashing effect
Linear regime
Collapsed
Turnaround
N

—

Collapsing Finger-of-god

Figure 1.5: Detail of how peculiar velocities lead to the redshift distortions. The dots
are ‘galaxies’ undergoing infall towards a spherical overdensity, and the arrows repre-
sent their peculiar velocities. At large scales, the peculiar velocity of an infalling shell
is small compared to its radius, and the shell appears squashed. At smaller scales,
not only is the radius of a shell smaller, but also its peculiar infall velocity tends to
be larger. The shell that is just at turnaround, its peculiar velocity just cancelling
the general Hubble expansion, appears collapsed to a single velocity in redshift space.
At yet smaller scales, shells that are collapsing in proper coordinates appear inside
out in redshift space. The combination of collapsing shells with previously collapsed,
virialized shells, gives rise to Fingers-of-God. Picture and description taken from [1].
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If at a position x5 we measure a number density ny(x;), we can define the observed
galaxy overdensity as

Ng.s(Xs) — Ng,s(Xs)
Ng,s (xs)

Og,ss(Xs) ) (1.81)

which is an observable, since it is evaluated in redshift space.
The situation is more complex when we define the overdensity in real space

3y o) = PerC) ) (152

In this case the selection function 74, is not only evaluated at a different position with
respect to the redshift space counterpart, it is a completely different function, and
in general can not be estimated from the data, since we would need to measure the
real space galaxy distribution. Many works mistakenly stated that the two functions
agree at linear order, but this is not true, as it was shown by Hamilton in [1].

In conclusion, the two selection functions are different, but since the standard
approach to model the redshift distortions relied on their equivalence, we will proceed
by re-defining the redshift space overdensity as

g s(Xs) — Ngr(Xs)
Ng.r (xs)

Og,s(xs) = , (1.83)

in which we used the real space selection function.

1.4.3 Two-point statistics

Starting from the redshift space overdensity d, s we can compute its covariance, the
redshift space correlation function

58($s,12>$s,1>$8,2) = <5g,S(XS,1)5g,S(XS,2)> ) (1.84)

where 512 = |52 — Zs1].

One thing to notice here is that redshift-space distortions destroy the translational
symmetry of the observed Universe, but they keep the rotational symmetry about the
position of the observer (as long as the selection function is spherically symmetric) [1].

As a consequence, the correlation function depends also on the distance of the two
points from the observer. This is because, in a general case without any symmetry,
the correlation function would depend on both the points x1, X2. Introducing
a spherical symmetry around the observer means that we only have to keep fixed
their relative position and their distance from us, meaning that the only information
needed are x5 12, 51 and T4 2.

We can also define the redshift space power spectrum

<Sg,s<k1)gg,s(k2)> = /eik151+ik252§s<xs,127 xs,la xs,Q) d3.’1,‘571 deS,Q ) (185>

where 6;7 s(k) are the Fourier modes of the redshift space overdensity. Notice how we
cannot write the power spectrum as a diagonal matrix since translational symmetry
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is broken. We can still make use of the rotational symmetry around the observer to
write it only in function of the modulus of the combination of the modes, and not in
function of their orientation

(09,5 (k1)0g,s(ko)) = & (|k1 + ko, k1, ko) . (1.86)

1.4.4 Linear redshift distortion operator

In order to quantify how RSDs influence the measured summary statistics we first
have to study how they affect the observed galaxy overdensity field 6,. We will show
that the the overdensity measured in redshift space d, s is related to the one in real
space 04, via a linear operator S, called the linear redshift distortion operator

8.5 =Sy (1.87)

The starting point of the derivation of this relation is the conservation equation,
which states that peculiar velocities displace galaxies along the line-of-sight, but they
do not make them appear or disappear (we will see later that taking into account
selection and projection effects will contradict this statement)

ng.s(xs) dPzs = ng r(x,) &, . (1.88)
Writing the equation in terms of the overdensities we get

g (Xs)[1 4 0.5(xs)|2s2 drg = Mg (%) [1 + 8y (x,)] 2,2 day (1.89)
where we remind that we are using 4 and not d, . Using equation (1.80) and

defining v = v - X we get we can rewrite it as [1,30]:

1+0gs(xs) =

2,2 Ny (%) L oy~
: 1 T7 1 6 r\r)]
(mr+UH/H0)27_197T(XT+UH/H0)A(T) < Hy 81‘,:) [T+ ’ (<)
(1.90)

which is an exact solution, valid both in linear and nonlinear regimes up to shell
crossing, where multiple streams overlap and we cannot assign a unique velocity
field to each point.

We now want to linearize the equation. The assumption 0| < 1 also implies
|0 /0z,|/Ho < 1 for a irrotational velocity field in linear theory (see equations
(1.48) and (1.49)). We will also assume that the peculiar velocities in units of Hy
of the galaxies are small compared to their distances from the observer |v/Hp| < r.
Then at linear order:

where

27
dlnz,*n(x,) (1.92)

o) Olnzx
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describes the change with distance of the selection function.
Inverting the linearized continuity equation (1.50) and assuming a bias relation
dg,r = b Omatter We obtain:

v = —aHﬁgﬁVQégvr , (1.93)

where

f

=3

(1.94)
is the linear redshift distortion parameter, given by the fraction of the linear
growth rate and galaxy linear bias. Since we are working under the z < 1 assumption
we evaluate all the parameters at z = 0, which means setting a = 1, H = Hy and

B=po=pB(z=0).
Plugging equation (1.93) into (1.91) we finally get the form of the operator
0? a(x,)0 9
S=1 - 1.
(s + SO w2, (1.95)

which we remind is valid for a stationary observer and a selection function estimated
in real space n(xy).

1.4.5 Plane-parallel limit

We want to study S in the plane-parallel limit, which is obtained by asking that the
galaxies observed are far enough that we can approximate their light rays reaching
us to be parallel. More precisely, we are asking that the separation angle of two
given galaxies is § < 1 (see e.g. figure (1.6)).

Within these assumptions it can be shown that the redshift space correlation
functions depends only on the components of x, 12 parallel (%,H) and perpendicular
(ws,1) to the LOS [1,30]

£S($s,12>ms,laxs,2) ~ SS(CL’S,Hams,i) . (196)

An example of a measured correlation function in redshift space is shown in figure
(1.7). For the same simmetry reasons, in this limit the power spectrum becomes a
diagonal matrix [1,30],

(84,5 (k1)dg,s(k2)) = (27)° 6p (k1 + ka) P*(ky), krL) , (1.97)

where k| and k, are the k; components parallel and perpendicular to the line-of-
sight. Regarding the linear redshift distortion operator, this approximation allows
us to write it as [30,66]:

2

SP =1+ S V2, (1.98)

2
021 0s
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where z1,0g is the distance along the line of sight. Writing the operator in Fourier
space we find out that it is diagonal

SP = 1+ o 4., (1.99)

with px = Zros - k is the cosine of the angle of the k wavevector with the line of
sight. Then we can write the redshift space power spectrum in a diagonal form

PE(k) = (1+ o i) P (k). (1.100)

The reason why we retrieved a diagonal power spectrum is to be found into the fact
that in the plane-parallel approximation redshift space distortions preserve trans-
lation invariance: the translation operator —iV commutes with the plane-parallel
operator and thus they share eigenmodes [1]. We can retrieve the monopole of the
power spectrum simply by performing an angular average, since Ps(k) is translation-
ally invariant [1,2]

ds)
Poat) = [ T+ G0 PP = FPIR). (1.101)
where
F=1 2 Lo 1.102
=1+ 5/30 + 550 (1.102)

is the Kaiser factor. In conclusion, in the plane-parallel approximation at large
scales, the galaxies’ peculiar velocities boost the power spectrum monopole by a
factor that depends on the linear bias and on the linear growth factor.

1.4.6 Velocity of the observer

The mapping we defined in equation (1.80) is valid for a stationary observer, but in
order to take into account a moving observer with velocity v°P® we will generalize it
to (see e.g. [1,63,64]):
vV-X N Vobs * X “
Xs = X, + HOTX"_ 0;10 "R, (1.103)
One can show that following a similar approach as in the previous case the over-
density maps as:

s obs(

Xy - VO (xy)

3o (%) = 6°(%) + (%) (1.104)

Ty

The result is a dipole contribution directed along the observer’s motion direction.
The dipole sourced by the peculiar motion of the observer is known as rocket effect,
and it calls for a delicate approach: the Local Group motion induces a spurious
overdensity in the direction of motion, which may then be wrongly identified as the
cause of the motion if not correctly accounted for [63,64|. In fact, this effect could
affect the estimation of the observer’s peculiar velocity via clustering measurements,
as it acts on the observed overdensity in equation (1.50), and could also bias the
estimation of cosmological parameters, due to its contribution on summary statistics
(see e.g. [63]). We will see how this effect affects the galaxy power spectrum in
subsection (1.4.13), where we will consider a full relativistic treatment.



Figure 1.6: A spherical overdensity appears distorted by peculiar velocities when
observed in redshift space. On the left plot, the overdensity is far from the observer
(who is looking upward from somewhere way below the bottom of the diagram), and
the distortions are effectively plane-parallel. On the right plot, the overdensity is
near the observer (large dot), and the large scale distortions appear kidney-shaped.
The observer shares the infall motion towards the overdensity. Picture taken from [1].
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Figure 1.7: Contour plots of the redshift space two-point correlation function & as a
function of separations s and s, parallel and perpendicular to the line of sight in:
(left) the IRAS QDOT [27] and 1.2 Jy |28] redshift surveys, merged over the angular
region of the sky common to both surveys; and (right) the optical Stromlo-APM |[29]
survey. Picture and description taken from [1]
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1.4.7 Doppler effect

The term proportional to « that we neglected in the previous treatment is referred
to as Doppler term [3,4] and it is proportional to a(x;) v) /. This approximation
has been shown to be accurate for past surveys, such as the SDSS-II [4], but it stops
holding when considering wide angular separations. In figure (1.8) we see how the
introduction of varying line of sights modifies the directions along we shift galaxies
from real to redshift-space. Consider a spherical distribution in real-space: in the
plane-parallel approximation (left plots) the Kaiser effect will flatten it at large scales,
producing the Pancakes of God, while at small scales we see the Fingers of God.
Without the plane parallel approximation (right plots) the different line-of-sights
will deform the spherical distribution in Croissants of God. These contributions
will be correctly implemented in the next subsection, where we consider also other
relativistic corrections that should be taken into account at large angular separations.

1.4.8 Relativistic projection effects

Now we will include general relativistic effects in the study of redshift space dis-
tortions, which will allow us to consider scales comparable with the horizon scale.
We can show why we expect these effects to become important at large scales by
considering a flat Universe and combining the Poisson equation (1.33) and the first
Friedmann equation (1.15)

V3¢ =4nGpa®s,  H? = %ﬁ. (1.105)
We obtain
V§¢::ga?H95, (1.106)
which in Fourier space is
27 3 9,r0%
oy = Sa*H? 3y, (1.107)

Considering this equation in terms of physical scales we obtain

- Aotws | 2 ~
by ~ < ;’YS> Ok 5 (1.108)
H

where the scale related to the wave vector k is Apnys = a/k, while A =1 /H is the
Hubble radius. We see that, at large scales, where § < 1, we have ¢ ~ 1 only when
Aphys & Ap: at scales comparable with the Hubble radius we must account for effects
sourced by the gravitational potential. Beside terms sourced by the potential, we will
also account for the fact that we are observing galaxies on the lightcone hypersurface
and we will use the true redshift-comoving distance relation x(z), so that the results
will be valid also in the z 2 1 domain.
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T

Figure 1.8: Upper panels: Translation from real to redshift-space of a galaxy pair
in the transverse and non-transverse case, in the wide-angle case. Note that, even
in the case of |vi]| = |va|, the presence of the observer changes the apparent scale
s in the transverse case, and both the apparent scale and the apparent angle w.r.t.
the line of sight in the non-transverse case. Bottom panels: Large scale apparent
modification of a spherical overdensity region. In the plane-parallel approximation
(left panel), the Kaiser effect induces the so-called “Pancakes of God”, so a spherical
distribution of galaxies in real space will appear flattened in the radial direction in
redshift space. In the wide-angle case (right panel), the introduction of an observer
modifies the shape into a curved croissant-like shape that depends on the angular
separation. Picture and description taken from [3].
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To do so, we study the null geodesic followed by a photon reaching us from a
galaxy. In an unperturbed universe, we refer to this geodesic z} as in real space,

and we describe it in conformal units [9,11,51] :

zy' = (%) = (N0 — Xrs XorDy) 4 (1.109)

where 79 is the present conformal time, x, is the comoving distance from the observer
along the trajectory and n, = x,/x, is a unit vector pointing towards the emitting
galaxy. From now up to the rest of this section we will refer to 9, as the partial
derivatives over the conformal units (7, x). We investigate how this geodesic changes
in a metric perturbed at first order. We refer to these trajectories z% as in redshift

space, and we will write them as:

332‘ = (7787X5) = (770 - XS)XSnS)a (1.110)

where x5 = |xs| is the observed comoving distance and ng; = x5/xs. The observed
redshift z; is related to the comoving distance via the relation xs = x(zs). We define
a mapping between the two positions as:

' (xr) = 25 (xs) + Az (xs) - (1.111)
Defining also dz#(x) = x% (x) — 2} (x) and dx = xs — X» at linear order we get

dzt
dxs

ol (xr) = 2t (xs) + 0a" (xr) = aH(xs) + 57— Ox + 62" (xs) (1.112)

where we use x as the affine parameter d/dxs = —9/9n + nid/0x%. We can then
write the linear redshift-space distortions as:

Az®(xs) = —=0x + 62°(xs) , (1.113)

Ax'(xs) = niox + dx'(xs) - (1.114)
The functions dz°, y and dz¢ will depend on the characteristics of the perturbed
space, i.e. the metric perturbations and the velocities of the source and observer.
1.4.9 Metric perturbations

We describe the perturbations of the FLRW metric in the conformal-Newtonian
gauge |30, 68]:

ds* = a*(n) [(1 +29) dn® — (1 — 2®)6;; da’ dz’] (1.115)

where U and ® are the Bardeen potentials [68]. This gauge is particularly useful for
the purpose of this project because, as we will see later in section (2.1.1), allows to
write the Poisson equation for the potential of the simulation in a simple formalism.



