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Abstract

This thesis investigates one of the most important observables in cosmology: the galaxy two-
point function. The proper characterisation of this quantity is of the utmost importance if we
want to compare theoretical predictions with the experimental results coming from planned
redshift surveys. In particular we focus here on the modification that light-cone effects in-
troduce — at large scales — in the correlation function. We start by computing, through
first-order cosmological perturbation theory, expressions describing the galaxy distribution in
the universe, i.e. galaxy number counts. These results are then used in order to construct
the fully relativistic correlation function, which is valid in full-sky, i.e. beyond the so-called
flat-sky approximation. A publicly available code is provided for fast and accurate numerical
evaluation of the two-point function which allows us to forecast the possibility, with future or
planned experiments, of constraining cosmological parameters through the multipoles decom-
position of the correlation function. Other relevant topics, related to the two-point function,
that we discuss in this work are: the regularisation of an apparent infra-red divergence in
the potentials terms such as the Sachs-Wolfe effect, the existence of a second feature in the
matter correlation function due to the baryon-baryon correlation in the early universe and,
finally, a framework to analyse a possible anisotropic component in the two-point function.
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Résumé

La cosmologie physique est la branche de la physique et de ’astrophysique qui étudie les
origines physiques et 1’évolution de 'univers. Il comprend également I’étude de la nature de
I’univers a grande échelle. Pour décrire 'univers, il est indispensable de faire appel & la rela-
tivité générale, découverte par Albert Einstein en 1915. En considérant qu’il est improbable
que la dynamique de 'univers soit dominée par des interactions & courte distance et que, en
moyenne, I'univers n’est pas chargé électriquement, il n’est pas surprenant qu’une théorie de
la gravité soit nécessaire pour aborder la cosmologie scientifiquement. Ainsi, a partir de 1915,
il devint possible d’étudier I'univers & partir de deux piliers de la science moderne: la rela-
tivité générale et, plus tard, le modéle standard de la physique des particules (en particulier
en ce qui concerne 'univers primordial). En 1922, Alexander Friedmann introduisit 1'idée
d’un univers en expansion et, en 1929, 'astronome américain Edwin Hubble découvrit que
la distance des galaxies était proportionnelle a leur décalage spectral (redshift en anglais),
confirmant que les galaxies s’éloignent de leur observateur. Cette observation, associée a la
métrique et aux équations de Friedman-Lemaitre-Robertson-Walker (FLRW), a jeté les bases
du modéle standard de la cosmologie. Un important travail théorique sur I’histoire thermique
de I'univers a été entrepris par Gamow, Alpher and Herman et, en 1964, la plus vieille image
de 'univers qu’il soit possible d’obtenir a été découverte par hasard par Penzias et Wilson:
le fond diffus cosmologique (rayonnement fossile ou CMB, issu de 'anglais).

Le fond diffus cosmologique était une observable clé et trés important pour I’étude de la
cosmologie, car ses propriétés sont liées aux paramétres qui décrivent I'univers. A partir de
1989 la NASA et PESA ont décidé d’envoyer trois satellites en orbite dans le but d’étudier
le rayonnement fossile, et les données collectées ont aidé & établir le modéle standard de
la cosmologie qu’'on appelle ACDM (pour A Cold Dark Matter en anglais). Ce modéle de
concordance décrit un univers homogéne et isotrope (a grande échelle), agé de 13.8 mil-
liards d’années, dont la courbure spatiale est nulle et qui contient 26.5% de matiére noire,
68.6% d’énergie sombre alors que la matiére ordinaire (baryonique) ne représente que 4.9% de
I'univers. La matiére noire n’interagit pas avec la lumiére mais peut étre décelée par son at-
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traction gravitationnelle. La composante appelée énergie sombre peut étre modélisée par une
constante cosmologique A dans les équations d’Einstein (d’ot le nom ACDM). Cette derniére
forme d’énergie est responsable de la récente expansion accélérée de I'univers découverte par
le Supernova Cosmology Project et le High-Z Supernova Search Team en 1998. Le probléme
est que le 95% de l'univers est inconnu: on peux détecter la matiére noire de fagon indirecte
(car la matiére noire, comme la matiére ordinaire, exerce une attraction gravitationnelle) mais
aucune détection directe n’a été jamais annoncée, et la valeur de A mesurée est plus petite
de plusieurs ordres de grandeur que ce qu’on attendrait de la contribution des fluctuations
quantiques du vide. La caractérisation de I'univers sombre est donc un des objectifs les plus
importants de la recherche cosmologique d’aujourd’hui et de demain.

Mises & part les observations du fond diffus cosmologique, beaucoup d’expériences pour
étudier la structure a grande échelle de 'univers sont actuellement en cours ou prévues. Il
s’agit de grands relevés des galaxies, ou relevés du décalage vers le rouge (redshift survey en
anglais): la mesure d’une section du ciel pour detecter le décalage vers le rouge des galaxies
(ou des autres objects) et leur distribution. Un relevé du décalage vers le rouge, comme par
example Fuclid, donne un catalogue de millions des galaxies, leur positions et leur redshift.
Une interprétation correcte de ces données est fondamentale si nous voulons les relier cor-
rectement aux paramétres cosmologiques. Parmi les nombreuses complications et subtilités
de cette tache, le sujet principal de cette thése est étudier comment les effets relativistes (ou
light-cone effects) affectent les observables que 1'on peut construire a partir de catalogues des
galaxies. L’origine des effets relativistes est le changement de coordonnées de la métrique
de référence (background metric), par rapport aux vraies coordonnées observées (position et
décalage vers le rouge d'un objet). En d’autres termes, 1'origine physique des effets de projec-
tion se situe dans la déviation des rayons lumineux en suivant la courbure de 1’espace-temps,
en accord avec la théorie d’Einstein. En effet I'univers n’est pas complétement homogéne,
a cause de la présence de structures: il est cependant possible tenir compte, en utilisant la
théorie des perturbations cosmologiques, des effets relativistes qui influencent la distribution
de galaxies en fonction du position et du décalage vers le rouge.

Dans le chapitre 1 j’introduis les sujets traités dans cette thése: une bréve histoire de
la cosmologie avec ses découvertes principales expérimental comme théorique. Une attention
particuliére est réservée a I'introduction de la formation des structures et aux effets relativistes.

Dans le chapitre 2, reproduisant la référence [134], je montre comment tenir compte,
au premiére ordre de la théorie des perturbations, des effets relativistes qui concernent
I’observable le plus simple qu’on peut faire avec un relevé du décalage vers le rouge: comp-
tage de galaxies (galazy number counts en anglais). Cette analyse, qui se trouve déja dans la
littérature, est enrichie en considérant la contribution des perturbations vectorielles et ten-
sorielles.

Dans le chapitre 3, reproduisant la référence [294], je commence I’étude de la fonction de
corrélation & deux points, en développant le cadre théorique qui permet la caractérisation et
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I’étude des effets relativistes sur la fonction a deux points.

Dans le chapitre 4, reproduisant la référence [295], je décris comment les résultats du
chapitre précédent nous ont permis d’écrire un code qui calcule efficacement la fonction de
corrélation. Le code est accessible au public et toutes les corrections relativistes sont inclues
au niveau linéaire. On utilise des techniques basées sur les matrices de Fisher pour analyser
en détail les capacités des prochaines expériences telles que SKA et Fuclid pour contraindre
Ieffet de lentille gravitationnelle utilisant la fonction & deux point. Par ailleurs, je discute
une subtilité: comment éviter une divergence infra-rouge qui affecte certaines corrections rel-
ativistes a la fonction de corrélation. Une discussion plus détaillé sur ce dernier point est
présentée dans le chapitre 7.

Dans le chapitre 5, reproduisant la référence [292], je présente une nouvelle observation
concernant la fonction a deux points: l'existence d’un deuxiéme signal (ou "trait") due a la
corrélation baryonique dans I'univers primordial.

Dans le chapitre 6, reproduisant la référence [293], je décris comment comment les mul-
tipoles de la fonction de corrélation peuvent étre analysés dans le cas ou ils comprennent
un signal vectoriel anisotrope. On développe des nouvelles observables spécifiques au cas
anisotrope et 'analyse de Fisher est utilisée une nouvelle fois pour établir des contraintes sur
les paramétres caractérisant ’anisotropie.



Notation

Fourier transform We will use asymmetric conventions for the Fourier transform:

k) = / &'z F(x)e®*

and we will sometimes omit the tilde if there is no ambiguity F(k) = F(k) = Fy. The dirac
delta satisfies

f A"z e = (2m)"6(M (k).

[ 4k % = 50V (x).
The power spectrum of a statistically homogeneous and isotropic random variable F' is defined
(F)F*(K)) = (27)*6®) (k- K') Pp (k)

and the dimensionless (if F'(x) is dimensionless) power spectrum is obtained via

k3
Pr(k) = ﬁPF(k)'

Signature and indices We use the metric signature (—, +, +, +) throughout the thesis, while
for the indices we follow, when possible, the following rules: greek indices «;, 3, ... are space-
time indices and run from 0 to 3, latin indices 7, j, k, ... are spatial indices and run from 1 to
3. We sometimes use indices a, b, ... running from 1 to 2 for angular coordinates. Uppercase
indices A, B,C, ... are not tensor indices but labels or tags.

Derivatives We work mainly in conformal time 7 and derivatives w.r.t. n are denoted by
an over-dot: F'. Covariant derivatives V, and spatial gradients V; are distinguishable by the

type of index. The spatial Laplacian is denoted by A while the angular Laplacian by Agq.
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List of symbols For reference we report here the list of symbols used in this thesis.

background
a scale factor
H Hubble parameter (Hy Hubble parameter today)
H comoving Hubble parameter H = aH (Ho = Hp with our normalization of a)
h reduced Hubble parameter h = Hy/100
X energy density of the species X
Pe critical density p. = 3H?/(87G)
Qx density parameter Qx = px/pe
7, (o) conformal time (today)
t, (to) cosmic time (today)
X comoving distance x =19 — 7 (denoted x in chapter 3)
z redshift
Dy, luminosity distance
perturbations
n, n line-of-sight direction of an object at x = x(z)n (-n in chapter 3)
r distance between two tracers r = x1 — X9
d(x), ¥(x) Bardeen potentials
Si(x), H;j(x) | vector and tensor metric perturbations
0(x) CDM density constrast in longitudinal gauge
0c(x) CDM density constrast in comoving gauge
Ag(n,z) observable galaxy density contrast (number counts)
ng(n, z) galaxy density per redshift and solid angle bins

v(x)
v(x)

V (k)
2i(x), v (x)
Qi(x)
(L1 AL D)p
([--De

([---Dso)
([--Ia
Pyp(k)
Pc(k)
A37 Ng, ky
£(0, 21, 22)
Ci(21, 22)
Dy (2)
9(2)
9s(2)
f(2)

Shor

velocity perturbation in longitudinal gauge

velocity potential v = —-Vv

defined as v(k) = k~*V (k) (V(x) is dimensionless)
vector part of v: 9'3; = 0

relativistic vorticity Q; = X; —.5;

ensemble average

average over the euclidian group

average over the SO(3) group

directional average

power spectrum (A(k)B* (k")) = (27)36®) (k - k') Pap(k)
primordial curvature power spectrum P = Ag(k/k. )™
primordial amplitude, spectral index and pivot scale
two-point correlation function

angular power spectrum

matter growth function

Bardeen potentials growth function g = Dy /a
scalar-induced vector modes growth function

velocity growth rate f =dInD;/dIna

sound horizon
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b galaxy bias
S magnification bias
Jevo evolution bias
L, size of the survey’s pixel
dN mean number of galaxies per pixel
cov(#) covariance matrix for the estimator A
mathematics
Pe(z) Legendre polynomials
Yo (0, 0) Spherical harmonics
X eJEM (a, lA)) Bipolar Spherical harmonics
Jn(x) Bessel functions
Je(x) spherical Bessel functions
oF(x,y,z,w) | hypergeometric function
M (x) n—dimensional Delta function
Oii Kronecker delta
€k Levi-Civita tensor
abbreviations
(C)DM (cold) dark matter
DE dark energy
A cosmological constant
FLRW Friedmann-Lemaitre-Robertson-Walker
GR general relativity
CMB cosmic microwave background
LSS large-scale structures
BAO baryon acoustic oscillations
RSD redshift-space distortion
2pF two-point function
2FT second feature
LOS line-of-sight
(HSwW (integrated) Sachs-Wolfe effect
S/N signal-to-noise
|f, fid fiducial
PDF probability distribution function
(S), (L)PT (standard), (Lagrangian) perturbation theory
w.r.t. with respect to




CHAPTER 1

Introduction

The story so far:

In the beginning the Universe
was created. This has made a lot
of people very angry and been
widely regarded as a bad move.

Douglas Adams

The vast ocean of space is full of starry islands called galazies'. Beside offering a peerless
spectacle when we look into the night sky?, galaxies are a valuable source of information and
object of study of the science which deals with the origin, the history and the structure of
the universe: cosmology. Since the dawn of time mankind has always tried to make sense
of the world’s origin: no human society has been found in which myths of creations are not
part of its culture or its religion [91]. Science, on the other hand, took its time to contribute
on this matter. Even with the advent of the scientific method in the 15th century, tools to
properly deal with this subject were not developed until the beginning of the 20th century.
It was Einstein’s formulation of General Relativity (GR) that paved the way for a scientific
understanding of the universe. If we consider that the dynamic of the universe is unlikely to
be dominated by short-range interactions and that, on average, the universe is not electrically
charged, it is not surprising that a theory of gravity was needed. General relativity is indeed a
theory of gravity but the equivalence principle allows us to identify its action with the space-
time itself. It was Einstein himself [136] that, two years after the completion of his theory,
decided to apply it to the universe as a whole: assuming an homogeneous distribution of mat-
ter he found a solution to his field equations in which the universe is expanding or contracting

"Houjun Mo, Frank van den Bosch, Simon White "Galaxy formation and evolution" (2010) [231].
2We should point out that "look into the sky" is here intended by means of a powerful telescope: with the
naked eye we can only see stars from our own galaxy, with few exceptions.



2 1. INTRODUCTION

depending on its total energy density. Being convinced that the universe must be static, he
introduced an additional term in the equations: the cosmological constant A (we will come
back to this issue later). A solution to the Einstein’s equations which embrace the expansion
of space was found, independently, a few years later by Friedmann and Lemaitre [154, 205].
Robertson and Walker [262, 263, 264, 309] then proved that this was the unique solution
compatible with the cosmological principle which assumes that the universe, on the largest
scales, is spatially homogeneous and isotropic (see appendix A.1 for a technical introduction).
The first experimental confirmation of the newborn idea of an expanding universe came in
1929 when Hubble [181] measured, from their redshift, the recession velocity of galaxies and
found a relation between the velocity at which a galaxy moves away from us and its proper
distance: v = HqD, where Hy is the Hubble constant. This observation, together with the
Friedmann-Lemaitre-Robertson-Walker (FLRW) metric and equations laid the foundation for
the prevailing standard model of cosmology, or Big Bang model. Success for this model was
not immediate as in the '30 and ’40 other concurring scenarios were proposed such as Hoyle’s
steady state model (which we mention here also to stress the irony of the fact that it was
Hoyle himself who coined the term Big Bang in 1949 on BBC radio). Important theoretical
work was carried on by Gamow, Alpher and Herman [21, 22] in the subject of the thermal
history of the universe, but it was the 1964 discovery of the cosmic microwave background
(CMB) radiation by Penzias and Wilson [243| to tip the balance in favor of the Big Bang
model.

Today, after decades of theoretical research and a history of successful experimental obser-
vations, we believe the universe has existed for 13.8 billion years, it is nearly flat and it is
composed by 26.5% of cold dark matter (CDM), a - still to be discovered - form of mat-
ter which does not interact electromagnetically, 68.6% of dark energy (DE), an unknown
form of energy behaving like a cosmological constant and only 4.9% of "familiar" particles:
baryons [11]. We call this model ACDM and, although other promising alternatives are avail-
able (e.g. [229, 48, 281, 180, 49]), we will stick to it for almost all the research presented in
this thesis. The ACDM model has been uphold by numerous experimental evidence; however,
we have already mentioned two puzzles that show how measuring something does not mean
we understand it. The first one concerns the nature of dark matter. As we already pointed
out, the simplest cosmological observation one can perform is look at galaxies. It turns out
that galaxies are just the cherries on top of a cake we still have to get our hands on. Not
interacting electromagnetically, dark matter is very elusive but we can still infer its presence
by looking at its gravitational effect. In fact we have evidence of dark matter on a wide range
of scale. The most famous piece of evidence that upholds the existence of a significant com-
ponent of non-baryonic matter are galaxies’ rotation curves and clusters’ velocity dispersion
measurements: variations in the orbital circular velocity of stars (in a galaxy) at different
distances from the center and the velocity dispersion of galaxies (in a cluster). The shape of
the rotation curves is linked with the amount and distribution of matter via Kepler’s third law
and it turns out that visible matter alone can not account for the mass distribution necessary
to explain these curves. On the other hand if a dark matter halo envelops a galaxy (or clus-
ter) it can provide the linear growth of total mass with distance from the center necessary to



explain a flat rotation curve or a high velocity dispersion. Observationally the velocity curve
of stars in the Andromeda galaxy was first observed by Vera Rubin in 1970 [265] (see also
later measurement such as [304]) while for galaxies in the Coma cluster velocity dispersion
was famously measured by Fritz Zwicky in 1933 [329]. Another important evidence for dark
matter is provided by gravitational lensing: matter bends and distorts light-paths traveling
near it and this means, in turn, that we can infer the amount and distribution of matter that
caused a deformation of some background object’s image. Cosmologist and astrophysicist
usually distinguish between two regimes: strong and weak lensing. On the one hand strong
lensing occurs when the lens is very massive, the source is not too far away and both are
roughly aligned with our line-of-sight. In this scenario strongly distorted multiple images of
the source are visible and we can try to reconstruct the mass distribution in the lens plane,
As this is a purely gravitational effect it is sensitive also to non-baryonic matter (see e.g. [301]
for an example). On the other hand in the weak lensing regime we do not get multiple images
or arcs but instead the image is slightly magnified (convergence) or deformed (shear). The
underlying idea is again what we described before: link the lensing effect with the distribution
of (dark) matter between the source and us. We usually look at the shape of galaxies, i.e.
their ellipticity, (even though lensing in the CMB is extremely important [206, 12]) and as we
of course know only the average properties of the un-lensed galaxies, weak lensing is treated
with a statistical approach (see [118] for the latest result of the Dark Energy Survey). We also
point out that weak lensing allowed for the reconstruction of the dark matter distribution in
the Bullet cluster |107]: two colliding clusters of galaxies where the different ways in which
interacting baryonic matter and non-interacting dark matter behave during a collision are
clearly visible. On cosmological scales measurement of the dark matter density Q.qm, are the
baryon acoustic oscillations (BAO) in galaxy clustering [137, 56, 61, 25, 47| and the photon
acoustic oscillations in the CMB. In the galaxy correlation function, for example, we can
relate the position of the BAO peak with the speed of sound c¢g before recombination which,
in turn, is related to the baryon-to-photon density ratio R = 3€);,/4€2,: we expect a peak in
the correlation function at a (comoving) position equal to the sound horizon sy, at redshift
z ~ 1100 [241, 286, 141]. If no dark matter is present, however, we would expect a feature
in the 2-point function positioned at ~ 2sp,,. We will come back to this argumentation in
section 1.1 and in chapter 5. In the CMB we observe a similar pattern as photons are slightly
hotter in over-dense regions and colder in under-dense regions; however, since we usually look
at the CMB spectrum in angular space we see a number of succeeding peaks. The position
(in angular space) and the relative heights of these peaks encode informations about Qcgm
and €, (and of course all the other cosmological parameters). Following this brief excursus
we should point out that beside the indirect observational evidence we have discussed, the
debate on the nature of dark matter amongst particle physicist is still ongoing [53, 23| and
DM still escapes direct (non-gravitational) detection.

We now turn our attention to the second troubling component of the ACDM model: dark
energy. In its simplest form dark energy is identified with the cosmological constant A. The
need for this additional component in the model surfaced in 1998 with the measurement of
the distance-redshift relation for type Ia Supernovae (SNIa) by Riess, Schmidt and Perlmut-
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Figure 1.1: Sketch of the relevant phases in the evolution of the universe.

ter [260, 274, 244] (Nobel prize in 2011). The simple linear Hubble Law v = HyD is only valid
at small distances D while at bigger distances the law is modified to account for the different
components of the universe. Nowadays more evidence for 25 # 0 has been gathered, mainly
in the CMB power spectrum and with large scale structure (LSS) probes (DE modifies the
clustering properties of the universe). So why is DE a problem? In its simplest realization,
a cosmological constant, it is not very satisfactory from a theoretical point of view: in GR
there is no formal reason to set it to zero nor to set it to any other value. Even if we allow
A # 0 in the theory we are left with a fine tuning problem: the measured value differs from
the vacuum expectation value predicted by quantum field theories (QFT) by a staggering 120
orders of magnitude: in other words to obtain an energy density pp as small as the one we
observe we would need the contributions arising from QFT to cancel to better than a part
in 10'2° [96]. Possible solutions to this issue come in three flavors: i) modify the matter
sector, ii) modify the gravity sector and iii) back-reaction. The line between point i) and ii)
is sometimes blurry: consider, for example, an additional scalar field coupled to matter (e.g.
massive gravity theories or quintessence). Are we modifying the gravity sector or the matter
sector? In fairness we could also ask the same question regarding the cosmological constant:
is it a modification of gravity or an additional matter field with constant energy-density and
equation of state? The answer is somewhat arbitrary and some authors regard as modified
gravity theories only theories in which the additional degrees of freedom (d.o.f.) are non-
minimally coupled to the Einstein-Hilbert term in the action. A unified (effective) treatment
of some class of DE and modified gravity models is possible via the effective field theory of
DE [163]. The idea of modifying gravity to match theory and observations is a cornerstone of
modern research in cosmology; however, as this subject is beyond the scope of this thesis we
refer to the review [106] for a comprehensive discussion on this topic. We will limit ourself to



point out that probes which are sensitive to the DE behavior are extremely important as they
could discriminate between possible deviations from a bare cosmological constant [185]. The
third possible solution to the DE problem is back-reaction: the idea that inhomogeneities in
the universe have an effect on its large-scale evolution. To state this idea in a more formal
way let us introduce the Einstein field equations (EFE) for the first time:

Gaﬁ(guu) =8nG Taﬂ(guu) . (1'1)

Here G,p is the Einstein tensor, T,z is the energy-momentum tensor and they both de-
pend on the metric tensor g,, (see appendix B.2). The back-reaction idea is based on the
fact that due to the non-linearity of the EFE an averaging procedure is non-commutative:
(Gap(gu)) # Gap({gu)). The former is related to the average of the energy-momentum
tensor (T,p) via the EFE; however, in cosmology we write down the FLRW equations using
the latter Gog((gu)). The difference between the two can potentially act as dark energy with
the perk that this approach solves the coincidence problem (why are we living in a moment in
cosmic history in which Q,, ~ Qx7) by linking the late-time acceleration of the universe with
the growth of structures. As of today this matter is still very much debated in the cosmology
community (see [82, 85, 105, 142, 87, 86| and references therein).

Another topic that we ought to touch in this brief introduction is inflation: exponential
expansion of the universe in its initial moments. The development of the inflationary the-
ory began 25 years ago [165] to answer two® problems that were puzzling cosmologist: the
horizon problem (why do we observe isotropic CMB radiation with a black body spectrum
in patches of the sky that correspond to a distance much bigger than the causal horizon at
the last scattering surface?) and the flatness problem (essentially a fine tuning problem: to
obtain a flat model today ot ~ 1 one needs to start with an extremely fine tuned value of
Qiot = 1 £10750 [97] as Qop — 1 decreases going backwards with time). Inflation can solve
both of these issues. As we said it consists of a period of exponential expansion, meaning
that the scale factor grows as a ~ e’ and this means that the causal horizon also grows
exponentially while the Hubble horizon is constant: if inflation lasts long enough by the end
of it the causal horizon is bigger than any sub-Hubble length scale, thus solving the first
problem. The second issue is also solved as the quantity Q¢ — 1 is exponentially suppressed
during inflation and when inflation ends we are left (locally) with an almost perfectly flat
model. In order to achieve accelerated expansion we need the pressure and energy density of
the dominant component in the universe to satisfy p < —p/3. This condition can be satisfied
by means of a simple scalar field: the inflaton, but many models of inflation have been pro-
posed (see [208, 81, 261, 41] for reviews) as constrains in the parameter space get tighter [14].
As a "bonus" inflation not only explains why we experience an homogeneous universe but
also explains the little inhomogeneities: the seed perturbations which allow the gravitational
growth into structures. In the inflationary paradigm they are explained by quantum fluctu-
ations of the inflaton, brought to cosmological scale during the exponential expansion phase.
These perturbations are responsible for the temperature fluctuations observed in the CMB

3three problems if we include the magnetic monopole problem [255] which, in truth, was what inspired
Guth in the first place [173].
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spectrum [178, 11]: one of the biggest achievements of the hot big bang model. This obser-
vation somewhat closes the circle of our excursus in which we hope we have given the reader
a feeling for the interesting topics covered in modern cosmology and its challenges.

As a last remark it is interesting to notice the interplay between theory and observations:
like in others fields of physics cosmologists were sometimes in a situation in which theoretical
arguments anticipated observations (e.g. the detection of CMB radiation or, possibly, the de-
tection of primordial gravitational waves) while other times it is experimental evidence that
awaits for theoretical understanding (e.g. the dark sector) and the community invests in new
probes to find hints on the theoretical direction to follow. It is then often said that nowadays
cosmology "is a data driven science" or that we "entered the precision era of cosmology"*.
Let us try to put into numbers this argument for CMB experiments and galaxy surveys. The
first measurement of the CMB anisotropies was carried out by the COBE satellite (1989) that
reached an angular resolution of 7° with a sensitivity of 0.1mK; WMAP (2001) improved these
figures to 0.2° and 35pK while Planck (2009) had a resolution of 5 arc-min and a sensitivity
of ~5uK. The next generation satellites promise an order ~ 10 improvement [1, 117]. It is
clear that these numbers translate into precision on the determination of cosmological param-
eters in a non-trivial way but the trend is clear. The same objection holds for galaxy survey
but we could still quote the exponential improvement on the number of galaxies observed:
cfA (completed 1982) gathered spectra for 2200 galaxies, cfA2 (1995) for 18000, 2dF (2002)
observed ~ 220000, SDSS (ongoing) roughly a million and Euclid (launch 2020) will have a
catalog with 10 millions tracers. With this overwhelming amount of data coming (especially
on the LSS side), will we understand what we measure? The goal of this work is, we hope,
to contribute to this matter.

This thesis is organized as follows. The remainder of this chapter is dedicated to an in-
troduction to the main subjects of this work: galaxy clustering (and perturbation theory)
and light-cone effects. In chapter 2 we introduce the galaxy number counts and compute how
projection effects modify this observable. We will follow Durrer & Tansella (2016), which
computed the projection effects for vector and tensor perturbations, and integrate the re-
sults of this work with the well-known results for scalar perturbation as we will use them
throughout this thesis. In chapter 3 we begin our study of the galaxy two-point function,
presenting the theoretical framework developed in Tansella et.al. (2017). In chapter 4 we
detail how the results of chapter 3 have been employed to write the code COFFE, presented in
Tansella et.al. (2018a). We will also discuss some subtleties regarding the two-point function
(further examined in chapter 7) and present forecast on the detectability of the lensing sig-
nal in the galaxy correlation function. Chapter 5 follows Tansella (2018) in which we point
out the existence of a second feature in the matter two-point function, besides the acoustic
peak, due to the baryon-baryon correlation in the early universe and positioned at twice the
distance of the peak. In chapter 6, based on Tansella et.al. (2018b), we present a suitable
decomposition to discuss the signal induced by anisotropic vector perturbation in the galaxy

“This sentence was actually used by the Nobel-prize committee for the 2006 prize (https://www.
nobelprize.org/nobel_prizes/physics/laureates/2006/press.html).
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two-point function and perform a Fisher forecast to determine the detectability of the param-
eters which characterise the anisotropy with planned or futuristic galaxy catalogs. Although
part of this thesis, different chapters are thought to be self-contained.

1.1 Galaxy clustering

The definition of galaxies poses no difficulties in cosmology. They are easily identifiable ob-
jects as the density of stars inside them is roughly ~ 107 times the average density in the
universe®. It is interesting to note however that at the beginning of the last century the
debate on whether observed galaxies where part of the Milky way or external objects was
very spirited. It was Hubble in 1920 that settled what went down in history as the Great
debate [299]. From a cosmological point of view we essentially want to study how primordial
fluctuations coming from inflation and imprinted in the CMB are amplified through gravita-
tional instability to form the LSS of the universe. What seems like a simple task is however
extremely complicated. Firstly, we need to deal with physics governing a very wide range
of scales: from the size of the Hubble horizon Hg! ~ 4000 Mpc to the typical size of galax-
ies ~ 10kpc and secondly one in principle needs to solve the coupled Boltzmann-Liouville
equations for each species in the universe. At early times perturbations enjoy, at least, some
useful properties. As they come from quantum fluctuations of the inflaton field, their Fourier
coefficients have a Gaussian probability distribution. Each coefficient is uncorrelated with the
other, hence also the real space fluctuations are Gaussian. Furthermore the variance is inde-
pendent of the direction of the wave-vector k: for the primordial curvature perturbation we
usually write P¢ ~ E"s~1. If the spectral index ng is unity we have a scale-invariant spectrum
while observations suggest ns ~ 0.96, a slightly red spectrum. When perturbations are small
(as they are in the early universe) we can linearize the relevant equations and treat them in
the regime of linear perturbation theory, where different Fourier modes evolve independently.
The way in which curvature perturbations translate into late-time perturbations is usually
encoded in the transfer function: for the matter density contrast we could for example write
0x(n) = S(k,n)( where (i is the value at horizon exit during inflation. The same equation
can be written, with a different transfer function, for each species in the universe and for the
metric perturbations (e.g. the gravitational potential ®). For a pressure-less, collision-less
fluid (i.e. CDM), taking moments of the Liouville equation® we end up with a Boltzmann
hierarchy with only two equations (continuity and Euler equations) which is closed by the
Poisson equation. For other species, such as baryons and photons, the hierarchy is not nat-
urally closed and to compute the transfer function we have to rely on numerical codes like
CLASS [67] and CAMB [207] or on analytic approximations [139]. An important effect that
early universe physics imprints on the matter correlation function (and power spectrum) are
the BAO which originate in the primordial plasma when baryons are tightly coupled to pho-
tons via Thompson scattering. To heuristically explain this process let us focus on some

>This does not mean however that galaxies have well defined boundaries.
%In the case of a non-relativistic and collision-less fluid the mean-field limit of the Boltzmann-Liouville
equation is called Vlasov equation.



8 1. INTRODUCTION

initial over-dense patch of the plasma: if the fluctuations are adiabatic’ the over-density will
be shared by all species. In particular a region over-dense in photons will also have an over-
pressure with respect to its surroundings. This pressure imbalance causes an acoustic wave in
the baryon-photon plasma which travels at the speed of sound ¢, until recombination. When
photons decouple from the plasma the baryon’s speed of sound goes to zero and the wave is
frozen: the initial over-density is now composed only of DM while baryons have created an
over-dense spherical region around the initial point. Every over-density will behave as we just
described and the net result is that matter is more likely to cluster with a correlation length
corresponding to the sound horizon at recombination. It is clear that this process, as we have
already anticipated, is responsible for the BAO peak: the correlation function is defined as
the excess probability (over Poisson noise) of finding two tracers separated by a comoving
distance r and hence it peaks for r ~ sy,.. We have also learned that after recombination,
with photons out of the picture, baryons have essentially no pressure and we can treat them,
together with CDM, as a pressure-less fluid (or dust). There are essentially two approaches
to deal with the perturbation theory of dust: Eulerian and Lagrangian. The former (some-
times called standard perturbation theory, or SPT) relies on a perturbative expansion of the
density and velocity fields of matter in fixed (comoving) coordinates [55, 80, 50, 131]. The
latter (Lagrangian perturbation theory, or LPT) follows the trajectories of particles or fluid
elements relating the Eulerian position to the initial Lagrangian position through a displace-
ment vector [80, 135, 50, 256, 221, 33]. The main prediction of linear perturbation theory is
the growth of matter density fluctuations with time, given by the function D;(7n) called the
growth function.

To complicate a bit this simple picture one needs to account for the gauge freedom in the
theory: when we describe perturbations we are talking about two different manifolds. The
physical manifold (M, g,,,) and the fictitious background manifold (M, g, ) with respect to
which the perturbations are defined. For a given coordinate system in the background there
is no natural choice of coordinates in the perturbed space-time: different coordinates are
related by a gauge transformation and fixing them corresponds to a gauge choice. With a
gauge transformation we can introduce spurious degrees of freedom in the metric perturba-
tions which are unphysical but still satisfy the linearized EFE, hence the need of developing
perturbation theory in terms of gauge invariant variables. Pioneering work in this direction
was first carried out by Lifshitz in 1946 [209] and later on by the other architects of the gauge
invariant perturbation theory [35, 201, 144, 236, 284, 130]. The main idea of this approach
is to write down perturbations of the metric tensor and the energy momentum tensor, study
how they behave under a gauge transformation and then combine them into gauge invariant
quantities such that the theory is no longer plagued by the gauge freedom and exhibit only the
physical degrees of freedom. We can quickly count them: let us perturbe the metric around
the FLRW solution as g, = guv + dgu- The perturbation dg,,, being a symmetric tensor,
has 10 d.o.f. which can be split (via Helmholtz decomposition) into scalar (4 d.o.f.), vector

"We call the perturbations adiabatic if all the species are perturbed in the same way and the total curvature
perturbation is space-dependent, as opposed to isocurvature fluctuations for which the ratio of different species
varies in space but the total perturbation is constant.



1.1. GALAXY CLUSTERING 9

(4 d.o.f.) and tensor (2 d.o.f.) components, with the advantage that the scalar, vector and
tensor evolution equations are decoupled in linear theory. With a coordinate transformation
we can "gauge away" 2 scalars and 2 vectors hence revealing the 6 physical d.o.f. of the theory
(2 scalars, 1 transverse vector and 1 transverse trace-less tensor). A gauge choice essentially
fixes how the physical d.o.f. are combined into dg,,: in this thesis we will mainly work in
Poisson gauge in which one scalar is described by dggg, the transverse vector by dgg; and
the other scalar together with the transverse trace-less tensor by dg;;. The issue of gauge
invariance unfolds in a similar way for the energy-momentum tensor 7,,. Let us finally point
out that what we have sketched here is sometimes called the metric approach to perturbation
theory and an important alternative to it is the 1-+3 covariant approach [174, 143, 146, 104].
For a technical discussion on linear perturbation theory we refer the reader to [131] or to
appendix A.2.