1.4. PROJECTION EFFECTS ON THE GALAXY DISTRIBUTION 32

By solving the geodesic equations one can work out the formulas for the shifts
[8—11]:

Sy =— (Xs + ;) [T, — (nlvi)o] + % [T — (nlv;)]
+/0XS[2\IJ+ (xs — X)00(® + )] dy (1.116)
+;l/0xsao(<1>+\y)dx,

. Xs
620 = — v, [V, — (nhvi)o] + 2/ U dy
0

- (1.117)
+ /O (Xs = X)00(® + ¥)] dx,
) . . . [Xs
6x' = — (v} + Ponl) xs + 2n§/ ® dyx
0
. ) (1.118)
+ / (xs = x)879;(® + W)] dx.,
0
0z ~ ~ Xs
dlna = e -0, + (nJvj)o + Pe — (Rlv))e + Oo(® + W) dyx, (1.119)
0

where H = dln H/OIna, and the suffix "o" denotes quantities evaluated at the
observer space-time position, while "e" denotes the ones evaluated at the emitter
space-time position. We can recognize different types of contributions:

e The velocity shifts, which are the terms proportional to the velocities of the
observer v, and of the emitter v, and are a local contribution.

e The Sachs-Wolfe effects (SW) [69], which are the terms proportional to the
potentials outside the integrals, measured at the observer’s location (®,, ¥,)
and at the emitter’s location (®., ¥.). They can be explained as the variation
in the photon’s energy as it starts and finishes at two different potential wells.
These effects represent a local correction too.

e The integrated Sachs-Wolfe effects (ISW) [69], which are the integrals along the
geodesic of the time derivative of the potentials. They can explained similarly
to the non-integrated case: along the geodesic, when a photon enters a potential
well, the said potential evolves in time, and by the time the photon exits the
well the energy needed to climb it may be different than the one gained while
entering.

e The Shapiro time delay, which are the integrals along the geodesic of the ¥
potential and describe the delay caused by the space-time dilation in presence
of a gravitational potential [70].
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Figure 1.9: Real and redshift-space perspectives. A galaxy with real-space position
x% (top left), located at distance x, from the observer (bottom), is assigned an
apparent position z% in redshift space (top right) at distance y;. Since the photon
path to the observer in real space is not straight, the observed position of the galaxy
on the sky, ng does not coincide with its actual one, n,. Picture and description

taken from [17].

e The gravitational lensing effects, which are the integrals along the geodesic of
the gradient of the potentials. They describe the deviation of the photon path
due to the gravitational potential between the source and the observer [71].

1.4.10 Density perturbation

Now we want to see how the galaxy overdensity changes under the =) — z% mapping.
The observed number of galaxies contained within a volume V* defined in terms of
the redshift space coordinates is given by a gauge-invariant integral [8-11]

— o oy 0¥ OxP 027
V= /Vs —979(2") ot (@ )Bxsvl Oxs?2 O3

z° (1.120)
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where € is the Levi-Civita tensor and ng is the number density of galaxies in comoving
coordinates, which depends on both position and conformal time. We can describe
the same quantity in function of the redshift-space number density ng s, by writing:

N = a(2%) ngs(x*, 2°%) d>x* . (1.121)
Vs

By comparing these two quantities we can retrieve the relation between the density
in real and redshift space [9]. Up to linear order in the perturbations the galaxy
density contrast is written as [8-11|

8g,s8 = O + 0500 (1.122)

where

FRSD — (%) Sina+w, — 20, + Ve gy,

2 2
[ " (1.123)
1., » 2 [Xs ,
- 5 [0 ()] + = [T @ Wt 2 (), - 26
H © Xs Jo o
is the perturbation to the overdensity, and k is the convergence field
1 [Xs X <o
=g (06 =x)-VI(@+¥)dx, (1.124)
0 s

which is related to the weak gravitational lensing effect, as we will briefly show in
1.4.10. The operator Vi is defined as:

. 9
V2 = V2 (ni))” - nid. (1.125)

The v, term that appears in equation (1.123) is the velocity potential defined in
equation (1.48) and appears because the derivation of the overdensity was done in
the syncronous-comoving gauge, and then transformed in the conformal-Newtonian
gauge.

We can also apply equation (1.122) for the dark matter component, and then, by
following a biasing approach, it can be shown that [8-11]:

855 = (b— 1) 8" + 5%, (1.126)

where b is the linear bias parameter and ", §° are the matter overdensity fields in real
and redshift-space. Note that there are further effects that need to be accounted for
in this equation, related to the fact that in the case of selection effects, the number
counts of the tracer are not conserved in the mapping from real to redshift space:
this is explored further in section (1.4.12).
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Figure 1.10: (a) Circular galaxy, the source, sits behind a foreground mass distribu-
tion represented by points at bottom. The observer is out of the page so that the
foreground mass is between the observer and the source, (b) Light rays from source
are deflected as they pass by mass distribution. Rays traveling closest to mass get
deflected the most, (c) Resulting image is an arc. Picture and description taken
from [30].

Weak lensing convergence

We will now investigate on the origin of the convergence term x that contributes to
redshift-space distortions and how it is linked to weak gravitational lensing, following
the approach presented in [30]. Gravitational lensing distorts the galaxy shapes
due to the foreground mass clustering, which bends the space curve the photons’
trajectories. In figure (1.10) we see how a foreground mass distribution bends a
circular image: the rays closer to the distribution will be bent more than the ones
in the opposite direction causing a distortion in the circular shape, which will now
appear as an arc. We use the term weak lensing to describe the situation in which
the distortions are small and can be treated perturbatively.

To link these distortions to the underlying gravitational fields we study the photon
geodesics at 1st order in perturbations. We describe the position of a photon reaching
us from a galaxy with the set of spherical coordinates {x, 0}, where 6 represents
the angular position in the sky. We will use the conformal Newtonian gauge as in
equation (1.115) and we will neglect anisotropic stresses, so that ® = W. Furthermore
we will assume small angles #°, which will limit our study to small angular scales.
The geodesic equation then reads [30]:

2

e (x0") = 20;®. (1.127)

We can see that for a constant potential this equation implies that d(x6")/dx =
const., which means that the angular direction remains constant along the geodesic.
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For 0;® # 0 we notice that the equation states that the photon geodesic deviates
towards the direction in which ® grows, which means that light will be curved towards
a matter overdensity. By integrating two times, and fixing the constant terms to
account for boundary conditions on the geodesic, we get [30]

X /
0l =0l + 2/ 2% (x(x)) <1 - X) dy’. (1.128)
0 X
We recognize this equation in the third term of the right-hand-side of equation
(1.118), which is in fact, the lensing term of redshift-space distortions.
To study the magnification effects due to these distortions we define the trans-
formation matrix

_09;_(1—/1—71 —72 )

Tool -\ e l-k+m

X X’
=d;; + 2/ 9;,;® (x(x)) X' (1 - X) dy’,
0

where x in the already mentioned convergence, which describes how a source is
magnified, while v, and -9 are the two components of the shear, which describe the
distortions in the shape of the galaxies. From equation (1.129) we retrieve

ij
(1.129)

A A
o 1,1+ 2,2+1

x2 / (1.130)
== [ [0t (x(x)) + 930 (<()] X (x =) v

Comparing this with the definition in equation (1.124) we notice that the differential
operator is different: this is due to the fact that we limited ourselves in the study
of small angular scales, where Vﬁ_ ~ V2, while the full relativistic treatment of
redshift-space distortions does not depend of such assumptions. We will see in the
next subsection that the total magnification of a source takes contributions also from
other effects beside lensing.

1.4.11 Magnification

Since redshift space distortions alter the distance of a galaxy, we have to treat care-
fully the flux we measure [72,73]. Suppose we measure a flux F from a given galaxy
at an observed redshift zg: if the true redshift z, is bigger than z,, it means that the
galaxy is actually brighter that we inferred, while if 2z, < z4 it is fainter.

In general, lensing effects can distort the solid angle of the galaxy we measure,
changing the observed flux also if no radial shift were present. One example of this
is the convergence term we mentioned in section (1.4.10).

In conclusion, velocity and general relativistic effects alter the apparent flux from
a source. In a flux limited survey these effects can bring a galaxy above or below the
flux cut, changing the measured clustering signal. We can model this in terms of the
luminosity distance (see equation (1.9))

dr(z) = (14 2)x(2). (1.131)
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Relativistic effects can distort this quantity, with the consequence that within a
flux-limited survey some sources may appear/disappear due to redshift-space distor-
tions. We define the magnification as

e (5t)-

where dp,(zs) is the luminosity distance we infer by assuming an unperturbed space
and using the observed (distorted) redshift zs, while dy, is the actual luminosity
distance of the source.

From linear perturbation theory the resulting magnification is [8-11]

M2 (1= 2 ) [ (ndw),

+2 <1 - %IX) [ /0 ¥ (X = )0(® + W) dy + T, — (nfvi), | (1.133)

Xs

+ 2V, —2(n§vi)0— 2/ (®+ ) dx + 2k.
Xs Jo

We see that with the full general-relativistic treatment, further corrections beside

the convergence term arise to the magnification of an image. We recognize the

contribution from the peculiar velocities, the SW and ISW effects and the Shapiro

time delay.

1.4.12 Population biases

In equation (1.120) we assumed the conservation of the number of galaxies in the
mapping between real and redshift space. In a realistic survey there will be selection
effects that will decrease the number of observed galaxies: for example this can be
due to a lower flux limit Fi,t under which the survey’s instrument won’t detect any
galaxy or similarly due to a shape limit. Taking into account only flux selection
effects we define ny(> L) as the number density of galaxies with luminosity greater
than L, and we also define

Lunin = 47d} (2) Fot (1.134)

which is the minimum luminosity that a galaxy at a cosmological redshift z needs to
have to appear over the flux cut for an observer at z = 0.
Furthermore, the number of tracers above certain luminosity can change in red-
shift, both due to their formation/merging and of the evolution of their emitters.
These properties, when combined with the perturbations in redshift and magni-
fication, can change the number counts of the tracer under study. Taking that into
account we finally update equation (1.126)

Sgss = (b—1)0, + 05+ Q(M — 1) + £ (§Ina — Hb,) , (1.135)

where

~Olnng(> L)

Q= oln L

| L=Lyim (1.136)
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is the magnification bias and describes the change in tracers’ density with the
luminosity cut, while

Olnng(> L)

£=- Oln(1+ z)

(1.137)

is the evolution bias and describes the change in number density with redshift,
without accounting for the flux cut evolution. It can be shown that the relation
between Q and €& is [16, 65|

_ dlnng(z)
dln(1+2)

c(1+2)
H(z)x(2)
where ¢ is the speed of light and x(z) is the comoving distance at redshift z. We

see that the total derivative of the number counts in redshift depends on both the
biases, since they capture different contributions to the number counts.