Linear perturbation theory is able to describe a significant range of scales and most of the
history of the universe but as all good things it must come to an end: it eventually breaks
down. It is difficult to define a "non-linear scale" beyond which we cannot trust the linear
predictions anymore but it is clear that as perturbations grow under the effect of gravity
it will come a point where different techniques must be employed. Leaving the comfortable
ground of linear physics, complications are quick to arise: as there is no general exact solu-
tion in the non-linear regime one must still rely on some expansion scheme, with the added
complication of mode coupling (i.e. Fourier modes do not evolve independently anymore)
and the subsequent loss of the Gaussian properties. Furthermore the convergence properties
of some schemes are in question when higher order contributions get bigger than the lower
order ones and do not improve agreement with N-body simulations [65, 64, 94]. Different
techniques have been developed in the recent years; some straightforward, such as higher
order SPT [289, 218, 188, 276] and LPT [84, 256, 222|, some more involved such as Time-
RG theory [245|, Renormalization group perturbation theory [224], Lagrangian resummation
theory [220, 219|, Effective field theory [45, 95, 79|, Time sliced perturbation theory [62] and
others [296, 303]. These approaches are able to push the reach of perturbation theory in the
so-called quasi-linear scales (3 0.1 Mpc™ at z = 0) but eventually we enter the non-linear
scales where a perturbation theory description is not at all suited. The best bet is then to
rely on (time-consuming) N-body simulations to follow the growth of structure at small-scales
(1283, 282, 8] among many others). To gain insight on non-linear collapse we can nevertheless
construct oversimplified, heuristic models such as the Spherical collapse model, Secondary
Infall Models [164, 149, 54| and the Zeldovich approximation [325] which help understanding
the different phases of collapse until a wvirialized® structure is formed. The main result is
that a region in which the (extrapolated) linear density field is bigger than the critical value
d(x,m) > d. ~ 1.686 will have collapsed to form a structure (dark matter halo) by time 7. It
is natural to wonder which is the probability that the Gaussian density field is bigger that .
or, a closely related question, which is the number of dark matter halos per comoving volume
with a certain mass: the halo mass function. Theoretical understanding of this issue comes

8Virialized means a system of gravitationally interacting particles that is stable (i.e. self-gravitating or
decoupled from the Hubble flow): its kinetic and potential energy satisfy the virial theorem 2K + U = 0.
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from the Press-Schechter formalism [246] or, in a more recent formulation, the Excursion Set
Formalism [69, 277|.

The reason for which we are interested in the properties of dark matter halos is because
galaxies form (with a complex process of cooling of baryonic gas”) inside them. In fact it is
generally assumed that galaxies follow the matter distribution within their host halo. The
challenging task is then to relate the statistical properties of the matter field (given by the
linear or beyond-linear perturbation theory) to the statistic of halos and hence of galaxies:
this problem goes under the name of galazy bias. This subject is both interesting from a
theoretical point of view and crucial if we want to relate our theory with observations: it is
in fact clear that in general we do not observe the matter field (with the notable exception of
gravitational lensing as discussed above) but tracers of it. For example a galaxy is a tracer
of the density field (although not the only one, we will sometimes use the word "tracer" as a
synonym of "galaxy" in this work) but as galaxies are collapsed, non-linear objects the way
in which they mirror the density field is non-trivial. In its simplest formulation the bias is
linear and scale-independent: it can be defined as the ratio of the correlation function of the
tracers with respect to the correlation function of matter b = \/&racer/Em- At large scale this
is a good approximation [306, 156] (and we will stick to it for the purposes of this thesis),
however at smaller scales (or if we want to profit from more precise surveys, e.g. [159]) a full
bias expansion is required: a finite number of bias parameters is then needed to relate the
galaxy density to the properties of the large-scale environment. For a comprehensive review
of the concept presented in the last two paragraphs see [121].

1.2 Light-cone effects

Cosmological observations are restricted to objects and sources which are located on our past
light-cone. Given a space-time (M, g,,,) we can define the past light-cone for any point z* as
the set of points y* for which exists a null geodesic joining y* to x*. Essentially it contains
all the events that can be observed at z* through light propagation'?: in cosmology the light-
cone is a 3-dimensional null surface parametrized by two angles (6, ¢) = fn, which define the
direction of observation, and the redshift z. This has an immediate consequence and a more
subtle one. The immediate consequence is that our possibilities to probe the universe are fun-
damentally limited: we cannot observe something that lies outside our light-cone. The second
consequence is a modification of the geometry of the light-cone due to the perturbations in the
universe. As light-like geodesic are conformally invariant, the background universe has the
light-cone geometry of Minkowski space. On the other hand if we introduce perturbations to

9See [231] sections 1.2.4 and 8.4 for details.

107t is clear from the definition that two different observers have distinct light-cones. This is in general not
a practical concern in cosmology due to the time-scale of the processes it describes; however, an interesting
possibility was envisioned in [271]: the redshift drift. The idea is to collect data from the two light cones at the
observer space-position but separated by the time period At and look for the change of redshift of a source
given by Az ~[(1+2)Ho - H(z)]At.
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Figure 1.2: The effect of redshift-space distortion (top), lensing (middle) and the local
gravitational potential (bottom) on the galaxy number counts. See text for the discussion.
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the metric one needs to solve the perturbed null geodesic equation to follow the propagation
of light. Since, as we said, we do not observe spatial hyper-surfaces but the past light-cone,
this is an effect which must be taken into account when we compare theoretical predictions
to observables: the coordinates (6, ¢, z) will receive corrections due to the inhomogeneities
in the universe (06, d¢,02), that, if not accounted for, will lead to misinterpretations of our
measurements. We will take as an example the galazy number counts as they represent the
main measurement we will deal with in this thesis. This observable is constructed by binning
a galaxy catalog into redshift slices of thickness Az and solid angle bins df2 and then counting
the number of galaxies per bin N(7,z). The fluctuations in the number of tracers per bin
with respect to the directional average (N)q(z) is denoted by A(#, z) (we will give the proper
definition in section 2.2) and can be related to the matter fluctuation in the same bin d,,,
through the simple linear bias relation A ~b-d,,. Light-cone effects (often called relativistic
effects or projection effects) enter this measurement as they modify the shape, the angular
position, the radial distance and the number of tracers.

To gain intuition on how this happens we will give an heuristic description, with the
help of figure 1.2, of three projection effects: redshift-space distortion (RSD), lensing and
the local potential terms. The first formulation!! of RSD was given by Kaiser in 1987 [198]
(it is in fact sometimes called Kaiser effect): the idea is that the mapping from real space
to redshift space is not only derived by considering the Hubble flow, but one also needs to
account for the peculiar velocities of the tracers which induce an additional Doppler shift.
In figure 1.2 (a) we sketch the typical situation in real space. Imagine an observer looking
in direction n towards a spherical over-density: galaxies in front and behind the halo will
have coherent peculiar velocities (grey arrows) in the direction of the over-dense region which
will cause a perturbation dz in the observed redshift. In particular galaxies in front, as
they are moving away from the observer will appear redder than the Hubble flow would
dictate and, vice versa, galaxies behind will appear blue-shifted. In the figure dashed lines
are surfaces of constant distance x = const, and solid lines are iso—z surfaces z,ps = const: as
the change in redshift is proportional to the projection of the peculiar velocity 7 -9 tracers
closer to the line-of-sight will be more red-shifted (resp. blue-shifted) than the others and
hence they have to be closer to us (resp. further away from us) to lay on the same iso—z
surface. When we bin a catalog into redshift slices and compute the correlation function
this effect induces the famous pancake shape [257]. In the second panel (figure 1.2 (b))
we consider lensing: we already discussed how inhomogeneities in the universe bend the
photons geodesics. In practice this means that a source with background position n will be
seen by the observer at a different position 7 + dn. The effect of lensing is two-fold: firstly
a solid angle bin A at the source position will be magnified and distorted so that in the
image plane it describes a different area A’. Secondly we must consider flux magnification:
a galaxy survey can only observe sources with an intrinsic flux grater than some limiting

"Note that here we are discussing the "large scales" redshift space distortion, the pancakes of God effect,
due to the coherent infall of galaxies towards a central mass. At smaller, non-linear scales the random velocity
dispersions in galaxy clusters also induces RSD, elongating the observed structure along the line-of-sight: an
effect know as fingers of God [186].
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value Fji,. If we start with a bin containing a number N(F; > Fjy,) of tracers with this
properties (i.e. we count only the galaxy with intrinsic flux F; big enough for our detector
sensitivity), lensing will cause us to observe a higher (or lower) flux from the sources and we
will actually detect a number N'(u;F; > Fiiy) of tracers, where p is the magnification factor.
Lensing is one of the so-called integrated effects as the calculation requires the integration
of the photon geodesic along the line-of-sight. As a last example we consider the effect of
the gravitational potential at the source position, in figure 1.2 (¢). Our sketch is similar to
the one we did for redshift-space distortion, except now the perturbation in the observed
redshift is given by the gravitational redshift which adds to the Hubble flow as photons
have to climb the potential well of the halo (grey solid line). Galaxies which are closer to
the over-density will appear redder and hence the iso—z surfaces are (in real space) "bent"
towards the observer: redshift bins in the catalog Azq,s will cover a bigger physical volume
if they are behind the potential well rather than in front of it. Other projection effects
include, notably, the Shapiro time delay, a perturbation in the radial distance due to the
gravitational potentials that the photon encounters from the source to the observer, and
the Integrated Sachs-Wolfe effect (ISW) [267|, gravitational redshift effect that occurs when
light travels through a time evolving potential. In summary galaxy number counts not only
describe the matter density but also the light-cone effects: we will carefully derive the full
expression in chapter 2. We will mainly deal with number counts and galaxy 2-point function
in this thesis but relativistic effects also play a role in various LSS observables: higher order
n—point functions such as the bispectrum [123, 127, 302, 195, 196], cross-correlations [158], the
luminosity distance [73, 59|, quasars and the Lyman—a« forest [184], the Hubble diagram [152]
and 21-cm intensity mapping [170].



CHAPTER 2

Vector perturbations of galaxy number counts

Based on:

[134] R. Durrer and V. Tansella, “ Vector perturbations of galaxy number counts”,
JCAP 1607 (2016) 037, [arXiv:1605.05974].

Abstract. In this chapter we derive the contribution to the relativistic galaxy number counts
fluctuations from vector and tensor perturbations within linear perturbation theory. In this
thesis we also detail the computation for the scalar contribution both for completeness and
because we will make a large use of it in the following chapters. The result for vectors and
tensors is consistent with the relativistic corrections to number counts due to scalar pertur-
bations, where the Bardeen potentials are replaced with line-of-sight projection of vector and
tensor quantities. Since vector and tensor perturbations do not lead to density fluctuations
they do not contribute to the standard density term in the number counts. We apply our re-
sults to vector perturbations which are induced from scalar perturbations at second order and
give numerical estimates of their contributions to the power spectrum of relativistic galaxy
number counts.

2.1 Introduction

As promised in section 1.2, we review in this chapter the general relativistic description of
galaxy clustering at linear order in perturbation theory. We introduce the observable galazry
number counts and discuss how projection effects must be taken into account if we want to
compare theory with observations.

Within the last decade, cosmology has become a precision science, especially thanks to the
very accurate measurements of the temperature fluctuations and the polarisation of the cosmic

14
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microwave background with the Planck satellite [11]. These measurements have allowed us
to determine cosmological parameters with a precision of 1% and better. Now we plan to
continue this success story with very precise and deep large scale observations of the galaxies
distribution. Several observational projects are presently under way or planned |2, 18, 129,
204, 116, 216].

In order to profit maximally from these future data, we have to understand very precisely
what we are measuring. With perturbation theory and N-body simulations we compute the
spatial matter density distribution in the Universe, while we observe galaxies in different
directions on the sky and at different redshifts. The relation between the matter density and
galaxies is the so called biasing problem. On large scales we expect biasing to be linear and in
the simplest cases not scale dependent. Another problem is the fact that we observe redshifts
and directions while the matter density fluctuations are calculated in real (physical) space. In
order to convert angles and redshifts into physical distances we have to assume cosmological
parameters. On the other hand, we would like to use the observed galaxy distribution to
infer cosmological parameters. Therefore we have to calculate the density fluctuations in
angular and redshift space (i.e. coordinates on the light-cone) to compare it directly with
observations. This leads to several additional terms in the observed galaxy number counts
due to the fact that also directions and redshifts are perturbed in the presence of fluctuations.

In the recent years, the truly observable density fluctuations have been determined in angle
and redshift space [321, 72, 99]. In addition to the usual galaxy fluctuations there are con-
tributions from redshift space distortions (RSD), lensing, Shapiro time delay, an integrated
Sachs-Wolfe (ISW) term and several other contributions from the gravitational potential
which are due to the perturbations of the observed direction and redshift. Additional effects
such as galaxy bias and primordial non-gaussianities are discussed in [191, 193]. A gener-
alisation to non-flat geometries is given in [126]. Galaxy number counts have recently also
been calculated to second order [51, 324, 122| and the bispectrum has been determined [123].
Reviews on this topic can be found in 318, 70] and - with the general "cosmic rulers" and
"cosmic clocks" formalism - in [192].

In this chapter we determine the galaxy number counts from vector and tensor perturba-
tions (see also [100, 51]). This is relevant for different reasons. First of all, the non-linearities
of structure formation induce vector and tensor fluctuations as first discussed in [232] and
then further in [46, 214, 24|. The first estimate of the vector power spectrum was carried out
in [215] and it has been shown recently [7] that the induced frame dragging can become quite
substantial, of the order of 1%. For discussion on small scales non-linear effects see [83, 27|.
Furthermore, if cosmology is not standard ACDM, e.g. if there is a contribution from cosmic
strings, the presence of vector perturbations may be a very interesting diagnostic.

We also introduce the angular-redshift power spectrum Cy(z1, z2). This quantity has been
introduced in [72, 99], where it has also been shown that due to relativistic projection effects,
the linear power spectrum is not simply given by density fluctuations and redshift-space
distortions, but, as we said, it acquires several additional terms from lensing, ordinary and
integrated Sachs Wolfe terms, gravitational redshift, Doppler terms, and Shapiro time delay.
These projection effects had been previously identified in [321, 317].

Subsequently, linear Boltzmann codes like CAMB [207] and CLASS [66] have been general-
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ized to calculate this galaxy count angular power spectrum [125, 124].

The remainder of this chapter is organised as follows. In the next section we derive the
expression for perturbations of number counts from scalar, vector and tensor perturbations.
Equations (2.47) and (2.48) are the main results of section 2.2. In particular we will make
extensive use of (2.47) in this thesis. In section 2.3 we apply our result to second order vector
perturbations. This gives a good indication of the order of magnitude of vector perturbations
induced at second order in the number counts. In section 2.4 we summarise our findings and
conclude.

We work with a flat Friedmann-Lemaitre (FL) background using conformal time denoted
by 7, such that

ds? = a*(n) (—d772 + 5¢jdxidxj) .

Spatial vectors are indicated by boldface symbols and by latin indices, while the 4 spacetime
indices are greek. A photon geodesic in this background which arrives at position xg at time
1o and which has been emitted at affine parameter A = 0 at time 7y, moving in direction n is
then given by (z#(\)) = (ns+ A, x0+ (A +ns—mo)n). Here A =n-ns = Xs — X, where Y denotes
the comoving distance x = [x(\) — X/, hence dy = —d\. We can of course choose xo =0. We
denote the derivative w.r.t. conformal time 1 by an overdot such that the conformal Hubble
parameter is H = a/a = aH.

2.2 Relativistic galaxy number counts

Galaxy surveys provide a catalog which contains the redshift and the angular position for
every observed galaxy. The mapping from the artificial FLRW background coordinates and
the observed ones is non-trivial - as observed coordinates are affected by perturbations in
the universe - and it gives rise to the projection effects. As we discussed in the Introduction,
gauge freedom implies that the background-perturbations splitting is not uniquely determined;
however, as number counts are observable and hence gauge invariant, we have the freedom to
perform the derivation in an arbitrary gauge. We chose Poisson gauge (see Appendix A.2 for
details) and write the metric as

ds® = a® [-(1 +2¥)dn* - 25; dnda’ + [(1 - 20)6;; + 2H;;] da*da’ | . (2.1)

Here ¥, ® are the Bardeen potentials, S; is a transverse vector and H;; is a transverse-traceless
tensor, i.e., 0'S; =0, 0'H;; =0 and H; = 0.1

We follow the approach of [72, 233] generalising the derivation with the metric (2.1). We
consider the number of galaxies in direction —n at redshift z, called N (n, z)dQ2,dz. The aver-
age over angles gives their redshift distribution, (N)q(z)dz. The galaxy density perturbation

1Spatial indices of perturbed quantities are raised and lowered with 6%.
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at fixed redshift in direction n is given by

N(nz)  (N)a(z)
5Z(n,2) :pg(n,Z) - <pg)Q(Z) — V(n,z) V(Z)

_N(n,z)- (N)a(z) 6V(n,=2)
(N)a(z) V(z)

where V(n, z) is the physical survey volume density per redshift bin, per solid angle and pg
denotes the galaxy density per comoving volume. The volume is also a perturbed quantity
since the solid angle of observation as well as the redshift bin are distorted between the source
and the observer. Hence V' (n,z) = V(z)+d6V(n, z). The observed perturbation of the galaxy
number density is

N(n,z)-(N)a(z) _ oV (n,z)
{(N)a(2) V(z)

The redshift density perturbation d.(n, z), the volume perturbation 6V (n, z)/V (z) and hence
the galaxy number counts Ay (n, z) are gauge invariant quantities [72]. Note that the vector
and tensor perturbations do not lead to density fluctuations, their contributions to the number
counts fluctuation comes from two terms: the redshift perturbation dz which contributes to
d:(n, z) and the volume perturbation V.

In the following two sections we never use Einstein equations, hence the results are valid for
general theories of gravity as long as tracers follow geodesics.

d.(n,z) + =Ay(n,z). (2.3)

2.2.1 Redshift perturbations

We start by relating the redshift density perturbation J,(n,z) to the metric and energy-
momentum tensor perturbations. Note that in order to do this we assume ergodicity and
we replace the directional averages in eq. (2.2) with ensemble averages, denoted by (). We
will come back to this subtlety in section 4.2.2 and chapter 7. Expanding in Taylor series
(pg)a(z) =(pg)(2) = pg(2) = pg(Z) + O:pg 62(n, 2), where z = Z + §z, we obtain [72]:

dpg(2) 62(n, 2) 3
9:(n,2) =dg(n, 2) - cglz 5G) =04(n, 2) - T Z5z(n, z), (2.4)
where we have defined o
5y = p(n,z) - p(2) (2.5)

p(2)
For the second equal sign of (2.4) we have used a3ﬁg = const., so that
Ozpg = 3pg/(1+ 2). (2.6)

Note that at linear order we can evaluate first order quantities at the background position:
for example the difference between d4(n, z) and d4(n, Z) is second order small and we neglect
it. Let us also stress that the density contrast d, is not gauge invariant.
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In the perturbed universe a photon emitted by a galaxy, the source s, arrives at the
observer o with redshift

2.7)

Here we have introduced the perturbed photon momentum n = a=2(1+n° n+dn), where n is
the unperturbed radial direction.? The observer 4-velocity is u = a™(1- V¥, v) and one should
keep in mind that the peculiar velocity v is of the same order as the metric fluctuations.
A brief first order calculation, ignoring unobservable contributions at the observer position,
yields

(1+2)~(1+2) (1 +0n - ond + (S;v'), - (Umi)s) =(1+z2)(1+62) . (2.8)

Solving the (conformally related) geodesic equation %&no = —Fg ﬁnanﬁ we obtain

) Xs . . Xs L Xs . .
ond —ond = 20, + (S;v'), + [0 dx (U +d) + [0 dx Sin' - /0 dx Hijn'n’ . (2.9)
Inserting this result in egs. (2.8) we infer
Xs . . Xs L Xs . . .
d0z=—-(1+%2) (\I/3+f dx (¥ + @) +/ dxsmz—/ dx Hijn'n’ +(vmz)5) . (2.10)
0 0 0
The redshift density perturbation in eq. (2.4) is then written as
. Xs . . Xs L Xs . .
J, :5g+3\118+3(vm2)5+3f dx(\II+Q>)+3f demZ—Bf dx Hijn'n’ . (2.11)
0 0 0
The galaxy density fluctuation in Poisson gauge d, traces the matter density in the same gauge
dpoiss Via a bias relation. However it is most physical to assume that both the tracers and dark
matter follow the same velocity field as they experience the same gravitational acceleration.

We then expect that biasing should be applied to the density fluctuation in comoving gauge,
¢, not t0 dpoiss- Therefore, we transform

¢ = 5poiss +3Hwv, (2.12)

where we have introduced the velocity potential in Poisson gauge which appears in the de-
composition of the velocity field in scalar and vector part:
i

vt =~ + otV (2.13)

With 64 = b- 0. — 3Hv we can rewrite eq. (2.11) as
, Xs .
5, =b- 00+ 30, + 3(vn')s —3Hv+3/0 dx (F + )

Xs L Xs . .
+3 f dy Sin' -3 [ dx Hijn'n’ .
0 0

2With this convention the direction of observation is —n.

(2.14)
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2.2.2 Volume perturbations

To compute the volume perturbation 6V (n, 2)/V (z), let us express the spatial volume element
in terms of ’observable’ quantities such as the angles at the observer position and the perturbed
redshift. An observer moving with 4-velocity u* sees a spatial volume element

Vo dx¥ 0z 0xP
dV = /=g €paputdz’dx daz” = \/—gewaﬁuug 20 90

=v(z,0,¢9)dzd0de,

|J| d=dfde (2.15)

where we have introduced the volume density v such that 6V (n,z)/V(z) = ov(n,z)/v(z)
and |J| is the determinant of the Jacobian matrix, J, of the transformation from the angles
at the source (6s,¢s) to the angles at the observer (0,¢). Given the unperturbed radial
trajectory (6,¢) = (0s,ds) we can write, at first order, 65 = 6 + 66 and ¢ = ¢ + d¢, so that
|J| = ( 1+ 0900 + 8¢5¢5). The expression for the metric determinant is given by

2
V=g=a*(1+¥ -3®)\*sinf, = a*(1+ ¥ - 3®)x*sinf (1 +cot 050 + tax) , (2.16)
X

where we consider the fact that xy = x + dx and we evaluate everything in terms of the
observed redshift and angles at the observer. Note that vector and tensor perturbations do
not contribute to the first equal sign in the expression for \/=g as at linear order |J| ~ Tr[J].
With this we can express v as

v=a>(1+¥-3D)y*sinf (1 +cot 066 + 35)()
X

X ((1—@)%+%vini) (1+%+88%5) .

(2.17)

Since at lowest order, on a photon geodesic, dn = d, the derivative of comoving distance
w.r.t. redshift, to first order, is given by

by didy_a( do o diz). .19
dz dz dz dzdz H dh  H dX
Inserting this in the volume element v we obtain
4% sinb 00 op dé 2 do ;
v = SR (1w e cor0sp+ G2 - T Zov 2T ). (29

We are interested in the fluctuation of the volume density dv = v(z) — v(z). The unper-
turbed volume element is simply 7(Z2) = ‘;_[—4322 sin @ but we need to evaluate it at the observed
(perturbed) redshift. We then expand 7(z) around the background redshift z obtaining

v(z)=v(z)+ %62, (2.20)
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and )
dv 2 H 1
—=-v(2)|4- — - — . 2.21
az ”(z)( YH 7—[2) 1+2 (221)
Combining eq. (2.19) with egs. (2.20-2.21) we find
ov ox

. 2
— =3P —un" + (cot O +0y)60 + 0pdp — (ii_/\ +=0x
v
X (2.22)

1 doz 2 H\ oz
et |4 — - — .
(1+2)H dX XH H?)1+z

Considering this equation, we are still missing the geodesic displacements dz7(\) in order to
express the volume fluctuation in terms of the metric potentials and the peculiar velocities.
To find them we write

dz® dz®d\ = n®

dt dx dt  1+6n0’

(2.23)

and we use the photon geodesic equation to find the dn’. Together with eq. (2.9) we can
express the integrals of (2.23) in terms of metric perturbations to find

XS Xs . )Zs . .
ox = [0 dx (¢ + @) + fo dy S;n' - [0 dx Hijn'n’ (2.24)

(cot 0+ 9p)30 + Dydch = — fxs dx 2" XAq (U + @ + Sin' - Hyn'n?)
0 XsX (2.25)

Xs 1 .
=, dX;(VQ'SQ—VQ'(Hijn])Q),

where the subscript  denotes the angular part of a vector Ag = Aiéé + Aiéfz5 and we denote
the angular divergence and the angular Laplacian respectively by

Va- AQ = (COt 0+ 89)A9 + 8¢A¢ s (226)

and

1
Agq = (cot 00y + O + maﬁ) : (2.27)
Combining eq. (2.22) with egs. (2.24) and (2.25), and using the redshift perturbation given
in eq. (2.14) which yields

1 ddz 1d oo ldv o1,
—_—= ——(in') - —=—+—=(V+ D+ S5n' - Hyn'n’
(1+2)H dx ) =gy g (V@ St = Hyn'nd)

Xs . . . . o
+ fo dy (\IJ +P+9;n' - Hijnznj) ,

U, + vmi -
(2.28)
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we find
. o 1/(. . . . . .. qav d .
6: =0 - 2®+Sm’—Hijn2nJ—vzm+ﬁ(\ll+®+5m2—Hijn’n3—a—d)\( nl))
2 H ; Xs R T
+(—3+>_<—/H+m)(\11+vm +/(; dx (U + @+ Sin —Hijnnj))

2 Xs . ..
+ — dy (\If+<I>+Sin’—Hijnsz)—f dy Xs — XAQ(\I’+<I>+Sn —Hljnnj)
Xs J0 0 XsX

Xs 1 .
—fo dx;(VQ'SQ_VQ'(HZ'jTLJ)Q) )
(2.29)

Adding the results given in egs. (2.14) and (2.29) we finally obtain the galaxy number count
fluctuations for scalar modes (S) and vector plus tensor modes (V,T) in a perturbed FLRW
universe:

Ags)(n, 2)=bd.+ VU -2 + % -3Hv + %@((v?ni)

2 H . [ .
+(XS_’H+ﬁ)(\II+UiSn +\A dX(\P'i‘(p))

Xs Vs — 9 rXs
—f dxxf XAQ(\P+<I>)+Tf dx (¥ + @)
0 XsX Xs J0

S S

Aév’T)(n, z) = —Hyn'n - %Hwnznj + %(‘)X(vivni) (2.30)

+ (XSQH + %) (UlvnZ + foxs dy (Sml - sznln]))

fxsd Xs XAQ (Sn - Hjjn' nj)+3/0)_<sdx (Sini—Hijninj)
Xs

. o Xs 2 . 3 o
- dx Oy (Sinl - Hijnznj) - f dy (—Sml - —Hijn’n]) ,
0 0 X X

where we have decomposed the velocity as in eq. (2.13): v* = =0 +v»V = v»S + vV, For the
last two equations we have used the fact that - with our normalization of the affine parameter
dn = dX - the chain rule reads % =A+n-VA=A-0,A. We have also exploited the

transversality conditions, 0'S; = 0 and 81Hij = 0 which imply %VQ -Sq = (% + 8X) S;n’ and
equivalently for H;;. Furthermore we have assumed that galaxies move along geodesic and
use their geodesic equation, given respectively by:

Vin+HvS n-9,9=0, (2.31)
V.n-Sn+H(v'-n-S-n)=0, (2.32)

Equation (2.30) is the main result of this section. Let us comment on AT before we
move on to the study of a numerical application. We will comment in details on A®) ip
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chaper 3. We first notice that since vector and tensor perturbations do not produce density
fluctuation we have no density term in the number counts which is the biggest contribution
in the case of scalar perturbation. In the first line we have two terms coming from the tensor
metric potential and the redshift-space distortion term:

AP (n,2) = ~Hyn'n? | (2.33)

AP2(n, 2) = -%Hijninﬂ' , (2.34)
1 .

ARSD(n 2) = ﬁﬁx(vinl) . (2.35)

The second line of eq. (2.30) contains the Doppler term and the Integrated Sachs-Wolfe term:

APP(n, 2) = (—;,H + %) vin', (2.36)
ABW(n, z) = ()ZSLH + %) [OXS dx (sz - Hmn’n]) . (2.37)

We group the remaining contributions which account for distortions of the volume element
into a lensing term and a radial distortion term:

Xs Y . — .
Alen(n 2y = - f Ay X=X (24 Ag) S
0 XsX
Xs Y . — ..
+ dy Xf XAQHijnznj (2.38)
0 XsX
Xs 2 .
—f dy (_——§)Hijn7’n7,
0 Xs X
Xs . .
AVX(n,z) = —[) dx 9y (Sin* = Hijn'n’) . (2.39)

In the number counts all the terms that are not integrated are evaluated at the unperturbed
source position (in direction —n at redshift z(xs)) while the terms inside integrals are evalu-
ated along the unperturbed line of sight (Born approximation), from comoving distance x5 = 0
to xs and conformal time 1 — ¥s.

2.2.3 Magnification bias & evolution bias

Up until now we have assumed that galaxy survey are volume-limited so that we can observe
all the tracers in the survey’s volume. However, surveys are characterised by a limiting flux
below which we cannot detect sources hence galaxy survey are flux-limited. As sketched in
figure 1.2 (b), because of projection effects (e.g. gravitational lensing) - which modify the
observed flux of a source - a galaxy below the flux threshold can "make the cut" if its signal
is magnified along the line-of-sight, and, viceversa, a galaxy below the flux threshold might
become unobservable if its signal is de-magnified along the LOS. Including this effect, so
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considering that the observed number counts depend also on the luminosity L, at a given
fixed flux F, we write

Ong(L > L) 0L

Ag(n,z,F) =Ag(n,z) + oL 7

(2.40)
Here L, is the limiting luminosity and L is the background luminosity corresponding to the
flux F'. Using the expression L = 47rD%F we can relate the fluctuation in the luminosity to
the fluctuation in the luminosity distance Dy, as
oL _6D
ook (2.41)
L Dy,
We introduced the dependence of the number density on the luminosity via the logarithmic

derivative
Ologgng(L > L)

om ’
where we have defined the magnification bias s as the slope of the luminosity function and
m = —2.5log o F" is the apparent magnitude so that

s(z,Ly) =

(2.42)

ong(L>L.) 5
8—L = —58 . (243)

The fluctuations in the luminosity distance are computed as

() . Xs .
(5&) :—(1—1 )(\Il+visnz+/x dx(\II+<I>))—<I>
DL XsH 0

o - (2.44)

—f dy X XAQ(q/+<b)+Tf dy (U + ®),

0 2XsX Xs JO
D\ VD 1 . Xs L 1 o
((S_—L) = - (1 - — ) (vivnZ + / dy (Sm’ - Hijnzn])) - —Hyn'n’
Dr, XsH 0 2
Xs 78 — . .. 1 Xs . ..
- f dy X Xp, (Sin' = Hyjn'n’ ) + — / dx (Sin' = Hijn'n’)  (2.45)
0 2X5X Xs J0

Xs 2 . .
- [ dx (—sz - §Hijnznj) .
0 X X

Before combining these expression to give the final form of A4, we must consider another
additional effect. We have so far neglected any possible time evolution for i, and we have
used eq. (2.6). We can allow for a non-vanishing evolution term by introducing the evolution
bias ;

dIn(a’ng) d n
v =—=—(1+2)—1 g . 2.46
Jevo(2) Hdn ( z)dz " (1+2)3 (246)
This modifies eq. (2.6) so that A, in eq. (2.30) gains an additional factor fevodz/(1+ 2) and
we must include it in the gauge transformation dg = b- 6. — (3 = fevo)Ho.
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Including the evolution bias and combining eqgs. (2.40), (2.43), (2.44) and (2.45) we obtain
the final expressions:

AP (0,2) = b6+ 0+ (55 =20+ 2+ (fowo = BVH0 + 2,03 (oF0)

2—53 H S Xs . .
Bs+ 2 4 T fovo | (@ + PR f dy (b @) 2.47
+(s+ >257'l+7'12 f. )( tupn'+ ) x (¥ +@) (2.47)
_ Xs Y . — — Xs
L 08 2] dy X8 XAQ(\II+<I>)+275S/ dy (U + ),
2 0 Xs s 0
5s—-2

Vv, T _
AV (n, z) =

2 - ' . Xs s
+ (58 + o # - fevo) ('Uivnz + A dX (Sm,l - sznln]))

1. .
Hijn'n’ - ﬁHijnznj + ﬁax(uyrﬂ)

— T34
XsH  H?
5 -2 Xs Yo — . ..
L2 f dx XN g (S - Hyjnind) (2.48)
2 Jo XsX
2 - 5 Xs : F Xs . ..
+ — 5 f dy (Sinl - Hijnznj) - / dx 0y (Sinl - Hijnznj)
Xs 0 0

9s—2 Xs 2 .3 o
+ 2 f dy (—Sin’ - —Hijn’nj) i
2 0 X X

In the next section we set the magnification bias s = 0.

2.3 Application to second order perturbation theory

We now apply our main formula (2.48) to vector perturbations present in a standard ACDM
universe. At first order the situation is not promising since standard inflationary scenarios do
not produce vector perturbations and even if they would, vector perturbations decay without
the presence of a non-standard source term, e.g. cosmic strings. However, at second order,
non linearities in the scalar sector source vector modes and here we target these scalar-induced
vector modes as a test of eq. (2.48).

We use the following perturbation scheme for the metric potentials

goo = —a? (1 + o) 4 \1;(2))
o= ~a2(5(V + 152 29
gij = a* ((1-200) - @@) 5 + HID + 3P

for the energy-momentum tensor p = p + dp(!) + 1/25p(2), p=p+opM+ 1/2(5p(2) and for
the 4-velocity ut = a™* (1 +oul, v 4 1/2v(2)). Here we have used Newtonian gauge for the
scalar perturbations which (locally) is well defined at every order. At first order, ¥() and
®M) are the usual Bardeen potentials. We neglect second order scalar and tensor fluctuations
as well as first order vectors and tensors. The metric, up to second order, is then written

ds? = a*(n) (—(1 +20M)dp? - Sl@) dndz’ + (1 - 2<I>(1))5ijdxid:cj) . (2.50)
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Within ACDM we can identify the two Bardeen potentials, v = oM = . It is worth
pointing out that our metric vector potential and the second order peculiar velocity are pure
vector quantities: S = SV and V(o) = Vé), where, following the notation used above, with
V we denote the transverse part of a vector that we can extract in Fourier space with the
projection operator P;; which acts as

A,}/ = PUA] = (511 - kZJ ) AJ . (251)

Following [215] we also define 29y = v(9) —S = QYQ}' The covariant 4-velocity of the fluid
is obtained via the normalisation condition g, u*u"” = -1

= a (_1 . %\Iﬂ - %vm vy oy %nm) | (2.52)

With this, modelling matter as a perfect fluid, we can construct the energy momentum tensor
Ty = (p+p)uyty +pguy. At first order, the Einstein constraint equations reduce to

4rGa’dp = AU - 3H(HT + D), (2.53)
4nG(1+w) pavl") = 9;(HY + ), (2.54)
02) _

where w = p/p and A is the 3-dimensional Laplacian. At second order we use T

J
% (ﬁ Q; + 2v§1)(5p - 3,6\If)) and the 0: Einstein equation is

1%
! (— S+ 08V o 0w ) - sH DO - %xpai\if _8(3UAT + 5\1@@))

LTS+ w)HE T
1 16AT . . L\
= [-AS+ e (HY + b)) - 8(308,T + 508,F) |
6(1+w)7—[2( * g Y+ 0) = 8( ’ ))

where in the second line we ignored the pure gradient terms: ¥9;¥ oc 9; U2 and VO, U oc §; V2
which have vanishing vector projections. Since both the left hand side and the right hand
side are pure vector terms, they are fixed by their curl. We can than write d;$;) = 8[i(-‘-)j],
where [;(-+);] denotes anti-symmetrization, as

) ) 9 )
and conclude that
9 . 9 . \V
6(1+w)H2Q, = ~AS; +8 (2@@-@ b AV, (U + \p)) , (2.56)
in agreement with eq. (18) of [215].
The vorticity in the fluid is defined as wy,, = FﬁFg(uA;g—ug;A), with F,, = g +uyu, [131].

In [215] it is shown that in a perfect fluid there is no generation of vorticity at any order.
This allows us to set
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Figure 2.1: The dimensionless power spectra of the Bardeen potential Py (dashed) and of
the scalar induced vectors Pg (solid), for different redshifts: z =0 (black), z =1 (green) and
z = 3 (orange).

1 1).(1
0= Wij = 8“9]] + 61){1. )6]]\11 + 2’Ufi )'Uj(]) . (2.57)

Inserting eqs. (2.54) and (2.56) in this expression we obtain

B 16
T 3H2Q (1 + wi)

where wyy, = ppm/pm and we shall set it to 0 in the following. Using the fact that for pressureless
matter W(x,n) = g(n)¥(x,10), we find that ;¥ = (§/9)d;(¥?/2) so that (¥9;¥)" = 0.
Inserting this and (2.58) in eq. (2.56) yields £ =0 and v(y) = S.

From eq. (2.58) we can conclude that the scalar-induced vector power spectrum Pg(k, z) is
a convolution of the scalar power spectrum Py (k, z) with itself. We can furthermore factorize
the gravitational potential as W (k, z) = W0 (k)T (k)g(z), where T'(k) is the transfer function,
a good approximation to it can be found in [139], and g(z) is the growth factor which, in a
ACDM cosmology can be approximated as

AS; (AW O,(H +¥))" (2.58)

9(z) = gngm(z) (9347@) COp+ (1 . %Qm(z)) (1 . %QA)))_l . (2.59)

The pre-factor go, is chosen such that g(0) = 1. With this the dimensionless power spectrum
of the Bardeen potential is given by, Py (k,2) = k3/(27%) Py (k, z) = Pc(k)T?(k)g*(z), where
we define the primordial power spectrum P¢(k) by

Pe(k) = A, (kﬁ)nl , (2.60)

where k, is an (arbitrary) pivot scale. In Fourier space eq. (2.58) becomes

7.2
Si(k):—(;kT)gs,Hl;;m/dgqq2]3ij(k)(qj—kj)\ll(q) (HU(k-q)+¥(k-q)). (2.61)
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RSD %aX(S ‘n)
Lensing _% fo_s dx %(2 +Ag) (S n) magenta
Volume 1 %,
distortion T2 fO dyx 9y (S-m)
Doppler i+ 2) (s blue
ISW L2+ 26) (o dx (8- m)) red

Table 2.1: The color coding used in the plots for the auto correlation angular power spectra

Cy(zs, %) of the different contribution to A¥*“(n, z) in eq. (2.63).

Defining
Py
(5101 87 (1)) = (2m)* 2 Ps()o (k- '),
the power spectrum of vector perturbations, we find

-4
Ps(k.2) = G 92 () - (1+2)g'()?
1\ 2 i .
] @)T%@P&“)(q)ﬁqk—q|>P$“><|k—q|>,

X f d3q®(2kiq' - k) (q2 12

which can be simplified to [215]
_, 842 2 102 1.2
Ps(k.2) = 12 a(2)(0(=) - (1+ 2)g/ () R TIGE),

where (2.62)

2
oo z+1
W= far [ a <y2—x2><<w+y>;1><<y—x)2—1>

0 |z-1]
We now go back to the galaxy number counts. With the results of this section we can

rewrite the vector contributions to eq. (2.30) for a vorticity-free fluid as
1 1 rx s — Xs Vs —
A(V)(n,z)=—6X(S-n)——[ XXi XAQ(S-n)—/ dXX7 X(S-n)
9 2H 2 Jo XsX 0 XsX
1 [%s 1{ 2 H Xs . (2.63)
—§f0 dx@X(S-n)+§(Xs,H+ﬁ)(S-n+fo dX(S-n)).

The first term is the vector-redshift space distortion, the second and third terms are the
lensing contributions. In the second line the first term is the radial distortion of the volume

kz?ﬁy ns_lz 2
12 T (kx)T*(ky) .
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Figure 2.2: The angular power spectrum for the different terms at redshifts z; = 2/ = 0.1
(left) and z5 = 2z, =1 (right). We use the following color coding: redshift space distortion
(green), lensing term (magenta), radial volume distortion term (orange), Doppler term
(blue) and ISW effect term (red).

and the last two terms come from the redshift perturbation of the volume: a Doppler term and
the vector-type integrated Sachs-Wolfe (ISW) term (see table 2.1). Since, at fixed redshift,
(2.63) is a function on the sphere we expand it in spherical harmonics with redshift dependent
amplitudes

ANM(1,2) = Y dom(2)Yom(n), (2.64)
Im
and we denote the angular power spectrum of vector galaxy number counts by
<5gm(2)(52r/m/(zl)> = Cg(z, z')éwémmf . (265)

The computation of the angular correlators is straightforward given that, with our Fourier
convention,

. P’k ixkn
0y(S-n) = —z/ (2w)3n kin? S;(k)e™ ™. (2.66)
It is useful to factorise the scalar-induced vector power spectrum of eq. (2.62) as Pg(k, z,2") =
95(2)gs(2")K*T1(k) with

05 = g ()0 - (1) (). (267

We present the angular power spectra for the auto-correlations of the different effects
defined in egs. (2.34)-(2.37). The expressions for the cross-correlations are given in Ap-
pendix 2.A. We denote the comoving distance to the source redshift z; by ¥s, H is the
Hubble parameter at zs and H' is the Hubble parameter at z..

RSD _ s K(E‘f‘l) dk . _ . _
C/oP (2s,25) = EW[ ﬁ[((ﬁ—1)]z(sz)—szJ£+1(sz))

x((0 = 1)je(kR) = kXent (B2 YPs (, 26, 2]
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Figure 2.3: Different terms for the transversal power spectrum Cjy(zs, z5) at fixed multipoles

¢ =5 (left) and ¢ =20 (right) as a function of redshift. Color coding as in figure 2.2.

Clen(z,, 1) = g€(€+1)(€2 +e—2)2foxs dy foxs A WL OWL ()
dk je(kx) je(kx')

k.3 % X/
v T Xs Xs dk
VX (2, 21) =§z(4+1)f0 dxfo dx’[ﬁ

) ( (0- l)jg(k)(,;; kX jeea (kx') ) Ps(k, 2, z’)] :

,PS(]{:?ZVZI) )

( (€ = 1)je(kx) = kxges1(kx) )
X2

. . o
Cfop(zs,z;)zgg(fn)(i H)( 2 +H) %‘M(kxs)ﬂ(kXS)PS(k,zS,z;),

wi e )\w twr)) B
ISW o 2 H 2 H Xs X,
Cf (ZS,Z;)—EE(Z"Fl)(XSH"rﬁ) (@‘FW \/O\ dx o dX’

dk | je(kx) je(kx") '
fo[—TPS(k;,z,z)],

X

where Wr(x) = %}Z‘ and Pg(k, z,2") = gs(2)gs(z")K*T1(k).

As vector perturbations do not affect the density of galaxies, all the contributions relate to
gravitational effects on the propagation of light. We calculate these contributions numerically
for a flat ACDM model with Planck [11] cosmological parameters. More precisely, we choose
Qh? = 0.022, Qnh? = 0.12, ng = 0.96, Ay = 2.21 x 107 at the pivot scale k. = 0.05 Mpc™! .
The Hubble constant at present time is Hy = h x 100 km/s/Mpc with h = 0.67. If we correlate
perturbations at fixed redshift Cy(zs,z2s) we obtain the transversal power spectrum but we
can also correlate perturbations at different redshifts to obtain the radial power spectrum
Cy(2s,2%). In figures 2.2-2.6 we plot the transversal and radial angular power spectra for the
different terms. Comparing them with the effects induced by scalar perturbations we see in
figure 2.7 that the amplitude of the corresponding vector terms is suppressed by 2 orders of
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Figure 2.4: Most relevant terms for the radial power spectra Cy(zs,zs7) at zs = 0.5 (left) and
zs = 0.1 (right), both for fixed multipole ¢ = 20. The lensing term (magenta), the volume
contribution (orange), the ISW effect (red). For the cross spectra: the correlation
lensing-ISW (black, dashed), the RSD-lensing term (cyan, dashed) and the lensing-volume
distortion (dashed, dark green). Cross spectra are dashed and negative contributions are

dot-dashed.

magnitudes in the case of the relativistic terms and up to 4-5 orders of magnitudes in the
case of RSD, see fig. 2.7. The standard density term is however absent and this means that,
in total, the vector number counts amplitude can be suppressed up to 6 orders of magnitudes
at low redshifts. The RSD is the dominant contribution only at low redshift while the lensing
term starts to dominate for z; 2 0.2. Like for scalar perturbations, the radial power spectra
terms are largely dominated by the integrated terms, especially the lensing term. Therefore,
in radial spectra with zs # z. the vector contribution is less suppressed.

Note also that all the results presented here have been obtained with a d-function window.
Admitting a wider window function in redshift would significantly reduce the density term
and the redshift space distortion without affecting integrated terms like lensing. [125, 235].
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(dashed, gray).
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2.4 Conclusions

We have computed the galaxy number counts for vector and tensor fluctuations in linear
perturbation theory. The well-known computation for the contribution from scalar modes
has been also detailed since it represents the foundation upon which the following chapters
are based. We have obtained a general expression which can be applied for all situations
where linear cosmological perturbation theory is valid. We have employed it to compute the
contribution to the galaxy number counts from vector perturbations which are induced from
the usual scalar perturbations at second order in perturbation theory. While these terms are
certainly present in the standard ACDM cosmology, they are very small.

Since within the perfect fluid approximation no vorticity is generated, the only ’standard
term’, the redshift space distortion is also very small. For intermediate to large redshifts,
z 2 0.2, the lensing term dominates the result for both radial and transversal correlations.
It is however 4 to 5 orders of magnitude smaller than the corresponding signal due to scalar
perturbations. This means that only if the amplitude of the scalar lensing contribution can
be measured to an accuracy of better than 1%, it might be feasible to see this vector contri-
bution. This seems to be difficult, but the scalar lensing contribution by far dominates the
radial correlation function and will probably be measured with good accuracy in the future.
Furthermore, it has been found in simulations |7] that higher order non-linear contributions
tend to enhance vector perturbations. However, this effect is strong only on small scales
which are relevant in angular power spectra only at high multipoles [9].

Interestingly, when going to higher redshifts, up to redshift z = 3, the total vector to scalar
ratio is increasing, see figure 2.7, even though the second order vectors are smaller at higher
redshift. This is due to the fact that at higher redshift the lensing term increases while the
density and redshift space distortions decrease |72]. Therefore the lensing term becomes more
relevant and for this contribution vector perturbations are least suppressed.
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Nevertheless, it seems not very promising to detect vector perturbations in the number
counts with presently planned observations, if they are not larger than what is expected
within ACDM. This probably stems from the fact that number counts are an inherently
scalar quantity which is expected to be dominated by scalar perturbations. It has recently
been suggested [275] that intrinsically spin-2 quantities like the alignment of the ellipticity
of galaxies might be more promising. Another intriguing possibility might be measuring the
alignment or the correlation of the spins of distant galaxies.

In chapter 6 we will come back to vector perturbations (with an anisotropic component)
and we will see how an observable which is specifically designed can increase the chances of
detection.



Appendices

2.A Cross-correlations

For completeness we present here the results of eq. (2.65) also for the cross-correlations be-
tween the different terms of egs. (2.34-2.37).
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CHAPTER 3

Correlation function |: Theoretical aspects

Based on:

[294] V. Tansella, C. Bonvin, R. Durrer, B. Ghosh and E. Sellentin, “ The full-sky relativistic
correlation function and power spectrum of galaxy number counts. Part I: Theoretical

aspects”,
JCAP 1803 (2018) 019, [arXiv:1708.00492].

Abstract. In this chapter we derive an exact expression for the galaxy two-point function in
redshift shells including all the relativistic contributions. This expression, which does not rely
on the distant-observer or flat-sky approximation, is valid at all scales where linear PT holds
and includes both local relativistic corrections and integrated contributions, like gravitational
lensing. We present two methods to calculate this correlation function, one which makes
use of the angular power spectrum Cp(z1,22), introduced in the previous chapter, and a
second method which evades the costly calculations of the angular power spectra. In this
work theoretical aspects of this procedure are presented, together with quantitative examples.
In particular, we show that gravitational lensing modifies the multipoles of the correlation
function and of the power spectrum by a few percent at redshift z = 1 and by up to 30% and
more at z = 2. We also point out that large-scale relativistic effects and wide-angle corrections
generate contributions of the same order of magnitude and have consequently to be treated
in conjunction. These corrections are particularly important at small redshift, z = 0.1, where
they can reach 10%. This means in particular that a flat-sky treatment of relativistic effects,
using for example the power spectrum, is not consistent.
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3.1 Introduction

In chapter 2 we have discussed the corrections induced by light-cone effects on the galaxy
number counts, with an application to the angular power spectrum Cy(z1,22). We now move
to the observable which will be the common thread for the rest of this thesis: the correlation
function £. To define the correlation function &, let us recall that, as we have done in chapter 2,
given a certain distribution of point galaxies, we can define the local number density in a small
volume of size V. The point is that this may be regarded, after suitable normalisation, as
the probability for finding a galaxy in the volume V. We treat the galaxy distribution as
the result of a random process. If there was no correlation then we would simply have a
distribution of randomly distributed, independent, point-like events, i.e. Poisson noise. In
this sense the two-point function (2pF) £(r) can be regarded as the excess probability, with
respect to the Poisson distribution, to find two galaxies separated by a distance r. In other
words for an homogeneous Poisson process the probability of findings galaxies in two volumes
dVi, dVs, separated by a distance r is given by

dP;s = 'FleV1dV2 R (31)

where 7 is the mean galaxy density. However, because of the underlying density field, clus-
tering is not homogeneous and, as we anticipated, the excess probability w.r.t. Poisson noise
is the two-point function

dPjo = T_L2(1 + §(r))dV1dV2 . (3.2)

If the probability is higher than Poisson noise then &(r) > 0 (correlation), if it is smaller
&(r) <0 (anti-correlation).

Theoretically the relevant field is the number count fluctuation Ay(x), which is a random
field with vanishing expectation value (A,) = 0. The excess probability is given by the field
correlator, i.e. the expectation value of products of fields at different points

§(r) = &(x-y) = (Ag(x)Ag(y)) - (3:3)

Notice that x, y are spatial coordinates while redshift surveys generally associate (at least)
two quantities to each galaxy they detect: the direction from which photons are received, n,
and the redshift z. It has therefore been argued in the past [175, 176, 290, 291, 254, 72|, that
galaxy correlation functions are truly functions of two redshifts and an angle. Essentially this
comes from the fact that our observations are limited to our past light-cone: this means that
the correlation function, in a similar way of the angular-redshift power spectrum Cy(z1, 22),
acquires corrections due to the projection effects. There is a simple way to obtain the two-
point function starting from the Cy and, as we have already determined the observed angular
spectrum, this link will provide us with the general expression for the observable £. To
determine the Cy(z1,22) observationally, one correlates the number of galaxies in a redshift
bin around z; and in a small solid angle around direction n; with those in a redshift bin
around z9 and in a small solid angle around direction ns. Due to statistical isotropy, the
resulting correlation function only depends on the angle 6 between n; and ns, cosf = nj - ny



38 3. CORRELATION FUNCTION I: THEORETICAL ASPECTS

(see appendix B.1) and is related to the angular power spectrum in the well known way,
1
5(9,2’1,22) = EZ(2€+1)C€(21’22)P£(C0S0)’ (34)
¢
where P, denotes the Legendre polynomial of degree ¢.

Before the introduction of the Cp(z1,22)’s, cosmologists have mainly concentrated on
determining the correlation function and the power spectrum in Fourier space. In comoving
gauge, on sub-horizon scales the latter is given by [199]

D3(2) [b() + £(2)(k-n)*]" P(k) (3.5)

2 2 2
Dﬂ@[ﬁ+%?+%ﬂ(%?+é?)ﬂﬁd+%%Pdﬂ P(k).

Pg(kal/vg)

Here z is the mean redshift or the survey, P(k) is the matter density power spectrum today,
D1(2) is the growth factor normalised to D1(0) = 1 and related to g(z) in chapter 2 via
(1+2)D; = g. Furthermore b(Z) is the galaxy bias and

Dy
D1

_dinD,
~din(a)’

f(2)=-—(1+2) (3.6)
is the growth rate, where the prime denotes the derivative with respect to the redshift z.
The direction cosine v is the cosine of the angle between k and the observation direction n
(in the literature this direction cosine is often denoted as p but here we reserve p for the
corresponding angle in real space and in order to avoid confusion we denote it by v in Fourier
space).

Equation (3.5) has an interesting property: projecting out the monopole, quadrupole and
hexadecapole in v, one can directly measure the bias b and the growth rate f. This has
been exploited in previous observations and has led to the best determinations of f so far
(see [108, 239, 4, 10, 19, 272] and refs. therein). It is clear that the form (3.5) of the power
spectrum can only be valid if the bins are not too far apart in the sky. Eq. (3.5) indeed
implicitly assumes that the galaxies are observed in one single direction n so that a ’flat-sky
approximation’ with a well defined angle v is a reasonably good approximation.

The correlation function £(r,u,Z) is an observable alternative to the power spectrum,
which is routinely used in galaxy surveys. The separation between the galaxies is again
denoted by r, while we have introduced a dependence on g, which is the orientation of the
pair with respect to the direction of observation n and on Z, which is the mean redshift of
the bin. The correlation function is observed in terms of z1, z9 and 8. To express it in terms
of r,u and Zz, the redshifts z; and 2o have to be converted into comoving distances and a
direction cosine p has to be defined.

Neglecting spatial curvature we can use the cosine law to express r in terms of the comoving
distances to z; and z9,

(21, 22,0) = /x(21)% + x(22)% - 2x(21) x(22) cos b, (3.7)
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where

i/z dz
Ho Jo \/Qm(1+z)3+QXgX(z)'

Here €, is the matter density parameter and Qxgx(z) is the dark energy density in units
of the critical density today; gx is normalised to gx(0) = 1 and accounts for the possible
evolution of the equation of state parameter w. Hence the correlation function &(r,u,z),
as well as the power spectrum, are not directly observable: they both require the use of a
fiducial cosmology to calculate r and x(z). If the redshift is small, z «< 1, we can write
x(z) ~ z/Hp, and the dependence on Hj is taken into account by measuring cosmological
distances in units of Mpc/h, where Mpc denotes a megaparsec (= 3.1 x 105 light years) and
h = Hy/100km/s/Mpc. However, in present and upcoming catalogues which go out to z = 2
and more, this is no longer sufficient and r depends in a non-trivial way on the dark matter
and dark energy density, on the dark energy equation of state and on curvature (which is set to
zero throughout this thesis for simplicity). Fortunately this dependence can be accounted for
by introducing correction parameters, which allow for deviations from the fiducial cosmology,
see e.g. [312]. Note that in this and in the following chapters we do not need to distinguish
anymore between y and y: to avoid heavy notation we now set x to be the background
comoving distance as in eq. (3.8). Furthermore we sometimes use x as the mean distance of
a pair of galaxies. In the flat-sky approximation, the standard correlation function takes the
simple form [171]

x(z) = (3.8)

2
Eataty (7311, 7) = D()[( 2L f)fo<>

4bf 4f2
3 7

o (3.9)
L) i800Pti + Lopatr

with
B0) = [ S5 RPERH), (3.10)

(the reason for the superscript 0 will become clear in chapter 4). Note that the terms con-
taining the growth factor f come from the Jacobian transforming real space positions x
into redshifts’. In Appendix 3.D we derive the general relation between the I ? (r) and the
corresponding pre-factors of the Legendre polynomials in the power spectrum.

Expressions (3.5) and (3.9) are currently used to analyse redshift surveys®. These expres-
sions are sufficiently accurate to place meaningful constraints on cosmological parameters with

'We point out that the original derivation of redshift-space distortion from [199] contains a contribution
proportional to n-v = v,. This term does contribute to the monopole and quadrupole and it consequently
modifies (3.9). It is however neglected in most redshift-space distortion analysis and therefore we do not
consider it as ’standard’ and we do not include it in (3.9). We include it however in the relativistic corrections,
along with the other Doppler corrections, which are of the same order of magnitude (see eq. (3.15)). Note
that, as discussed in more detail in Section 3.2.2, this specific contribution has been studied in detail in [290,
291, 240, 254] and its impact on the correlation function was found to be important at small redshift and
large separation.

2Note that these expressions are valid in the linear regime only. Theoretical models accounting for non-
linearities have been developed and are used to extend the constraints to non-linear scales, see e.g. [151].
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current data. They may however not be sufficient to analyse future surveys since they suffer
from two important limitations: first they are based on the flat-sky (sometimes also called
distant-observer) approximation. And second they take into account only density fluctuations
and redshift-space distortions. They neglect lensing which is relevant especially at high red-
shifts. They also neglect all the relativistic projection effects which are relevant on large scales
(close to horizon scale). These expressions are therefore only an approximate description of
what we are observing, which is also reflected by the fact that they are gauge-dependent.
Due to these limitations, one would be tempted to use the angular power spectrum instead
of egs. (3.5) and (3.9) to analyse future redshift surveys. The gauge-invariant Cy(z1,22)’s
account indeed for all observable effects. They are directly observable and do not rely on the
flat-sky approximation. And they can be determined numerically within a few seconds with
sub-percent accuracy. Unfortunately they are not fully satisfactory for several reasons:

1. If we want to profit optimally from spectroscopic redshift information from a survey
like the one that will be generated by Euclid [204], DESI [16] or the SKA [93], we
need several thousand redshift slices leading to several million Cy(z,2") spectra. For
an MCMC parameter estimation this is simply prohibitive. Even if one spectrum is
calculated within a few seconds, calculating the millions of spectra ~ 10 times would
take months even if highly parallelised.

2. In each spectroscopic redshift bin we then only have a few 1000 galaxies, less than one
per square degree, and the observed spectra would have very large shot noise o< 1/N,
allowing only computation up to very low /.

3. One of the big advantages of £(r, 1) and P(k,v) is that the growth rate f(z) can be
simply determined by isolating the monopole, quadrupole and hexadecapole components
in an expansion of P and £ in Legendre polynomials in u and v respectively. With the
Cy’s on the other hand there is no simple way to isolate redshift-space distortions since
each multipole ¢ is a non-trivial combination of density and velocity.

Hence even though the Cy’s are very convenient theoretically, they are not fully satis-
factory from an observational point of view. In this chapter we therefore derive general
expressions for the correlation function and the power spectrum, that can be used as the-
oretical models for future surveys. Our work builds on the result of several papers, which
have studied the impact of some of the relativistic effects on the correlation function and on
the power spectrum. In [194, 322|, expressions for the flat-sky power spectrum including all
non-integrated relativistic effects have been derived. In [182, 213, 183| the lensing contribu-
tion to the flat-sky power spectrum and the flat-sky correlation function has been studied
in detail. Refs. [290, 291, 240] have derived full-sky expressions for density and redshift-
space (RSD) contributions to the correlation function, which have then be further developed
in [254, 269, 52, 323|. These expressions have been re-derived using an alternative method
in [90]. Ref. [259] has studied in detail the relation between the full-sky and flat-sky density
and RSD for both the correlation function and the power spectrum. In [76] the full-sky cal-
culation of [290, 291, 240] has been extended to include gravitational redshift and Doppler
terms, which are especially relevant in the case of multiple populations of galaxies. Ref. [52]
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further expands the formalism introduced in [290] by computing theoretical expressions for
the wide-angle corrections including also the integrated terms and Ref. [250] numerically eval-
uates all the non-integrated relativistic terms in the full-sky. In [252] the integrated terms in
the correlation function are plotted for the first time for two values of the angle 6. The theo-
retical expressions in these works rely on an expansion of the correlation function in Tripolar
Spherical Harmonics which on the one hand is a powerful tool to obtain simple expressions in
the full-sky but on the other hand hides some properties of the correlation function enforced
by isotropy.>

Here we generalise and complete these results. We first derive a full-sky expression for
the correlation function including all local and integrated contributions, in which isotropy of
the perturbations is explicit. In particular, we provide a detailed study of the gravitational
lensing contribution to the correlation function which does not rely on the flat-sky or Limber
approximation. We discuss how these full-sky contributions modify the simple multipole
expansion of eq. (3.9). This represents the first analysis of the full-sky lensing contributions
to the multipoles of the correlation function, which is most relevant when extracting the
growth factor. In this aspect as in several other ways, this analysis goes beyond the work
of [252].

In the last section of this chapter we use the correlation function to calculate the power
spectrum, which we define as the Fourier transform of the full-sky correlation function. In
this way the power spectrum does not rely explicitly on the flat-sky approximation. However,
as we will explain in section 3.3, it has an unambiguous interpretation only in this limit. A
comparison between the usual flat-sky derivation and the full-sky Fourier transform of the
correlation function is not reported in this thesis but can be found in Tansella et.al. (2017),
where we find that relativistic effects and wide-angle corrections® are of the same order of
magnitude and they have therefore to be treated in conjunction. This leads us to the conclu-
sion that relativistic effects cannot be consistently studied in the flat-sky approximation and
that the correlation function is therefore more adapted than the power spectrum to investigate
these effects.

This chapter is the first part of this study where we present the theoretical derivation and
some numerical results. For an exhaustive numerical study we have written the public code
COFFE which we present in the next chapter. Of course, there are many studies estimating
cosmological parameters using the Cy(z1, 22), see for example [124, 253, 235, 92, 126]. However
as argued above, these can mainly be used for large, photometric redshift bins while within
such bins, in order to profit optically from spectroscopic redshift information, a correlation
function or power spectrum analysis is required.

The remainder of the chapter is structured as follows: in the next section we describe
how we obtain the redshift-space correlation function from the angular correlation function.
As already discussed above, the procedure of course depends on the cosmological model. We
shall describe two possibilities: to go either over the Cy(z1, 22) spectra or to obtain &(r, u, 2)

3Whether in flat-sky or full-sky the correlation function depends on three variables: two distances and one
angle (£(x1, x2,0) or £(, T, cos ) in this work), one distance and two angles (£(6,,r) in [290], £(xz2,6,¢) in
[250]) or three distances (€(x1,x2,7)). When ¢ is expanded in Tripolar Spherical Harmonics one obtains a
function £(x1,x2) and the three physical variables are in general not directly inferred.

“Here we call wide-angle corrections the difference between the flat-sky and full-sky expressions.
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directly from the density fluctuations, velocity fluctuations and the Bardeen potentials in
Fourier space. In Section 3.4 we discuss the implications of our findings for future surveys
and we conclude. Several technical derivations are relegated to the appendices.

3.2 The correlation function

We have derived the galaxy number counts including relativistic corrections in eq. (2.47),
with the following result

Ay(n,z) = Adm ¢ AT Alen p AL A2 ABL L ABZ 4 ASS L ABE L ASS (3.11)
where
A% = bo(x(2)n, 2), (3.12)
A = _H 9, (3.13)
— (2) —
Alen _ 5572 [ DX"AN (@ + D), (3.14)
2x Jo A
H 2-5s
dl _
A = —(ﬁ'*'—%x +55—fevo)vry (3‘15)
A = (3= foyo)Hu, (3.16)
H 2-5s
1
A = (1+@+ x +5s—fev0)\11, (3.17)
A% = (55-2)®, (3.18)
A = 1o (3.19)
— (2)
astoo 2708 fx AN(D +T), (3.20)
X 0
H 2-5s NOI
5 _
A& = (ﬁ+7-l—x+53_fevo)\/o‘ d)\((I)"r\I/) (321)

Here 6. is the matter density fluctuation in comoving gauge, v, is the radial component of the
velocity in longitudinal gauge, v is the velocity potential such that v = -Vv, v, = =9,v; hence v
has the dimension of a length (we later define V' via its Fourier transform, & = k™' (k), so that
V(x) is dimensionless). ® and ¥ are the Bardeen potentials and Ag denotes the Lapacian
on the sphere of directions n. The galaxy bias is denoted by b, s is the magnification bias and
fevo 1s the evolution bias. These biases generally depend on redshift. The magnification bias
s comes from the fact that in general we do not observe all galaxies but only those which are
brighter than the flux limit of our instrument. Due to lensing and to some relativistic effects,
some fainter galaxies may make it into our surveys. This is taken into account by s which is
proportional to the logarithmic derivative of the galaxy luminosity function at the flux limit
of our survey, see [99, 125| or section 2.2.3, for more details.

The terms A" and A™¢ are the density and redshift-space distortion terms usually taken
into account. In the following we call the sum of these two terms the ’standard terms’. Al
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represents the lensing term, also often called magnification. This term has already been
measured with quasars at large redshift, see e.g. [228], but it is usually neglected in galaxy
surveys, since it is subdominant at low redshift. A9 is the Doppler contribution. Note that
here we have used Euler’s equation to derive this term. In all generality this term contains
a contribution from gravitational redshift, proportional to 9,¥/H, which can be rewritten
in terms of the velocity v, using Euler equation, see e.g. [76]. A% is a velocity term which
comes from transforming the longitudinal gauge density into the comoving density. A& A8
and A® are relativistic effects, given by the gravitational potentials at the source. As such
they are sometimes called ’Sachs-Wolfe’ terms. A& denotes the so-called Shapiro time-delay
contribution and A8 is the integrated Sachs-Wolfe term.

In the following we will sometimes group together the relativistic non-integrated terms
(d1, d2, g1, g2, g3). The lensing term is treated separately since its calculation is different.
The relativistic integrated terms (g4 and gh) are neglected (for now, but are included in the
COFFE code and discussed in chapter 4) in our numerical results since their contribution is
largely subdominant with respect to the lensing term.

3.2.1 Using (C)’s

We start by deriving the correlation function of (3.11), using the angular power spectrum Cy.
Using egs. (3.4) and (3.7) we can write

£(r.2,0) = i S 20+ 1)Cy(z - Az, 2 + Az)Py(cos), (3.22)
l

where Az is given by (H = H(Z), x = x(2))

r2 —2%%(1 - cosf)

V2(1 +cosh)

This is a simple consequence of (3.7) setting 21 2 = Z+Az and approximating x 2 = x(Z+Az) ~
X(Z) £+ Az/H(z). This function is the same full correlation function as the one given in
eq. (3.4), but now expressed in terms of the variables 7,z and 6 instead of z1,29 and 6. We
shall use the same symbol £ to denote it.

Usually, the correlation function is not considered as a function of r,z and the opening
angle 6 between the two directions which are correlated, but as a function of r,Z and the
angle with a fictitious but fixed line-of-sight between the two directions of observation. If 0
is small enough, redshift-space distortions are proportional to the cos? of the angle with this
fictitious direction. To mimic this situation we introduce

Az(r,z,0) = iy

e[0,rH/2]. (3.23)

ro= x2-x1x 20z/H(Z) <7, (3.24)
”
wo= 7”, -1<p<l1 and  r, = 7’2—rﬁ. (3.25)

Writing x = (x1 + x2)/2 and using eq. (3.24) we obtain

2t g
= 5 =c(Z,mp). (3.26)

cosf = =
2)22 _ %M2T.2 2)22 _ %TH
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Note that y and x(Z) are not exactly the same but in what follows we neglect this difference
which is of order (Az)?/H(2z). With this, the correlation function, £(r, 2,6) can be written
as a function of z, | and r, (or, equivalently, z,r and )

s = 1 Teene (- W peen e
T
= (Ag(x1,Z2 - Az)Ay(x2,Z + Az)). (3.28)

22

X(22)

x(21)

o

Figure 3.1: The definitions of the angles o (left panel, r| = x2 - x1), 7 (middle panel) and 3
(right panel) as discussed in the text.

Expression (3.27) is valid as long as Az is small so that Az ~ 7 H(2)/2 = (x2—x1)H(Z)/21s
a good approximation. Expression (3.28) however, is valid for all possible values of 7| = x(Z +

Az)-x(z-Az) and r = \/(x1 —x2)2, 7, = /12 - rﬁ where x1 = x(Z2-Az)ny, xo = x(Z+Az2)ny
such that ¢(Z,r, ) = ny -ny. For a given cosmology, fixing r| and Z is therefore equivalent to
fixing z1 and 2o while r, then fixes cosf. Given a cosmological background model, there is a
one-to-one correspondence between the model-independent angular correlation function (3.4)
and the model-dependent correlation function (3.28).