=20(z) [1 + ] +£&(2), (1.138)

1.4.13 Observer effects

In this subsection we model the observer’s contribution to the power spectrum. We
will consider only the velocity term in this contribution, since it dominates over the
potential term. The shift caused by the observer’s velocity is [1,63,64]

AX = ————(Vobs - Kp) Ry . (1.139)
z

This term generates a dipole contribution in the redshift-space overdensity [16,63,64]

Qobs [Z(X)] Vobs - Xr
X alz0)1H[z(0)]

where d¢mp, is the overdensity in the CMB frame of reference and we refer to the
second term as dgip. The o, function that appears is a generalization of the one
presented in equation (1.92), that accounts for general relativistic effects [74]

XH [, 1+zdH
H dz |’

(5obs = Ocmb + (1140)

0
X2 ey

A+ et ) (1.141)

OZobs(z) = 2(1 - Q) - c
in which we see a contribution from the evolution and magnification biases. We

cross-correlate the dipole term with itself

[ A1 A (Vobs * Uy ) (Vobs - Uy, )eX C27X1) @3y @Pay
B [ 7?(z) d3x ’

D(k) (1.142)
with A; = Njaepsi/(zsa;H;). The reason why we weight the overdensity with 7 in the
integral is related with the FKP estimator, described on section (2.4). Expanding
the angular part of the integral in spherical Bessel functions we obtain [16]

(Vobs - K)?  I°(k)

D(k, Vops - k) = 167
(K, Vobs - k) & H2  [R%(z)da’

(1.143)



1.4. PROJECTION EFFECTS ON THE GALAXY DISTRIBUTION 39

where

n H

I(k) = / % j1(kz) da, (1.144)
and j; is the n = 1 spherical bessel function. Averaging over all the directions of k
we get

167202 I%(k)

Diso k)= obs )
(k) 3 HZ [n?(z)dPz

(1.145)

which is a decaying oscillating function in k, as it will be shown in section (3.6).

We assume that the auto-correlation of d4;, dominates over the cross-correlation
between demp and dgip (as it was tested in [63]), implying that the contribution of
the observer’s velocity on the power spectrum monopole is

APy(k) = P (k) — PL™ (k) ~ Diso (k) - (1.146)

In conclusion, the observer’s effect on the monopole of the galaxy power spectrum
follows a decaying oscillating function that depends on the selection function of the
galaxy population, on their magnification and evolution biases, and on the expansion
history of the Universe.
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Chapter 2

Methods

In this chapter we will start by reviewing the current version of the LIGER code in
section (2.1), used to generate mock galaxy catalogues that account for relativistic
projection effects on the past lightcone of the observer. In sections (2.2,2.3) we will
introduce the main topic of this project: the implementation of a new update on the
LIGER code. We will see that, beside other minor improvements, this implementa-
tion creates catalogues that allow to probe smaller scales with respect to the current
approach, and to avoid assuming a description at priori of the tracers under study.
In general, the result of this method will be a more realistic catalogue, which allows
to emulate better what a survey observes and how it selects the targets. Next, in
section (2.4) we will give a brief overview of the power spectrum estimators for a
galaxy dataset, which we will use in our analysis to test our implementation.

2.1 LIGER method

A mock galaxy catalogue that accounts for relativistic projection effects can be
created in two ways: one way is to simulate structure formation using equations
derived from general relativity, solving the geodesics equations and relativistic po-
tentials |75, 76]; the other is to run a Newtonian cosmological N-body simulation
and then apply the corrections a posteriori. The latter is the method implemented
in the LIGER code [16, 17|, currently available at https://astro.uni-bonn.de/
“porciani/LIGER/, which:

e Takes as input a Newtonian N-body simulation.
e Selects an observer, characterized by its comoving position and velocity.

e Shifts all the galaxy positions in the simulation in redshift space, accounting for
all the relativistic projection effects at 1st order in the perturbations, following
the equations (1.116-1.119).

e Applies the correct magnification to each galaxy following equation (1.133).

e Gives as an output the distribution of the galaxies as they would be observed
in the observer’s perturbed past light-cone.

41
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The code produces different light-cones that account for different contributions to
the distortions described in equations (1.113-1.119, 1.133), labelled as:

e realspace: real space output, obtained by setting M =1 and Ax = 0.

e vRSD: obtained by setting M = 1 and by considering only the (nlv;). terms
in the position shifts. This mock emulates the non-relativistic treatment of
redshift space distortions presented in section (1.4.1).

e VRSD obs: obtained by setting M = 1 and by considering only the (niv;).
and (niv;), terms in the position shifts. This mock is the extension of vVRSD
for the case of a moving observer.

¢ GRRSD: considers all the contributions beside ®, = ¥, = vf) = 0, thus non
accounting for the observer velocity and potential.

e GRRSD obs: full redshift space output, all the contributions are considered.

In this section we will discuss the code implementation, i.e. how the equations
that describe the shifts are applied on the Newtonian simulation. The product of a
cosmological simulation is divided into snapshots of different comoving time instants,
for which particle data such as positions and velocities is available. The code will
use these snapshots as an input to compute both the underlying potential and the
particle distribution.

2.1.1 Simulation Gauge

To evaluate the quantities in equations (1.116-1.119) we need to compute the under-
lying gravitational potential. Since the equations are applied to a simulation, we have
to derive the potential from the particle distribution, which corresponds to using the
matter density contrast in the synchronous comoving gauge, i.e. dsim = dsyn-

To linear order in the perturbations of a universe with a ACDM background,
it can be shown that for a pressureless fluid, the source equation in the conformal-
Newtonian gauge can be re-written in terms of dgyn = dgim as the standard Poisson
equation (1.33) [18]

V3¢ = 41Ga’p,,0sim, (2.1)
with the mapping

p=0=10, =l vt =l (2.2)
This means that if we treat our corrections in the Newtonian gauge we can directly
use the simulation positions and velocities, without having to recur to any gauge
transformation.
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2.1.2 Implementation

In this subsection we will discuss how the shifts of equations (1.116-1.119) are im-
plemented and applied to the particles.

The particle velocity contributions can be applied in a straightforward way, since
the particle data is already available. We shift each particle’s radial position using
the velocity evaluated at its snapshot’s redshift. In a similar way, having chosen an
observer, its velocity contributions are also easy to implement. The terms depending
on the potential require more work due to the non-local quantities.

From equations (2.1) we see that to solve the Poisson equation with a numerical
approach we need to compute the particle overdensity from the simulation data. We
do so by implementing the particle-mesh with the cloud-in-cell method (CIC) [77]
for a three-dimensional grid with Ngyiq cells per side. Then, by using a Fast Fourier
Transform (FFT) library 78| we obtain the potential evaluated on the said grid, with
its spatial derivatives. Currently the code utilizes the FETW [79] library for all its
Fourier transform-related computations. Finally, by using the data for the same cell
at different snapshots, we can also compute its time derivative. The local potential
terms are then retrieved by assigning to the particle the potential value of the cell
in which resides, repeating the same with the observer.

To compute the integrals of the potential for the non-local contributions we need
to integrate along the line of sight, which should be performed in redshift space.
Since we are working at linear order, we can use the real-space coordinates instead,
integrating from the observer’s position to the particle’s redshift space position. One
problem related to this approach is that to get the redshift-space position of the par-
ticles we need also the non-local terms, which cannot be computed without knowing
it at prior. Practically, the main contributions to the redshift space position are given
by the velocity shift, so we limit ourselves to integrate up to the position obtained
by applying just velocity contributions. To find the grid cells along crossed by the
light ray, LIGER makes use of the fast voxel transversal algorithm by [80].

To avoid shifting all the galaxies at all times, which would only slow down the
code, for each particle we select a few snapshots around the time in which it would
intersect the lightcone of the observer, without considering any metric perturbation.
Then, we compute the redshift displacement at each one of these selected snapshots.
Finally, we use these shifted positions to interpolate the position of the particle
around the crossing of the lightcone.

The magnification M and redshift perturbation §Ilna are computed for each
particle by implementing the equations (1.119,1.133), using the same procedures
just presented to compute the integrated quantities.

In figure (2.1) we show a schematic of the shifting procedure.

2.1.3 Field approach

The transverse size of a lightcone rapidly increases with redshift, requiring large
simulations to cover the wide opening angle. This creates a problem in building
deep lightcones from high-resolution simulations, that would require drastically more
computational time. To solve this problem the BUILDCONE code was implemented
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Figure 2.1: Schematic summarising how galaxies or N-body particles are shifted
to build the lightcones. We first apply the correction due to local terms (dashed
arrow) and then compute the shift produced by the non-local contributions (dotted
arrow). In runs with low mass resolution, each particle ‘contains’ w, galaxies. The
linear bias coefficient b and w, are calculated at the real-space position x% while
the magnification bias Q is computed at the redshift-space position z%. Picture and
description taken from [17].
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in [16].

The code takes as an input the output of LIGER applied on a low-resolution dark
matter only simulation, to then compute the matter density field in redshift space
ds on a cubic grid via a CIC scheme. Similarly, it computes the M and dlna fields
on the same grid, using the same CIC scheme.

Finally, it implements the biasing relation in equation (1.135) to construct the
tracer number density in each grid cell §, . This method does not account for the
velocity field 1, that multiplies the evolution bias, assuming to be working on scales
where |H1,| < |[01na|, such that the implemented formula is

5g,ss: (b*1)5r+585+Q(M71)+551na. (23)

Additionally, one can estimate the effect of Poissonian shot-noise by applying a
Poisson sampling on the number counts of tracers in each cell Ny(x) = n4(2)[1 +
dg(x)]Veen, where Ve is the cell’s volume. This procedure ensures that, according
to the number density, in each cell an integer number of tracers is present.

To use this method one needs to know the survey functions that describe the
evolution in redshift of the tracer under study, i.e. the linear bias b(z), the radial
mean density 7n(z), and the magnification and evolution biases Q(z), £(z). As we
will show later, these functions can be estimated directly from a simulated galaxy
catalog, but also estimates from analytical models or observation are possible (see
e.g. the work done in [16], starting from [81]).

The product of the code is then a density mesh of the tracer described by the
survey functions, that includes all the relativistic projection effects at linear order.

Limits of the field approach

While it allows for a fast production of many galaxy catalogues, there are some limits
in this approach.

First of all, we lose any clustering information regarding scales smaller than the
cells of the mesh used by BUILDCONE. In many cases this is not a problem, since
the code is used to investigate large scales effects, but the size of the cells we can use
strongly depends on the characteristics of the survey function chosen. For example,
suppose we want to apply the biasing procedure in real-space, so that we account
only for the density 7, and linear bias b. Then, the painted density in a given cell
would be

ng =g (1+b0), (2.4)

where ¢ is the underlying matter overdensity field. Suppose now to have a (realistic)
linear bias value of b = 2: if in an under-dense region we have § < —0.5 we would
get ng < 0, which is not physical. We are thus forced to consider scales for which
bd > —1, which puts a limit in the maximum number of cells per side NV}, that we
can use. This can cause problems when computing Fourier-based statistics of highly
biased tracers, where spurious effects may arise at larger scales due to the coarse
meshing of the density
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Second, the way we add shot-noise to the produced sample is not realistic and can
generate a spurious signal as we probe smaller scales, as we will see in our analysis.

Third, with this procedure we can not model complex selection effects such as
shape selection or more complicated flux cuts such as the one described in [82].

Last, we need to input the survey functions that describe the tracer, which means
knowing at prior the tracer linear bias b(z) and luminosity function ¢(L, z).

2.2 Liger direct approach

In this work, I adapt LIGER to work directly on the tracers in a simulation, i.e. it
shifts them in redshift space without recurring to the biasing relations as in the field
approach does. We can use this version on an Newtonian N-body simulation with a
high enough resolution such that it is possible to identify haloes or galaxies and for
which the underlying gravitational potential is available.

One of the main differences in the implementation of this approach is to take into
account the "broken" trajectories of the tracers and their mergers. We consider as an
example the case of a halo: it will be formed at a given snapshot, possibly different
than the earliest one given to the code, and will possibly merge (or be disrupted) at a
snapshot different than the last one, slightly complicating the trajectory’s light-cone
interpolation. This was not an issue in the field approach because all dark matter
particles exist at any given snapshot of the simulation.

This problem is approached by making use of the merger tree to account correctly
for the halo (or galaxy) trajectories. As for now, to allow compatibility with different
halo-finders and semi-analytical galaxy codes, we implement a pre-processing to the
catalogues, to write them in a form which can be easily treated by the code. Details
regarding this procedure will be explained in section (2.2.1).

The code then produces the tracer lightcone directly, by returning also the ob-
served fluxes in case of a galaxy. With this approach, by making use of the mag-
nification of each tracer and its luminosity, the evolution and magnification biases
can already accounted for by applying a flux cut in post-processing, following what
happens with a real survey. We will show that the code correctly captures these
effects in the results.

Benefits of the direct approach

There are several benefits in the implementation of a direct approach. First of all,
we are not limited by the meshing procedure of the field approach: we can build a
mesh with a number of cells per side that fits our needs to avoid aliasing effects, or to
finely sample the boundary of the surveyed region. Second, selection effects can be
applied directly on the tracers, without having to recur to biasing models, allowing
to consider also more realistic and complicated selection criteria . Third, we are not
limited by the size of the bias of the tracer under study, since we do not recur in
the "painting" procedure that limits our mesh size. Fourth, the Poisson shot noise is
already captured by the catalogue and does not have to be added artificially on the
density field. Last, we do not have to model at priori the linear bias and luminosity
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function of the tracer, because their effects are already encoded in the simulation’s
structure formation history and semi-analytical code that produces the catalogues.

2.2.1 Trajectory definition

Different halo finders (e.g. ROCKSTAR (83|, AHF [84]) produce different catalogues,
with merger trees that use different formalisms. In order to allow compatibility with
any halo finder, LIGER takes as input a pre-processed catalogue, in which we define
the trajectories in a certain way. To do so we make use of two common halo catalogue
entries: "ismmp" and "descID" (or analogue acronyms), which state if the halo is
a most massive progenitor (MMP) and contain the ID of its descendant (for more
details, see e.g. [83]). The procedure we follow for a halo catalogue is the following:

e For each halo we build a main trajectory considering the most massive progen-
itor (MMP), and we assign a unique ID to the halo for all the snapshots.

e At the end of each MMP "life", we check if the halo is still a MMP: in the
negative case, we still check if it merges with another halo in the next snapshot,
saving the descendant’s ID.

e After the trajectories and mergers are defined, we order the haloes based on
their ID. This procedure greatly speeds up the procedure of looking for a halo
in each snapshot in the loading phase of LIGER.

This new catalogue is then used by the code to properly define the tracer trajectories
and mergers, needed for a correct interpolation of the positions (and other quantities,
such as masses and luminosities) on the intersection with the lightcone.

This process we showed was dedicated for the building of trajectories of a halo
catalogue, but in a possible future usage on a semi-analytic galaxy catalogue (e.g.
the Galacticus catalogue at [85,86]) a similar procedure could be followed, e.g. by
making use of the "hostID" entry that links a galaxy to the host halo ID of the
associated halo catalog.

2.2.2 Magnification of sources

Treating directly the tracers allows to apply magnification and selection effects in a
more realistic way. While we apply an eventual flux cut in a post-processing phase,
we implement magnification directly in the code.

As we mentioned, the computation of the magnification M and redshift distortion
dIna of each particle were already implemented in the code, they just were not used
directly on the particles, but instead they were used to build a field. With this
approach we use these already available quantities to compute the observed flux of a
given input tracer, making use of its position on the lightcone and input luminosity.
In order, for a given tracer we:

e Compute the luminosity L(z) interpolated on the lightcone using the unshifted
realspace positions to get the crossing redshift z.
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e Compute the observed redshift z; by making use of the realspace redshift z
and of the lna via zs =2 — (1 + 2)dIna.

e Retrieve the inferred unperturbed luminosity distance dr,(z,), using the back-
ground relation of equation (1.9) and the observed redshift zs. This is the
luminosity distance infer if we do not account for magnification effects.

e Get the correctly magnified observed flux via Fy = M L/ [4mdp(25)?].

There are some details regarding this approach that are worth mentioning. First,
we stress that we used the realspace positions to interpolate the luminosity, not the
redshift space one. This is correct, since redshift space distortions do not interfere
with the time ¢ at which a source crosses the lightcone, but only deviate the path
that the light emitted at that instant ¢ follows.

Second, we also stress that we need to strictly follow this procedure to correctly
account for every contribution: one might think that using directly the luminosity
distance evaluated at the realspace redshift z, without then multiplying by M, would
be enough to account for magnification, but this is not true. Besides the magnifica-
tion sourced by the redshift distortion d In a, we also have to account for other terms,
such as the convergence magnification, which would act on the observed flux even
without redshift space distortions.

2.3 Other updates

In this section we list further minor updates done to the code during this work.

2.3.1 Potential optimization

A further modification to the code was done to optimize the storing of the potential
during a run. Before the update, the code used to keep loaded in the run memory the
full cubic mesh of the potential for each snapshot, and then to select the cells that
the photon path crossed to compute the integrals. Since we consider only particles
close to the snapshots around the past lightcone of the observer, we only need to
know the potential in the cells near that region.

With this update we discard the potential data from all the cells that are far
from the lightcone intersection, reducing noticeably the memory consumption, but
without losing any information that is going to get actually used. We show in figure
(2.2) the heap memory consumption of a test run with a potential mesh of Ngyiq = 28
cells per side and 16 snapshots. The increasing oscillating pattern at the first part
of the run is caused by the potential computation phase, in which the code loads all
the dark matter particles from one snapshot, it computes the potential and it frees
the particle data. This is the same procedure for both the runs, and takes up the
same memory. In the case in which the potential is already computed and stored
somewhere, the code will load that directly, without looking for the dark matter
particles, and thus the oscillating feature will not appear.

After the potential loading phase we notice that the heap memory of the op-
timized run drops: this happens because it frees the unused cells, which does not
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happen in the standard procedure. With these settings the optimization saves around
0.8 GiB, over the 2.4 GiB used by the potential storage, keeping only 2/3 of the total
memory. This value can change based on the total number of snapshots and on their
"coarseness" in the time sampling, but in general allows to save a substantial fraction
of memory, making the code less computationally costing.
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Figure 2.2: LIGER heap memory consumption comparison. The x-axis represents
the number of instructions executed by the code. Orange dashed line: memory
consumption of a test run without the potential optimization. Blue line: memory
consumption of a test run with the potential optimization.

2.3.2 Non-fullsky lightcones

As we already mentioned, one of the main issues regarding the construction of light-
cones from a cosmological simulation is the fact that, the deeper the redshift we want
to reach, the bigger the simulation box must be. For example, if we want to build a
fullsky lightcone up to a redshift z, the box size must be at least 2 x d.(z).

Up until now LIGER has worked by producing a fullsky lightcone centered on the
input position of the observer. It makes use of periodic boundary positions to shift
the box center to the lightcone center, so that the cone region would not intersect
the box edges. More specifically, for an observer at a x coordinate z,ps in the box,
and a particle at x, the code would map the particle to

_ < L
o =7 |7 = Tovs| < 3 L (2.5)
r—L |x— x| > 5
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Figure 2.3: Sketch that shows how from the same simulation box we can reach larger
distances using a non-fullsky lightcone shape.

where L is the simulation box size. With this procedure the lightcone produced can
reach redshifts up to 2y, such that de(zm) < L/2.

In this work we implemented a new option, which avoids using periodic conditions
and simply keeps the coordinate as the same. This means that if we position the
observer at the center of one side of the box we would be able to study a conical sky
region with an opening angle o € [0,7/2], but with a depth that, depending on «
could reach redshifts up to zmax, such that d.(zmax) < L. This set up is sketched in
figure (2.3).

2.4 Power spectrum estimation

One way to study the effects of redshift space distortions on the galaxy distribution is
to look at summary statistics such as the power spectrum monopole. In this section
we will give a brief overwiev on how to estimate it from a simulation snapshot or
a galaxy catalogue. As we showed in section (1.3.3), the operative definition of the
power spectrum monopole and of the traditional power spectrum coincide, so in this
section we will refer both of them as "power spectrum".

To compute the power spectrum from a set of particles we make use of the
discrete Fourier transform (DFT): this means that from a particle distribution we
need to estimate the density field n(x) on a 3-d mesh, in order to correctly follow the
procedure. We thus implement an interpolation scheme to go from the true particle
number density in a simulation

Np
no(x) = Z 6P (x — x;), (2.6)

where x; is the i-th particle position, to the one computed on a mesh. The interpola-
tion scheme is determined by the mass assignment scheme (MAS), which defines
how a particle will contribute to the density of the surrounding grid cells. In this
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work we utilize the Cloud in Cell (CIC) [78] method, in which the particle’s mass is
distributed uniformly in a cubic shape of the same size as the grid size, but centered
at its position. With this choice mass assignment the interpolated density evaluated
on a grid point centered in x,, is expressed in terms of a convolution

ncic(xp) = /V d3x'no(x ) Were (xp — X)), (2.7)

where the convolving function Weic(x) is called window function, and quantifies
how much a particle contributes to the density in a grid point separated by x. The
one dimensional CIC window function is given by

1—|z|/H iflz]<H

: ; (2.8)
0 ifjx| > H

Were(z) = {

where H is the grid size. The three dimensional window function is simply given by
the product of three one dimensional window functions

Were(x) = Were(21)Waie (@2) Were (23). (2.9)

From the interpolated density we can then compute the interpolated overdensity
as
ncic(xp) — n(xp)
7i(xp)

dcic(xp) = , (2.10)
where 7 is the background number density, which for example can be either estimated
from the whole grid in case of a simulation snapshot, or from a series of radial bins
as it is in the case of data from a lightcone.

Having defined a method to interpolate the particle density on the grid, we can
compute the Fourier transform, and using the convolution theorem we see that

dcic(k) = do(k)W e (k), (2.11)

i.e. the actual transform of the particle overdensity is obtained by deconvolving the
interpolated overdensity field

< _ dcic(k)

5o (k) = T (2.12)

The transform of the CIC window function is given by [87]

~ k k k 2

W(k) = [Sinc <2k:;;) sinc <2k:;> sinc <2k;)] , (2.13)
where k; the components of the wave vector k and ky = 7/H is called the Nyquist
frequency.

Now that we know how to estimate the density field on a cubic grid we can
compute the power spectrum, and to do so we use the FFTW library [79] to calculate
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the DFT of the overdensity field 6*¥T(ny). Here, the discrete array ny, describes the
cell position on the grid and it is associated to a wave mode with k = kpng, where
krp = 2m/L is the fundamental frequency. kp, given a box size L, defines the
smallest frequency interval that can be sampled by the FFT. Taking into account
the normalization introduced by the algorithm and the deconvolution of the window
function, the resulting estimate of the power spectrum will be evaluated on a series
of k-bins multiples of the fundamental frequency [88|:

R L3 L1
Pn(anl):< >:]\f6 N, >

N6
[ng—n1|<1/2

FFT |2 ~FFT

5 ()|

W (kpny)

5

i . (2.14)

where ny in a discrete number that defines the k-binning, and the average is computed
over all the grid cells associated to frequencies belonging to the ni-th bin. The choice
of binning is not limited to the fundamental frequency, and one is able to use a finer
or coarser binning, depending on the purpose of use.

As we stated in section (1.3.2), when we estimate the 2-point correlation function
from a discrete set of objects, we account also for the self-correlation of the particles,
which generates an additive term +&”(r — r')/A(r), called Poisson shot-noise,
singular for r = r’, that needs to be accounted for when moving to Fourier space to
get the power spectrum

We consider now the case of a snapshot from an N-body simulation. In this
situation 7 is a constant, and the shot noise translates into a contribute to the power
spectrum equal to

A 1
Pgn = —. 2.15
. (2.15)
The correct estimation of the power spectrum would then be
p(k‘pnl) = pn(kpnl) — pSN' (2.16)

We can also compute the error on the estimator of P. If we assume that the
overdensity field is a Gaussian random variable, which as mentioned in section (1.3.4)
is a fair assumption at large scales, it can be shown that the standard deviation of
the estimation is given by [88§]

op(k) = ([P(k) = P(k)]})!/? =

EP(k), (2.17)
where P(k) is the true power spectrum and Ny is the number of modes in the k-
bin. We notice how the error decreases with N, the number of modes over which
we compute the average: as a result, our estimates for the largest scales, the ones
comparable to the grid box size L, will be less precise, due to the smaller number
of k-modes we can average over. This effect is known as sample variance, and it
limits the information we can extract from a single sample of data.
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2.4.1 FKP estimator

As we mentioned, LIGER reproduces the galaxy distribution that a redshift survey
would observe, and this allows us to study its output in the same way we would do
with a real survey dataset.

When considering a survey’s data, differently from a simulation snapshot, the
galaxy mean number density 7(x) will not be constant, but a function of the posi-
tion. This is due to multiple reasons. First, the mean number density of a given
tracer evolves with time, and thus with the distance from the observer, causing a
dependence of 7 on the radius |x|. Second, a redshift survey could be considering
only a fraction of the sky, for example in a pencil-shaped beam or in a full-sky sur-
vey that excludes the galactic plane, and this introduces a dependence of 7 on the
position in the light-cone x.