The angle «, given by p = cosa defined by eq. (3.25), is the angle between the line r
connecting x; and X2 and the line connecting the intersection of the circle around x5 with
radius 7 = pr and the Thales circle over 7 (see fig. 3.1, left panel). This angle is not very
intuitive and it is not what observers use. In practice the angles used are either 3, the angle
between r and the line dividing r into two equal halves (see fig. 3.1, right panel) or 7, the angle
between the line bisecting the angle 6 and r (see fig. 3.1, middle panel). Using elementary
geometry we can express the angles § and v in terms of 6, x; and x2 (see Appendix 3.A for
a derivation):

cos B = pufz(0,x1,Xx2) » cosy = pfy (0, x1,x2) 5 (3.29)
+ vV 1+ cos@
fs T fr= (3.30)

V2

= b
VX2 + X3 +2X1X2 cos O
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In the small angle approximation, § — 0, both functions behave as
fa,=1+0(67).
If r #0, ie x1# x2, we can express c(Z,7, ) in terms of z,7,cos 3 as

1 (X% - X%)Q 2 2
- X7 - . 3.31
2X1X2 7"2 COSz B X1 X2 ( )

c(z,r,cos ) =

Here x1,2 are given in terms of ¥ and r by solving the equations
X = (x1+x2)/2 and 2 = X2+ x5 - 2x1x2cos 6. (3.32)

If we want to express the correlation function in terms of z, r and cos 8, we have to solve the
system (3.31,3.32). A short calculation gives

8r2x2%(1 - cos? B) 452 —r2
g = 1- = Y=+ Y2 - ————— 3.33
o8 16x* - r2cos? B(8x2 - 12) XLz = X X 2(1+cosf)’ (3:33)
4>—<2 _ 7,‘2
= PV RN [ R S — 3.34
"l x2mx \J X 2(1 +cosf) ( )

Inserting cos § from (3.33) and r| from (3.34) in (3.27), we can express the correlation function
as a function of r,z and cos 8. In terms of v we find

2
cosf = 1- TT(I —cos? 7). (3.35)

22
In the small angle limit, all three angles, «, 8 and ~ coincide. In Section 3.2.2 we will see
that the angle which gives the result closest to the flat-sky limit is the angle cos™'(u). For
this reason and due to its simplicity in what follows we express both, the correlation function
and the power spectrum in terms of the projection along and transverse to the line-of-sight
using the angle a with cosa = = (x2 — x1)/r = r/r. As explained above, for small angles
this is equivalent to choosing § or v, but for large angles, the expressions in terms of p are

simpler.

In fig. 3.2 we show the correlation function at z = 1 as a function of r| and r,. In all figures,
we use the cosmological parameters: h%(),, = 0.14, h2Qy = 0.022, h = 0.676, A; = 2.215 x 107°
at k. = 0.05 Mpc™!, ng = 0.961, b(2) = 1, fevo = 0 and s = 0 unless otherwise stated. In the left
panel of fig. 3.2 we include only the density, in the middle panel we also consider redshift-space
distortions (RSD) and in the right panel we include also the lensing term. While the pure
density term is spherically symmetric with a well visible baryon acoustic oscillation (BAO)
feature at r ~ 100 Mpc/h, the RSD removes power for small r; and adds power at large r,.
Also the maximal amplitude has more than doubled due to RSD®. Finally the lensing term

®Note that we have chosen b = 1. For larger values of b, the importance of redshift-space distortion with
respect to the density contribution is reduced.
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Figure 3.2: The correlation function at redshift z = 1 as a function of r| and r,. The left
panel contains only the density contribution, £4°", the middle panel contains also RSD, £,
and the right panel contains also the lensing term, 51,

adds a very significant amount of power for large r| and small r,. This is the case when a
foreground density fluctuations lenses a structure at higher redshift along its line of sight.
The additional relativistic contributions are very small and become visible only on very large
scales, as we shall see in the rest of this chapter and as has already been anticipated in several
papers, e.g. Refs. |72, 99].

In fig. 3.3 we show fractional differences for p =0 (left) and p =1 (right)

A S
AgA = ¢ , (3.36)

é‘st

where

= (A% + A%) (1, 2) (A% + A%) (02, 22)) (3.37)

In this way we show separately the contribution of each correction A with respect to the
standard term, including its correlation with density and redshift-space distortion. The middle
panel shows A&4 for A = lensing and the lower panel for all the non-integrated relativistic
effects, namely the terms d1, d2, g1, g2 and g3 (see egs. (3.11) to (3.21) for a definition of
the various relativistic terms). Note that the contribution d2, gl, g2 and g3 are infra-red
divergent. Here we simply pick an infra-red cutoff in the computation kg ~ Ho, while we will
discuss and fix this problem in section 4.2.2. Finally, as reference, we plot in the top panel
the fractional difference due to redshift-space distortion, namely Ag™d = (¢5t — gden) j¢den
Not surprisingly, for p =0 the lensing term is very small apart from a small effect on the
acoustic peaks. For u =1 however, at large scales r > 150 Mpc, lensing becomes the dominant
term. As also noted in [213|, it increases linearly with distance. Comparing our full-sky
calculation of the lensing (orange) with the flat-sky expression (blue) derived in [213] and
in Appendix 3.E (see eq. (3.111)) we see that for u =1 the two expressions agree very well,
which is not surprising because in this case n; = ny and flat-sky is a good approximation. The
only source of difference in this case comes from the fact that the flat-sky result uses Limber
approximation whereas the full-sky result is exact. This difference is very small, showing
that Limber approximation for u = 1 is very good. For pu = 0 on the other hand we see a
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Figure 3.3: The relative difference A at redshift zZ = 1 for p = 0 (left panels) and p =1 (right
panels). Top panels: AE™Y = (&8¢ = gden) j¢den — priddle panels: fractional difference induced
by lensing AE'*™8 (full-sky in orange and flat-sky in blue). Bottom panels: AE? where A =:
dl (blue), d2 (orange), gl (green) and g2 (red). The contribution g3 is subdominant (see
egs. (3.11) to (3.21) for a definition of the various relativistic terms). Negative contributions
are dashed.

non-negligible difference between the flat-sky and full-sky result. We will discuss this in more
detail in Section 3.2.2.

From the bottom panel, we see that the non-integrated relativistic terms generate a cor-
rection of the order of the percent at large separation r ~ 350 Mpc/h. Naively we would
expect the Doppler term (d1: blue) to dominate over the other relativistic effects because
it is proportional to the peculiar velocity and contains therefore one more factor k/H than
the terms proportional to the potentials (see e.g. egs. (3.39) to (3.48) below). However, as
shown in [76] (see also Appendix 3.B), the correlation of this term with the standard term
(AYTASY) exactly vanishes in the flat-sky because it is totally anti-symmetric. The contri-
bution that we see in fig. 3.3 is therefore due to the correlation (A*Ad) which is a factor
H/k smaller, hence ~ (AS*WT) and to the full-sky contributions to (A ASY), which are of the
order r/x(AYASY) ~ (AT ALY ~ (AS'T). Consequently, with one population of galaxies the
Doppler contribution to the correlation function is of the same order of magnitude as the grav-
itational potential contributions (d2, gl and g2). Only in the case where one cross-correlates
two populations of galaxies, the Doppler contribution strongly dominates over the other rel-
ativistic contributions, because in this case (A9 AS') does not vanish in flat-sky. At smaller
redshift the Doppler d1 is nevertheless the dominant contribution amongst the relativistic
effects as the flat-sky approximation fails at smaller separations.

For p = 0, the Sachs-Wolfe like term (g1) dominates over the other corrections at all scales.
For p = 1 this term still dominates at small separation, but at large separation the full-sky
corrections to the Doppler term become important and dominates over gl. Interestingly the
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second Sachs-Wolfe like term (g2) and the second Doppler term (d2) are nearly equal for both
values of p. It is easy to derive from the continuity and the Poisson equations that in a matter
dominated Universe (H/k)V = —(2/3)®, hence A% = A%Q if s =0, see egs. (3.43) and (3.45).
At lower redshifts, when A-domination sets in, we expect this equality to be less precise. The
relativistic terms not shown in fig. 3.3 are the Shapiro time delay (g4) and the integrated
Sachs-Wolfe term (gh). These integrated terms are always subdominant with respect to the
lensing term.

Let us also note that the difference between the flat-sky standard term and the full-sky
standard term is of the same order of magnitude as the relativistic terms depicted in the
bottom panel of fig. 3.3. It is therefore not consistent to use the flat-sky approximation for
the standard terms when investigating relativistic effects.

Finally we should point out that in this chapter we present the theoretical contributions
of relativistic effects on the correlation function (see figs. 3.3, 3.8, 3.11). To estimate the
observational impact of these terms one should build a realistic estimator and proceed with
signal-to-noise analysis, forecasts and constraints for a specific survey. Such studies have
been performed for the angular power spectrum Cy in [124, 253, 251, 92, 126, 212] and for
the antisymmetric part of the correlation function &, in [77|. This would allow us to compare
the observational impact of the relativistic effects on the angular power spectrum with their
impact on the multipoles of the correlation function, which are one of the standard observables
currently used in large-scale structure surveys to measure the growth rate f. A comprehensive
study of this kind is currently planned. In chapter 4 however we will take the first steps in
this direction by defining estimators of the multipoles of the correlation function, computing
their covariance matrices and performing a signal-to-noise analysis of the lensing signal.

3.2.2 Direct determination of the correlation function

In the calculation of the correlation function presented in the previous section, we still need
all the Cy(z1,22) for an accurate calculation. Hence the reason (1) given in the introduction
for the use of the correlation function and the power spectrum is not satisfied: the calculation
is not simplified. To compute the correlation function for thousands of spectroscopic redshifts
in an MCMC would still take months even if very highly parallelised. In this section we show
how to improve this. The method explained in this section reduces the calculation of several
thousand Cy(z1, 22)’s into just several terms. This results in a very significant speed up so
that the computation becomes feasible.

We expand on a method introduced in [90] which avoids the computation of Cy(z1, z2) but
requires integrations in k-space and over the line-of-sight, as we shall see. In this method, no
flat-sky approximation is performed, and the correlation function is therefore exact, within
linear perturbation theory. We start from expression (3.4) for the correlation function and
use that the Cy(z1,z2) are of the form (see e.g. [125]),

Ci(21,22) = Y. OB (21, 22)
AB

dk
CAB (21, 2) :47r[?Pg(k)Af(k,zl)Af(k,ZQ).

(3.38)
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Here P; denotes the primordial power spectrum, determined by the amplitude A, and the
primordial spectral index ng:

k ng—1
Pe(k) = A, (—) ,
(k) T
and A7, AP are the Fourier-Bessel transforms of the terms defined in (3.12) to (3.21). More
precisely

Al = b(2)Spje(kx), (3.39)
ko
AEsd _ ﬁSV]él(kX) , (340)
2-5s\L(L+1) x x-A .
Alen _ ( ) f X—A 41
¢ 5 o AAT=— (85 + Sy )je(kA) (3.41)
H 2-5 .
AP = (ﬁ + XHS +5s - fevo) Svip(kx) (3.42)
H., . .
AP = =3~ fevo) T Svie(kx) = A% (2, k) je(kx) (3.43)
Af = (1 + % " 2X_7is +58 = fevo)swje(kx) = A (2, k)jo(kx) (3.44)
AP = (=2+55)Sy5o(kx) = A (2,k)jo(kx) | (3.45)
1. .
A% = 77 Sode(kx) = A% (2, k)jo(kx) , (3.46)
2 —
el AR ITCRERTA(SYE (347)
X
5 7“[ 2 - 53 X o - .
A¥ = (@+ T +5s—fevo)[0 dA(Sg + Sy)je(kA) - (3.48)

Here jy are the spherical Bessel functions and the functions Sx (z, k) are the transfer functions
for the variable X which we specify in Appendix 3.B. Over-dots indicate derivatives with
respect to conformal time. For the evolution bias fey,, the magnification bias s and the galaxy
bias b we follow the conventions of [125], detailed in section 2.2.3. From these expressions
one also infers the scaling of the different terms with respect to the density term. On sub-
Hubble scales, k > H, the scaling of these terms with powers of H/k is a simple consequence of
Newtonian physics. The continuity equation implies Sy ~ (H/k)Sp and the Poisson equation
yields Sy ~ Sy, ~ (H/k)?Sp, we see that the density, RSD and lensing terms dominate, while
the Doppler term d1 is suppressed by one factor of (H/k), and all other terms are suppressed
by (H/k)2. For this reason all relativistic terms apart from lensing are strongly suppressed
on sub-horizon scales and we call them ’large-scale contributions’. Most of them are relevant
only on very large scales close to H(z)™!. Exceptions to this rule are A?l and A%l which
contain a pre-factor 1/(xH) which becomes large at very low redshift where x is small. On
super horizon scales all the transfer functions Sx are typically of the same order but they
become gauge dependent.
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Using these expressions, the correlation function £ can be written as

f= Z §AB with fAB(Q,Zl,ZQ) = [ %,PC Q?B(Q,Zl,ZQ), (3.49)
A,B k

where we define

QiB(0, 21, 22) = Y(20 + V)AL (k,y 21) AP (K, 22) Po(cos 6) . (3.50)
V4

In most of the terms Q,‘?B we have a sum of the form

20+ 1)Py(cos0)je(kx1)je(kx2) = jo(kr), (3.51)
7

where 7 = \/x? + x2 - 2x1x2cos 0 (see e.g. [3] (10.1.45)). Inserting (3.51) into (3.49) we can
easily calculate the correlation function for these terms avoiding the numerically costly sum
over the Cp’s. The redshift-space distortion and the Doppler term give rise to contributions
that are slightly different because they contain first and second derivatives of the spherical
Bessel functions with respect to kx; and kyo. These terms can however be treated in a very
similar way using recurrence relations for the spherical Bessel function. For this we define

¢ = 2(26 + 1)j§i)(le)jlgj)(kxg)Pg(cos ) = 2(2€+ 1)j€i)($1)j§j)($2)Pg(COS 0), (3.52)
4 0

where we have set x; = ky; and jlgi)(x) = g;jg(m). Using

n+m

(Y21, @2) = (P(wa, 1) and (Y = (I,
0x} 0z

we can determine explicit expressions for the ¢¥ for i,j € {0,1,2}. They are all given in
Appendix 3.B.

The only coefficients that do not fall into this category are the ones in A%en which contain
additional factors £ and (¢+1) (see eq. (3.41)). These terms can however be computed using
the identity

AQPy(cosl) = —L(L+1)Py(cosh).

They are given by

¢l = (20 + D)2+ 1)%5(x1)de(22)Pe(cos ) = 23 ¢% (3.53)
¢

¢ = 320+ 1)+ 1) (1) jo(w2) Pe(cos ) = - 8q ¢, (3.54)
l

where LL denotes the correlation of lensing with itself and iL the cross-correlation of lensing
with one of the other terms. With this we can build all the functions Q‘,?B and hence, with
eq. (3.49), the correlation function. The complete list of QI‘?B is given in Appendix 3.B. Here
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we just report the dominant contributions, i.e. the contributions which are not suppressed
with additional powers of H/k with respect to the density term:

Q™(8, 21, 22) = b(21)b(22)Sp(21)Sp (22) ¢ (kx1, kxa) ,

2
Q™4(0,21,22) = Sv(21)Sv(22) (P (kx1, kxz) ,

k
HiHo
(2-5s)% ra 2 v =D 0e - X)
AN

dxi1x2 Jo  Jo

kb
Qden-rSd(G, 21, 29) = (21) Sp(21)Sy(22) COQ(k’le kx2),
2

Q™ (0, 21, 22) =

St (NS (A )G (KA, kk')] ,

Qden—len(e’ 21, 22) = b(21)Sp(21) (22—)28) AXQ d)\|:X2)\_ A (S¢()\) + Sw(A)) COL(th /{3)\):| )

QrSd-len(e,Zl, 22) _ %SV(ZI) (22—):2)8) [0X2 d/\|:X2>\_ )\(S¢()\) + S¢(A)) CZL(]{th‘)\)] .

Note that here and in the following we suppress the argument 6 in the functions (2B (kx1, kx2,6)
for simplicity. The correlation function is then given by eq. (3.49). For example, the correla-
tion function including only the standard terms is given by

dk
&= f = Pg[Qden(@ 21, 22) + QIMTN(0, 21, 20) + QUVI(0, 21, 20) + Q™Y(6, 21, 22)]

e D)D) [ Meh e ) - b ) k) (355)

9120}

4 ns—1
W) ) ) + Sk | (1) () 720,
For the second equal sign we made use of the transfer functions given in Appendix 3.B.
Eq. (3.55) is expressed in terms of the redshift z; and zo and the angle 6. It can however
easily be written in terms of a mean redshift z, the separation of the galaxies r and the
orientation of the pair using eqgs. (3.24),(3.25),(4.7).

The correlation function obtained in this way agrees with the full-sky expressions derived
in [290, 291, 240] for the standard terms and in [76] for the Doppler term. This method
has however the advantage that it can be used to calculate also expressions for the inte-
grated terms valid in full-sky. Since the lensing is the dominant correction, it is important
to have an accurate expression for this term valid at all scales and not relying on the Limber
approximation.

1 and r dependence of the correlation function

Let us first discuss the full-sky correlation function as a function of g and r. In fig. 3.4 we
show the lensing contribution

§L _ <(Ast 4 Alen)(nl’zl)(Ast + Alen)(n2722)> _ (Ast(nth)Ast(n% ZQ)), (356)
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as a function of p and r. We compare the full-sky result (solid lines) with the flat-sky
result (dashed lines) derived in [182] and given in eq. (3.111). In the top left panel we show
the cross-correlation between density and lensing, whereas in the top right panel we show
the lensing-lensing correlation. We see that the flat-sky expression for the lensing-lensing
agrees extremely well with the full-sky expression. The density-lensing cross-correlation is
however significantly different in flat-sky and full-sky, even at small separation. This can
be understood in the following way. The flat-sky result assumes not only that n; = ng,
but it also uses the Limber approximation, which implies that only correlations at the same
redshift contribute to the correlation function. Hence instead of integrating the lensing along
the line-of-sight as is done in the full-sky expression, the flat-sky expression correlates the
density at position zo with the lensing from the same redshift. This can be seen by looking
at eq. (3.103), where the integral along the line-of-sight has been replaced by the function
d(x2 —A). This approximation is quite good for values of p close to 1, i.e. when the galaxies
are behind each other, but it is very bad when p becomes small and for small separations
r. In such cases, the density § is correlated with the gravitational potentials generated by
that same density ® and ¥ and therefore the correlation is non-negligible even when the two
redshifts are not exactly the same. As a result the flat-sky expression, which ignores this
direct correlation, strongly underestimates the density-lensing correlation. Since the density-
lensing cross-correlation is negative whereas the lensing-lensing is positive, this means that
the flat-sky result overestimates the total correlation function, as shown in the bottom left
panel of fig. 3.4. The bottom right panel shows the total lensing contribution as a function
of separation for various values of u. In general we find that the relative difference between
the flat-sky and full-sky result is of the order of 20 percents and it can become much larger
in some configurations.

In all these plots we do not calculate the lensing contribution when p is exactly equal to
1. This value is indeed not physical since it would correspond to a galaxy situated exactly
behind the other, which we can of course not see. The largest value that we take is therefore
©o=0.9997895. This value ensures us that the line-of-sight from the most distant galaxy
passes sufficiently far away from the closest galaxy to avoid being absorbed by it. In the
following when we discuss about the parallel correlation function or when we show plots for
=1, this has to be understood as p = 0.9997895. Finally let us mention that we do not
include the correlation between redshift-space distortion and lensing (it is however possible to
obtain it with the COFFE code, see chapter 4). This correlation is exactly zero in the flat-sky
approximation and we do expect it to remain very small in full-sky®.

So far we have calculated all the flat-sky and full-sky correlation functions using the linear
power spectrum. Since we are mainly interested in correlations at large separations, this is a
very well motivated approximation for all the non-integrated terms. We have indeed checked
that all the large-scale relativistic contributions change by at most 2-3 percents at small scales
if we use the halo-fit power spectrum instead of the linear one to calculate the correlation
function. For the lensing contribution on the other hand, non-linearities are important even
at large separation, as already pointed out in [182, 213, 183|. This is due to the fact that

SWe have checked numerically that at Z ~ 1 the RSD-lens contribution to the angular power spectrum is 3
to 4 orders of magnitude smaller than the d-lens term.
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Figure 3.4: Top panels: correlation between density and lensing (left) and lensing-lensing
(right) at z = 1, as a function of p and for fixed separation r = 8Mpc/h (orange),
r = 100 Mpc/h (blue) and r = 420 Mpc/h (green). Solid lines show the full-sky result and
dashed lines the flat-sky result using Limber approximation. Bottom panels: total lensing
contribution as a function of p (left) and r (right) at z = 1.

lensing is sensitive not only to correlations between the two positions of the galaxy, but also
to all correlations between the two lines-of-sight from these galaxies. When p is large, these
two lines-of-sight are close to each other at least in the vicinity of the observer, even when r
is large, and consequently non-linear effects are important. Lensing has the property to mix
large and small separations and a full-sky non-linear treatment is therefore necessary.

The simplest way to calculate the full-sky lensing non-linearly is to use the Poisson equa-
tion to relate the gravitational potentials along the line-of-sight to the density (this equation
is indeed valid also in the non-linear regime) and to use halo-fit to calculate the non-linear
density power spectrum. This procedure can however not be implemented exactly because
the full-sky lensing requires the density power spectrum at different redshifts along the two
lines-of-sight P(k, z,2") where z and 2’ can take any values between 0 and z; and z;. Halo-
fit gives an expression for the power spectrum only when z = 2’. Note that this problem
does not arise in the calculation of the flat-sky expression which uses Limber approximation
and therefore neglects correlations coming from z # 2’. In order to overcome this problem
we use the following approximate procedure: we calculate the non-linear power spectrum at
a middle redshift along the line-of-sight z, and then evolve it using the linear growth rate
D1 (z) along the photon trajectory. This is of course not completely correct because in the
non-linear regime density does not evolve with the linear growth rate, but it gives us a good
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Figure 3.5: Fractional differences A¢X at redshift z = 1 using the full-sky formalism. The
solid lines show the fractional difference using the linear transfer function and the dashed line
is using halofit. In the left panel we show A&L as a function of separation r for fixed values
of p: p =1 (green), p = 0.98 (blue) and u = 0.8 (orange), and in the right panel we show
it as a function of p for fixed separation: r = 8Mpc/h (orange), r = 100Mpc/h (blue) and
r =420Mpc/h (green).

approximation of the true non-linear lensing contribution. To determine which z, is the most
appropriate, we use the flat-sky approximation”. We checked that our result behaves in a con-
sistent way when we vary z,., which gives us confidence in this approximation (see fig. 3.C.1
in Appendix 3.C for more detail).

In fig. 3.5 we show the fractional difference with respect to the standard term due to
the full-sky lensing in the linear and non-linear regime A¢¥. Contrary to fig. 3.3 where the
fractional difference of all the terms was calculated with respect to the full-sky standard
term, here we show the fractional difference with respect to the flat-sky standard term given
in eq. (3.9). In this way fig. 3.5 can be directly interpreted as the fractional error that one
makes when using the standard flat-sky correlation function instead of the full-sky observable
correlation function containing lensing®. Clearly, lensing becomes very important at large
separation and large . Neglecting it in this regime can therefore impact the determination
of cosmological parameters in a significant way. Comparing linear and non-linear results, we
find that for u = 1, the non-linear result is very different from the linear one at all separations
up to 250 Mpc/h. For r < 150 Mpc/h, the non-linear lensing is significantly enhanced with
respect to the linear regime. At larger separation however, the tendency is reversed. This
reflects the fact that non-linearities move power from small to large k. On the right panel

"More precisely we do the following: we calculate the flat-sky contribution using the correct non-linear
power spectrum integrated along the line-of-sight (remember that in the flat-sky we can do that since we have
only one line-of-sight). Then we use the same approximation as in the full-sky to calculate also the flat-sky
and we compare the correct flat-sky result with the approximate flat-sky result for various values of z.. This
allows us to find the best z.. For z = 1 we find 2z, = 0.42 and for z = 2, z. = 0.73.

8Note that to calculate the flat-sky standard expression in the non-linear regime we use the linear continuity
equation to relate the velocity to the density and then we use halo-fit for the density power spectrum. This
procedure is not completely correct as the continuity equation is also modified in the non-linear regime.
Current data analyses use a more sophisticated procedure to calculate the non-linear redshift-space distortions,
based on [151]. Our procedure is however conservative since it tends to overestimate the impact of non-
linearities on redshift-space distortions and therefore to underestimate the relative importance of lensing.
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we see that at small separation, » = 8 Mpc/h, the non-linear lensing is significantly larger
than the linear one for all y. In summary, fig. 3.5 shows that lensing cannot be neglected at
redshift 1 and that it has to be calculated in the full-sky non-linear regime, because it mixes
small scales (where non-linearities are important) and large scales (where full-sky effects are
important).

Multipole expansion of the correlation function

The correlation function is in general a function of separation r and orientation u. However,
the dependence in p of the standard flat-sky expression (3.9) is very simple, since it is given
by Pa(1) and Pg(p) only. This simple dependence has been exploited to measure directly
the growth rate f. In practice this means that each pair of galaxies is weighted either by
Po(p) = 1, Pa(u) or Py(p). The average over all orientations is then performed, allowing
one to measure the coefficient in front of each of the Py, i.e. the monopole, quadrupole and
hexadecapole.

In the full-sky regime the dependence of redshift-space distortions on g becomes more
complicated, first due to the fact that n; and ny are not parallel (wide-angle effects) and
second because the growth rate and bias are evolving with time f(z1) # f(22). In addition,
the large-scale relativistic effects and the integrated effects have their own p-dependence,
which cannot be simply expressed in terms of P2(r) and Py(p) as we saw in fig. 3.4. As
a consequence the multipole expansion of the full-sky observable correlation function differs
from the flat-sky standard expansion. Firstly the monopole, quadrupole and hexadecapole
of the full-sky standard term differ from the flat-sky ones. Secondly, these multipoles get
corrections from the relativistic and lensing contributions. And finally, due to wide-angle
effects and lensing, the multipoles beyond £ = 4 no longer vanish.

In fig. 3.6 we show the impact of wide-angle effects on the monopole, quadrupole and
hexadecapole. Since the standard terms are almost not affected by non-linearities above
20 Mpc/h, we calculate these multipoles using the linear power spectrum. In black we show
the flat-sky multipoles from density and redshift-space distortions, that are simply given by
the coefficients in front of Py(u) in eq. (3.9). In blue, purple and green we show the full-
sky multipoles from density and redshift-space distortions obtained from expression (3.55),
which we multiply by the appropriate Legendre polynomial and numerically integrate over

directions?

%2* ! [ j&(r,Z,J)Pg(a)do. (3.57)

As discussed in Section 3.2.1, in the full-sky there is no unique way to define the orientation of
the pairs of galaxies. We therefore calculate the multipoles for different choices: o = cos 3, o =
cosy and o = u. The amplitude of the multipoles depends on this choice, as can be seen from
the different colours in fig. 3.6. At redshift zZ = 1 (right), we find that the monopole differs only

fﬁ(rv Z) =

?Note that the multipoles defined in eq. (3.57) completely differ from the multipoles defined in [252] (see
their eq. (17)). The multipoles in (3.57) are defined at fixed galaxy separation r and they correspond to
what observers are measuring in redshift surveys. The multipoles in [252] are on the contrary defined at fixed
angular separation 0 (see their fig. 1). As a consequence they mix different separations r and have completely
different properties.



56 3. CORRELATION FUNCTION I: THEORETICAL ASPECTS
10
; V
T o s
_10F
12 12
10 3 10
~ 8 T 2
\ui 6 /.’ e, _\_'_-__'_‘.'.t-.._.:..‘. -------- E
o 4 il -~ \\:..‘.. ........................ RN
2 ,'; --------------- K
ol M—

o

50 100

150 200 300 350

r [Mpc/h]

250

0 50

Figure 3.6: The multipoles from density and redshift-space distortions, ¢, at redshift z = 0.1
(left) and z =1 (right). We show the monopole (top) quadrupole (middle) and hexadecapole
(bottom) for different definitions of the angle in the full-sky: p (blue, solid), cosy (purple,
dash-dotted) and cos 8 (green, dashed) and we compare this with the flat-sky multipoles
obtained from (3.9) (black, dotted).

at very large scales by a few percent, while the quadrupole also differs at intermediate scales
by a few percent. The hexadecapole is significantly different at most scales. At redshift zZ = 0.1
(left) the difference is much more important, up to 10% on the quadrupole at intermediate
scales already. And the hexadecapole is very different at most scales. As already pointed
out in [290, 291, 240, 254, 269, 52, 323| it is therefore important to account for wide-angle
effects when interpreting the multipoles. We also see in Fig 3.6 that the angle which is closest
to the flat-sky result is nearly always p and especially it is always p for Z = 1. Note that
in [259], expressions for the dominant wide-angle corrections to the monopole, quadrupole
and hexadecapole have been derived for various choices of angles.

In fig. 3.7 we show the multipoles from all the non-integrated contributions in the full-sky
linear regime. We use the angle p for this figure. Each plot represents a different relativistic
contribution (see egs. (3.12) to (3.21) for a definition of the terms). As in figs. 3.3 and 3.5,
this encompasses the correlation of the term with itself as well as its cross-correlation with
the standard term (density and redshift-space distortion). One would naively expect that the
dominant contribution would come from the Doppler term d1 correlated with the standard
term. However, as discussed in Section 3.2.1, this contribution exactly vanishes in the flat-
sky approximation. It would contribute only to a dipole, which cannot be seen with one
population of galaxies, due to its anti-symmetry (indeed only even multipoles exist in this
case). As a consequence to measure the dominant dipole one needs to cross-correlate two
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Figure 3.7: We show the multipoles of different contributions to the full-sky correlations
function at z = 1. The monopole (blue), quadrupole (orange), hexadecopole (green) and ¢ = 6

purple.

populations of galaxies, as discussed in [76, 77, 155, 169].

However, as discussed in Section 3.2.1, in full-sky the Doppler-standard correlation does
not exactly vanish and it contributes to the even multipoles. The amplitude of this term is
then of the same order of magnitude as the d1-d1 correlation and as the other relativistic terms
(for example gl correlated with density). This is evident from the various panels in fig. 3.7,
where we see that all the non-integrated relativistic terms generate multipoles of the same
order of magnitude. The only exception is g3 which is much smaller. This is not surprising
since at z = 1 the universe is still matter dominated and the gravitational potential is nearly
constant. For the same reason also d2 and g2 are very similar. The Doppler contribution is
the only one which generates a non-negligible hexadecapole. This comes from the correlation
of d1 with redshift-space distortions which contains 3 gradient of the potential. In flat-sky
this gives rise to a u3-dependence, which again vanishes for symmetry reason, but in full-sky
one obtains an additional factor p-7/x which leads to an hexadecapole!?. In flat-sky the other
relativistic terms (d2, g1, g2 and g3) generate only a monopole and quadrupole, due to their
correlation with redshift-space distortion. In full-sky they do generate higher multipoles, but
again those are suppressed by powers of r/y and are consequently subdominant.

In fig. 3.8 we plot the fractional difference due to all non-integrated effects with respect

to the standard flat-sky multipoles

AL = g7 (3.58)
e - gst,ﬂat—sky’ :
£

where f}fel contains the correlation of all the non-integrated relativistic terms with themselves
as well as their correlation with the standard term, i.e. they come from

<AstArel> 4 <ArelAst) + (ArelArel) _ (Ast+relAst+rel> _ <AstAst) ] (359)

10T his can been seen for example by expanding a1 —as in powers of r/x in the expression ¢*? in Appendix 3.B.
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Figure 3.8: Fractional difference generated by the sum of the non-integrated relativistic effects
on the monopole (blue), quadrupole (orange) and hexadecapole (green). The relativistic
multipoles are calculated in the full-sky linear regime, whereas the standard multipoles are
calculated in the flat-sky linear regime, to reproduce the theoretical prediction currently used.

At z = 1 (right panel), the relativistic terms modify the monopole by a few percent at
separations > 300 Mpc/h. The impact of these terms on parameter estimation is therefore
probably negligible at high redshift. At z = 0.1 however (left panel) the relativistic contri-
bution to the multipoles is non-negligible at most scales. The contributions to the monopole
and quadrupole are already of a few percent at 50 Mpc/h. At 100 Mpc/h these contributions
reach 10% and they quickly increase with separation.

The large amplitude of the relativistic terms at small redshift is due to one specific term
in the Doppler contribution, namely the one proportional to 1/(Hx) (see eq. (3.15)). The
correlation of the Doppler term with itself has roughly the following amplitude:

L/ (Hx)?(HR)*(ATPATT) ~ (rfx)*{Adm At

where we have used that k corresponds to 1/r. At small redshift and large separation, this
suppression is not very strong. For example at z =0.1, x = 433 Mpc/h and therefore the am-
plitude of the Doppler term at r = 200 Mpc/h is roughly (r/x)?(AdRAdR) ~ 0.2(Aden Aden)
i.e. 20% of the standard term. The same argument applies to the full-sky Doppler-standard
correlation which contributes at the same level. The other relativistic terms on the other
hand are more strongly suppressed. For example, the correlation gl-standard has the fol-
lowing amplitude: 1/(Hx)(H/k)?(AdMAdn) © (r/x)rH(APA™) At 7 =1, H ~ 1/x and
the Doppler contribution is similar to the gl contribution, as already discussed. At z = 0.1
however, H is significantly smaller than 1/x and therefore the Doppler contribution is en-
hanced with respect to the gl contribution. Note that the importance of this Doppler effect
on the correlation function has already been studied in detail in [240] and further discussed
in [254, 269]. These references, however, do not include the other Doppler terms or lensing.
This result is especially relevant for a survey like the SKA that will cover wide parts
of the sky from z = 0 to 2 and will therefore be strongly affected by the Doppler term at
low redshift. In a forthcoming publication we will study the impact of this effect on the
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measurement of cosmological parameters, in particular on the measurement of the growth
rate f from the monopole and quadrupole. Note that, as discussed above, such a study has
to be performed using the full-sky formalism, since full-sky effects (from the Doppler-density
correlation) contribute at the same level.
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Figure 3.9: Multipoles of the lensing contribution (including its correlation with the standard
term) at Z = 1. In the left panel we show the linear full-sky (solid) and linear flat-sky (dashed)
result and in the right panel the non-linear full-sky (solid) and flat-sky (dashed) result. The
monopole is shown in blue, the quadrupole in orange, the hexadecapole in green and the £ = 6

in purple.
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Figure 3.10: The full-sky non-linear lensing multipoles as a function of ¢ for different sepa-

rations at Z = 1.