The spatial dependence of the mean density contributes to the variance of the
power spectrum estimator [89]. For this reason it is common practice to weight
galaxies differently depending of the mean number density at their location, in order
to give an optimal estimation of the power spectrum 15, i.e. minimize its variance.

In this work, we use the FKP estimator [89, 90|, which provides an optimal
weighting scheme for estimating the power spectrum P(k) under the assumptions
that:

e The wavelenght 27 /k is small compared to the scale of the survey.
e The density fluctuations are Gaussian.

In this framework, instead of working with the overdensity we will work with the
effective field

Is(x) w(x) [ng(x) — 2(x)]
F(x) = , (2.18)
[fs w?(x)i(x) dz]'/?

where Is is the indicator function of the region of space S covered by the survey,
n(x) is an estimate of the mean galaxy density based on the survey data, and w(x)
is a weighting function which we will specify later. We can reshape this in terms of
the estimated density contrast &(x) = [ng(x) —n(x)]/n(x) and the window function

W(x) = Is(x)w(x)n(x) 7 (2.19)
[ w?(x)A2(x) d¥z] "
by writing
F(x) = W(x)(x). (2.20)
The weighting function introduced in the FKP paper is
w(x) = l—i—ﬁl(x)P’ (2.21)

where P is the typical value of the power spectrum in the scales we are interested in.
At a fixed k, in regions where P > 1, i.e. where we are not limited by shot-noise, w
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provides equal weighting per volume, while in regions in which shot noise dominates
(P < 1) it provides equal weighting per galaxy.

To evaluate the galaxy power spectrum monopole via FTT, we follow the proce-
dure shown at the beginning of this section in equation (2.14), with a few changes.
First, we use the weighted field I instead of the overdensity d4, and this, due to
the W normalization, introduces a multiplying renormalization factor on the power
spectrum monopole of L%FT, where Lyrpt is the FFT box size. Second, we estimate
the radial density 7n(x) by measuring the mean density of galaxies in radial shells
with a fixed width Az and by interpolating the results with a cubic spline. Third,
due to the weighting and to the non-constant radial density, we will use the correct
shot noise estimation for this implementation, given by [89]

_ J (%) w?(x) 3z
[ 72(x) w?(x) d3x’

Psx (2.22)

where we estimate the integrals with discrete sums over the grid cells. Furthermore,
it can be shown that using a selection function 7(x) estimated from the data itself
introduces another contribution, called integral constraint [91], that accounts for
the fact that this estimation does not coincide with the actual radial density n # 7.
This contribution affects density fluctuations on scales comparable to and larger than
the survey size, leading to a biased estimate of the power spectrum monopole. Since
in this work we are interested in a comparison between two catalogs, and not with
a theoretical prediction, we avoid to correct for this effect, given that it would raise
the same contribution in both cases anyway.

We will now look at the effects of the FKP weighting on the actual power spec-
trum of the overdensity. We will do that in a simplified case, where the translation
symmetry of the density field is preserved, such as in the plane-parallel approxima-
tion. We consider the power spectra of the continuous underlying density fields (x)
and F(x), which we call respectively P(k) and P(k). Then, it can be shown that
they are linked via [16, 88|

~ 3 ~
P9 = [ W (a—p)P() (223)

From equation (2.23) we can see that the weighting scheme acts on the power spec-
trum as a convolution with the square of the transform of the window function. This
convolution operates as a weighted average that mixes the Fourier modes. For a
typical survey |WW (k)|? mixes the large scales modes together, smoothing the signal.
This smoothing can be an issue when trying to study large scale effects, which would
be smoothed out and more difficult to detect.

Under the assumptions of Gaussian density fluctuations and a wide k-binning Ak
(see e.g. [89,92]), the covariance matrix of the FKP estimator monopole is diagonal
with variance

o&(k) _ 2(2m)?
P3(k) ~ Veg(k)Vi’

(2.24)
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Figure 2.4: Top: True and gaussian errors (in the green and red lines) compared with
the shot noise (brown line) and integral constraint (purple line). Bottom: Ratio of
the scatter over the Gaussian assumption. Picture taken from [16].

where Py(k) is the monopole of the true unconvoluted power spectrum P(k) and

_ a(x) Po(k) ]°
o) = | o] 4 220

denotes the effective volume probed, while V; denotes the volume of the k-shell
centered around k with witdh Ak.

In [16] it was shown that the approximation for the FKP variance of equation
(2.24) is not accurate at large scales when compared to the actual scatter, but it
overestimates it instead. This is due to the fact that the equation is obtained by
assuming Gaussian density fluctuations, which due to the FKP weighting is not
necessarily true for F'(r). We show in figure (2.4) the comparison of the estimator
with the actual scatter computed in [16]. We can see how the true scatter o (obtained
with Liger) is just a fraction of the Gaussian prediction.
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Chapter 3

Results

In this chapter we show the results of our analysis. We start in section (3.1) by
describing schematically the code produced and its main differences with the previous
implementation. In section (3.2) we show how we use the HugeMDPL simulation
[85,86] to test the new code, by comparing it with the previous version. In section
(3.3) we will describe instead the MUSIC [66] runs we use to generate multiple mocks
of the previous implementation. Then, in section (3.4) we describe the methods
implemented to estimate the tracer’s survey functions from the dataset.

To test our implementation we produce tracer catalogues in two different redshift
bins, a close one in z € [0.2,0.3] and a deeper one in z € [0.6,0.7]. We compare the
power spectrum monopole in both bins, for each one of the LIGER output modes
listed in section (2.1). The results are shown in section (3.5).

We do one last test in section (3.6) for the z € [0.2,0.3] bin, where we study the
observer’s velocity contribution to the power spectrum monopole, comparing it with
the theoretical prediction, to further validate the new code.

3.1 Code update

Here we present schematically the code produced in this work, for which a detailed
explanation is given in sections (2.1 and 2.3). We show in figure (3.1) a schematic
of the prescription of the new direct implementation (right) compared to the old
field-based one (left). Both the prescriptions use the same coordinate transform
described by equations (1.116-1.119), and the main difference in the approaches lies
in the input particle to which the transform is applied and in the final product: the
field approach starts from a low resolution N-body simulation that does not resolve
structure formation, and produces a cubic grid of the tracer density field. The direct
approach instead starts from an N-body simulation that resolves structure formation
and an associated galaxy/halo catalogue, to then produce a catalogue of the same
tracers as they would be observed by a redshift survey. We list the main benefits of
the implemented direct approach:

e We are not limited by the meshing procedure of the field approach: we can
build a mesh with a number of cells per side that fits our needs to avoid

o7
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aliasing effects, or to finely sample the boundaries of the surveyed region.

e Selection effects can be applied directly on the tracers, without having to recur
to biasing models, allowing to consider also more realistic and complicated
selection criteria.

e We are not limited by the size of the bias of the tracer under study, since we
don not recur in the "painting" procedure that limits out mesh size.

e The Poisson shot noise is already captured by the catalogue and doesn’t have
to be added artificially.

e We don not have to model at priori the linear bias and luminosity function of the
tracer, because their effects are already encoded in the simulation’s structure
formation history and semi-analytical code that produces the catalogues.

o Allows the possibility of building cone-shaped lightcones, which allow to reach
up to double the distance of a full sky survey for a given simulation box size,
probing higher redshifts.

Low-res N-body N-body simulation
simulation l
| Matter particles | | Tracers |
l !
| Coordinate transform |-—| Liger | | Coordinate transform H Liger

l !

| Matter fields | | Tracer’s lightcone |
!

| Biasing |~—
!

| Tracer’s lightcone |

Survey functions:
Linear galaxy bias
Magnification bias
Evolution bias
Number density

Figure 3.1: Left: Field approach schematic of LIGER. Right: Direct approach im-
plemented in this work.

3.2 HugeMDPL simulation

In order to compare the two LIGER implementations, we need to use a cosmological
N-body simulation with a high enough resolution to follow galaxy formation (needed
for the direct approach), and with a large enough volume to probe the largest scales
(needed for the field approach, and in general to observe large-scale effects). There
are not many available runs with these characteristics, since the computational cost
of high-resolution simulations increases greatly with the simulated volume.

We opt for the HugeMDPL simulation [85,86|, a dark matter-only simulation of
size 4 Gpe/h with 40963 particles of mass m = 7.9 x 101°M /h and a Planck 2014
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cosmology [93] with (Q0,Q, Qa, 08,15, h) = (0.307,0.048,0.693,0.829,0.96,0.678).
This simulation data is hosted on the CosmoSim [85] database, and it has two avail-
able "raw" particle snapshots at the redshifts z = 0.49 and z = 0.00, and ROCK-
STAR [83] halo catalogues for a series of snapshots, roughly uniformly distributed in
values of the scale factor a from a; = 0.10 to ay = 1.00, meaning from z; = 8.58 to
zy = 0.00. In figure (3.2a) we show a slice of the matter overdensity field, obtained
from the particle data implementing the CIC scheme in a cubic grid with Ngiq = 28
cells per side, with size Lgiq = 15.625 Mpc/h. In figure (3.2b) we show a slice of
the large scale potential field generated from the particle distribution, obtained by
solving the Poisson equation in Fourier space. Finally, in figure (3.3) we show the
matter power spectrum compared with the linear theory prediction obtained with
the CAMB code |94]. The error bars are estimated by equation (2.17) and we can see
that the data correctly follows the shape of the linear prediction up to the smallest
scales shown.

Matter overdensity Gravitational potential [km2s™2] 146
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(a) Slice of the matter overdensity field
computed from the z = 0 snapshot of the
HugeMDPL simulation. The field was in-
terpolated on the grid via the cloud-in-
cell mass assignment scheme.

(b) Slice of the gravitational potential
field computed from the z = 0 snapshot
of the HugeMDPL simulation. The field
was obtained by numerically solving in
Fourier space the Poisson equation, start-
ing from the overdensity field.

Figure 3.2: Slice of the matter overdensity field and the of gravitational potential
field it sources.

3.2.1 Potential interpolation

Regarding the gravitational potential, LIGER takes as an input the simulation’s large
scale potential field evaluated at each galaxy snapshot, interpolated on a cubic grid
with an Ngiq specified as a parameter. Since there are only two available particle
snapshots to compute the potential from, we assume a linear evolution in the quantity
D)(t)/a(t), hinted by the fact that at first order in density perturbations, the large



3.2. HUGEMDPL SIMULATION 60

Matter power spectrum

—— CAMB-linear
¢ HugeMDPL

P(k) [10% h~3Mpc3]

0.00 0.02 0.04 0.06 0.08 0.10

k [hMpc~1]
Figure 3.3: Matter power spectrum evaluated from the z = 0 snapshot of the

HugeMDPL simulation (black dots), with the linear prediction from the CAMB
code (red line). The error bars on the estimator are obtained by assuming Gaussian
density fluctuations.
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scale potential follows a law of the type

DH)(t)
a(t)

as derived in equation (1.38).

We test this assumption with the simulation data by computing the potential
for the two available particle snapshots on a grid with Ngnq = 28 and compare the
average of their ratio with the prediction obtained from equtation (3.1). The mean
ratio, estimated from all the grid cells in which neither of the two potentials is equal
to 0 is

-
$(22) / 1p(20),6(z2)20

(3.1)

= 1.15496, (3.2)

while the theoretical prediction reads

__ DM[t(z)]alt(z2)] _
T == Dt Jalt o) 1.15477, (3.3)

which means that the relative difference of the ratios is

A

r—r

= 0.016%. (3.4)

We conclude that, at least regarding its large-scale behaviour, the gravitational po-
tential closely follows the linear evolution: we then extrapolate it for each redshift
used in the code by utilizing the z = 0 value and equation (3.1).

3.2.2 Mock catalogue

Since in this project we are mostly interested in testing the new direct LIGER im-
plementation, and this simulation does not have any semi-analytic galaxy catalogues
attached to it, we decide to build a mock set of tracers from the halo data avail-
able in the ROCKSTAR catalogue. Each tracer is constructed by taking the halo’s
comoving position and peculiar velocity, its mass, and its unique and descendant
IDs, necessary for the construction of trajectories across different snapshots. We
also assign a luminosity to each halo, making use of a mock mass-luminosity relation
derived from the low-mass tail of the halo mass-galaxy luminosity relation presented
in [95]:

(M/m)°

LOM) = A e

(3.5)
with A = 5.7 x 10% L, /h%, m/ = 0.77 x 101 M /h, b =4, ¢ = 0.57, k = 0.230. We
show the plot of this relation in figure (3.4). Note that this is not a realistic model,
since for the large halo masses considered, we would expect them to host multiple
sub-haloes with multiple galaxies [95].

The trajectories of the mock tracers are constructed from the merger tree available
in the catalogue, following the pre-processing shown in section (2.2.1).
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In figure (3.5a) we show the differential halo abundance in function of the mass
compared with the Shirasaki mass distribution fit [96]. We observe a discrepancy
at large masses M > 104 My. However, the calibration of the high-mass range is
sensible to the size of the cosmological simulation used (see e.g. section 5.2 of [96]),
and in fact the HugeMDPL run has a box size almost four times the size of the
biggest simulation used in that work.

In figure (3.5b) we instead plot the luminosity function of the mock tracers, built
by applying the mass-luminosity relation in equation (3.5) to the ROCKSTAR cata-
logue. We also plot the luminosity function derived by combining the Shirasaki mass
distribution with the mock mass-luminosity relation of equation (3.5). The discrep-
ancy at a large luminosity is expected, since it is encoded in the mass distribution we
used to derive it. Nonetheless, this shows consistency in this luminosity assignment.

We will only treat the haloes with masses larger than Mgy, = 103 Mg /h, in order
to consider only the ones made up by at least ~ 120 particles. This correspond to
luminosities of at least Loyt ~ 2.3 x 1017 Le/h. However we will set a lower mass cut
Mgeleet = 102 Mg, for the input catalogue. This is done for multiple reasons. First
of all, we can only treat haloes that appear at least in two snapshots, due to the
interpolating process: applying a mass cut too near to the actual cut we consider,
would inevitably lead to the exclusion of some haloes that might rise above the cut
at the lightcone intersection. Second, the luminosity we use is directly linked to the
mass, and we need to make sure we correctly capture the magnification bias. If we
exclude all the galaxies just below the flux cut, we would risk to not account for the
ones that would rise above it when magnified, which contribute to Q.

In the bottom plot of figure (3.6) we show in grey the power spectrum of the
tracers overdensity field, obtained using a grid with Ngrid = 28 cells per side and
the CIC scheme.

3.2.3 Bias relation test

In order to implement the field approach, we have to ensure that at large enough
scales, the tracer we want to reproduce obeys a linear bias relation with a scale-
independent linear bias b:

8y =b x4, (3.6)

where 4, is the tracer overdensity and ¢ is the matter one. We check this for the z = 0
snapshot, for which we have both particle and tracer data, and following equation
(1.72), we do so by estimating b(k) from the ratio of the power spectra

b(k) = ]j;’((:)) where k < ko, (3.7)

where Py(k) and P(k) are the tracer and matter power spectra estimates, while ko
is an upper limit for k£ that we choose so that the bias relation holds. We then
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Figure 3.4: Mass-luminosity relation used for the construction of mock tracers. Note
that this is not a realistic relation, since at the masses considered the haloes generally
host multiple galaxies in its sub-haloes.

compute the weighted average of b over k with a weight given by 1/ ag, which using
error propagation on equation (3.7) reads

2 ~ 2
Y, NG
7(k) = 2b(k) <P(k)> Pg(k)2+< P(W) PR (35

where the error on the power spectrum estimator is given in equation (2.17), assuming
Gaussian density fluctuations. In conclusion, the estimate of the linear bias is

b= é(ki)(jb(lw, (3.9)

where the sum is intended over the scales k < kg.

In the top plot of figure (3.6) we show the values of b(k) estimated with kg =
0.1 h/Mpc: we can see that taking into account the error bars, the curve is compatible
with a constant value of b = 1.42, therefore we will consider the biasing relation valid
for values of k smaller than ky. We conclude by comparing in the bottom part of
figure (3.6) the tracer power spectrum with the biased linear prediction

Py(k) = b x P(k), (3.10)

where P(k) is the linear prediction of the power spectrum. We can see once again
that at the scales considered the data is compatible with the assumption of equation

(3.6).
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Halo mass function at z=0.00
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(a) Differential halo abundance obtained from the HugeMDPL halo catalogue (black dots),
compared with the Shirasaki fit (red line).
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(b) Tracer luminosity function obtained by assigning the mock luminosity of equation (3.4)
to the halo catalogue (black dots), compared with the fit prediction (red line).

Figure 3.5: Mass and luminosity functions of the set of mock tracers built for this
work.
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Figure 3.6: Top: Tracer linear bias estimated from z = 0 snapshot (red dashed line).
The black points show the estimated value for each wavemode k considered, and the
error bars are given by equation (3.8). Bottom: Tracer power spectrum evaluated
from the z = 0 snapshot of the HugeMDPL simulation (grey dots), with the linear
prediction from the CAMB code amplified by the linear bias b (black line). The error
bars on the estimator are obtained by assuming Gaussian density fluctuations.
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3.3 MUSIC runs

In this project the low-resolution dark matter-only simulations, necessary for the
implementation of the field approach, were computed via the MUSIC code [66],
which implements Lagrangian 2-nd order perturbation theory (2LPT) to simulate
the large scale structure of the Universe. This approximation scheme allows to
produce many different realizations for a lower computational cost, compared to an
N-body simulation.

We run 16 simulations, all with the same cosmological parameters as the
HugeMDPL run, using 2® particles per side of mass mgy, = 32 512 x 1019 Mg, /h,
within a box size of 4000 Mpc/h. From each run, we save the snapshots at the same
redshifts as the ones of the HugeMDPL simulation.

In figure (3.9) we compare the power spectrum estimated from one of the MUSIC
simulations with the linear theory prediction obtained with the CAMB code. We
can see how on wave-modes larger than k ~ 0.02 h/Mpc the MUSIC power spectrum
becomes noticeably lower than the linear prediction. This is an expected issue of
the 2LPT approximation, which is known to start underestimating the true power
spectrum after a certain frequency k, which depends weakly the target resolution (i.e.
the number of particles used per simulation box size) and becomes larger with redshift
(see e.g. section 3 of [97]). This means that the approximation scheme will become
worse as z — 0, since it will start underestimating the power at increasingly larger
scales. Regarding other possible causes to the discrepancy as k — 0.1 h/Mpc, we do
not expect further deviations from the CAMB spectrum caused by the fact that it is
a linear prediction, because as we saw in figure (3.3), it fits well with the HugeMDPL
N-body spectrum even up to kK = 0.1 hMpc. Finally, we notice that the MUSIC signal
grows again close to the CAMB spectrum near k ~ 0.1 h/Mpc. We can attribute
this to a spurious gain of power due to aliasing effects near the Nyquist frequency,
which due to our large box and coarse grid is quite small: ky = 0.20 h/Mpc.

We will take all these effects into account in doing our comparisons, as they will
only act on the field approach mocks.

3.4 Survey functions estimation

In order to implement the field approach, one needs a set of survey functions that
describe the tracer to "paint" the correct density field over the matter one. For this
work, since we use the field approach to test the direct approach, we estimate the
survey functions from the simulation itself.

In the mock galaxy catalogue we created starting from the ROCKSTAR haloes,
we have information about positions, velocities and luminosities. A set of survey
functions changes with the chosen flux cut f.ut, which selects only the galaxies that
have an apparent flux f > f.ut. For a snapshot at a redshift z the flux cut will select
all the galaxies with a luminosity L > Lcy(z) = 47 fcutdL(z)Q, following equation
(1.134). Given a luminosity function ¢(L, z) = dN(L' > L)/dLdV, defined such that
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Figure 3.7: Comparison of the matter power spectrum computed from one of the
MUSIC runs (black dots) with the prediction from the CAMB code at z = 0. The
error bars on the estimator are computed assuming Gaussian density fluctuations.
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the comoving number density of galaxies brighter than L is

ny(L,2) = / (L', 2)dL, (3.11)
L
the number density of galaxies visible above the flux cut feyt is
ng(2) = n(Lew(2),2) = / ¢(L', z)dL. (3.12)
Lcut(z)

From the definitions in equations (1.136, 1.137) it follows that [16]

L 0n(L,z2) Lewt(2)P(Lewt (2), 2)
- - , 3.13
Q n(L,z) OL L= Lew(2) ng(z) (3.13)
and
alnffjut(z) ¢(L/,Z)dL 1 e8] 8¢(L/,Z)
s mi+2) ) /LM(Z) oin(1+ )L (3.14)

These equations link the luminosity function with the two biases. We will now
present the method of estimation used for each one of the survey functions.

For a given snapshot at a redshift z, we compute on a grid the matter overdensity
and the overdensity of the tracers with L > L¢y(2). Then, by implementing the
approach described in section (3.2.3), we estimate the linear bias using the power
spectra ratio. Since we have only two particle snapshots available, we interpolate
the matter overdensity field  assuming a linear evolution, analogously to what we
did for the potential, following the growing mode in equation (1.35)

§(t,x) = D) (1) 6(0,%). (3.15)

After evaluating the bias at each snapshot available, we estimate b(z) by interpolating
the values with a cubic spline.

For the galaxy number density n4(z) the process is straightforward: for each
snapshot with redshift Z we compute n(L¢yt(Z), Z) counting the galaxies with L >
Lcwt(2), and then we interpolate with a cubic spline over the z values.

For the magnification bias Q , we first calculate the luminosity function ¢(L, z).
We then evaluate Q it via equation (3.13). We proceed in this way:

e At a given redshift Z we construct several luminosity bins L; around the value
Liim(2). We use 50 luminosity bins, evenly spaced on a logarithmic scale be-
tween the largest and smallest tracer luminosities, with a logarithmic separation
of =~ 0.20.

e We compute the number density n; of galaxies with L > L; for each bin.

e We fit the values of n; with a 3-rd order polynomial in log-log space (this
is done to avoid including stochastic fluctuations of the sample, which could
generate relevant noise in the computation of a numerical derivative).
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e We compute ¢(L, Z) by taking the derivative of (3.12) with respect of L, which
results in computing the analytical derivative of the polynomial fit obtained in
the previous step.

o We retrieve Q(Z) using equation (3.13) evaluated at Ly, (2).
e We repeat the process for each value of z we are considering.

In figure (3.8a) we show the tracer number density in function of the luminosity
cut at z = 0.3. The error bars due to counting statistics are smaller than the
points, nevertheless we see that the fitting function chosen closely follows the density
evolution without any outlier data point.

Finally, the evolution bias £ is estimated similarly to the magnification bias:

e At a given redshift Z we consider the redshift bins around it z;.
e We compute the number density n; of galaxies with L > L,in(2) for each bin.
o We fit the values of n; with a 2-nd order polynomial.

e We retrieve £(Z) using equation (1.137) evaluated at z. Even in this case we
compute an analytical derivative of the fit estimated in the previous step.

o We repeat the process for each value of z we are considering.

In figure (3.8b) we show the tracer number density in function of the redshift for a
luminosity cut of L = L¢yt(z = 0.3). The error bars due to counting statistics are
smaller than the points, nevertheless we see that the fitting function chosen closely
follows the density evolution without any outlier data point.

As we mentioned, we will test our code in two redshift bins, a closer one of
z € [0.2,0.3] and a deeper one of z € [0.6,0.7]. We will choose two different flux cuts
in the two bins, selecting two different tracer populations. The reason we do this lies
in the fact that in order to be able to make our tests, we are limited in the choice
of flux cut by two conditions. First, since the tracer luminosity is directly linked to
the mass via the relation L(M) of equation (3.4), and since we performed a mass
cut Myt on the input catalogue, depending of the typical luminosity distance of the
bin di, we must not choose a flux cut f.u; too low, such that

L(Meu) 2 47 fous di.- (3.16)

This is because we need to avoid being too close to the flux cut imposed by Myt
to correctly estimate the magnification bias, since it involves the computation of
n(> L) on a number of bins around Ly (z). Second, we have an upper limit on feut
set by the linear bias of the tracers, which grows with the flux cut. As we already
mentioned, the grid size of the field approach mesh has to increase with the bias
in order to correctly describe the field, but a too coarse mesh could cause aliasing
effects at large scales in the monopole estimator.

Keeping in mind these two limits, we choose a value of feu; = 4.0x107° erg/cm? /s?
for the closer bin, and fo, = 1.4 x 107 %erg/cm?/s? for the deeper bin. We apply
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(a) Tracer number density at z = 0.3 in function of the luminosity cut Lcu. The red points
are estimated from the data following the procedure listed in section (3.4), where the error
bars from counting statistics are smaller than the markers. The black line is the best fit
with a 3-rd order polynomial in log-log space.
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is the best fit with a 2-nd order polynomial.

Figure 3.8
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these flux cuts in the direct approach catalogues and we use them in the survey
function estimation, which we show in figure (3.9).