In fig. 3.9 we show the lensing contribution to the multipoles at zZ = 1. In the left panel
we show the linear result, using the flat-sky and Limber approximation (dashed) and the
full-sky calculation (solid); and in the right panel we show the non-linear result. The flat-sky
systematically overestimates the lensing contribution. As explained in Section 3.2.2 this is due
to the fact that the Limber approximation underestimates the correlation between density and
lensing, which is negative, and consequently it overestimates the total in most configurations.
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Figure 3.11: Fractional difference generated by lensing on the monopole (blue), quadrupole
(orange) and hexadecapole (green). The lensing multipoles are calculated in the full-sky
non-linear regime, whereas the standard multipoles are calculated in the flat-sky non-linear
regime, to reproduce the theoretical prediction currently used. The left panel is for z =1 and
the right panel for z = 2.

Above 7 ~ 50h"*Mpc the lensing contribution is 10% and more. Hence it has to be included
for an accurate estimation of the growth rate f. Contrary to the non-integrated relativistic
effects, lensing generates non-negligible £ = 4 and ¢ = 6. Actually, as is shown in fig. 3.10 the
amplitude of the multipoles remains large for large values of /. Measuring ¢ > 4 will therefore
provide a way of isolating the lensing contribution from the standard terms.

In fig. 3.11 we show the fractional difference of the monopole, quadrupole and hexadecapole
generated by lensing at Z =1 and Z=2. At Z = 1 we see that lensing modifies the monopole
by a few percent at intermediate scales. The quadrupole is less affected, apart from at very
large scales r ~ 350 Mpc/h where lensing contributes by 5%. The hexadecapole is the one
that is the most affected by lensing, up to 10-20% above 250 Mpc/h. At z = 2 the lensing
contribution is significant for all multipoles. The monopole is modified by 30% already at
a 150 Mpc/h and this increases to 50% at 300 Mpc/h. The contribution to the quadrupole
is slightly smaller, but it still reaches 10% at 150 Mpc/h and 40% at 300 Mpc/h. And the
hexadecapole is strongly affected at all scales. Surveys like Fuclid and the SKA, that will
observe up to high redshift should therefore include lensing in their modelling of the multipoles
of the correlation function.

In this Section we have only discussed the contribution from even multipoles to the cor-
relation function. As stated before, in the flat-sky approximation only even multipoles exist,
even in the presence of relativistic effects and lensing''. This follows directly from the fact
that the correlation function is symmetric £(r) = £(-r) and that the flat-sky angle goes from
u to —p when r goes to —r. In the full-sky, the existence of odd multipoles depend on the
choice of angle used to measure them. If the cosine of the angle simply changes sign when
r goes to —r, then odd multipoles exactly vanish also in the full-sky. This is the case for
the angles 3, v and « defined in fig. 3.1. However if one uses instead the angle a; (see
fig. 3.A.1) to measure the multipoles, then the correlation function contains odd multipoles

""Note that this is not the case with the alternative definition of multipoles used in [250] which mixes
different scales.
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in the full-sky because a; goes to m+ a1 — 6 when r goes to —r. Hence even if the correlation
function is symmetric, its expansion in terms of a; contains odd multipoles due to the fact
that the angle itself breaks the symmetry of the configuration [259]. Note that the dipole of
the correlation function using the angle o; has been measured in [155]. Finally let us stress
that if we cross-correlate different populations of galaxies, then the correlation function is not
symmetric anymore 45(r) # {pa(-r) (where A and B denote the two populations under
considerations) and it contains therefore odd multipoles already in the flat-sky approximation,
as demonstrated in |76].

3.3 A word on the power spectrum

As discussed in the introduction, an alternative observable which is routinely used to anal-
yse redshift surveys is the power spectrum. Here we discuss the impact of the large-scale
relativistic effects and of lensing on this observable.

At the beginning of this chapter we pointed out that the power spectrum is consistently
defined only in the flat-sky approximation. The reason for this is that P(k) is not defined on
the light-cone: to construct it one has to measure d(k) on a spatial hyper-surface to which
we do not have access observationally. In the flat-sky limit one can make the approximation
that the patch of the sky he measures is a spatial hyper-surface but as the correlation length
increases this becomes a bad approximation. Since, as we said, galaxies are seen on our
background light-cone and not in 3D physical space, its positions are fixed by the redshift z
and the direction n. We can however split the distance vector between two galaxies, r (which
is the argument of the galaxy correlation function £(r,z)) in a sufficiently small redshift bin
into a radial, r| and a transverse, r; component and express { in the variables £(r, 7., Z).
We can then define the power spectrum simply as the Fourier transform of the correlation
function: this is an approach that was already advocate in [316], while a different approach
based on the Spherical-Fourier analysis of the observed galaxy fluctuation is presented in [319].
We then write

P(ky, k., 2) [ dPre(ry,ry, 2)e Mkirikicosé) (3.60)

2 [: dr) fowdnf(m,n,z)ei(r”’“u>Jo(km). (3.61)

In this expression 7| =ro and r; =7rV1 - o2 where

1L = COS (v
cos 3
cosy

coS g

[-1,1] 5 o= (3.62)

depending on the angle used to split the survey into a radial and a transversal component.
Note that r; =7, (cos ¢,sin¢) is a 2D vector in the plane normal to the parallel direction and
we have performed the ¢ integration choosing the x-axis in the r, plane parallel to k,. For the
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case 0 = i, 7| = x2—X1 the expression for the correlation function is given in Appendix 3.B and
Section 3.2, (3.49). For the other angles, one has to use the relations given in Appendix 3.A.

However, we must consider that while the correlation function as given e.g. in eq. (3.27)
can be defined for all values 7 € [0, x(o0)] ~ [0,14h"'Gpc] and 7, € [0,2x(o0)], and is correct
for [y H(Z)| < 1, this is no longer so for its Fourier transform'?. To compute it we have to
integrate the correlation function over all space, but as we just said, we cannot observe the
correlation function outside of our horizon and the result is not reliable if |r| H(z)| 2 1. It is
well defined only for a range of (r|,r,). This situation is further complicated by the fact that
this range depends on redshift. Therefore, the simple Fourier transform given above gives a
physically sensible result only for

1 1
~2AzH(Z) = ———— A 1.
X(Z+Az)-x(z2-Az) H () e

7| max(27 AZ) 7
For these values of k|, contributions from radial distances such that the two galaxies are not
in a thin shell around Y = x(z) are cancelled by the rapid oscillations of the exponential in
the Fourier transform.

With this word of caution we now simply Fourier transform the correlation function to
obtain the power spectrum. We can either use the correlation function obtained via the
Cy(z1,22)’s or the one from the direct computation. Here we present the details for the
latter.

As stated above, for the ’true’ power spectrum, the integral over r should extend from
—o0 to +oo and the integral over r, should extend from 0 to +co. The correlation function is
however not observable outside the horizon and the integral must therefore be truncated by
a window function which removes these scales. In practice galaxy surveys do not observe the
whole horizon but only part of it and therefore the range of integration is even more reduced.
The true window function of the observation patch leads to a convolution in the correlation
function and therefore to a multiplication of the Fourier transform of the window in the power
spectrum

From eq. (3.61) we see that there is another reason to truncate the integral. The arguments
kj and k, (or equivalently k and v = k- n) of the power spectrum are parallel to 7 and r,
respectively. Now the direction of 7, for example, depends on the direction of the pair of
galaxies we consider. If the domain of integration in (3.61) is sufficiently small, then a mean
direction n can be introduced and this splitting is well defined: one can identify one line-of-
sight for the whole patch of sky we are observing and split parallel and transverse directions
with respect to this line-of-sight. If the patch is too large however, this procedure is no longer
valid 3. The integral (3.61) can still be done mathematically, but its physical interpretation
becomes unclear. This illustrates the fact that the power spectrum is truly well defined only
in the flat-sky. In practice this means that we can consider the Fourier transform of the
correlation function in a sphere of radius Az/H(z) for values k > H(z)/Axz.

Similar to what is done for the correlation function, in the standard analysis, the v de-
pendence of P(k,v,z) is used to extract the growth rate f(Zz). Indeed as seen in eq. (3.5),

]{7” >

2Here x(o0) ~ 14h™*Gpc represents the comoving size of our horizon today.
3Note however the work of [315] which proposes methods to account for different lines-of-sight in the
measurement of the power spectrum.
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the standard power spectrum takes the simple form
P(k,v,z) =po(k, z) + pa(k,2)P2(v) + pa(k, 2)Pa(v), (3.63)

where the coefficients p,, are given by:

2
po(k2) = DX )P(k)[b2 2/ J; ] (3.64)
2
pik2) = DHEPI| Aﬂ (3.5
pa(k ) = D?(Z)P(k)gf2 (3.66)

The multipoles pg and py contain different combinations of the bias and of the growth rate
f(2) and can be used to measure these two quantities. If py can be measured as well it can be
used as an additional consistency check. Furthermore, this quantity is independent of galaxy
bias which renders it especially valuable.

The large-scale relativistic effects and the gravitational lensing are however expected to
modify this simple multipole expansion. In principle to calculate the contribution of these
effects to the multipoles, one would need to calculate eq. (3.61) for all values of k) and k,
and then integrate over all directions, weighting by the appropriate Legendre polynomial

2£+1

pe(k, 2) = [ dvP(k,v, 2)Py(v). (3.67)
As the correlation function is a symmetric function of p, &£(x1,%x2) = £(X2,X1), the power
spectrum will be symmetric in v so that only even £’s are non-zero. This is no longer the case
when one correlates different tracers, e.g. bright and faint galaxies [225, 322].

The procedure to obtain the multipoles of the power spectrum can however be simplified
by using directly the multipoles of the correlation function &(r) (see Appendix 3.D for a
proof of this relation)

pe(k) = 4mi® [000 drr?je(kr)én(r) . (3.68)

As discussed before, the integral over » cannot run until infinity because the correlation func-
tion (and consequently its multipoles) is not observable over the whole space. For simplicity
we assume that we observe galaxies within a sphere of radius ryax, centred at redshift z.
This corresponds to introducing a window function in eq. (3.68) which removes scales larger
than rpax. For the standard terms, the multipoles py(k) are relatively insensitive to the
choice of rpax since 7"2§St — 0 as r - oo. The large-scale relativistic effects scale however as
r2¢™! - constant as r — oo and consequently their multipoles depend on the choice of Tmax.
This reflects the fact that these terms diverge when k — 0 as we will see in section 3.3.1. The
situation for the lensing term is even worse: the correlation function scales as r2¢'°®
the dependence in 7.5 is even stronger. The lensing power spectrum is therefore strongly
dependent on the geometry of the survey, as already noticed in [213].

— oo and
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3.3.1 The flat-sky approximation

In the previous section we obtained the power spectrum by integrating over the full-sky
correlation function, weighted by a window function to restrict the range of integration to
the observed patch of the sky. Here we would like to compare this procedure with a flat-sky
direct calculation of the power spectrum'®. The power spectrum for the non-integrated terms
has been derived previously in [194, 322]. It can be easily obtained by Fourier transforming
the non-integrated relativistic contributions to the number counts, namely A4l A92 Al As?
and A8 (see egs. (3.15) to (3.19)). Note that in principle this procedure does not generate
an observable, because the Fourier transform of a function f(k,n) at a given conformal time
n requires the knowledge of the function over the whole hypersurface of constant n '°. An
observer cannot observe this hypersurface, but only its intersection with her past light-cone.
However, due to the statistical homogeneity and isotropy of our Universe, the properties of the
function are the same everywhere, and the Fourier transform can be performed. We obtain
(in agreement with [194] where only the non-integrated terms are considered)

flat, non—int H H 2|7 2
platnonint (g ),y A+BE+C(E) D2(2)P(k), (3.69)
where
A(Vaz) = (b_yzf)7 (370)
B(v,z) = -—iv (% + 2;[)?5 + 55— feVO) , (3.71)
3 H? H 2-5s
C(Z) = [3f+EQm(l-f-Z)w(1—55—@—H—X—58+fevo):| . (372)

A represents the standard terms, density and redshift space distortions. B is the Doppler term
which is suppressed by a factor H/k and C represents the additional relativistic contributions
which are suppressed by (#H/k)?. To arrive at this result we have set ¥ = ® and we have
neglected the term containing the time derivative of the potential, since it is relevant only at
late time and at very large angular scales where the flat sky approximation is not valid.

The contribution of the integrated terms to the flat-sky power spectrum are more compli-
cated to calculate and have been neglected in [194, 322]. The reason is that integrated terms,
like for example the lensing A!*™(n,7n), depend on the value of the gravitational potential
along the photon trajectory in direction n. As a consequence Alens(n, n) is well defined only
on the past light-cone of the observer and not on the whole hypersurface of constant conformal
time 7. Calculating A'*"$(n,n) for a point which is not on the past light-cone of the observer
would require to calculate the lensing signal along arbitrary trajectories that have nothing to
do with the trajectories followed by photons, as depicted in fig. 3.12.

14Note that the relation between the flat-sky and full-sky power spectrum of density and RSD has been
studied in detail in [259].

1511 principle we do not observe at constant conformal time 7 but rather at constant redshift z. However
the difference between n and z has been consistently included in the derivation of Ay so that a constant z can
now be seen as a constant 7.
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Past light-cone

hypersurface of
constant time

Observer

Figure 3.12: To calculate the Fourier transform of the lensing term A'*"(k,7), one needs to
know the value of A*"(x,7) for all x on the hypersurface of constant time 1. However for a
given observer, A" (x, n) is well defined only on her past light-cone. Calculating Al*™(x, n)
outside of the past light-cone, like for example at the position of the cross would require to
integrate the gravitational potential along the dashed trajectory, which is not physical, and
would lead to wrong results.

To calculate the power spectrum of the integrated terms, we need therefore to go through
the correlation function.

In Appendix 3.E we show how this can be done in the flat-sky approximation. To calculate
the integrated terms in the flat sky approximation, we define a sky direction n, and split the
observation directions as n; = n, + An/2, ny = n, — An/2. We also split r =r, + n,.r with
r, = x(z)An. Representing the correlation function as the Fourier transform of the power
spectrum, we can then perform the integral over k| by neglecting the slow dependence of the
power spectrum and taking into account only the fast oscillations of the exponential. This
leads to the d(k|) and 0¥ (k) defined below. All details are given in Appendix 3.E. We obtain

7TQmH(%(l +2)D1(2)(2-55(2))
X
2 X _ 2 2
) sc f dAP(kx/A)[w%]D%(zu))(m(m?.
(3.73)

at,in 2
PR (1, 2) = -3 Pk 0.2) 167 (1) + 5601)
1

. g (BQmHg(Q -5s(z))

The first line comes from the correlation of the integrated terms with density and the second
line is the correlation of the integrated terms with themselves. The distribution 67 is defined
by (see Appendix 3.E for more detail)

1 oo :
o (k) = 5 f ~dalale™. (3.74)

The lensing terms are proportional to the distributions §(kj) and 67 (kj). They have to
be understood as formal expressions. Physical power spectra are obtained by smoothing
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the signal with a longitudinal window function. Let us briefly explain this: we assume
that our galaxies are all inside a radial window, W (r|), with which the correlation function
has to be convolved. Its Fourier transform, the power spectrum is then multiplied by the
Fourier transform of the window, W(k‘” ). As an example, for the cross term involving 67 (k),
denoting the pre-factor of % (kj) by P« and the result by Py ops, we obtain an integral of the
form

1 I
Pxobs(kyz)=Px(lﬁaz)§de||dkH|7“\||€ IV (R )P - (3.75)

More details with examples of Gaussian and top hat windows can be found in [183].

3.4 Discussion and Conclusions

In this chapter we have studied the redshift-space correlation function and the power spectrum
of galaxy number counts. Even though these functions depend on the cosmological model used
to convert angles and redshifts into distances'®, they are useful for several reasons. First they
are well adapted to describe the 3-dimensional information present in large-scale structure.
This is not the case for the observable Cy(z1,22) angular-redshift power spectrum for which
we cannot employ very fine redshift binning due to under-sampling. Second, the multipoles of
the correlation function and of the power spectrum contain important information about the
growth of perturbations which is difficult to isolate in the angular-redshift power spectrum.
We therefore propose to use the redshift-space correlation function to analyse thin shells in
redshift space, Az ~ 0.2 and the power spectrum to analyse small (a few 100 Mpc) patches
of sky.

Computing these quantities within linear perturbation theory and with the halofit ap-
proximation, we have shown how they are affected by large-scale relativistic effects and by
lensing. The large-scale relativistic effects are important mainly at small redshifts. At z = 0.1
they introduce corrections to the monopole and quadrupole of the correlation function of the
order of 10% at a separation of 100 Mpc/h and they quickly increase with separation. The
hexadecapole is less affected at intermediate scales, but at large scales the correction becomes
similar to the other multipoles. We have seen that this large correction is due to the Doppler
effect, which contains a term proportional to 1/(Hx) which is enhanced at small redshift.
This term has previously been identified in [240, 254, 269]. At large redshift however, this
Doppler term contributes to the multipoles at the same level as the other relativistic effects
and generates corrections that are never larger than about 1%. We have also seen that full-sky
corrections to the correlation function are of the same order as relativistic corrections. It is
hence inconsistent to take onto account only one or the other. They have to be discussed
together as we do it in this work.

At large redshift the lensing term becomes much more relevant than the large-scale rela-
tivistic contributions. Furthermore, the importance of lensing strongly depends on the orien-
tation of the pair of galaxies. In particular it is most important along the line-of-sight, when
w~ 1. In this case on large scales, r > 200 Mpc/h, the lensing term even dominates over the

6Note that deviations from the fiducial model can be accounted for in a consistent way by introducing
correction parameters that rescale the correlation function, see e.g. [312].
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standard terms (see fig. 3.3). We have also studied the contribution of lensing to the multi-
poles of the correlation function and of the power spectrum and we have seen that at z =1
lensing modifies the monopole and quadrupole of the correlation function and of the power
spectrum by a few percents. At larger redshift z = 2 these corrections amount to 10-30%
at intermediate scales and quickly increase with separation. This clearly shows that lensing
cannot be neglected in the analysis of future galaxy surveys at high redshift. Moreover we
have seen that the hexadecapole of the correlation function and of the power spectrum are
strongly affected by lensing at z = 1 and z = 2. This comes from the fact that the hexade-
capole from the standard terms is significantly smaller than the monopole and quadrupole,
whereas the hexadecapole of lensing is of the same order as the monopole and quadrupole (as
can be seen from fig. 3.10). Measuring the hexadecapole is expected to provide a clean way
of measuring the growth rate f since it is independent of bias. Here we see however that such
a measurement would require a careful modelling of the lensing contribution. Furthermore,
we have found that lensing generates significant higher multipoles ¢ > 4 in the correlation
function , see figs. 3.9, 3.10 and 3.11.

In our work, contrary to previous studies on the subject, we have derived an expression
for the lensing correlation function which is exact, i.e. which does not rely on the flat-sky and
Limber approximation. By comparing our result with the flat-sky result, we have found that
the flat-sky approximation is only good in forward direction, pu =1, see fig. 3.4. The full-sky
lensing multipoles differ from the flat-sky one by 20-40%, see fig. 3.9. Finally, we have seen
that due to the mixing of scales, non-linearities in the matter power spectrum are relevant
for lensing even for large separations out to r > 200 Mpc/h for p ~ 1 where lensing is most
relevant, see fig. 3.5. A correct treatment of lensing requires therefore the use of the full-sky
non-linear expressions.

The presence of higher multipoles in both, the correlation function and the power spec-
trum, might represent an ideal observational target to identify the lensing term. As it has
been discussed previously [235], measuring the convergence x via the lensing of number counts
is a promising alternative to shear measurements. On the other hand, it has been shown that
neglecting lensing in the analysis of future surveys, at least for photometric surveys induces
significant errors in parameter estimation [92|. It will be important to investigate whether
this is also the case when precise spectroscopic redshifts are available.



Appendices

3.A Relations between the angles

In this appendix we derive in detail the relation between the angles 6, «, § and =, see
fig. 3.A.1. More precisely, we give expressions for cosa, cos and cos~y in terms of r, cosf
and Z = (21 + 22)/2 or rather x¥ = x(Z). Note that (x1 + x2)/2 and x(2) differ by a term of
order (Az)%/H((z) which we neglect.

As defined in the main text, « is the angle between the line of length r connecting the two
positions at redshifts z; and zo which span an angle 6 at the observer and the line connecting
22 and the intersection or the circle or radius 7| around zz with the Thales circle over r (see
fig. 3.1, left panel). Evidently « is given by

2 452 —r?
_ 2 el A 3.76
cosa nifr T\J X 2(1 +cosf) (3.76)

Here we have used eq. (3.34) to express r| in terms of (r, X, cos®).

The angle § is obtained as follows: We denote by s the length of the line from the observer
O to the middle of r and by g the angle of the triangle (O, z2,21) at 29, see fig. 3.A.1. The
cosine law gives the following relations

xa = §2+(r/2)*+rscosf, s% = (r)2)%+ x3 - rx2 cos ag (3.77)
Eliminating s and solving for cos 8 we find

122 + 1Yo cos ag

= 3.78
7’\/(7’/2)2+X%—7’X2C0S042 ( )

cos 8

Using furthermore
X2 — x1cosf
r

Cos (g =

68
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Figure 3.A.1: The angles a1, ag, 8, v and the lengths s and ¢ used to determine respectively
6 and v are indicated.

we obtain after some simplifications

X% - X% _2x 2r2 —4(1 - cos ) x?
r\/X% + X% + 2X1X2 cos @ r 8)22 cosf? + (]. COS 0)7”2 '

cosfB =

(3.79)

For the second line we used expressions (3.33) for xi 2.
Considering the angle v and using t as indicated in fig. 3.A.1 and as as before we see that
v =0/2+ a3 hence

cosy = cos(6/2) cos az — (1 - cos® 0/2)%(1 - cos® az) /2

Inserting
1+ cosf )1/ 2

0/2 =
cosf/ ( 5

and the expressions for cos as we obtain

(1 +cos0)?(x2 - x1) ~ V12 =2(1 - cosf)x2
V2r r '

Again we have inserted the expressions (3.33) for x1,2 in the last equal sign.

cosy = (3.80)

We shall also use the expressions for cosa; which are easily derived from the cosine
theorem:

2 —Xx1cos0 . 1 —Y2cosf
%, cosag = #-ny = _%‘

cosag = I-np = (3.81)
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3.B The full angular-redshift correlation function

The ’full angular redshift correlation function’ is £(0, 21, z2) when we include all the relativistic
terms. It can be computed as follows.

We first write down derivatives of eq. (3.51) wrt x1 and x2 which are encoded in the functions
C(kx1,kx2). Using r = \/ X7+ X3 - 2x1x2cosf and the recurrence relations for derivatives
of spherical Bessel functions

./ 1 . . ]E(w) 1 . .
=—— (U1 —(£+1 d = _
Je 2“1(]£1 (L+1)je) an 2£+1(‘“ 1+3je) ()
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" = jo(kr)
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2 . . -y cosf —y1cosf . sin? 6
Ao (—]1(k‘7“)—]0(/€7“))<x1 X2 )(X2 X1 )+]1(k7“)X1X2 !
kr T T kr
— x1cos6 —xacosf) . cosf . )
- beaeosazxacosd);, g 0 otk - galhr))
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4(3cos20 — 1) (% + 2 3(3 + cos? 6 —8(x2+%x2)cosh]
( z(Xl X2) +X1X2(3+00529) ( )X1X2 . (XT+X3) ja(kr)
357 357
1+2cos?(aj — 1
- T cosléoq aQ)jo(k:r) B [4+9cos(2aq) +9cos(2az) +2cos(2(a1 — )] jo(kr) +

[3cos(2(a1 —a2)) +35cos(2(ag + ag)) + 10cos(2aq) + 10 cos(2az) + 6]
280

ja(kr).
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The coefficients (?!(x1,z3) etc. are obtained from ¢'2? etc. via the symmetry relation
¢z, y) =" (y, ).

The flat sky limit of the above function is obtained by setting a; = ao = av. In this case all the
terms in front of a j, are a multiple of the Legendre polynomial P;(cosa). More precisely,
denoting the flat sky limit of (¥ by (¥ we obtain

¢ = jo(kr),

O = —Laeosa)i(hr), G = SPa(eosa)a(hr) + Zio(kr)
= SPa(eosa)ja(hr) - Ziolkr).

&2 —3L1(cosa)j1(k:7°)—%Lg(cosa)

& - %P4(cosa)j4(/~c7“)+ipg(cosa)jg(kr)wL Lo kr).

The terms ¢, (Y2 and ¢?? give rise to the standard flat sky result (3.64) to (3.66). The flat
sky results (°! and ¢'? are more subtle. Since we always have to add ¢/ + (7% and (¥ (cosa) =
(T (cos(m —a)) = (7(-cosa) these odd terms actually cancel and do not contribute in the
case of a single population of galaxies. They do contribute to a multi tracer signal, see |76].

The only coefficients that do not fall into this category, as explained in the main text, are
the lensing terms which are computed using the identity

1
—0(0+1)Py(cosO) = AqgPy(cosb) = ,—989 (sin @0 Pe(cosh)) .
sin
They are given explicitly by

0 . 20
COL _ leXQ COS (]C ) (kZ X1X2TSln ) (kT)

9 29
= k2 [lexgcosejo(kr)+xgx2 (2(:059 3X1X2sm )jg(l{:r)]

sin arq sin ap

Jo(kr) +

sin?(aq — ) sin?(a - a)

_ (kr)2lzsina1sina2c0s(oz1 ag)
3

x [cos(a1 — ag) + cos ag cos og)]jg(kr)]

2x2(x1cos8 — x2)(x1 —2x2c0s6) .
5r

ClL = k? [gxgrcosﬁjl (kr) + J1(kr)-

53 (X2(4X1 cosf — (9 + cos® 0) xSy + cos (cos 0+ 5) XIx3 +
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2(3 - 2cos® 0) x1X5 — 2x3 cos 9))j3 (kr)] ,

2 (2sin g — sinag ) (sin g — cos(ay—az) sin ay) y

2 cos(ag —ag)sinay |
kr)? | = 1 (kr) -
(kr) [3 sin(ag — o) J1 (kr) 5 sind(ay — ag)
1 si in(2 in(2 - —15sin(2
jl(kzr)——smal [6sin( a1)+sm§ 2(a1 az)) - 15sin(2(ay +a2))]j3(kr)
120 sin® (o — ag)
2 2 2 .
-k {1—5X2 (3X1 cosf + (1 -3cos 0))(2)]0 (kr)
GX?XQCOSG—(9C0829+11)X%X% 26089(3008294-8))(1)(%4-4(1—3C0829)X% (K
! 2172 ’ 2172 J2 (kr)
N x2 (2(1-3cos?0) x5 +6cos0(3 — cos? ) x1x3 + (cos* 0 + 12 cos? 6 — 21) 3 x3)
3574
X2 (2 cosd (0052 0+ 3) x?x% - 12){1")(2 + 4)(;’ cos 0) )
B 354 Ja(kr)

(k) 1 sinay(2sinay Tzsin(2(a1 - a3)) cos al)j()(k‘?") s .Sif(al)
15 sin®(ay — ag) 84 sin*(ag — az)
[3 sin(3a1)(cos(2a2) +3) — 12 cos® oy sin(2ag) — sin a1 (3 cos(2a) + 1)]j2(kr)
sin o
+
560sin% (o — )

[5 sin(ag +2a3) — 35sin(3a +2a9)

+sin(ag —2a9) + sin(3a; —2a3) + 2sina; + 10 sin(3a1)]j4(k:r)} (3.82)

. 6(r2+5 cosf 2+24in%0\ .
—sin® 6(k*x1x2) [( ( 3232(2 ) XleA ja (kr)

) + Zia )|

2 (27“2 + 312 Ccos 9)
+

7r2
2 9 2,220
+4 cos 0k3y1 2 r+0xixacosf  Xixgsin Ja (kr)
157 273
2 7‘2+X1X20059 ] r
+ ( - )]1 (kr) + gj_l (kr) :| (3.83)

s . B
(k:r)3 4sinay S‘1H2042 cos(ay ag)j_l (kr)
3 sin® (o — ag)

_ 2sinag sinag cot(ar — ag)[cos(2(ar — az)) + cos(2aq) + cos(2az) — 3]

5 sin®(ay - az)

jl (ki?")
sin oy sin ag cos(ag —a2)
60 sin* (a1 —ap)

[2+6cos(2aq) + cos(2(a1—asg)) + 6 cos(2a3)



3.B. THE FULL ANGULAR-REDSHIFT CORRELATION FUNCTION 73

-15cos(2(a1+a2))] jS(kT)}

2 sin? g sin® ay | 2sin? oy sin?
+(k7“)4{ —5———Jo(kr) -

5 sin?(ag - ag) 7sin? (a1 - az)
sin? oy sin? oy
280 sin*(ay — an)

x [2 sinQ(al —ag) + 3cos(ay — ag) sin g sin ozg]jg(kr) +

><[35 cos(2(a1 + a2)) —10cos(2ag) — cos(2(aq — az)) — 10cos(2a1 ) - 14]j4(k:7“)} .

For the lensing terms the flat sky limit cannot be obtained by setting a1 = aso since
the terms &% diverge in this limit. We discuss the flat sky approximation of lensing in
Appendix 3.E.

We now give explicit expressions for the Q;?B in terms of the (%, to be inserted in eq. (3.49)
to build the correlation function:

QUM (6, 21, z0) = b(21)b(22)Sp(21)Sp (22) % (kx1, kx2,6) ,

9
Q™(0, 21, 22) = Sv(21)Sv (22) ¢**(kx1, kx2,0)

HiHs
2-5 N (2N
Qlen(e,zl,zQ)_(4X1;2) f f ay ;S‘Q ) S5 (N) S X)L (RN N, 6)

kb
Qden_rSd(0721722) _ ;Etzl)

Sp(21)Sv (22) (% (kxa, kx2.0),

2-5 A
Qden-len(eythQ) _ b(zl)SD(Zl) ( 2X2S) A d>\X2)\ S¢+1/)(A) goL(thk)‘?e)?

rsd-len k 2-5s X2 -
Qred-! (H,zl,zg)zH—lsv(zl)( e )fo d)\XQ)\ Speu(N) C2E(kx1, kA 0)

QU(0, 21, 2) - [(% LR f) SV](Zl)

x [(% N 2;—%53 45— f) sv](zQ) (k1. bxa, 6).
QX(97'Z1722) = AX(Zlak)AX(227k)COO(kXI')kX%G) X e {d2a glv g27 gg}u

e
@ (0,21,20) = L2 [0 [ AN S0 RS (N DI (AR 6),

H 2-5 H 2-5
Qg5(9 31722) (,Hg + XHS+53_fevo)(zl) (@"‘ X,HS"‘E)S_feVO)(ZQ)

X2 e : / 00 /
X [0 d)\[o dAA S (N, k) Sy (N k)T (KX KN, 0)
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Qden-dl(ejzlj 29) = b(21)Sp(21) [(% + 2-5s + 55— fevo) Sv](m)col(kxpkxz,@) )
xXH

Qden_X(e’ 21, 22) = b(Z]_)SD(Zl)AX(Z2a k)goo(th kXQ: 9)
QU el (), 2y, 2y) = b(zgsD(zl)Q > [ dAASgrp (A k)™ (kx1, kA 0),

2-D5s
N +58— fevo)(ZQ)

X2 . 00
X/() d)\S¢+w(>\,k‘)C (kX17k)\76)a

QI"E5(9, 21, 29) = b(21)Sp(21) (@ +

el k H 2-5
Q9,2 2) = ,}_[—15\/(21) [(m + X’HS +5s - fevo) SV](Z2)€21(7€X1,7€X279)7

k
QrSd_X(97 21, 22) = ESv(Zl)AX(227 k)czo(kxla kXQa 0) 9

k 2-5
Q80,21 25) = 2SN =— °

f AAS ey (0 B)CO (kx, BN, 6)
2-5s
xH

X2 . 20
< [ AN O (kA 6)
QM (0,21,2) = [(% + % +
y 2-5s x1 x1—-A

dA
2x1 Jo A

on- 2-5s xa -A
QX (0,21, 20) =A% (22, k) [ dAXl S (N CEO (N, ke, 0),

rsd- k H
Q dg5(97z1722) = 7‘[_15V(Z1) (@+ +58—fev0) (22)

98 — fevo)SV:| (22)

Sprp (N (BX, kx2,0)

len-g4 (2 55)2 Xl / LO ’
Q ((9,2’1,2’2) P UE— d/\ d)\ S¢+w(/\ k)ng“/,()\ k‘)C (k)\ kA 9)
2xaxe2
on H 2-5s 2-5
Q*E(0, 21, 22) Z(ﬁJf N fevo)(22) -

y /OX1d)\ fOXQdXXlA_ASM(A)SM(X,/c)gLO(kA,kX,e),

] H 2-5
le X(H, 21, Z2) = I:(ﬁ + XHS + 98— fevo)SV:I(Zl)AX(ZQ7 k)Clo(th kXQa 9) )

QY80 21, 29) = (% + 2;:28 +5s - fevo) SV] (21)
. 2708 [ aAS s (R (R A, 6),
X2 0
le-g5(9, 21, 22) = -(% + % + 55— fevo)SV](Zl) (% + % +5s - fevo)(ZQ)
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< [T AN s LRI (kA 6)
Q%Y(0, 21, 20) = A% (21, k) AY (20, k)¢ (kx1, kxa, 0) X,Y e{d2, gl, g2, g3},

2= 5’9/ AASep (A B)C (kx1, BN, 6)

Q™ (0, 21, 20) = AX (21, k)

2-5s
+ 5 — Jevo
TR [ )(22)
X2 . 10
y fo XS0 (N E)CO (x1, kA, 6)
H  2-5s 2-5s
—_—
H2  xH
X1 X2 00 ’
x /0 dX fo dN Serp (A, k:)S¢+¢()\, EYCU (BN KN, 0) .