Looking at the radial density n(z) we see that the number of tracers decreases
with redshift. There are multiple effects contributing to this quantity. First of all,
the flux cut boosts the number of objects detected at a lower redshift, since for a
given luminosity they will present a higher flux than the ones farther away. Second,
the fact that the haloes grow in mass with time, and thus their luminosity increases
as the redshift decreases, further boosts the effects of the flux cut. Last, there is also
a balancing between the halo formation and mergers, which would in turn increase
and decrease the total number counts as the redshift decreases. For similar reasons
we also expect the linear bias to grow with redshift: looking farther away we only
see the most massive haloes, which we expect to occupy the highest density peaks
regions of the matter field (see e.g. [45]) and thus appear more clustered. If instead
we look at the evolution bias, we can get more information regarding the tracer
density. Since it is positive we can say that, for a fixed luminosity cut Leyt, the
number of haloes that rise above it increases over time, at least for the mass range
considered. Finally, we notice that the magnification bias is approximately constant.
This result strictly depends on the halo population and the mock mass-luminosity
relation we chose. Even if this is not a realistic galaxy catalog, we mention that
a constant magnification bias is consistent with the case of a flux cut applied near
the faint-end region of the Schecter luminosity function [98]. In fact, in that region
¢ o< L7 with v > 1, and thus Q ~ vy — 1.

All these effects listed above are implicitly captured by the direct approach,
without requiring any modelling, since they are already accounted for in the input
N-body simulation.

To test the self-consistency of the survey functions estimated from the simulation,
we make use of the relation of equation (1.138): we compute the left side by taking the
total logarithmic derivative of the estimated number density, and the right side using
the estimated evolution and magnification bias. We plot the comparison in figure
(3.10). The comparison is made at the z values of the HugeMDPL snapshots, where
the survey functions are actually estimated from the catalogue and not interpolated.
In the upper part we plot the theoretical prediction via @ and &, following equation
(1.138) (blue continuous line), and the direct estimation via the numerical derivative
of the radial density n(z) (orange dashed line). In the lower part we plot the relative
difference between the two. The redshift bin that we use for the analysis is delimited
by the red vertical lines.

We notice that in the closer bin the comparison holds with a 1% error, while the
deeper bin has a 3% error. We do not expect to get particularly small errors for the
following numerical reasons: the direct estimate consists in the numerical derivative
of a cubic spline obtained without any fitting procedure. Then, we can expect 7(2)
to be subject to stochastic fluctuations due to its estimation. Moreover, we argue
that the discrepancy at the redshift limits is sourced by the cubic spline interpolation
scheme, which assigns artificial boundary conditions to the derivatives of the function
at its domain limits. In any case we took this into account by estimating the survey
functions on a bin larger than the one we will actually be using.
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Figure 3.9: Survey functions estimated for the z € [0.2,0.3] bin with foy = 4.0 X
1075 erg/cm?/s? (set 1), and for the z € [0.6,0.7] bin fey, = 1.4 x 10~ % erg/cm?/s?
(set 2). Top: Linear bias (black line), the magnification bias (red line) and evolution
bias (blue line). Bottom: Tracer radial mean density.
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(blue line). Bottom: Relative discrepancy of the two estimates. The large discrepancy at
the functions’ definition boundaries are caused by the artificial boundary conditions set on
the derivatives by the cubic spline interpolation scheme.
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3.5 Monopole comparison

After having estimated the survey functions we show the power spectrum monopole
of our realizations, for both the redshift bins considered and for all the different
mocks produced by LIGER.

3.5.1 Deep bin

We start by analyzing the deep z € [0.6,0.7] bin. Since we have one realization of
the HugeMDPL simulation available, we can use it to build only one mock catalog of
the direct approach. Instead, for the field approach we use the 16 MUSIC outputs of
the runs we made for this work, producing 16 independent realization of the tracer
catalog. As we already mentioned in section (2.4.1), the "Gaussian" covariance
estimator for the FKP monopole is not accurate at large scales, so we will not use it
for the deep HugeMDPL realization. Luckily, regarding the field approach, we can
use the scatter of the 16 realizations, so that a comparison with error bars can still
be done.

In figure (3.11) we compare the redshift space power spectra (in red) and the
realspace ones (in black) for each one of the mocks produced by LIGER listed in
section (2.1). The points are computed from the direct catalogue (HugeMDPL),
while the shaded areas are the 1 — ¢ and 2 — o regions of the 16 field realizations
scatter from the mean value, denoted with a full line. We estimate the radial mean
density n(x) from each catalogue via concentric shells of 6r = 15 Mpc/h around the
observer, to then use it in the FKP computation. The FFT for the power spectrum
monopole estimator is computed on a box of size Lyppr = 4 Gpc/h, which implies a
fundamental frequency of kgng ~ 1.6 x 1073 h /Mpc. We use two different Nppr cells
per side values for the two methods. For the field approach we use Nppt = 27, which
equals to a grid size of 31.25Mpc/h. We can’t use a finer mesh because the field
approach realizations cannot produce a finer grid, due to the biasing issues listed
in section (2.1.3). This is not a limit of the direct approach, and for this reason
we decide to use Nppr = 22. In the field approach we add shot noise "artificially"
following the cell sampling procedure mentioned in section (2.1.3) (FieldSN). We
then correct for the shot noise in the power spectrum estimate for both the samples.
We also show the same field approach density realization without the shot noise
introduction (Field), and we plot it with a dashed line. For the catalogues with
an observer contribution we set vops = 1000km/s. As we will see later in section
(3.6), we choose this value because it generates a signature on the power spectrum
monopole comparable with the scatter of the realizations, which will be useful for
the rest of the analysis.

Looking at the comparison in figure (3.17), we see that the configurations are
consistent for k£ < 0.03 h/Mpc, in all the mocks, since most of the HugeMDPL points
lie in the 1 — o region, and a few of them in the 2 — ¢ region. We also notice that
for all the mocks, the relative position of the HugeMDPL points with the respect of
the field approach average is consistent going from real to redshift space. There is a
large scatter at large scales, comparable with the magnitude of the signal. This is to
be expected due to the sample variance of the box, which limits our knowledge at the
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Figure 3.11: Power spectrum monopole test in the z € [0.6,0.7] bin, for the real
space (black) and redshift space mocks (red), accounting for different contributions.
We compare the direct approach result for one realization (points) with the field
approach 1 and 2 — o scatter of 16 realizations (shaded areas) around the mean value
(full line). We also plot with a dashed line the average value of the field mocks
without the inclusion of shot-noise.
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smallest k£ values, and due to the window function convolution, which flattens the
signal. This is unfortunate since the effects we want to test (e.g. the GR contribution
or magnification effects) contribute at those scales. We will present an alternative
approach to overcome this problem in the next section.

As we probe larger k values, we notice that the approaches start deviating, becom-
ing incompatible. First of all, looking at the FieldSN sample, the comparison stops
holding around k = 0.04 h/Mpc, where it starts deviating from both the HugeMDPL
and Field mocks. Due to this lack of self consistency we conclude that the shot-noise
is not correctly captured by the field approach as we get to smaller scales. We can
expect this discrepancy to appear at different scales based on the refinement of the
BUILDCONE mesh, possibly producing a better estimate as the grid cell shrinks.

If we compare the HugeMDPL mocks with the Field mocks we notice that after
k ~ 0.04 h/Mpc the signal of the former becomes higher than the latter, to then
converge again near k = 0.1 h/Mpc. This signature is expected due to the nature of
the MUSIC mocks used: if we look at the power spectrum of one MUSIC snapshot
at z = 0 in figure (3.9), we notice that the signal showed there follows a similar trend
compared to the linear prediction, so we conclude that the discrepancy are caused by
the fact that MUSIC fails to capture the correct power spectrum at smaller scales.

To show that the direct approach gives instead the correct (or better) results at
larger k-s we test the accuracy of the Kaiser boost on the power spectrum monopole,
as described in section (1.4.5). We know that this effect is valid only in the plane-
parallel limit, where we can consider small separation angles between galaxies. Dif-
ferently from the derivation made in the z — 0 limit, which also implied Az < 1, in
our case we have to take into account the Kaiser factor F evolution on the redshift
bin considered. This was implemented in [16] by taking a weighted average of F over
the redshift bin [z;, zf|, resulting in a factor
[ FriD?, e

Zf 212 dVs ’
fzi ngDiy g dz

F=

(3.17)

where D) is the linear growing mode of density perturbations, ng is the tracer
mean radial density and Vs is the comoving volume withing the past lightcone of the
observer.

We compare this value with the ratio between the redshift and real space power
spectrum monopoles ]5(8)(]@)/150(1@7 for all the mocks produced by LIGER. We do
not expect this to hold at very large scales, where wide angle effects take place and
further boost the redshift space signal, but instead at intermediate scales, at which
we can still work in linear approximation and consider small angular separations.

In the top plot of figure (3.12) we show the result of the comparison: the red line is
the theoretical prediction F, the black dots are the estimation from the HugeMDPL
mock, and the shaded areas indicate the 1 — ¢ and 2 — ¢ scatter of the FieldSN
estimates around the mean value (full line). We also show the not-noised Field
mocks as a dashed line. At large scales k£ < 0.02h/Mpc we see that both the field
and direct estimations do not retrieve the correct Kaiser factor, but this is expected
due to the wide-angle effects that act at large scales. Regarding the GRRSD obs
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and vRSD obs mocks, at the largest scale probed, we recognize a further boost due
to the observer’s velocity, as it was described in section (1.145).

On smaller, but still large, scales we notice two things: the direct approach
seems to be capturing the Kaiser factor better than the FieldSN approach, and this
becomes more noticeable starting from & ~ 0.04 h/Mpc. We partially attribute this
large discrepancy to the artificial shot noise issue mentioned above: as we can see
looking back to figure (3.11), the Poisson sampled mock starts deviating from the
direct approach around k ~ 0.04 h/Mpc, which is the same scale in which we see
it deviate from the plane parallel approximation. However, this is not the only
cause: the Field mocks deviate too from the Kaiser prediction, even if less than the
"shot-noised" counterpart.

In the bottom plots of figure (3.12) we plot the discrepancy between the estimates
and the theoretical value in units of the 1 — ¢ scatter estimated through the FieldSN
mocks. Besides the expected incompatibility with F at small k values, we note that
also here the FieldSN mocks quickly deviate from the plane parallel prediction, while
the HugeMDPL mocks keep capturing the effect better, up to smaller scales. In this
plot we can identify better the scale in which the "not-noised" Field mocks start to
deviate, which is around k ~ 0.04 h/Mpec, the same scale in which the discrepancies
with the HugeMDPL mocks started.

We still notice that the HugeMDPL signal underestimates the effect as k grows,
but there are a few factors to take into account when considering this. First, F
depends on the linear bias b, which we estimated from a power spectra ratio. Spurious
effects like the shot noise removal in the power spectrum can affect this estimate,
and consequently the F factor. Second, F is a weighted average over the redshift
bin considered, so we can expect this to only approximate the effect of redshift space
distortions. Third, as we reach non-linear scales, the F factor should be computed
differently (see e.g. [99]).

3.5.2 Closer bin

As we mentioned, we only have a single realization for the HugeMDPL simulation,
and this limits the possibility of estimating the scatter of the power spectrum. One
solution to this issue is to subdivide the original 4 Gpc/h box in a set of contiguous
sub-boxes, and treat those as separate realizations. There is one caveat to this
approach: by subdividing the box we must consider a closer redshift bin, depending
on the number of subdivision. Taking this into account we decide to divide the
simulation in 8 equal parts with sides of 2 Gpc/h, which allow us to reach z = 0.3
and still have a rough scatter estimate.

We thus repeat the monopole comparison for a z € [0.2 — 0.3] redshift bin, where
this time we also show the 1 — o scatter of the direct approach over the 8 sub-mocks
and do not show the 2 — ¢ scatters to avoid a confusing plot. The comparison is
plotted in figure (3.13), with the same color-labeling as the previous case, but with
the addition of an estimate of the 1 — o scatter for the direct approach.

From the comparison we can make the same observations as the previous bin,
but we notice that the HugeMDPL scatter has smaller error bars with respect to
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Figure 3.12: Kaiser factor estimation in the z € [0.6,0.7] bin (in black), accounting
for different contributions, and its theoretical prediction from equation (3.17) (red
dashed line). We compare the direct approach result for one realization (points) and
the field approach 1 and 2 — o scatter of 16 realizations (shaded areas and full line).
We also plot the average value of the field mocks without accounting for shot-noise
(dashed black line).
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Figure 3.13: Power spectrum monopole test in the z € [0.2,0.3] bin, for the real
space (black) and redshift space mocks (red), accounting for different contributions.
We compare the direct approach result from the 8 sub boxes with their 1 — o scatter
(barred points) and the field approach 1 — o scatter of 16 realizations (shaded areas).
We We also show with a dashed line the average value of the field mocks without the
inclusion of shot-noise. We argue that the 1 — ¢ bars of the direct approach show
a reduced variance with respect to the field approach because the sub-boxes from
which we extracted the mocks started from the same seeds for the initial conditions,

and are thus correlated.
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the FieldSN mocks. However, since this happens both in real and redshift space,
we expect it to be unrelated to the effects implementation. One of the possible
reasons for the smaller scatter of these 8 mocks could be related to the way we built
them: since they were all obtained by subdividing the same simulation box, they
share the same seeds for the initial conditions (IC) generation. Depending on the
algorithm for IC generation we used, we could expect a correlation between the wave
modes sampled from different regions of the box, that could reduce the variance of
the produced mocks. Regarding the observer’s velocity signature in the vRSD obs
and GRRSD obs mocks, we notice that, on average, the signal in this bin is higher
than in the deeper bin. Looking back at equation (1.144) we can attribute this to
the behaviour of the Bessel function jo(kr), which peaks when k ~ 1/r: for a closer
radial bin then the value of k at the peak is larger, and we can probe it more closely.

Now we repeat the Kaiser effect test for this bin and we show the result in figure
(3.14). Due to the correlation of the sub mocks in the first example we still use the
field approach error bars to compute relative discrepancy. We notice overall the same
behaviours as the previous bin, with less noticeable wide-angle effects at large scales,
consistent with the fact that we are probing a smaller comoving volume. Even in
this plot we can notice how the error bars of the HugeMDPL mocks are smaller than
the FieldSN ones.

3.6 Observer effect

To conclude our tests we estimate the observer’s velocity contribution on the power
spectrum monopole AP, and we compare it with the theoretical prediction of equa-
tion (1.145). We know that Djg, depends on both the magnification and evolution
biases, so with this comparison we can test if their effects are correctly captured by
the direct approach. Moreover, since Djg, vgbs, we can control the signal-to-noise
ratio (SNR) by setting an observer velocity sufficiently large. We find that a speed
of vops = 1000 km/s grants us a good SNR, so we assign that value for the observer’s
velocity in every mock.

We follow the procedure described in [16]: we estimate the monopole ]5070135
from the GRRSD obs mocks and ]507cmb from the GRRSD mocks, were the
"emb" label denotes that the observer is steady with respect to the CMB. Then
we estimate Diso = PO,obs — ]507cmb. To better characterize the oscillatory features
of Diso we decide to use a finer k binning with respect of the previous case. We
do so by using a very large FFT box of Lyppr = 16 Gpc/h, which leads to a k-
binning of Ak = 3.9 x 1073 h/Mpc. We will do this analysis in the z € [0.2,0.3]
redshift bin. We estimate Djs, for both the field and direct approach, for all the
realizations available. Since equation (1.145) does not contain any stochastic term
we expect that averaging over many realization the Djs, estimator would converge
to the theoretical prediction. For this reason we plot the standard error of the mean,
obtained by diving the 1 — o scatter by the square root of the number of mocks.
The comparison is shown in figure (3.15), where we plot in black the theoretical
prediction, in red the estimation from the field approach mocks, and in blue the direct
approach estimate from the 8 HugeMDPL sub-boxes. We see that the two estimates
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Figure 3.14: Kaiser factor estimation in the z € [0.2,0.3] bin (in black), accounting
for different contributions, and its theoretical prediction from equation (3.17) (red
dashed line). We compare the direct approach result from the 8 sub boxes with their
1 — o scatter (barred points) and the field approach 1 — o scatter of 16 realizations
(shaded areas and full line). We also plot the average value of the field mocks without
accounting for shot-noise (dashed black line).
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match the theoretical prediction at large scales, up to k = 5 x 1072 h/Mpc, starting
to deviate from it for larger k values. This is expected: the estimated oscillating
pattern strongly depends on the binning of the radial mean density 7(x), which
can either affect the largest scales signal for a binning too coarse, or the smaller
scales for a binning too fine. We also notice that as k grows the two approaches’
estimates start to deviate from each other: we can attribute this to the fact that the
15 Mpc/h binning used to compute 7(x) is smaller than the field approach mesh size
of 31.25 Mpc/h, and this affects the number counts in each shell, acting on the small
scales behaviour of n. Moreover, the survey functions used are estimated from a data
set, and are subjected to noise due to the number counts and numerical derivatives
implemented, so we can expect small deviations between the modelled v, effect
Diso and the actual one. Furthermore, the shot noise of this tracer is approximately
3000 Mpc? /h3, which is comparable with the signal at the minima of D;s,. Lastly, as
we said, the HugeMDPL mocks are generated by the same seeds for initial conditions,
so we can expect the signal to not converge at the same points as the field approach,
since it is not a "true" average over many realizations. Related to this issue, we also
notice that the HugeMDPL error bars are smaller that the field approach one, which
is still consistent with the correlated mocks explanation.

In conclusion, the Djy, estimators are consistent with each other at large scales,
and with the theoretical prediction, which means that the direct approach correctly
captures the survey functions’ effects. The observer’s effect could be used in the
future to study the expansion history of the Universe, or to measure the observer’s
peculiar velocity [16]: with the approach implemented in this work we are able to
account for more complex selection effects and systematics, which would allow to
consider more realistic surveys.
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Figure 3.15: Observer’s velocity contribution to the power spectrum monopole. In
black we plot the theoretical prediction Djg, of equation (1.145), while in red and
blue we respectively plot the estimations from the field and direct approaches, with
error bars given by the error on the mean.
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Chapter 4

Conclusions and prospectives

The next generation of galaxy redshift surveys will probe scales comparable to the
Hubble radius. At these scales we expect to observe distortions in the measured
galaxy distribution sourced by relativistic effects, which add up to the ones sourced
by peculiar velocities.

The LIGER code implements a method to produce galaxy lightcone catalogues
that account for these relativistic effects at first order. It operates by taking as input
an N-body simulation and building upon it the catalogue, by shifting the particles
in redshift space, accounting for both velocity, relativistic and magnification effects
at linear order in the perturbations.

Up until this work, LIGER was used in a "field" configuration, that consists in
shifting the matter particles on a low-resolution dark matter simulation, to then fol-
low a biasing prescription to "paint" the galaxy distribution . This requires previous
knowledge of the luminosity function and linear bias of the tracer we want to study,
but allows to produce very large lightcones for a low computational cost, which in
turn allows to produce many mock catalogues useful for covariance estimation.

However this approach presents a series of caveats that limit its range of appli-
cability. First, as we said, it requires the previous knowledge regarding the tracer’s
evolution. Second, it implements basic selection effects based on a constant flux cut,
without accounting for size selection and other more complicated selection criteria.
Third, the painting procedure requires to build the galaxy distribution on a cubic
mesh, losing all the clustering information for scales smaller than the mesh cell size.
Fourth, the mesh cell size grows with the input linear bias, making Fourier-based
analysis difficult for strongly biased tracers. Fifth, it implements an artificial shot-
noise effect that fails as we probe smaller scales. Last, it can resolve clustering only
on scales where the linear biasing relation holds.

In this project we implement and test a direct configuration for the code, in
we start from a high-resolution N-body simulation and shift directly the tracers in
redshift space, applying also the correct magnification. This approach solves all the
issues mentioned above for the previous version, allowing to produce a realistic galaxy
catalogue, to which we can apply realistic selection effects just as a real survey would
do. Our work can be summarized as follows:

e We update the LIGER code by adding the option to shift directly the tracers

85



86

from a simulated catalogue. In particular this requires to implement a lookup
plugin that allows to trace the tracer trajectories and their mergers, in order to
correctly account for the Observer’s past lightcone intersection. Moreover, this
calls for a generalization of the internal routines of the code to account for the
fact that the tracer trajectories can exist only for a fraction of the simulation,
as opposed to dark matter particles.

o We implement an optimization in the gravitational potential storage that allows
to reduce the memory occupation.

e We implement the possibility to produce cone-shaped lightcones, which for a
given simulation box, allows to probe higher redshifts than in the full-sky case.

e We use the publicly available HugeMDPL simulation to build a set of mock
tracers, starting from the ROCKSTAR halo catalogue attached to it and as-
signing a L oc M* luminosity-mass relation.

e Since the simulation contains raw particle data only for two snapshots, we
compute the large scale gravitational potential for z = 0 and then extrapolate
it for higher redshifts by applying the evolution scheme given by the linear
treatment of density perturbations.

e We use the newly implemented code to produce one deep tracer catalogue up
to redshift z = 0.7 and 8 smaller catalogues up to z = 0.3, obtained by dividing
the original HugeMDPL box in 8 equal parts.

e We run 16 dark matter-only low-resolution simulations using the MUSIC code.

e We estimate the survey functions that describe the mock catalogue from the
snapshot data. In particular, we choose two different flux cuts for the deep and
small catalogues, producing two sets of functions.

e Using the low-resolution runs and the survey functions we apply the field ap-
proach to produce 16 mock galaxy catalogues.

e We estimate the monopole of the power spectrum from the direct and field
catalogues, comparing all the mocks with different contributions as listed in
section (2.1). We compute this in a z € [0.2,0.3] bin for the smaller catalogues
and in a z € [0.6 — 0.7] bin for the larger one.

e We use the observer’s velocity vons contribution on the power spectrum monopole
to further test if the survey functions are correctly captured. Due to the vgbs
dependence of the generate signal, by setting vops = 1000 km/s we obtain a
good signal-to-noise ratio. We compare the estimated quantities with the the-
oretical prediction, which depends on the magnification and evolution biases.

We find agreement in the large scale power spectrum monopole from the two
different implementations for all the different contributions considered. In particular,
the comparison holds up to k ~ 0.5 h/Mpc for the close bin and k =~ 0.4 h/Mpc for the
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deep bin, For smaller scales, we notice that the artificial shot-noise implementation
of the field approach generates a spurious boost in power that grows with k, while
the direct implementation does not present this effect. In any case, using a field
approach mock that does not account for shot-noise we get a better comparison with
the direct implementation, but still with a suppressed power for large k-s, which is
characteristic of the low-resolution simulations used, due to the 2LPT approximation
scheme implemented by MUSIC.

We test the two implementations’ accuracy in recovering the Kaiser boost factor
F to the power spectrum monopole in the plane-parallel approximation. We do so by
computing the power spectra ratio between the redshift space and realspace mocks.
First of all, we observe in both redshift bins the expected signature of wide-angle
effects at very large scales, which deviates the ratio from the Kaiser boost factor.
Then, we see that as k grows to 0.1 h/Mpc, the field approach quickly drops from
the theoretical value F. We attribute this discrepancy to the artificial shot-noise
effect mentioned before, as it arises at the same scales. If we look at the direct
approach instead, we see a constant trend in the powers spectra ratio, consistent at
one ¢ with F. From this comparison we also assert further the consistency of the
distortions implementation at very large scales, as the power spectra ratios of the
direct approach mocks lie roughly within the 1—o scatter area of the field realizations
for k < 0.02 h/Mpc.

Looking at the observer’s velocity signature on the power spectrum, we find
a good agreement between the two approaches and the theoretical prediction up to
k =~ 0.004 h/Mpc. Then the two estimations deviate from it but remain in agreement
up to k =~ 0.006 h/Mpc.

With these test we conclude that the newly implemented approach produces
consistent results with the previous implementations of LIGER, but does not suffer
from the same limitations. We plan to include this code in a new version of LIGER,
integrating it with the previous approach . Further tests regarding the covariance
of the scatter consistency could be performed by making use of a large set of high-
resolution simulations, such as the Quijote suite [100].

Regarding future implementations of this now tested method, we mention a pos-
sible combination with a Halo Occupation Distribution model (HOD), or a more
complex model. An HOD characterizes how galaxies populate dark matter haloes,
including their spatial distribution and velocity distribution within these haloes. For
a given halo one can then use an HOD to populate it with a central galaxy and satel-
lites. This approach could be combined with the code in the following way. Starting
from a simulation that resolves dark matter haloes, we can use LIGER to produce
the halo catalogue in redshift space. Next, via an HOD we can populate the haloes
with galaxies. Then we can correct the galaxies’ redshift space distribution by adding
the contributions of their peculiar velocities to their position and magnification. In
conclusion, this process would generate a catalogue that:

e Accounts for relativistic effects at scales larger than the largest haloes size, i.e.
in a given halo all the galaxies get the same relativistic contributions to the

The code is currently available at https://astro.uni-bonn.de/~porciani/LIGER/
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shift and magnification;

e Accounts for the peculiar velocities of the single galaxies, that contribute to
both the position and magnification.

The advantage of this approach lies in the fact that using an HOD (or a more complex
model) to generate the galaxy catalogue allows us to start from lower resolution N-
body simulations, which are faster to run, and to shift only the haloes, which is faster
to do in LIGER with respect of shifting every single galaxy.
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