The correlators QB4 (21, 22) are obtained from Q45 (21, z) using the identity QB4 (2, z2) =

Q4P (29, 21). The functions Sx and AX are given in terms of the transfer function 7'(k) and
the density growth function Dj(a) as

’H
QXB5(0, 21, 20) = AX (21, k) (@ -

Q¥(0, 21, 20) = ( +5s - fevo)(zQ)

Sp = —g 5 k; chfa)T(k) , (3.84)
Sy = gﬂiﬁt? dD;(f“)T(k;) - —f Sp, (3.85)
Sy = %chfa)T(k), Spre =254, (3.86)
A2 - gﬂ:;z dDdlcfa)T(k) (3.87)
Agl (% + 2;?35 + 55— fevo) Sy, (3.88)
AE = (2-55)S,, AP =H'S,. (3.89)

Here we have set ® = ¥ and the transfer function 7T'(k) as well as the growth function
D;(a) have to be determined either with a Boltzmann solver like CLASS or using an analytic
approximation like the one derived in Ref. [139]. We have normalized the growth function
as well as the scale factor to unity today, Di(1) = 1. For the numerical results shown in our
figures we used the Boltzmann solver CLASS. We have checked analytically and numerically
that our correlation functions for the standard and (d1)-terms agrees with the full sky results
of [76].

3.C Approximation for the non-linear full-sky lensing

As discussed in Section 3.2.2, to calculate the non-linear full-sky lensing we calculate the
halo-fit power spectrum at a fixed redshift z, and then evolve it along the line-of-sight using
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Figure 3.C.1: We show the full-sky non-linear density-lensing correlation function (left) and
lensing-lensing correlation function (right) at z = 1 as a function of separation, for y = 1. The
black solid line shows the calculation with z, = 1, the blue line with z, = 0 and the red line
with z, =0.42.

the linear growth rate. To choose z, we use the flat-sky non-linear result, that we calculate
first without approximation and second with the same approximation as in the full-sky. We
find that when z, = 0.42 the approximate solution is in extremely good agreement with the
correct solution. We use therefore the same z, to calculate the full-sky result, for which it is
not possible to do an exact integration (see discussion in Section 3.2.2).

In fig. 3.C.1 we compare the non-linear full-sky lensing calculated with different values for
z.. In red we show the result for z, = 0.42 (best fit from the flat-sky), and in black and blue
we show the two extreme cases: z, = 1 (black) and z, = 0 (blue). We see that the lensing
terms behave as expected: a smaller z, gives rise to a larger result, since in this case we
overestimate the power spectrum along the line-of-sight. The curve z, = 0.42 is well situated
between the two extreme cases, as was the case in the flat-sky. This gives us confidence that
the approximation works well also for the full-sky lensing.

3.D Direction dependent power spectra

In this appendix we prove a simple property of direction dependent power spectra which is
often used. This result is of course not new but it is usually used without derivation and
mainly in special cases. Here we prove it in full generality.

Theorem £(r) is a correlation function which depends on the orientation of r only via its
scalar product with one fized given direction n (e.g. the line of sight). Denoting the corre-
sponding direction cosine by u and expanding £ in Legendre polynomials, we have

() =2 & (r)Pulp),  p=t-m. (3.90)

In this situation the Fourier transform of &, the power spectrum, is of the form

Pk) = > pu(k)Pu(v), v=k-n where (3.91)
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pn(k) = 47rinfooodrr2jn(kr)§n(r), and (3.92)
&) = OO0 [ ek k). (3.93)

Proof The Fourier transform of £ is defined as

P(k) = f Bremke(r) . (3.94)
We use that ‘ )
TR =St (20+ 1) o (kr)Po(k - £)
l
and
. ar & N Amr
Po(k-t) = 2€+1m;€YZm(k)Yém(r) 2041 r (k).

Here Yy, are the spherical harmonics as given e.g. in [131]. Inserting these identities in (3.94)
using the ansatz (3.90) for the correlation function, we obtain

PO = 33 U i (o) Yo (Vi (80 Vi ()i (). (3.95)

Im nm/

Using the orthogonality relation of spherical harmonics, the integration over directions gives
P(k) =47 5" [ drr26u(r)ja(kr)Pa(v). (3.96)
0
n

Identification of the expansion coefficients yields (3.92). Eq. (3.93) is obtained in the same
way using the inverse Fourier transform,

§(r) =

(2 )3/d3 —zkrP(k) I

Clearly, if £(r) = (Ay(x)A4(x+71)) is independent of x (A is statistically homogeneous),
& does not depend on the sign of r and in the sum above only &, with even n’s can contribute
so that P(k) is real.

Inserting the expressions for the QP in (3.49) to obtain the correlation function, we
realize that in the flat sky limit (n; - ny), all our terms £4% where the corresponding Q42
do not contain integrated terms, are actually of this form. This also shows that in this limit
¢+ ¢1% and ¢'2 + ¢%' must vanish since they contain jj(kr) and j3(kr) and would yield
imaginary contributions to the power spectrum.

For wide angles nj # ns the correlation function depends on two directions. Furthermore,
for large r it is not translation invariant as it depends on the redshift on our background
light-cone at which r is placed. In this case, the Fourier transform of the correlation function
is no longer simply given by the power spectrum of the fluctuations.
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The theorem proven above has a simple but useful corollary which is sometimes called the
closure relation of spherical Bessel functions [30]. Inserting the expression (3.92) into (3.93)
and using that it holds for arbitrary functions p,(k), we find

2 fo " i (k)i (R Y2y = 5k — k)2 (3.97)
T

o) = o= @)

we can convert (3.97) into an equation for ordinary Bessel functions J,:

for positive k and k’. Using

L Tt () T p Ry = K6k = K) (3.98)

This identity also holds for J,,, with integer m, see [161], No 6.512-8.

3.E The flat sky approximation

To derive expression (3.73) we consider the observed galaxy density fluctuation in real space
given in eq. (3.11). We neglect the integrated Sachs Wolfe term and the ® term in the first
line; they are very small and relevant mainly on very large angular scales where the flat sky
approximation breaks down. The remaining integrated term is then only the lensing term
and the subdominant Shapiro time delay. Furthermore, we set ¥ = ® which is a very good
approximation in ACDM at late times. Denoting the power spectrum of the comoving density
contrast d. at redshift z = 0 by Ps and using the perturbed Einstein and continuity equations
we find

~ _ 3Q,Hi(1+2)Di(2)
¢ o= W= -7 9 5 Se (3.99)
Vo= -Eiepe., (3.100)

where f(z) is the growth rate as given in (4.3), Di(z) is the growth function such that
de(k,2) = D1(2)dc(k) = D1(2)0.(k,0) and €, is the matter density parameter today.

Neglecting first the integrated terms we can simply Fourier transform this expression
from x(z)n = x to k and use that the power spectrum is the square of the Fourier transform
amplitude. This yields

Poi=|A+BJ(kH) + C/(kH)*[ Ps(k), (3.101)

where A, B and C' are given in (3.70) and (3.72).

To derive the cross term of the non-integrated with the integrated terms, it is more useful
to start with the correlation function. Let us denote A + B/(kH) + C/(kH)? = a(k,v,z) and
F(k,v,z) = alk,v, 2)6.(k) with Fourier transform F(x,z) . Denoting

I(x(2)n, 2) = % fOX(z) d [2 - @AQ] D, (3.102)
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we have
Ean(r,z) = (F(xini, 2z1)F(xenz, z2)) + (I (x1n1, 21) F(x2ng, 22))
+(F(xim1, z1)1(x2ng, 22)) + (I(x1m1, 21) 1 (x2n2, 22)) ,

where x; = x(2;) and r = xons — x1n1, z = (21 + 22)/2 and we assume both x; > r and the
z; should not be very different. Using the relation between ® and ., the contribution of the
cross term to the correlation function is then given by

§rr(r,z) =

3 Q,HZ(2-5s(z2 d3k _ikn
—(2703 0(2X1 ( ))/ﬁPg(l{)e 8 X2k, v, 22)

x f0X1 A A = ME +2] Di(2(0) (1 + 2(2))e™™.

In the spirit of the flat sky approximation we now set n; = n, + An/2 and ns = n, — An/2
assuming that An is very small. Splitting r = r, +n,r withr, = x(2z)An and r| = rcosay, see
fig. 3.A.1, we then perform the k-integral in the direction parallel to n., dkj exp(—ik)(x2—-X)).
We neglect the slow dependence of the power spectrum on k| and only consider the rapidly
oscillating exponential which gives 2wd(x2—A). Hence the integral over A does not contribute
if x2 > x1, otherwise it reduces to the integrand at o,

3 QnHE(2-55(2))0(x1 - x2)

f]F(I‘,Z)=— Dl(ZQ)(1+Z2)
(2m)? 2x1 (3.103)
&2k, e ) '
X Vpg(kl)e * la(kl70722) [X2(X1_X2)kl+2] ’
1

where O is the Heaviside ©-function.

Using polar coordinates, dk, = dk, k, de we can perform the ¢ integration which yields a
Bessel function, 27Jy(k,r,) = 2w Jo(k.rsinas). The term {g(r,z) contributes in the same
way with 21 and z2 exchanged. Setting x1 — x2 = r| = i and neglecting the difference of x;
and y2 (z1 and z2) in all other places, we find for the sum of both mixed terms

3 Qi HF(2-55(2))

§rperr(r,2) = - Di(2)(1+2)
%dk 2 (3.104)
X / k—lpg(kl)Jg(k‘lr\/l - p?)a(ky,0,2) [X|u|rki+2] .

Here we have also neglected the difference between cos ais and p. In the flat sky approximation
all these angles are equal. (If we would want to be precise, actually in the case z1 = 29, hence
1 = 0 the Shapiro time delay would obtain a factor 4, not 2, but we neglect this in the flat
sky approximation.)

To obtain the Fourier transform of (3.104) which is the contribution n.i.-I to the power
spectrum we first multiply the equation with [ dky exp(—ikyr)0(k)) = 1. We then write the
factor |x2 — x1| = [ry| = |u|r inside the integral,

f dley exp(=ikyry)lrylo(ky) = |ry]
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is the Fourier transform of
1 .
5P(k”) = % f d?“” eXp(ZkHT'”)’T‘Hl . (3.105)

Note that without the absolute value 6 would become —i¢’. This distribution is purely
imaginary while 67 is real. However, like § or ¢’ its support is on k) =0, ie. for a function f
which vanishes in a small neighborhood around kj =0 we have 5P f=o.

Inserting (3.105), we can write the correlation function &7, pr as the Fourier transform
of

Pk 2) = 3r 02 =55() 3y
(3.106)

« Py(k)aky,0,2) [5P(k|) . k%(wf)] .

Note also that since kj = 0, in the flat sky limit, the integrated term is not correlated with
redshift space distortions.
Let us finally compute the double integrated term,

209 _55(2)))2 3 1 9
§11(r, 2) = (3lezg7(r§34>5<2( u %P‘S(k) fox i fox ax
< [A(x1 =N +2] [N (x2 = N)kT +2] D1 (2(A\) (1 +2(N))
x D1 (2(A))(1 + 2(N\))e KmA-n2X)

(3.107)

Via the same procedure as above, the integration over k| leads to 2md(A - A’) and we find
30, HZ(2-55(2)))? d’k
(0@ =55 [ Php

(2m)*4x & (3.108)
x [TAAAG VR 2] DA (L ()2 e )

§II(F,Z) =

We now perform a change of variables, k; — (A/x)k,. In terms of this new variable, the
integral contribution to the correlation function becomes

30, H2(2-5 2 rx d*k, _ikur,
Err(r,2) = < (gﬂ)24x§(2))) fo d)\f pr Pilk/A)e k

(3.109)

2
‘ (5)2 [Mkf N 2] D2(2(\)(1 + 2(\)2.
X A

Again, performing the ¢ integration we end up with

r1(r,2) = (32 15 (2 - 55(2)))* foxd)\fdklkng(le//\)Jo(klr\/l—;ﬂ)

8my?

2 _ 2 2
y (g) [w . k%] D2(2(0)(1 + 2(\))2.
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Inserting the same factor 1 as for the mixed term above, we can read off the flat sky power
spectrum of the integrated contribution,

W(SQmHg(Q -55(2)))?
2x2

— )\ )2 2
y [w s %] D2(2(\)(1+2(\))?.

Prr(k,z) =

foxd)\Pg(kX/)\)ci(kH) (%)2
(3.110)

Adding (3.101, 3.106, 3.110) we obtain the result (3.73). For completeness, and since we use
it for some of our results, we also write down the flat sky correlation function,

1 .
ea(r,2) = f dk, Kk, Ps (k) Jo (k1 - 122) f dvla(, v 2)Pe

_3QmH02L2r);55(z))Dl(z)(1+z)/%Pg(kl)Jo(klr\/l—/LQ)Oé(k‘hOaZ) [Xulri?+2]

2(2-5s8(2)))? rx
, (32 HF(2 - 55(2))) /O d)\/ %pé(klx//\),]o(klr\/l_lﬁ)

8y 2

2
X (i)2 [Mk‘f + 2] D?(z(M)(1+z(N\))2.
X A

(3.111)

Since « only contains terms which are constant, linear or quadratic in v, the v-integration is
easily performed analytically.



CHAPTER 4

Correlation function |l: The COFFE code

Based on:

[295] V. Tansella, G. Jelic-Cizmek, C. Bonvin and R. Durrer “COFFE: a code for the full-sky
relativistic galaxy correlation function”
in publication, [arXiv:1806.11090|.

Abstract. In this chapter we continue our work on the 2pF presenting the public code COFFE
(COrrelation Function Full-sky Estimator) available at https://github.com/JCGoran/coffe.
The code computes the galaxy two-point correlation function and its multipoles in linear per-
turbation theory, including all relativistic and wide angle corrections, employing the results
presented in chapter 3. COFFE also calculates the covariance matrix for two physically rel-
evant estimators of the correlation function multipoles. We illustrate the usefulness of our
code by a simple but relevant example: a forecast of the detectability of the lensing signal
in the multipoles of the two-point function. In particular, we show that lensing should be
detectable in the multipoles of the two-point function, with a signal-to-noise larger than 10,
in future surveys like Euclid or the SKA.

4.1 Introduction

It is often argued, as we did in chapter 1, that cosmology has become a precision science thanks
to the very accurate measurement of the Cosmic Microwave Background (CMB) temperature
fluctuations and polarisation power spectra |6, 11]. It is now time for the observation of the
galaxy distribution to contribute to this name. Measurements of the two-point correlation
function (2pF) have been performed by different collaborations over the past years [197, 115,
17] and upcoming redshift surveys will probe the LSS of the universe at deeper redshift and
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for larger volumes [20, 203, 216]. To correctly interpret and to profit maximally from the
data that will soon be available we need robust theoretical predictions of the signal: this was
the subject of the previous chapters. However, not only the signal has to be understood from
a theoretical point of view, but it is necessary to find accurate and fast methods to compute
it. For the CMB, we have at our disposal fast linear Boltzmann codes such as CAMB [207]
and CLASS [66]. Recently, these codes have been extended to compute also the angular power
spectrum of galaxy number counts, Cy, [98] and [125]. However, redshift surveys traditionally
measure the 2pF and its multipoles (monopole, quadrupole and hexadecapole), rather than
the Cy’s. In this chapter we present a public version of the code COFFE (COrrelation Function
Full-sky Estimator) which computes the galaxy 2pF including all the relativistic projection
effects and does not rely on the flat-sky approximation. The code builds on the results
derived in the previous chapters to consider not only the density fluctuations and redshift-
space distortions (RSD) but also several additional terms which we have already discussed:
lensing, ordinary and integrated Sachs Wolfe effects, gravitational redshift, Doppler terms,
and Shapiro time delay. These contributions arise in the expression of eq. (2.30) for the
observed galaxy number counts Ag,(n,z) at redshift z and direction n in the sky and of
course they contribute also to the correlation function defined as in eq. (3.3)

£(cos b, z1,22) = (Ag(z1,n1)Ag(22,12)), (4.1)

where cosf = nj - ny. The brackets in eq. (4.1) are intended, from a theoretical point of
view, as an ensemble average but if ergodicity holds (as it does for the case of a statistically
homogeneous Gaussian random field), in observations, they can be replaced by a spatial
average. The expression that is most commonly used in the literature for the 2pF is the
Fourier transform of the Kaiser formula for the galaxy power spectrum [199]

2bf f2 (4bf 4f?

P(z,k, aiser=D b2
(2 k)i = D32 | CNE

8
)P W+ L] pwy. a2
Here Z is the mean redshift of the survey, P(k) is the matter density power spectrum today,
D1(2) is the growth factor normalised to 1 today, v is the cosine of the angle between k and
the line-of-sight direction (assumed fixed in the flat-sky limit), v = n-k, and the P, are the
Legendre polynomials of degree £. We have also defined b(Z) as the galaxy bias which relates

the galaxy density fluctuations to the matter perturbation in synchronous-comoving gauge:

A" = p. 5. Furthermore )
D} _. dlnD;
f(z)= ——( +Z)—m,

is the growth rate, where the prime denotes the derivative with respect to the redshift Zz.
Equation (4.2) relies on the flat-sky approximation and does not include all the projection
effects we mentioned before. A simple way to write the 2pF in full generality is to use eq. (3.4):

(4.3)

£(0,21,29) = i Zz:(% +1)Cy(z1, 22)Pe(cosb), (4.4)

where Cy(z1,22) is the number counts angular-redshift power spectrum introduced in |72,
99]. Even though fast and reliable codes such as CAMB and CLASS have been generalised
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to calculate the number count angular power spectrum [125, 124], the use of eq. (4.4) to
compute the 2pF is not advisable. As we anticipated in chapter 3 this approach has two
relevant drawbacks:

o Window function: eq. (4.4) is essentially an inverse Fourier-Bessel transform. The sum
over £ runs to infinity and we are forced to cut it at some £,,x. This is equivalent to
introducing a top-hat window function W; in ¢-space which enforces Cy = 0 for £ > lax.
The inverse transform is then a convolution of £ with the inverse transform of Wy (given
usually in terms of spherical Bessel functions jy): this introduces spurious oscillations
in the result. A possible workaround is to introduce in the sum a decaying window
function which ensures (2¢+1)Cy ~ 0 for £ 2 {pax but the result will then depend on
the smoothing scale chosen.

e Run time: Typical values for ¢, in order to reproduce the correct behaviour of £ are
lrmax > 3000. This means that every point of the 2pF requires the computation of several
thousands spectra Cy: CLASS is very fast but this quickly becomes unfeasible, especially
when terms which require line-of-sight integrations are sought (i.e. lensing).

As argued in Ref. [294], this problems become especially relevant when we want to exploit
the very high redshift resolution of spectroscopic surveys in a redshift bin Az. For correlating
only a small number of rather wide photometric redshift bins, the Cy(z1, z2) probably remain
the method of choice.

The code COFFE performs a direct calculation of the 2pF which does not need the angular
power spectra Cy(z1,22). For the standard and one of the Doppler terms this has already
been done in [90], with an implementation in the public code AngPow [89]. Here we extend
this work to include lensing and all other relativistic effects in full sky. In particular, our code
computes: 1) the 2pF as a function of redshift, separation and orientation, 2) the multipoles
of the 2pF, which is the output directly delivered by redshift surveys, and 3) the covariance
matrix, necessary e.g. to assess the detectability of lensing and relativistic effects and their
information content. In the next section we summarise the theoretical results which allow for
a direct calculation and we deal with the problem of Infra-Red (IR) divergence which afflicts
some terms in the correlation function. In section 4.3 we illustrate the usefulness of our code
through one simple example. In section 4.4 we present the code and in section 4.5 we conclude
and discuss future implementation to expand its functionalities.

4.2 The relativistic full-sky correlation function

4.2.1 The formalism

In the spirit of having self-contained chapters in this thesis, we summarise in this section
the results obtained in chapter 3. The reader familiar with the formalism can jump to
section 4.2.2, taking however note of the change in notation we present here.

Let us start with the set up for computing the two-point correlation function. The 2pF
is usually not regarded as a function of two redshifts and one angle as in eq. (4.1) but as
a function of the separation between the two points r, the mean redshift z and the cosine
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w of the angle between the separation vector r and a line-of-sight (LOS) between the two
directions of observation, determined by convention. There is not a unique way to define
this angle. In the flat-sky limit common definitions coincide, but in full sky they lead to
differences in the multipoles, which are potentially of the same order of magnitude as the
relativistic effects. It is therefore crucial to clearly specify the chosen angle. It is common
practice to split r into its parallel component r (i.e. parallel to the LOS) and transverse

component 7, (i.e. perpendicular to the LOS) so that r = rﬁ +72. In the full-sky regime,

where we take into account that the two points do not share the same LOS, we chose to define
the parallel separation as the difference between the comoving distance of the two points

T =X2 X1 (4.5)

where x; = x(2;). We also define y in the usual way as p = | /r, which reduces to the standard
definition in the flat-sky limit. Assuming vanishing spatial curvature Qx = 0 (as this first
release of COFFE does) the separation between the two points is given by

r(0,21,29) = \/X% +X§ - 2y1x2cos6, (4.6)

and cos@ can be related to r, 4 and z by

972 2 4 1,22
cosf = X —— 2! , (4.7)
232 - 122

where we have introduced® ¥ = (x1 + x2)/2 =~ x(Z). We point out that when writing the
correlation function &(r, i, zZ) (considering physical distances) a cosmology must be assumed
to convert the observed redshifts to x1 and x2, while £(0, 21, 22) can be directly measured
in observations. However the former approach allows us to compute the multipoles of the
correlation function which are often useful to break the degeneracy between cosmological
parameters [102, 103, 111, 179, 310, 101, 326]. One then has to be careful when estimating
cosmological parameters, taking into account that the data {(r, i, z) itself depends on them.
This is usually done by introducing rescaling parameters in the correlation function, which
are fitted at the same time as cosmological parameters, see e.g. [313].

Having clarified the setup, we can now turn to the computation of the 2pF. Including all
the relativistic corrections, the galaxy number counts can be written as in egs. (3.12)-(3.21):

Ag(n,z) = Adn ¢ Arsd Alen | AdL AdZ L ABL L AB2 4 ABS L ABY L ASS (4.8)

Let us go through the physical meaning of each term once more: the standard terms, i.e. the
density fluctuations and the RSD term, denoted respectively by A%™ and A™! are usually
taken into account in galaxy clustering analyses. A!*™ represents the lensing term. A4 is the
Doppler contribution, A% is a velocity term which comes from transforming the longitudinal
gauge density into the comoving density. A& A8 and A8 are relativistic effects, given by

"Note that ¥ and x(Z) are not exactly the same but in what follows we neglect this difference which is of

order (Az)?/H(Z).
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the gravitational potentials at the source. As such they are sometimes called "Sachs-Wolfe’
terms. A8* denotes the so-called Shapiro time-delay contribution and A8 is the integrated
Sachs-Wolfe term. Redshift-space expressions for the contributions in eq. (4.8) can be found
in egs. (3.12)-(3.21), here we will only use the Fourier-Bessel transform of these terms given

by egs. (3.39)-(3.48):

AF = b(2)Spje(kx) (4.9)
IS k
AP = o Svit (k). (4.10)
2 1
Alen _ ( 258)€(€+ )/ d)\X—)\(S¢+S¢)jg(1€/\) (4'11)
H  2-5s ,
AP = (@+X—%+5S—fem) Svip(kx), (4.12)
H_ .
AP = =3~ fevo) - Svie(kX). (4.13)
] H 2-5s .
A% = (1 + ﬁ + X—H +5s - fevo)Szb]E(kX) s (414)
AF = (-2+55)Suj(kx), (4.15)
1.
Af = 77500 (), (4.16)
T AL TR BTV @17)
5 H  2-5s X . .
AP = (ﬁ + H + 58 - fevo) fo dA(Sg + Sy)je(kX). (4.18)

We define the matter transfer function Sp, which relates the primordial power spectrum
Pe(k) = As(k/k)"~! to the matter power spectrum at redshifts z; and z2, via

Pe(k)Sp(k,z1)Sp(k,22) = k—Dl(zl)Dl(zQ)P(kNZ -0 = k;:;P(k,Zl,ZQ). (4.19)

In standard ACDM, the velocity and potentials transfer functions are related to Sp through
v=-(Hf)/kSD, (4.20)

Sp = Sy = —% (%)255, (4.21)

S¢ =Sy = —3;2;" (HO) (Sp-HSp). (4.22)

Furthermore s denotes the magnification bias and fey, is the evolution bias.

The basic idea upon which the direct calculation is performed is based on eq. (4.4) and
the explicit expression for the contributions of the correlation of the terms A and B in the
angular power spectrum

CAB (21, 2) = 47rf B (k)AL (k20 ) AB (I, 25) (4.23)
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Figure 4.1: A possible output of the COFFE code. The correlation function 72¢(r, u) is
plotted at z = 0.1 for different values of p (color coded): the left panel is the flat-sky result
of eq. (4.32), the middle panel the full-sky result considering only density and redshift-space
distortion, while the right panel also considers the "d1" doppler term (the most relevant
relativistic contribution at low redshift). Note that the full sky result for the standard terms
is negative at large distances while the flat sky result can be positive depending on the
orientation p. Including the relativistic terms (in this case only d1 contributes visibly), the
correlation function becomes again positive for almost transverse orientations. For large u
and large r it is significantly more negative than the standard flat sky result.

where we set schematically {A, B} € {den,rsd,...,gb}. Combining eqs. (4.4) and (4.23) we
can exchange the sum over £ and the integral over the wavenumber: we then need to evaluate
sums of the form
S 20+ 1) A (k, 21) AP (K, 22) Pe(cos b) . (4.24)
l
The Af depend on ¢ only via a spherical Bessel function or derivatives of it and hence we can
perform the infinite sum over ¢ analytically, leading to simple functions of 8, z1, zo multiplying
jr(kr) with L€ {0,1,2,3,4}. We refer the interested reader to section 2.2 of [294] for details
of this calculation. Here we report the results with a somewhat different notation w.r.t. chap-
ter 3, to present the expressions in a way which is closer to what is implemented in COFFE. It
is useful to split the discussion between non-integrated terms {den,rsd,d1,d2,gl, g2, g3} and
integrated terms {len, g4, gh}, which require a LOS integration.

For the non-integrated terms we define?
gAB(e’Xla XZ) = DI(XI)Dl(XZ) Z (X?‘A + XéL'AB + X?‘BA + XQ‘B)I?(T) ’ (425)
4n

where the X?‘AB = X?(G,Xl,xg)uB, {A, B} = {den,rsd,d1,d2,gl,g2,g3} are listed in Ap-
pendix 4.B. Note that a single tag means autocorrelation: Xﬂ 4= Xﬂ 44 Thesum is intended

*Note that since we have assumed a cosmological model we write £(6,x1,x2) = £(0,21,22) = &(7, 11, Z) =
&(r, 1, X) with no distinction. In fact we can use x; = x(2:), = (x2 — x1)/r and eqgs. (4.6),(4.7) to switch
between the different variables in which we express the correlation function. We neglect the difference between

X and x(Z).




88 4. CORRELATION FUNCTION II: THE COFFE CODE

over all the values of ¢,n € {0,1,2,3,4} for which the coefficients (given in the appendix) are
non-zero. Note that the symmetry of the 2pF implies

X750 x1,x2) = X7 5, (0, X2, x1) (4.26)
and we have defined? )
dk k je(kr)
Iy =[—P k) ——=2. 4.27
1= [ G PO (127)

The use of this notation is justified in two ways: firstly it is now clear that the integrals
I}'(r) need to be computed only once for every separation, independently of the orientation
(i.e. ). This fact was somewhat hidden in the notation of chapter 3 and we make it explicit
here. Secondly we have isolated the integrals I}'(r): a fast and accurate computation of
these integrals is crucial for the precision of the 2pF. We have implemented the 2-FAST [162]
algorithm in C and included it in our code?. In eq. (4.25), €42 means €4 = ((A+B)(A+B))
and in general we define

¢ABCD (A4 B+C+D+..)(A+B+C+D+..)), (4.28)

where in this case the sum in eq. (4.25) is done over all possible combinations.

For the integrated terms we define

SAB(97X17X2):(Z‘AJFZ‘ABJFZ‘BAJFZ‘B)’ (4.29)

where Z = Z(0,x1,x2), {A, B} = {den,rsd, ...,len, g4, g5} and a single tag means autocorrela-
tion. We again have

Z‘AB(97X1aX2):Z‘BA(97X2aX1)7 (430)

and the full list is given in Appendix 4.B. Examples of the correlation function are shown in
fig. 4.1.
For completeness we also give the definition of the multipoles of the correlation function:

1
2€+1fdu§(z7r,u)7’z(u), (4.31)

fg(Z,T) = 92
gl

and we remind the reader that in the flat-sky approximation, redshift-space distortions are
included by Fourier transforming eq. (4.2), which simply yields eq. (3.9):

§(Z,7, 1) fat-sky = D%(E)[Co(f)fg(r) =~ c2(2) I3 (r)Pa(p) + ea(2) I () Pa(p) | (4.32)

3Tt is now clear that the superscript 0 in eq. (3.10) is to uniform the notation.
4The original, publicly available, 2-FAST code (https://github.com/hsgg/twoFAST) is implemented in the
high-level language julia.
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with
2 2 ?
co= b+ 2bf+ (4.33)
4 4
c2 = Zbf + ?fQ, (4.34)
8 12
=—f". 4.35
4= f (4.35)
4.2.2 IR divergence
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Figure 4.2: The divergent (solid) and convergent (dashed) correlation function for two po-
tential terms as a function of the IR cut-off kg. It is shown how eq. (4.40) regularise the
Infra-Red behaviour of the correlation function. Different colours are different choices of

(r, ).

We now turn to a problem which afflicts the 2pF contributions coming from the auto-
correlation and cross-correlation of potentials terms, namely €48 with {4, B} = {d2,..,g5}.
The issue is essentially that the integral Ial has an Infra-Red divergence. It is in fact known
that the variance of the curvature has an IR divergence [34, 157, 52, 60]:

ns—1 N
@)= [P~ (FR) T e forn <1, (4.36)

This is a problem for the integral I3. Recall that ®; ~ (;.So (k) ~ k72¢,Sp (k) which, with the
large scale behavior Sg (k) — 1, gives Sp(k) ~ k? for k — 0. This implies

2 T
- [ G P 2B [ Rspupy - [ ERy e, )

This means that the auto- and cross-correlations of potential terms (d2,..,g5) grow indefinitely
as kigr — 0 (as they all depend on Ig, see appendix 4.B). It is clear that this is an unphysical
divergence as Ay(n, z) and its 2pF, £(0, 21, 22), are observables and they can therefore not
diverge.
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To understand why the divergence in (4.36) does not contribute to the observable, let us
go back to the definition of Ay(n, z):

N(n,z) - (N)a(z)
(N)a(z) ’

where N(n,z) is the number of galaxies in direction n at redshift z and (N)q(z) is the
directional average of N (n, z):

Ag(n,z) = (4.38)

(N)Q(z):%fdQnN(n,z). (4.39)

It is clear from eq. (4.38) that (Ag)o = 0. This simply reflects the fact that A, is the
departure from the average number of galaxies. Since in linear perturbation theory directional
average and ensemble average commute [71], we also have (£(0, z1, 22))q = 0, meaning that
the correlation function does not have a monopole contribution. Physically this comes from
the fact that an observer will include into (N)g not only the background but also all the
IR modes which he cannot distinguish from the background. This includes super-horizon
modes as well as terms at the observer, which we have neglected in this chapter specifically
for this reason. All these modes contribute only to the monopole® and as they are included
in the directional average they are subtracted in eq. (4.38), leading to Cy = 0. If we apply
these considerations to eq. (4.4) we see that we are able to cure the divergence by explicitly
removing the monopole

gg - gg - 00/471'- (4.40)

In principle this line of reasoning could be applied to all the contributions to the 2pF, however
we only regularise in this way the contributions for which the monopole Cy is divergent
(auto- and cross-correlations of potential terms (d2,..,g5)). For the other terms this correction
is negligible. Equation (4.40) can be easily implemented in the code as it amounts to a
redefinition of I§(r):

1 dk

Ij(r) — pr ﬁk_QP(k)(jo(kT) _jO(le)jO(kX2))~ (4.41)

The result of this procedure is shown in figures 4.2 and 4.3.

We point out that from a theoretical point of view the regularisation of the divergence can
be achieved by consistently keeping track of the terms at the observer [60, 59]. The resulting
2pF will be gauge invariant, consistent with the equivalence principle® and free of divergences.
However to achieve this result one has to ensemble average over different realisations of the

®The peculiar velocity at the observer also induces a dipole contribution [321], which is irrelevant for this
regularisation discussion.

SInconsistency with the equivalence principle can be regarded as the reason for which the divergence arises:
a term like A%?, for example, is given by the value of the gravitational potential at the source ®,. This is not
observable, while considering a counter term at the observer ®; — ®, does not only agree with the equivalence
principle but it also regularises the divergence.
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perturbation fields at the observer. As we will explain in chapter 7, this procedure leads to
a result which is not linked with the observable correlation function: although the ergodic
hypothesis can be applied on fields at the observer position, their contribution is relegated to
the monopole for which the ergodic approximation fails.

kIR [h/MpC]
I 2 000O0O0O0O0O0O0O0O0OO]
0 0.0002 0.0004 0.0006 0.0008 0.0010
0.0005 . . . ,
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0.0002f
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0.0005 T y T T T T
&5 (r) €84 (r) — C§(r) /4w
0.0004 | B F
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0.0002}
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Figure 4.3: Left: the divergent correlation function for two potential terms as a function
of separation r for different values of the IR cut-off. Right: subtracting the unobservable
monopole the correlation function converges for "reasonable" values of kg $ 1074

4.2.3 Estimators and the covariance matrix

The correlation function can be estimated in several ways from a given galaxy catalog. In
this section we present the two estimators for the multipoles of the 2pF that we consider in
COFFE and we compute their covariance matrix. We start by splitting a catalog covering a
fraction of the sky fq and a redshift interval (2 - dz,Z + dz), amounting to a total volume
V, into pixels of comoving size L,. We then count the number of galaxies IV; in each pixel ¢
at redshift z; in the sky and we define A; = Ay(x;) as in eq. (4.38):

N; = (N)a(z)

N )
8= T Walz)

: (4.42)



92 4. CORRELATION FUNCTION II: THE COFFE CODE

where the directional average (IV)q is performed over all the pixels at redshift z;. The simplest
estimator we can construct for the multipoles is then

&o(r,2) = Be Y DA Pe(pij )0 (rij — 1) (4.43)

ij
where r;; = |x; — x| is the distance between the two pixels and p;; = vy /r = (x(21) — x(22))/r
represents the orientation of the pixels. The function dx denotes the (dimensionless) Kro-
necker delta representing the fact that in a binned catalog the values r;; are discrete. The
normalisation factor By is obtained by imposing that in the continuum limit the ensemble
average of the estimator satisfies (¢,) = &. One finds (more details are given in appendix 4.A)

20+1 L
4t r2V°
Equation (4.43) is the estimator which is usually used in redshift surveys’. However to ob-
tain this result we have made one important approximation, which is to neglect time-evolution
in our redshift shell. We have indeed assumed that all pairs of pixels (7,7) in eq. (4.43) have
the same mean redshift z. It is only under this assumptions that the estimator (4.43) is un-
biased, i.e. that <ég> = &p. In practice however, we know that the galaxy distribution evolves
with redshift, so that each pair of pixels (7,7) contributes in a slightly different way to the
sum. This is especially relevant when computing the multipoles of the correlation function
at large separation r, for which thick redshift bins must be used®. In this case, the mean
of (4.43) can be different from the theoretical predictions & and the estimator is therefore
biased. For this reason we propose a second estimator, which distinguishes between different
mean redshifts z;; = (2; + 2j)/2 inside the redshift bin, and which is therefore unbiased also in
the full sky regime

Be =

(4.44)

1+ cos 92
_g(r Z,02) = Z W(zx) Z — YA i Po(pis) 0k (rij — )0k (2i5 — 21) (4.45)
{z1} 0]

which sums all the pairs at fixed separation r and at fixed mean redshift z; and then sums over
all the different redshifts in the bin {25} so that no pair in the catalog is lost. Here 6;; is the
angle between x; and x; (note that this is not ;5 = 2(|xs| - |x;|)/(|xi| +|x;]). The expectation
value of this new estimator is the quantity Z; (which we can compute with COFFE) defined

as
Z+0z

Eg(r,é,éz):Hofd W)
zZ-0z

HE(1+2)

Here W(z) denotes the redshift distribution (normalised to unity) and the normalisation
factor 7y, has to be chosen as

&o(r, 2). (4.46)

20+ 1 L)Ho
(47)% 12 foy

"Note that in practice the Landy-Szalay estimator [202] is used, in order to account for the geometry of
the surveys and for irregularities in the galaxy distribution.

81n order to measure the multipoles at large separation r, we need indeed a redshift bin thicker than 7 in
order to include pairs with all orientations in the average over p.

. (4.47)
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Details of the derivation of this result are given in appendix 4.A, where we show that é[ is
an unbiased estimator of Z at all separations. Note that the non-trivial factor

1+ cost;;

2 )
21"j

(4.48)

that we have introduced in eq. (4.45) is necessary to find eq. (4.46). It accounts for the
geometry of the average over pairs in the full-sky regime. It can be expanded as

1 0. 1 2
SO L 1iM§+0(§) : (4.49)
2r; X2 X X

and it reduces to 1/x? in the flat-sky approximation.

Let us finally address one important subtlety in the definition of eq. (4.46). Equation (4.46)
is a weighted average of &(r, z), with z running over the size of the redshift bin, i.e. from
z(x1) = Z2-9z to z(x2) = Z+dz. In practice however, the mean redshift of the pair of galaxies z
cannot take all the values between z(x1) and z(x2). The calculation of the multipoles defined
in eq. (4.31) contains indeed a sum over all orientations p. However, for a given separation
r and orientation p not all values of z are permitted. More precisely, the allowed values are
zelz(x1+7/2),2(x2-7/2)]. If we want to take care of this subtlety theoretically, we have to
make the limits of integration and the redshift distribution W (z) in eq. (4.46) r-dependent.
For a simple top-hat distribution, COFFE computes

z2(r)

7{0 dz éf(raz)
29(r) - zl(r)Zl(r) H(z)(1+2)’

E[(T,Zl,zg) = (4550)

where z1(r) = z(x1 +7/2) and z2(r) = z(x2 - 7/2).

We can now compare our two estimators. In figure 4.4 we show the fractional difference,
at z = 1, between the mean of the two estimators: & (r) and Z,(r,dz) for different values of
the half-width of the bin dz. The main difference between the two estimators is a different
normalisation: this is because the &, are computed exactly at z = 1, while the =, are averaged
over the redshift bin. The wider the bin, the larger is the deviation from the multipole at
the mean redshift. The second difference is more fundamental since it is directly due to the
evolution of the galaxy number counts with redshift. This effect is slightly scale-dependent
and it can be isolated in the following way: let us define a flat-sky = starting from the flat-sky
&y. In this case, as evolution is neglected in the flat-sky limit, the only difference between the
two estimators would be due to their different normalisation. In particular, in the flat-sky
limit we can separate the z- and r-dependence of the multipoles, as in eq. (4.32), to obtain

oy 1 Z+0z ( )l) ( )
= (= 0 Ce\Z Z _
= ey = dz ks 4.51
é(z)ﬂatsky 252(%(2)1)2 Z) J/~ ?{( )(1 ) éf(z)ﬁatsky ( )
where the ¢,’s are defined in eqs. (4.33)-(4.35). In the full-sky regime, at large separations,
we expect a deviation from this simple behaviour. In figure 4.4 we therefore normalise the
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Figure 4.4: The fractional difference (Z¢(r) - &(r))/E(r) for the monopole £ = 0 at redshift
Z =1. The Z; are computed in redshift bins with different half-widths §z. The monopole at
Z can only be calculated out to r ~ 20z/H(z). The ’glitch’ at r ~ 120 Mpc/h comes from the
monopole going through zero. The result for £ = 2,4 is similar.
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In this way, we get rid of the difference due to the normalisation and we show only the intrinsic
difference due to evolution. Overall the difference between the estimators is small, but it can
be substantial (of order 1%) if a thick redshift bin is considered. Finally, let us emphasise
again that whereas Z; is an unbiased estimator of Z; at all separations, & is biased at large
separations due to evolution. The order of magnitude of this bias is related to the difference
plotted in figure 4.4. For very thick redshift bins, & is therefore not a reliable estimator of
the multipoles and =, should be used instead.
We can now compute the covariance matrix for the two estimators:

covgl)(?“, r') = (ég(r)&(r’)) - <ég(7")><égl(7”)), (4.53)
cov®) (1) = (Ee(1)E0 (1)) - (Ee(n))(Ee (7). (4.54)
The variance of the number counts has two contributions
1
<AZAJ) = Wdl] + Cij . (455)

The first term accounts for shot noise, where dN is the average number of tracers per pixel. It
comes from the fact that we Poisson sample from the underlying smooth density distribution.
Shot noise contributes only to the correlation function at zero separation, i.e. when ¢ = j. The
second term is the cosmic variance contribution. For simplicity we perform the covariance
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calculation in the flat-sky approximation (which means we stop at the 0*-order term in
eq. (4.49)) and we consider only the density and redshift-space distortion contributions. Since
this is by far the dominant term, it is a good approximation to the full result. Assuming
Gaussianity (i.e. we write 4-point functions as products of 2-point functions), we can express

the covariance matrix in terms of Wigner’s 3j-symbols as

g ' 2
(©) _d 20+1 1 _ ¢ 0 o
covyy (riyrj) = v |22, 0ij0per + %Qﬂ'(?”z‘,rj, Z) %:CU 00 0
(4.56)
_ VAV
+Dypr (13,75, %) ;co (0 0 0) ] ,
—p! Z+0z 2
YN p W=(2) 2001 s
covye (7i,75) AT fsiey ZH(Z)X2(Z)(1+Z) 22 L,r? Y “
Z-0z ) L, (457)
1 (U o I A
+%gﬂe'(ri7rj)z)zazco’ (0 0 0) +D€f',z(riarj7z)zo—:cd (0 0 0) ]7
where 7 is the mean number density” in the redshift bin and we have defined
220+ 1)(2¢ +1
Guor(r 1 2) = 2L )§ +1) f dk k2 P(k, 2)jo(kr)jo (k') | (4.58)
i
20+1)(20 +1
Dot 2= EENCED Lopp e yjihnieery,  a59)
s
together with the modified coefficients
o=y 2,4 (4.60)
0T s Ty '
2 4 1
Co = 502(700 +e) + ?0204 + %ci, (4.61)
.18 40 162
Ca = gcg + 2coca + 7—76264 + Mcﬁ , (4.62)
10
56 = ®C4(902 + 264) s (463)
490 o
- 2. 4.64
7 1257 (4.64)

These results are also derived in appendix 4.A, while in fig. 4.5 we show the covariance matrix
for the monopole, the quadrupole and their cross-correlation.

°In the covariance we ignore the redshift dependence of 7 and set 7 = n(Z) inside a given redshift bin. A
method to include 7(z) consistently can be found in [313].
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Figure 4.5: The covariance matrix for the monopole, the quadrupole and their cross-
correlation, normalised as covyp ;;/ (covmﬁcovmr,iicovmjjcove/ggjj)1/4. SKA2 specifications
are used here and we plot the covariance for the middle bin of the 5-bin configuration, i.e.
L, =20Mpc/h.

4.3 A simple application: is lensing detectable?

As a first, simple application of COFFE we want to discuss the feasibility of measuring the
lensing contribution in the correlation function with future galaxy surveys. In order to do so,
we introduce an artificial parameter Ay, encoding the amplitude of the lensing signal, in the
multipoles of the two-point function. Schematically, with the notation of eq. (4.28) we write
(neglecting the Doppler and potential terms)

&= +ALE, (4.65)

where
€ = (den + den)y + (den + rsd), + (rsd + den)y + (rsd + rsd),, (4.66)

represent the standard density and redshift-space distortion term, and
¢ = (den +len), + (len + den) + (rsd + len) + (len + rsd), + (len + len), (4.67)

is the lensing contribution. Clearly the physical value of the lensing amplitude is Ay = 1
and we want to forecast the precision with which we can measure it. In figure 4.6, we show
the monopole, quadrupole and hexadecapole with (Az = 1) and without (A7 =0) the lensing
contribution. The shadowed regions show the size of the error-bars for an SKA2-like survey
(specification givenbelow).

The Fisher matrix is defined as

62X2 a(éﬁ)(ri) -1 a(éﬁ')(rj)
F._,= = E LA N Vo (175, 1) ————=| , 4.
- dada’ 00 05 fCO “ (T T]) O f ( 68)

where o and o' are the parameters we want to constrain and |f means evaluation at some
fiducial values of the parameters. The sum runs over all pixels’ separations r;,r; in the
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Figure 4.6: The monopole (left), the quadrupole (middle) and the hexadecapole (right) at
zZ = 1.5. Solid lines have Aj = 1 while dashed lines have no lensing contribution Ay, = 0.
Specifications, in particular biases, are for an SKA2-like survey.

survey as well as over the even multipoles ¢,¢ = 0,2,4,6. Note that the covariance matrices
account for both correlations between different pixels’ separations, r; # r;, and correlations
between different multipoles, £ # #'. The Cramér-Rao bound states that we can assign the 1o

uncertainty as
0o =V (Faa, (4.69)

and this gives the smallest possible achievable error on a. We assume that the thickness of
the redshift bins in which we split our catalog is big enough so that we can treat them as
uncorrelated, implying
Fotc(z))zt = Z Foo (i) - (4'70)
{z:}
Furthermore, for simplicity, we consider only the parameter A and, instead of marginalizing
over the remaining cosmological parameters, we fix them to: Qcgm = 0.26, 5 = 0.048, h =
0.676, A, =2.22x 107 and n, = 0.96. In this case we only have
NE)(ra)| 4 (& )(r;)

F EF: _ ; i1 ) ——
ALAL Ze,z;] aAL COVZE (T'L T]) aAL

= > &)

Z7£,7Z’7j

! (4.71)

covggl,(ri, rj)gé:(rj)

f f

Note that the parameter Ay, does not have a direct physical interpretation; however, it allows
us to estimate the signal-to-noise (S/N), a measure of the sensitivity to the lensing signal in
galaxy clustering. This is an important information, especially as a high S/N is needed to
test deviations from general relativity, for example with the widely used (X, u) parametriza-
tion (see e.g. [163, 279, 148] and references therein): p # 1 represents a modification to
Poisson equation while ¥ # 1 represents a modification to the gravitational slip relation (see
eqs. (4.81),(4.82)). The standard terms constrain p, while one needs to be sensitive to the
lensing potential to constrain also X..

In this analysis we make one optimistic assumption and one conservative assumption. The
optimistic one, as we mentioned, is to neglect the parameter degeneracies that will increase
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the actually achievable error bar on Ay. A forecast study on all the cosmological parameters
is left as future work. The conservative one is to treat the lensing term within linear pertur-
bation theory, while non-linearities increase the lensing signal [294]: COFFE is for the moment
a fully linear code and, as we discuss it in section 4.5, pushing its capabilities beyond the
linear treatment is amongst our priorities.

The forecast (4.71) is easily done with COFFE and we compute the result for the signal-
to-noise, which is simply given by

S/N=VF =1/oa, , (4.72)
with Agle=1.
251 25f
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Figure 4.7: The cumulative signal-to-noise on the parameter Ay for three different survey
specifications and two different choice of binning, as explained in the text.

In Figure 4.7 we show the results for the signal-to-noise for three different spectroscopic
survey specifications: an Euclid-like survey (specifications given in [203]), an SKA2-like survey
(specifications given in [307]) and a survey limited only by cosmic variance, in which shot
noise is neglected (essentially performing the limit 7 — oo in eq. (4.56)). We split the surveys
into 5 bins (right panel of figure 4.7) or 10 bins (left panel of figure 4.7) to accommodate the
full redshift range: z € [0.1,2.0] for the SKA2 and the CV-limited survey and z € [0.7,2.0] for
Euclid (respectively solid and dashed vertical lines in fig. 4.7). For the 5-bins configuration
we chose L), = 20 Mpc/h while for the 10-bins configuration we set L, = 10 Mpc/h. We include
separations from rmin = Ly t0 "max = X (Zbin +02) = X (Zbin — 62). The redshifts Z < 1 contribute
very little to the signal. Only for Z > 1 sufficient lensing has accumulated to be truly visible
in the correlation function. The S/N for the 5-bin configuration is somewhat larger than the
one for the 10 bin. This is due to the fact that lensing dominates for large radial separation.
Since we neglect correlations between different bins in the calculation of the Fisher matrix,
we include more correlations at large separations when we have 5 bins than when we have
10 bins. The results for the cumulative S/N of eq. (4.72) on the lensing amplitude Ay, are
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summarised as follows: for the 5-bins splitting we obtain

SIN| i = 25-2,
SIN| e = 17-65 (4.73)
S/N|gp = 138,

while for the 10-bins splitting they are slightly lower. Note that the monopole alone con-
tributes to ~ 45% of the total S/N, the quadrupole to ~ 30%, the hexadecapole to ~ 15%
while, interestingly, the £ = 6 multipole contributes to roughly 10% of the total signal-to-noise.
This can be explained as the balance between two different effects: on the one hand the lensing
contribution is more relevant for higher multipoles, but on the other hand, as seen in fig. 4.6,
the covariance also gets bigger for higher £. We therefore conclude that upcoming galaxy
surveys will be able to detect the lensing signal in the 2pF. This will open the possibility to
put constraints in the (3, ) plane from the clustering signal alone.

Note that here we have used the &, for the forecasts. Since we split the survey in bins
of half-width éz = 0.05 and dz = 0.1, given the discussion in section 4.2.3, we do not expect
these results to change if we use the =, instead.

4.4 Structure of the code

COFFE is entirely written in C and the code can be divided into several key structs and
functions. The main flow of the program can be summarized as follows:

1. Read the settings file containing all of the necessary parameters: cosmological parame-
ters, the input P(k) and desired output.

2. Compute and store the background quantities.

3. Calculate all of the I}'(r) using an implementation of the 2-FAST algorithm for a fixed
number of separations, specified by the user; Ial is only computed if one of the following
contributions is requested: d2, gl, g2, g3, g4, gb.

4. Compute one of the following, depending on input:

e angular correlation function £(6, 2)

full sky correlation function &(u,r, 2)

multipoles of the correlation function &y(r, z)

redshift averaged multipoles Zy(r, z,z)
(©)

e covariance of multipoles cov,,;

e covariance of redshift averaged multipoles covg)

5. Save the necessary output.
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6. Perform a memory cleanup and exit.

In the next sections we will go over the structure in more detail. For more information, the
interested reader can consult the user manual, available at
https://cosmology.unige.ch/content/coffe or at https://github.com/JCGoran/coffe.
The manual also contains detailed instructions on how to run the code.

4.4.1 The parser & background modules

The parser module is used for the parsing of the structured settings file and making sure all
of the values in the input are valid. The library used for parsing is the LIBCONFIG library'?.

The background module is responsible for calculating all of the derived redshift dependent
quantities in a ACDM or wCDM cosmology with zero curvature, such as the Hubble rate
H(z), growth rate f(z), comoving distance x(z), etc. All of the quantities are computed
at equally spaced intervals up to redshift z = 30, with a user defined sampling rate, and are
stored in interpolation structures. We have compared our results with CLASS and have
found an agreement of order 1074

4.4.2 The integrals I}'(r)

For the integrals I;'(r) we have created a native implementation of the 2-FAST algorithm
introduced in [162]. We have tested it against the original implementation in julia, and have
found a negligible discrepancy of the order 107°. As they are computed only for a discrete
number of points, we again use interpolation to find their values for arbitrary r.

Note that for the non-integrated terms we have to deal with the r — 0 limit of the I}'(r)
only if the value of the correlation function at zero separation is required. On the other hand
the expressions for the integrated terms contain integrals of the type (see appendix 4.B)

X1 X1 X2
[ N[ ] 1), f d\ f AN [ ] 10 (r), (4.74)
0 0 0
where inside the integrals we have, respectively,
r=\/A2+x2 -2 x2cos0, (4.75)
r = VAZ+ N2 -2\ N cosf. (4.76)

When we compute the 2pF along the line-of-sight (i.e. p =1 or  =0) the integrand evaluates
at 7 = 0 and hence we have to deal with this limit. We treat the following three cases
separately:

9described in https://hyperrealm.github.io/libconfig/
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1. For £ <n we have lim,_q I}'(r) = co; however, these terms always appear in the corre-
lation function multiplied by the appropriate power ¢, so that

dk k?
— P(k)k™. (4.77)

. n—{n
™I (r) / 2

Assuming that the linear power spectrum behaves in the IR and UV as

k™ for k/keq < 1

k)~ { k2t for kfkeq > 1 (4.78)

the condition for which the integral in eq. (4.77) converges is =3 —n3 < £ -n < 1 —ng,
which is always satisfied for ACDM cosmologies'! for the values of £,n needed (except
for I3 in the IR as we discussed in section 4.2.2). We use 2-FAST to interpolate 7" “I}!
until a small separation rpyi, ~ 1 Mpc/h. As the 2-FAST algorithm cannot be pushed to
r = 0 we use the standard GSL integrator for r < 1 Mpc/h, where the very oscillatory
behaviour of the integrands is less pronounced, and GSL gives a reliable result.

2. For £=n we have lim,_oI;}(r) = const, and we can simply switch to GSL from r $
1 Mpc/h to I} (r = 0).

3. For £> n the limit gives lim,_o I'(r) = 0 and the I}* go to zero as r*"™. The behaviour
close to r =0 is again captured with the GSL integrator. Note however that capturing
the overall behaviour would be really important only if the coefficients by which the I}’
are multiplied diverge at zero like 7. As all the coefficients are well behaved at zero,
our procedure causes no concern.

The I3(r) integral of eq. (4.41) is not in a form suitable for the 2-FAST algorithm and it is
therefore integrated using standard GSL integration for a predefined number of separations,
and then interpolated. In this case, we have the further complication that we also need the
counter term to renormalise Ig(r) which is a function of both comoving distances y; and xa.
This term is calculated for a fixed number of points (200x200) and is then 2D interpolated
for all other points.

4.4.3 Outputs

To calculate the correlation function &, its multipoles & and the redshift averaged multipoles
E¢, we use the X" and Z;' coefficients defined in appendix 4.B and build the desired quantities
using egs. (4.25),(4.29),(4.31) and (4.46) respectively. The I} integrals are computed with our
implementation of the 2-FAST algorithm. Integrated terms have a structure as in eq. (4.74).
To compute them, depending on the number of integrations required, we use either standard
GSL integration (1 integration) or one of the following options:

e GSL Monte Carlo methods, using either importance sampling or stratified sampling

e the CUBA library [166], using a deterministic integrator employing cubature rules

" he values obtained for the linear P(k) used in the figures of this chapter are n; ~ ns ~0.96 and ns ~ 1.
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output time
&(r, ) (den+rsd) up to ~ 1000 Mpc/h | ~0.5s
&(r,p) (den+rsd+len) up to ~1000Mpc/h | ~17's
&(r) (den+rsd) up to ~ 1000 Mpc/h | ~9s
&o(r) (den+rsd+len) up to ~1000Mpc/h | ~2 min
Ee(r) (den+rsd) 02=0.3 ~1.5s
Ee(r) (den+rsd+len) dz=0.3 ~ 3 min
cov& (ri,r) (N, = 50) N, x N, ~20s
covg)(m, r;)  (Np=50) N, x N, ~20s

Table 4.1: Run time of COFFE calculating the correlation function at fixed p (for ~ 200 sepa-
rations), one multipole ¢ for & and Z; or the covariance matrices on one Intel(R) Core(TM)
i7-7700 CPU @ 3.60GHz core. COFFE is however parallelized using the openMP standard.

The user can select which one to use at compile time, as well as the number of iterations at
run time.

The covariance is built from eqgs. (4.56),(4.57). The challenging part of the computation
are clearly the integrals Dy and Gypr. As the 2-FAST algorithm is not optimised to compute
covariances'? it is (at the moment) too slow to be implemented in the public version of the
code. We therefore choose to release COFFE v.1.0 with the covariance implemented in GSL,
which is much faster but less precise. Note that this trade of precision for speed has some-
times important drawbacks: for thick redshift bins the GSL covariance might not be positive
definite because of numerical fluctuations. For this reason the results reported in section 4.3
have been obtained with the 2-FAST algorithm: in future versions of COFFE we will optimize
this for covariance calculation and release it to the public.

For reference, in table 4.1 we list the run time of COFFE for the different possible outputs.

4.5 Conclusion and outlook

In this chapter we have presented a code to calculate the relativistic full-sky correlation
function and its covariance matrix. As we have shown previously [294], relativistic effects and
wide-angle contributions are of the same order and it is therefore inconsistent to consider one

1276 be precise, 2-FAST allows for the computation of integrals with two Bessel functions such as Dy and
Geer. However the algorithm is structured to output them for a list of r; but fixed R = r;/r;. In the covariance
we however need Nﬁ pairs of (r;,7;), where Np = rmax/Lp is the number of pixels in the covariance. To get
them, with no modification of the algorithm, we need to run 2-FAST Ng times, with a runtime not suitable
for a public code. The covariance in section 4.3 is nevertheless computed in this way: with our implementation
of the 2-FAST double-Bessel algorithm (we use the main principle of the algorithm, i.e. an Hankel transform
of the integrand, but not their specific hyper geometric function 2 F; implementation).
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but not the other. Presently, the code uses the linear matter power spectrum and therefore
is most relevant on large scales. This will be important for the many planned future deep
wide-angle surveys. We have argued that the correlation function is a better tool than the
—in principle equivalent— angular power spectrum Cy(z1, z1) for spectroscopic surveys. As an
example of how to use the code we have computed the signal-to-noise of the lensing term
for some near-future galaxy surveys. The code is publicly available at https://cosmology.
unige.ch/content/coffe or at https://github.com/JCGoran/coffe.

We finally discuss some features that we plan to implement in upcoming versions of COFFE:

e CLASS integration: We will integrate CLASS on top of COFFE so that with only one
parameter file it will be possible to generate the matter power spectrum necessary
for the 2pF computation and to obtain the desired correlation function output. This
integration will be particularly useful for forecasts.

e Non-linearities: COFFE v.1.0 is a fully linear code. On the one hand this is justified by
the fact that wide-angles and relativistic projections effects are most relevant at large
scales. On the other hand it will be important in future versions to include the effects of
non-linearities on the 2pF. Especially lensing, which is an integrated effect where non-
linearities close to the observer contribute, is always affected by non-linearities. One
can of course, already in the present version, use the halo-fit matter power spectrum for
non-integrated effects to mimic these non-linearities. But this is not really consistent
as long as the linearized continuity equation is used to infer velocities. At small-scales
the velocity dispersion is responsible for the fingers-of-god effect which can be modeled
as a convolution of the real-space 2pF with the probability distribution for velocity
along the LOS [150, 258, 58]. Also at intermediate scales, both the position and the
shape of the BAO peak are affected by non-linearities [141, 110, 280]. In this sense a
promising formalism is the one developed in [223] as it is mostly based on quantities
already computed in the code.

e Bias: Another important feature that ought to be implemented in future versions of
the code is the generalisation of the simple redshift-dependent bias b(z) to different
contributions of the bias expansion and scale-dependent bias, as they are known to
have important effects on the 2pF [119].

o Clurvature: A generalisation of the code functionality which seems trivial at first sight
is to allow for non-zero curvature Qg # 0; however, from a technical point of view it
has some challenges. As we discussed in section 4.2, the way the code computes the
correlation function is based on the fact that we can analytically re-sum eq. (4.24) via the
addition theorem for spherical Bessel functions. The jy’s appear in the Fourier-Bessel
transform A, as they are the radial part of the eigenfunctions Q(x) of the flat-space
laplacian (i.e. Qk(x) = Exp(ik-x)). The addition theorem can then be derived from
the identity

eik-r _ 6ik~x2 e—ik'xl (4.79)

where r = X9 — x1. For a manifold with constant curvature, expressions for the eigen-
functions can be obtained (one finds expressions equivalent to the plane wave expansion
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of the flat case but with the spherical Bessel replaced by hyperspherical Bessel func-
tion [126]) and they do satisfy

Ok (x2 - x1) = Qp(x2) Qr(-x1) (4.80)

from which the addition theorem can be derived. Therefore, including curvature in
COFFE is in principle straight forward, but it will require additional theoretical and
coding efforts.

EFT of DE: An interesting application of the code will be to study the effect of dark
energy and modified gravity on the galaxy 2pF beyond the cosmological constant be-
haviour. On the one hand the code heavily relies on the ACDM equations and modifying
it to account for a different model will require a substantial rewriting of some portions
of it. On the other hand we can explore all the dark energy and modified gravity models
that contain one additional scalar degree of freedom with the effective field theory of
dark energy (EFT of DE) [109, 163, 68]. We can in fact describe a range of models only
using an handful of couplings, making it a very useful approach to constrain deviations
from GR. If we limit ourself to Horndeski theories and fix a background history close
to ACDM we can parametrise the changes to the Poisson and the anisotropy equations
by introducing two scale- and time-dependent quantities p and X:

2
k20 = —u(z,k)?’Q;;H Oe (4.81)
D)V =%(z,k). (4.82)

A simple suitable parametrisation for the two couplings and applications of this idea
for the CMB and the galaxies angular power spectrum can be found in [268, 327].

Multi-tracer observables: it has been shown that by combining different tracers of the
density field (e.g. two populations of galaxies with different biases), one can reduce
cosmic variance [226] and improve the detectability of relativistic effects in the power
spectrum [322] and in the Cy’s [212]. In the 2pF, correlating two populations of galaxies
has the particularity to generate a dipole and octupole contribution [76, 77, 155, 169],
which for symmetry reasons are absent in the case of one tracer. This dipole can be used
to test the equivalence principle in a model-independent way and constrain modifications
of gravity with relativistic effects [75]. An extension of the code to multiple tracers is
therefore planed in the future. This will require the computation of odd multipoles and
their covariance matrices.



Appendices

4.A Estimators and Covariances

In this appendix we give some more details on the estimators used and we derive their co-
variances. We especially derive our estimator =, which is new.

4.A.1 Estimators

Let us start with the estimator of the multipole of the correlation function averaged of the
redshift bin [Z - 02,z + §z] given in eq. (4.43),

€u(r,2) = B > Dl Po(puis) ok (rij =) - (4.83)
i

Here A; = Ay(x;,2;) is the number counts per pixel of size Lg and i = 7 /rij where 1y =
x;—x;j and 7| = x(2;) —x(2;). We want to normalise this estimator such that in the continuum
limit, N =V/ Lg — o0, its expectation value is the multipole of the correlation function. Let
us compute its expectation value,

(€(r,2)) = Be DDA Polpif)orc (rij = 1) - (4.84)

i

We now perform the continuum limit and set x; = y+r/2, x; = y—r/2 and y;; = o. The volume
of a ring of radius r with direction cosine p to the outward direction is 27wrdr rdu = 2rwr2drdpu.
In our discrete sample we have to replace the infinitesimal scale dr by the pixel size L,. Hence
one of the sums can by replaced by [ d*y/L3 while the other becomes 2772 [ du/Lg. Since
at fixed mean redshift z the correlation function does not depend on y, the y-integration just
contributes a volume factor. Putting it all together we obtain

22V
Ly

~ 1
(E(r2) = B [ (r )P (4:85)
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Inserting the expansion
E(r,p,2) = 3 &, 2)Pe(p) (4.86)
=0

and making use of the orthogonality relation

éﬁ’,

[ APy = 52

we find
Arr?V

(Ee(r,2)) = By m

&(r,z). (4.87)
In order for this to estimate & we must choose

20+1 L
A 2V

Be = (4.88)

Let us now turn to the more sophisticated estimator =, which does not just assign a global
mean redshift inside our redshift bin but instead assigns to each pair its correct mean redshift.
Since the redshift resolution of a spectroscopic survey can be very high, 1072 or better, it may
well be that there are only a few galaxy pairs with a fixed distance and the precise mean
redshift in a bin (of width 20z ~ 0.1 or so). Therefore we shall integrate over the bin with a
given redshift distribution W (z). If one wants to select a fixed redshift one can simply choose
W to be a delta function.

The quantities A; are again the number counts per pixel of size Lg. For the continuum
limit of eq. (4.45) we therefore have to replace

a3 ZL’ld €T
Loty — [ a0 800),

where now A4(x) is the continuum density contrast. We also replace the sum over discrete
redshifts z; by an integral, [ dz. With this, the continuum limit of = is

240z d3z;d3x;[ 1+ cos b
Z(r,2,02) = v dz W(z) 326 :c][ 20028 “
_ P rj

(4.89)
x Dg(xi, 2i) Dg (5, 27) Pe(piz) Lpd(rij — )0 (255 — Z)] ;

Note that we have replaced the Kronecker delta for the relative distance r;; by a Dirac delta
multiplied by the pixel size. This not only has the right dimension but also takes care of the
fact that we do not distinguish distances within one pixel.

We now make the coordinate transformation

. + .
Xi > T =X;—Xj and X]ﬁ(ijzwae_jaQS])
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Here 6; and ¢; are the polar angles of x;, and we do not distinguish between x((z; + z;)/2)
and (|a;| + |zi|)/2. The Jacobian of the transformation is readily calculated and amounts to

8(XZ’,X]') ]_ 2(15'? sin«9j (490)

0(xij, 05, P5)

where as above 6;; is the angle between x; and x;. To eliminate this z; and x; dependent
factor, we had to define our estimator as the density pair multiplied by the inverse of the factor.
After this coordinate transformation the integration over (6;,¢;) can readily be performed
and simply gives a factor 47. As above, the integral d3r can be written as 27r2drdu. We
then obtain, for the expectation value of our estimator,

J = Det = ,
1+ cost;;

T)2r2 E+éz
(Eutrz0) = G [T [ e P (4.91)

Here we have performed the y;;-integration using the redshift delta-function and the identity
d(zij — 2) = 0(xs5 — x)/H (2). Like above, the p-integration now yields the moment &,

2~ B (47-(-) z+(5z W( )
(Ee(z, 2,02)) = W[ e )ﬁe(r ,2) . (4.92)

Hence in order to obtain the desired estimator for

z+§z ( )
E(r,z,0z)=Hy [ e )ﬁg(r ,2), (4.93)
we have to choose 5
20+1 L) H
o= 2 0 (4.94)
(47‘-)2 T2fsky

The factor fg, has been introduced here to account also for partial sky coverage. Note
that the normalization factor 4, has the correct dimension (length)? to compensate for the
dimensions of the factor 1/7‘]2- in the sum of (4.89) which therefore yields a dimensionless
estimator. For the formula to hold, we also have assumed that the redshift window function
is normalized to unity.

The estimators discussed here are optimal for the unrealistic case of a nearly full and
homogeneous sky coverage. If there are certain parts of the sky where observations are
better, more complete and or more precise, this can be taken into account by multiplying
with an inhomogeneous weighting function in order to enhance the weight of these regions.
Furthermore, for a complicated fractional sky coverage a simple multiplicative factor fq., is
also not optimal. In this thesis we do not discuss these subtleties which, however are part of
every real observation.

4.A.2 Covariance matrix

Here we briefly derive the expressions for the covariance matrices, eqs. (4.56) and (4.57).
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In this calculation we only include the dominant terms: density and redshift space dis-
tortion. Even though at very large distance the correlation function is dominated by lensing,
the covariance matrix C'(r,r") includes contributions from distances much smaller than r and
r’ where the standard terms largely dominate. This means that the density and RSD are the
main contribution to the covariance matrix also at large distances. We also neglect redshift
evolution and wide angle effects in the covariance matrix such that our estimator for the
correlation function is

é(r):% B (98, (). (4.95)

Including Poisson noise the observed two-point correlation function is given by
A A 1
(Ay(x)Ag(x")) =&(x-x") + =d(x-x), (4.96)
n

where 7 is the mean number density in the redshift bin under consideration.
Assuming Gaussianity the covariance matrix of £ is then becomes

C(r,x') = (X)) = (E@NEREN)

= %[/ Vd3xd3x/ [g(x_xl)f(x-i-r—x/—r’) +€(X+r—xl)§(x—x’_r’)]

+ % [{(r —r')+&(r+ r')] + % [5(r -r') + 5(r+r')] .
Here we have used that the correlation function (for one population of galaxies) is symmetric,
&(r) =&(-r). The first line is the cosmic variance term, the second line contains terms which
mix cosmic variance and Poisson noise and the last term is a pure Poisson noise term. Note
that - as we have already anticipated - even if both r and r’ are very large, the covariance
matrix contains the correlation function at very small arguments, maybe in £(r — r') but
surely in the pure cosmic variance term, and these terms dominate the covariance. This has
disadvantages, namely the covariance becomes much larger than £(r) and £(r’) for large r and
r’ leading to a small signal with large noise, but it also means that it is a good approximation
to neglect wide angle effects and lensing in the covariance matrix as these are subdominant
for small separation.

After a change of variables, (x,x") - (x,y) with y = x-x', the x-integration of the cosmic
variance term becomes trivial. Inserting the Fourier representation

&) = 20 [ kP explik-y],

the y-integration of the cosmic variance term can be performed leading to a Dirac delta of
the two Fourier variables. Representing also the Dirac delta of the Poisson term in Fourier
space, we end up with

1 2 1 ik-(r-r’ ik-(r+r’
C’(r,r’):m[d3k[P2(k)+EP(k)+ﬁ](ek( ) 4 il >). (4.97)

We now use the fact that (in the flat sky approximation) P(k) = P(k,r) where v is the direc-
tion cosine between the observation direction n and k. Furthermore, we write the exponentials
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in terms of Bessel functions, jy, and Legendre polynomials Py as

exp(ik 1) = 3 i (20 + 1)Pe()je(kr),
£=0
where p is the direction cosine between k and r. With this for example the pure cosmic
variance term becomes

—V(zlﬁ)s fdgkpz(k V);@Pe(u)%(u Vie(kr)je (kr') [+ (20 + 1) (20 + 1)

Since P(k) is even in k, we obtain non-vanishing results only if both, ¢ and ¢ are even.
Therefore ¢~ + i = 2. We expand also P and P? in Legendre polynomials using
P(k,v) = P(k:)(co +caPa(v) + c4Py(v)) and

4
P2(k,v) = P2(k) 3 Ga Por(v) (4.98)
£=0
where the coefficients &7, are obtained by expanding the square (P(k,v)/P(k))? in Legendre
polynomials,

8
(coPo +c2P2 +csPy)” = Z cLPr. (4.99)

The values ¢, and ¢, are given in (4.33) to (4.35) and (4.60) to (4.64).

Employing the addition theorem of spherical harmonics for v = k- ‘n, = k-t and u = =kt we
convert the Legendre polynomials into products of spherical harmonics. The angular integral
of the pure covariance and of the mixed term leads to an angular integral of a product of
three spherical harmonics which can be performed exactly using

QL+1)(20' +1)(20+1) (L ¢ ¢\(L ¢ ¢
4m 0 0 0 '

[ AR L1 (R) Vi () Vi (K) = vl m

This yields

" (4m)® Lot
fkoPL(V)Pe(H)PE'(N ) —\J (2L +1)(20" +1)(20+ 1) (0 0 0)

L El g * * ~! * 2
X Z / Y ()Y, (8) Y, (F) .
M,m,m’ M m" m

We now choose n = e, so that Yzr(n) =+/(2L +1)/4mdpr 0. Inserted this in (4.97) we find

C(I‘,I") _ ‘2/(47T)2 Z \/(2€,+ 1)(25_,{_ 1) (5 v E)Z,Z_Zr (L VA Z)

(2m)3 L4 mm! 0 0 0 m'" m

v ! 2 1]
Vi Y00 [ bk [0 PAR) + = POK) + Bor = | el ().
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The covariance matrix for the multipoles n and n’ is given by

© (. 20D ot ot o :
OV (1, 7") = 1 [1 dp [1 dp' P () Prr () C(x, 1", (4.100)

where now g =n-t =cosf and ' =n-t' = cosf’. Using that P,(u) = \/47/(2n + 1)Y,0(T)
together with the orthonormality of the spherical harmonics we can write

2

L ¢ 0\ ,,

covﬁ),(rr)_ T D)) Y it
7\0 0 0

x (/ dkk? [éLP2(k) + cL%P(k) + 50L%:| je(kr)jw(kr’)) :

Integrating the last term with

f"" dkk>kjo(kr)jo (kr') = 6= 5 6(r —1") |
0 2r2

v

0
and using
0 0 0

) (=)*\/1/(20 +1)64r, we finally obtain

2
© @D s 1 ;- t 0 o
cov”,(rr)— P S(r=1")op +ﬁgze (T,r,z)gcg 00 o
e (4.101)
L 0 o
+Dypr (r,7", 2 Co ,
7 )Z (0 0 0) ]

where Gy and Dyyr are given in eqs. (4.58) and (4.59). This is simply the continuum limit of
eq. (4.56).

In order to find the corresponding expressions for = we integrate the result obtained
for & over the redshift interval with the weight given in (4.46). This is of course not very
precise since it does not take into account the exact mean redshift of the points x, x +r and
x', x' + 1, but these redshifts depend also on the directions of r and r’ which would lead
to very complicated expressions. Furthermore, since the covariance matrix is dominated by
small distances, we expect only very minor changes which we neglect.

4.B X? and Z? list

The full list of X' is given (where by = b(21), f2 = f(22) etc.):

0
Xo‘den = b1b2 ’
1+2cos’0
Xg‘rsd f1f2—’
18cosf(cos? 6 —1)x1x2

o _ _Nfe
2‘rsd 51 1+11cos?f + 2 )
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XU = fifs [4(3 cos” 03_571«2(%11 + X3) +x1x2(3 + cos20) 3(3 + cos? 9)X1>§25;48(X% +X3) cose] |
X5l = HiHaf1 f2G1Ga " C?:)SG
X3 gy = ~HaHaf1f2G1Ga ((X2 — x1c080) (X1 - X2 008 6) + C;SO) :
Xplgp = (3~ fevol)(s ~ fevor) THIHS fi fo
X{, - 970 m(1 £ C)(1+Ga)HE,

oo 947'4972” (551 - 2) (52— 2)HE,

oles grmm -1)(f - )H]

g‘den-rsd - b1_3f2 ’

Xy = blfg(——(l—cos 9)X1)

Hienay = ~b1f2H2Ga(x1 cos b - xa2),
X0l oy = (3= fevo2) 7201 foH3,
Xg‘den-gl 1£(1 +Go)r*HG
X0 qengz = —bl%(m — 92,

g‘den—g?w - _bl?;QT;n(f? - 1)r27-l3,
Xll‘rsd_dl 1 fsHaGo (1 +2cos? «9);(2 - 3x1cosb ’

_ 3 2 V20 _ 2 2 3

Xg‘md_dl .y foHa G (1-3cos)xs; + cosO(5 + cos 9);(52)(1 2(2 + cos %) xax] + 2x3 cosf ,
Xg‘rsd—dQ - feV02f far®H3,
Xl = ~B = fow) 1573 (577 - (1o 0)3)

g‘rsd_gl = ——mfl(l + Ga)r*Hg,

22‘rsd—gl f1(1+G2)H0(37“ -(1- COSZ@)X%) )

O rscen = —272f1<582 - 2)r*Hg,
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30, 2
X g = i (52 =293 (31 - (1= o)

O,
Xl g~ gl D,

X g5 = ot e DB (57 - (L= co?0)d)
X7y 40 = —(3 ~ fevor)HaH3 f1f2 7% (x2 cos 6~ x1),
X?‘dl_gl 3Q H0H1f1(1 +G2) r*(x2cos0 - x1)
X:f“dl_gz = —7-[07-[1f1(532 -2)7%(xzcos0 - x1),

S‘dl 3= 3Q %oHlfl(f2 - 1)r*(x2co860 - x1),
iz - —3(3_@6‘;’;” g4 11+ o).
Xg‘dQ-g2 - Rl fe;;;) L HoHT f1(5s2 - 2),
Xg‘dZ-gS .36 fg;;) L CHIH f1(f2 - 1),

O‘gl—gQ = 94;412?7{3(1 +G1)(5s2-2),

0lg1ogs = 94T4an7"3(1 +G1)(fa-1),

g‘g2—g3 9424931%0(581 -2)(f2-1).
where

G(z) = % + 2;738 55 = fevo - (4.102)

The full list of Z}}! is given (note that inside the integral: = = (X, ") as defined in egs. (4.75),(4.76)):

9“%4(2 551)(2 - 532) fdA —fd)\/(Xl—)\)(X2—>\')D1()\)D1(X)

7 =
|1en X1X2 A\ a()\)a()\’)

92 4 2 /
x {—(c082 6 - 1)\2N2I9(r) + %Swfg(r)
4 cos OAN (r? +6(:0$9)\)\) 2(cos? 0 — )A2N2(2r* + 3cos Or2AN)
+ L(r) + T
15 r
2cosOAN (2r* + 12 cos Or? AN + 15(cos? @ — 1)A2A?)

1
" 1572 I3(r)

12 (r)
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(cos 0 — 1)A2N2 (61" + 30 cos Or2 AN + 35(cos? 6 — 1) A?A\2)
35r4

_ 02 24 (2—551)(2 - 5s2) Di)DI(N) 44
A= e ‘Mof A aagny O

12(r>},

X1

_ D1(A)D1(X)
7] 5 =993 ”HOGlGQOfd)\fd)\ 00T

3 b17-[22 582D1( 1)fd)\X2 ADi(A) 2x1Acos 017 (1)
A a(N)

HOVHN)(FA) =D (FN) = 1)L (),

|den—len -

)\2(1 - cos 0)12( )}

7,.

rsd-len

= f17-[22 552Dl( )/d)\X2)\)\D1(()\);){—()\ 6x1cosf + 3\ cos20) 13 (r)

63 cosf — xIA (9cos? § + 11) +x1A\% cos 0(3cos 20 +19) — 203(3cos 20 + 1) 10

-A
2172 I2(r)
A

 35p4

[ 4x3 cos B — x3A? cosB(cos 20 + 7) + 33 (cos4 0 +12cos’ 6 - 21)

~3x1At cosf(cos20 = 5) = A°(3cos 20 + 1) + 12xi1A]I2(r)} ,

30m 2-5s \ D: (A
|d1—len: =W H f1Gy " 2D1(z fdAX2 1(N)

Aa())

cosf (N2 -2 +x1A(2cos260 -1
x{2)\ ( xi) + )Ill(r)+—r2)\cosefg(r)

15
4xTcosf -3 (cos 0+ 9) +x3M\%cos 6 (cos 0+ 5) 2x1A3(cos 26 — 2) — 2\* cos 6 1
-A I3(r)
1572 3
2 - D
A =-—"(3- fevol)fl'H27-[2 582 D(z1) / d)\X2 ADi(A) 2X1Ar2 cos 9[%(7’)
d2-len A a(}\)

- Xl)\Q(l — cos 9)[2 (r)}

9Q$n

gllen — —(1+ G1)7-l42 552D1( 1)fd)\X2 ADl(A){2X1)\r2COSQI§(T)

A a(N)

- Xl)\Q(l - oS 9)[2 (r)}
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_ 902 m(5 1_2)7_[42 552D1( 1)-[d)\X2)\ )\DI((A);){Qxl)\TQCOSGI%(T‘)
a

|g2—len
—XIN}(1 - cos® )13 (7“)}

907,

D
gsten = — ™ (i - 1)HA2Z 5321)1 zl)/dAX2 A 1(A){2X1)\r20089lf(r)

A oa(N)
- Xl)\Q(l - cos «9)[2 (r)}

X1 X2 Y ,
_ mH4(2 551)(2 - 532)/d)\fd)\’X2 N DI DIN) Fo 33102 cos 13(r)
gd-len X1X2 A a()\)a()\’)

- A2N2(1 - cos? 0)[22(7“)} ,

X1 X2

902 4, 2-5sy X2 )\’Dl()\)Dl()‘)
= =, HiG OfdAfdAH(A )N - 1)

a(A)a(X)

g5-len {2)\)\'7'2 cos I3 (1)

- A2\2(1 - cos? 0)[22(7')} ,

2-5 Di()
2o gs = ~3m ML 2D ( 1)fd/\ A 22y,
X2

X2
3 HIGaD (1) [ AHO)(FN) - D)
0

2 g = 30 M1 X5 2Dy (2 )/dADl()\);){( + (cos? - 1)/\2)12( ) - Ig(r)},

Di(N) »
a(N)

r?I5(r),

Z|den—g5 =

X2

= 301G 1) [ G -D 2 (2 (oo 1)) 120 - 130
0

X2
2-5s Di(A
Z|dl-g4 = 30, HoH 1 fr " 2D1(21) / A al(()\)) {TZ()\ cosf — X1)If(7“)},
0

D1())
a(A)

X2
Z|d1_g5 = 30 HiH, f1Ga Dy (21) f AAHN)(f(N) - 1) {T2()\COSQ - Xl)ff(r)} ,
0

X2
2-5s D1(\
Z|d2—g4:_SQmH(Q)(?)—fevol)fl,H% " 2D1(Zl)[d/\ 1(()\)) i),
0
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X2
30 HE(3 ~ favor) f1H2 G2D1(z1)_[d>\7{()\)(f()\)—1)
0

Di(z 1)fd)\

X2

”m%(nal)awl(m [ DHO) () - D),

2 S
i35 -2) 2Dy () [ D20,

Di(N) 4
a(N)
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Z|d2 g5

2 - 582 Dl()\) 4

a(A)
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")
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0 0
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CHAPTER D

Correlation function Ill: The 2" feature

Based on:

[292] V. Tansella “On the 2" feature of the matter two-point function”
Phys.Rev. D97 (2018) 10, [arXiv:1804.05826].

Abstract. In this chapter we point out the existence of a second feature in the matter two-
point function, besides the acoustic peak, due to the baryon-baryon correlation in the early
universe and positioned at twice the distance of the peak. We discuss how the existence of
this feature is implied by the well-known heuristic argument that explains the baryon bump
in the correlation function. A standard x? analysis to estimate the detection significance of
the second feature is mimicked. We conclude that for realistic values of the baryon density,
an SKA-like galaxy survey will not be able to detect this feature with a standard correlation
function analysis.

5.1 Introduction

The main subject of this thesis is the two-point function of galaxies. It is one of the most
important probes of the large scale structures (LSS) of the universe and measurements of
the two-point function (2pF) have been reported by different collaborations in the past
years [197, 115, 17, 179, 31, 20]. In the future, upcoming redshift surveys will probe the
LSS of the universe at deeper redshift and for larger volumes [203, 216], with unprecedented
precision.

With these surveys we can nicely link late-time measurements to early-time physics. The
most striking example are the acoustic oscillations in the primordial plasma — first predicted
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in [288, 287, 242] — which leave their imprint on cosmological observables. Their measure-
ment is considered as one of the most important successes of the ACDM model. In the
cosmic microwave background, the scale of the baryon acoustic oscillations (BAO) is a probe
of the sound horizon at decoupling and it manifests itself as a series of peaks in the angu-
lar spectrum [11]. A similar feature can also be seen in the matter power spectrum [227],
while, in the 2pF, the same physics is responsible for a single peak located at a comoving dis-
tance slightly bigger — as we will explain in section 5.2 — than the sound horizon at decoupling.

The BAO peak in the correlation function has been first measured in [137]. Since then
it has been systematically used as a standard ruler to probe the distance-redshift rela-
tion [57, 61, 25|, in order to constrain the cosmic expansion history [140]. The peak is
also sensitive to other cosmological parameters [305, 44, 42, 43|. A complication arises as the
position of the peak measured with data cannot be fitted with linear theory: non-linearities
affect both the position and the shape of the BAO feature [141, 110, 280, 223, 308, 29|.

Here we consider a second feature: a trough in the correlation function positioned at
twice the distance of the peak. The existence of this feature is implied by the well-known
heuristic argument that is commonly used to explain the BAO peak (see section 5.2), but
never mentioned in the literature. In section 5.3 we mimic the fitting procedure — used by
galaxy surveys to measure the peak position — to study the expected detection significance of
the second feature for an SKA-like survey.

5.2 The 2nd feature

We outline in this section the heuristic argument given in the seminal paper [141] and sum-
marized in the review [40]. This will give us insight on how this argument implies a second
feature in the correlation function. The technical foundations can be found in [38, 39, 234].

Let us focus on some initial over-dense point in the primordial plasma — when baryons
are tightly coupled to photons via Thomson scattering. If the fluctuations are adiabatic the
over-density will be shared by all species: in particular a region over-dense in photons will
also have an over-pressure with respect to its surroundings. This pressure imbalance causes
an acoustic wave in the baryon-photon plasma which travels at the speed of sound ¢, until
baryons decouple from the photons. When this happens the baryon’s speed of sound goes
to zero and the wave is frozen: the initial over-density is now composed only of dark matter
while baryons have created an over-dense spherical region around the initial point. Every
over-density will behave as we just described and the net result is that matter is more likely
to cluster with a correlation length corresponding to the sound horizon at decoupling. It
is clear that this process, as we have already anticipated, is responsible for the BAO peak:
according to our discussion in section 3.1, the correlation function is defined as the excess
probability (over Poisson noise) of finding two tracers separated by a comoving distance s
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and hence it peaks for s ~ spor, Where the comoving sound horizon is defined as

tdrag

Shor = f dt cs(t)(1+2) . (5.1)
0

and t is cosmic time. The end of the Compton drag epoch tqyas is the time at which the
baryons are released from the drag of photons. It is the moment at which the baryons ve-
locity decouples from the photons. Baryons decoupling takes place at a later time than
photon-decoupling, roughly at zgrag =~ 100. In fact, even if radiation decoupling epoch is
z ~ 1100, the mean-free path of electrons and photons is given respectively by £, = (aTnv)_l,
by = (aTne)‘l, where or is the Thomson cross-section and n. the energy densities. As
n~ > n, we have £, < £, and the scattering rate of electrons is sufficient to keep the baryons
temperature T}, equal to radiation temperature 7', down to redshifts zq;ag. One must however
be careful to solve eq. (5.1) analytically up to z4rag as the tight-coupling approximation fails
below z ~ 850, where sy, essentially stops to grow since the baryons sound speed drops dra-
matically. Here we do not solve for sy, analytically but using the Boltzmann code CLASS [66].

If we go back to our idealistic picture of a dark matter perturbation surrounded by a
spherical shell of baryons we see that the correlation will not only be enhanced at sy but, as
all the baryons are in the shell, we will also get a trough when the correlation length reaches
the diameter of the shell: 2sp,. In other words — in our idealized picture — as long as the
correlation length is < 2sy, the baryon-baryon correlation contributes to the matter 2pF as
it is always likely to ‘find’ two baryons in the shell. On the other hand, when the correlation
length reaches the diameter of the shell, the baryon-baryon contribution has a sharp trough.
This 2°¢ feature (2FT) is illustrated in figure 5.1: we can clearly see the drop in the 2pF at
2snhor for high values of €2, while the feature is less pronounced when baryons contribute less
to the energy-density budget.

One might notice that, even in linear theory, the position of the acoustic peak is not ex-
actly centered on spo;: this is a known effect due to imperfect baryon-photon coupling, which
allows photons to diffuse out of the perturbation and drag the baryons with them®, and veloc-
ity overshoot — both discussed in detail in [270]. Note that the dark matter over-density does
not remain at the center of the shell as it is gravitationally bound to the outgoing species,
this does however not change the position of the peak. Despite these complications the peak
is an extremely interesting cosmological observable as it is sensitive to a range of cosmological
parameters. For example sy, is directly related to the sound speed ¢, via eq. (5.1) which,
in turn, is related to the €}, and 2, ratio. The positions of the features are also sensitive to
the expansion history prior to decoupling as the propagation time of the sound wave depends
on the expansion rate, introducing for example a subtle dependence on €, (see [298| for a
comprehensive treatment). Finally, measuring the positions of the features as a function of
redshift — using them as statistical standard rulers — constrains the late-time expansion rate
and gives informations on £2,,, 4 and the equation of state of dark energy w.

'In Fourier— and angular— space this effect is responsible for the Silk damping.
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Figure 5.1: The angle-averaged matter correlation function at z = 1 for three different
cosmologies with € = 0.25 (gray), € = 0.15 (blue) and € = 0.05 (red). The total matter
density is fixed to €2, = 0.31 and the sound horizon at the drag epoch for the different models
is shown.

We could naively think that, since we are searching for a feature at twice the separation
of the BAO peak, we are safe from non-linear effects at these very large scales. This is only
partially correct. Non-linear effects on the BAO peak come in two aspects: a broadening of
the feature and a shift of the peak position. The damping effect is easily understood in real
space, where non-linear physics can move the tracers around, on the scale of ~ 10 Mpc, pulling
them out of the 100 Mpc/h shell and hence broadening the peak feature [223]. In Fourier space
this effect is responsible for the smoothing of the subsequent peaks in the power spectrum
(see e.g. [28]). The fact that we are looking at two galaxies at a distance where linear physics
should give an adequate description is not important in this case: the local non-linearities
around the two tracers have an observable (and important) effect. For this reason we expect
the 2FT to suffer from the same non-linear correction to its shape as it is not protected from
non-linear broadening. We stick to the linear description of the 2pF in this work where the
feature is sharper and therefore we will overestimate the detection significance in section 5.3.
This does not change our conclusions. On the other hand, in order to induce a shift in the
position of the feature, non-linear physics has to coherently and systematically move tracers
separated by spor or 2spor either closer or further away from each other. The small shift of
the BAO peak has been widely investigated [280, 120, 32, 29, 238, 63| and in this sense the
fact the 2FT is located at larger scales means it will be less affected, as the position is only
sensible to non-linear effects at the ~ 200 Mpc/h scale.
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Fourier space

Let us now discuss how the simple picture depicted in this section is translated in Fourier
space?. The matter transfer function can be written as

SD(k) = fcdmscdm(k) + beb(k) ) (52)

where feam = Qedm/m, fo = L/ and we drop the redshift-dependence here. Scqp, is the
smooth contribution of cold dark matter to the transfer function while S ~ sin(spork) contains
the ‘sine-wave’ oscillations of the BAO (note that Seqm and Sy are intended as contributions
to the matter transfer function at late time but they are no transfer functions themselves).
The power spectrum is then proportional to

K3P(E) ~ f2mS2um + 2 feam foSedmSy + f2SE - (5.3)

For f, < feam the last term is subdominant and P(k) has the familiar shape of a superpo-
sition of a smooth function and a ‘sine-wave’. On the other hand for f, 2 fcqm the squared
oscillations start to dominate, increasing both the frequency of the BAO and their amplitude
(see fig. 5.2). When we Fourier transform to obtain the 2pF, the ‘sine-wave’ part of P(k)
contributes to the BAO peak while the ‘sine-square’ part from Sf is responsible for the feature
at twice the peak distance as it oscillates with twice the frequency. Hence, also in Fourier
space, bigger values of fj, correspond to a more pronounced 2FT.

5.3 Fitting Methodology

We now want to gain insight on the ability of galaxy surveys to detect the second feature in
the matter two-point function. The procedure to detect the BAO peak is now well-established
(as described in [314] and used e.g. in [217]) and we follow it here for the 2FT. The BAO
detection is usually quoted as the y? difference between the best fit model and the model
with no features. In other words we study how reliably we can reject a no-feature model. We
do not deal with real data here but generate a fake ‘data’ vector £ from our fiducial model
and compute the x? from the standard definition

X (@) = (&g (@) - €)TC (&g () - €), (5.4)

where C is the covariance matrix for the fiducial model, which we have computed in sec-
tion 4.2.3. The quantity « is the scale dilatation parameter which measures the position of
the feature (being the BAO peak or the 2FT) with respect to the fiducial model. In real data
analyses « is a measure of

_ Dy (2)s4 4

T (5.5)

2This argument is discussed in https://www.cfa.harvard.edu/~deisenst/acousticpeak/spherical_
acoustic.pdf: a short but vey nice essay which, to our knowledge, is the only place where the 2FT is
briefly mentioned for the purely-baryonic case.


https://www.cfa.harvard.edu/~deisenst/acousticpeak/spherical_acoustic.pdf
https://www.cfa.harvard.edu/~deisenst/acousticpeak/spherical_acoustic.pdf
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Figure 5.2: The residual BAO oscillations P(k)/Pnw(k) — 1 once the broadband shape is
factored out with the no-wiggle power spectrum Py, defined in eq. (5.14). Color coding as
in fig. 5.1.

where the subscript ‘fid’ means ‘fiducial’, s, is the comoving position of the feature and Dy
is the spherically averaged® distance defined as

Dy (2) = [ex(1+ 2) DA (2)H(=)]" . (5.6)

The parameter « is the measurement of the 2FT scale in the sense that it characterises any
observed shift in the relative position of the acoustic feature in the data versus the model.
The value of o which minimises x? is related to the feature position via eq. (5.5), and the
feature position roughly marks 2sp;.

In this work the fiducial model is generated starting from the linear matter power spectrum
P(k) obtained from crLAss (multiplied by the large-scale galaxy bias b%(z)) and converted
into the full-sky correlation function [294] using the COFFE [295] code*. To mimic most BAO
analyses we include the effect of redshift-space distortion in the 2pF but neglect other rela-
tivistic effects (such as lensing and the Doppler effect). We also neglect non-linear damping®
and set the streaming scale to zero as our fiducial model — from which we draw data — is
fully linear. To improve the signal-to-noise, galaxy surveys measure the spherically averaged
two-point function &(r) (the monopole) and the quadrupole &2(r) defined as

20+ 1

§o(r) = 5

[ dnrmyPap. (5.7)

3Note that in real data situations both the angle averaged parameter  and an additional parameter & are
considered: € parametrises the anisotropic clustering due to redshift-space distortions and due to an analysis
where an incorrect cosmology is assumed.

4 Available at https://github.com/JCGoran/coffe.

®We also do not consider a Gaussian damping term which is commonly introduced in the Fourier transform
P(k) — &(r) to improve numerical convergence as the COFFE code is based on the very reliable 2-FAST
algorithm [162].


https://github.com/JCGoran/coffe
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Figure 5.3: A zoom of fig. 5.1 for the range used in the Ax? estimation, where the 29

feature is clearly visible for high-baryon models. The gray region marks the error bars given
by the covariance for an SKA-like survey and the purple dashed line is the best-fit non BAO
(de-wiggled) model.

where Py is the Legendre polynomial of degree ¢ and p is the orientation with respect to the
line of sight at which we measure the 2pF. Our data vector is then given by

(%o
¢= (52) . (5.8)

Fake ‘data’ are generated for three different cosmologies: the fiducial Planck2015¢ cosmology
and two unrealistic toy models with € = 0.25 and €2, = 0.15 — keeping €2, and all the other
parameters fixed — to illustrate the procedure in models where the 2FT is more pronounced.
The binning of the data vectors (&, and &) is chosen in a range of ~ 75Mpc/h around the
value 2sp,, for each fiducial model and with a bin size L, = 3 Mpc/h, for 25 bins in total. The
covariance matrix is computed for an SKA-like survey, with parameters taken from [88] (Table
3). We consider a single redshift-bin centred at z = 1 with thickness Az = 0.2, sky-coverage
fsky = 0.72, mean number density n ~ 8.7 x 107" Mpc ™ and bias b ~ 1.3. Given our data vector
in eq. (5.8) the covariance is written as

COV(yp COV(2
C-= : (5.9)
COVyp COVy2

where covyy ;; = covg,)(xi,xj), defined in eq. (4.56).

Fitting models

To fit the correlation function we adopt two template models, one with the BAO peak and
the 2FT and the other with no baryonic features. The fit is performed, as in recent BAO
data analyses, with 5 parameters: a multiplicative bias B, the scale dilatation a and (as we

SWe set h = 0.676, Qeam = 0.26, Qp = 0.048, Qx = 0.68. The primordial spectrum has n, = 0.96 and
Ay =2.22x107° at kpivor = 0.05Mpc™" .



5.3. FITTING METHODOLOGY 123

Ax?
. ' 0.0
30
I i
0.06}
6+
2
- 0.04-0' 7
N e\
| LA Y A B R o A
0.02}
I ]
. . . d oL . . . J 000l . . .
095 1.00 1.05 110 090 095 1.00 1.05 1.10 0.90 095 1.00 105 1.10
Q2FT Q2FT Q2FT

Figure 5.4: The Ax?(a) = x*(a) - x2,;, as a function of the BAO-parameter agrr. The solid
line is the model of eq. (5.12) while the dashed curve displays the same information for a no
BAO model (eq. (5.15)), where Ax? is determined by subtracting the minimum 2. from
the BAO model.

are only interested in the position of the 2FT) a 274 order polynomial to marginalise over the
broad-band shape of the multipoles. We then write

4 (r) = BEgY(a,r) + Ag(r)

i (5.10)
54(r) = €8 a, 1) + Ag(r),
where we define a a
Ag(r):%’f+i’€+ae’3 ’ 620’27 (511)
r r

with three nuisance parameters per multipole (a1, a2, as), to account for the overall unknown
shape of the correlation function. A difference with the standard approach is that we set
here B =1 for two reasons. Firstly, as we are not dealing with real data, we have full control
on the linear bias parameter when we generate fake data from our fiducial model. Secondly
we are not comparing different cosmologies (for which the amplitude of the feature might
change) but the same cosmology with and without the feature. This also prevents the data
to be fitted only by the quadratic polynomial A,.

The first template model is simply given by

& (a,r) = €4 (ar). (5.12)

Note that when performing the BAO analysis in real space, it is standard practice to shift
the all model as in eq. (5.12). A different approach is usually employed in the Fourier space
analysis where only the BAO oscillations are shifted. As the nuisance parameters a;, are
marginalizing over the broadband shape of the multipoles, this has no effect [26].

The second template is the de-wiggled model. It is a phenomenological prescription widely
used in BAO analysis: it consists in generating a correlation function starting from a power



124 5. CORRELATION FUNCTION III: THE 2"P FEATURE

spectrum Py (k) in which the BAO features have been erased. To obtain P,y (k) we start with
the Eisenstein&Hu [138, 139] approximated power spectrum Pgp(k) and perform a Gaussian
smoothing on the ratio P(k)/Pgy(k):

Pow(k) = Peu(k) S[P(k)/Pen (k)] (5.13)

where S schematically represents the smoothing. The no-wiggle spectrum is then given

by 308

in(loklog) 1 / P(loqlog) ( 1 2)
B Aiog| 510z B — 5 (Ktog = o ) 5.14
Per(10Fes) /27 flog Pgp (10%09) *Pp 2)\2( log = dlog) (5.14)

where A is a parameter that controls the size of the smoothing. We found the best results for
A =0.14Mpc/h. In figure 5.2 we plot the fractional difference of the no-wiggle power spectrum
and the linear one. The multipoles of the correlation function with no feature £;™(r) are then
generated by feeding COFFE with P,y and the second template model is given by

&rod(a,r) = €% (ar). (5.15)

For every value of o we fit the remaining parameters to minimise the x? for both models.
We chose only one fiducial redshift z = 1, hence we require the size of the redshifts bin of the
survey to be Az 2 0.2. We focus here only on one redshift bin as the shape of the correlation
function is nearly constant at large scales for the depth accessible by galaxy surveys and
the analysis is trivially extended to more bins, given also the fact that we can treat them
as uncorrelated to a good approximation (see e.g. the analysis we perform in section 4.3).
In figure 5.3 we show the fiducial model monopole §gd(r) with the error bars obtained from
eq. (4.56), together with the best fit no-feature model of eq. (5.15). Clearly as €2}, decreases
the feature is less and less pronounced and the no-feature model is an increasingly better fit
to the data. For a realistic model with € ~ 0.05 the 2FT is barely visible and lies completely
within the error bars. This situation is reflected when we compare the Ax?(«a) = x*(a) - X2,
for the two templates. We can read off the detection significance for the 2FT in fig. 5.4. In the
two toy models — with an unrealistically high baryon fraction — the no-feature templates are
disfavored at ~ 50 and ~ 20 respectively. The realistic model Planck2015 shows no preference
for the template which correctly describes the 2FT compared to the smoothed template. We
have checked that these results marginally change when we vary the order of the polynomial
fit in eq. (5.11). Note that the no-BAO model has a broad x? as the lack of features makes
the scale less constrainable.

5.4 Conclusions

In this chapter we have introduced a second feature in the matter correlation function. This
feature, positioned at twice the distance of the BAO peak, is understood — in the early universe
— as a trough in the baryon-baryon correlation for separations bigger than twice the sound
horizon at t4rag. The feature is clearly visible in models with an high baryon fraction but in
a realistic cosmological model it is a very small effect. We proved this with a y? analysis that
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showed how — in an SKA-like survey — it is not possible to distinguish between the models
with and without the feature. We have considered only one redshift bin and it is possible
to increase the detection significance by a factor ~ N by considering N bins; however, the
analysis requires Azpy, 2 0.2 hence limiting the number of bins N in which we can split a
galaxy catalog. Furthermore, the fact that at 2sp,, the error is cosmic variance dominated
suggests that the two-point function is not the best observable to detect this feature.

In a Fourier space analysis the effect described here is correctly modeled if the template
P(k) is generated from a Boltzmann code such as CLASS [66, 125] or CAMB [207].

It is nevertheless interesting to study if other observable — e.g. intensity mapping — are
more sensitive to this feature which, if detected, would provide an additional probe for early-
time cosmology. We leave this matter for future work.
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Correlation function IV: Anisotropic signal

Based on:

[293] V. Tansella, C. Bonvin, G. Cusin, R. Durrer, M. Kunz and I. Sawicki “ Redshift-space
distortions from vector perturbations II: Anisotropic signal”’
submitted for publication, [arXiv:1807.00731].

Abstract. In this chapter we study the impact on the galaxy correlation function of the pres-
ence of a vector component in the tracers’ peculiar velocities, in the case in which statistical
isotropy is violated. We present a general framework — based on the bipolar spherical harmon-
ics expansion — to study this effect in a model independent way, without any hypothesis on the
origin or the properties of these vector modes. We construct six new observables, that can be
directly measured in galaxy catalogs in addition to the standard monopole, quadrupole and
hexadecapole, and we show that they completely describe any deviations from isotropy. We
then perform a Fisher analysis in order to quantify the constraining power of future galaxy
surveys. As an example, we show that SKA2 would be able to detect anisotropic rotational
velocities with amplitudes as low as 1% of that of the vorticity generated during shell-crossing
in standard dark matter scenarios.

6.1 Introduction

Mechanisms such as topological defects [133, 114, 211], magnetic fields [132], inflation with
vector fields [153, 160], or vector-field-based models of modified gravity [187, 328, 177, 297],
the shell-crossing present in concordance cosmology, but also non-linear effects (as discussed
e.g. in chapter 2) can generate vector perturbations throughout the history of the Universe
and on a wide range of scales. It is important to properly characterize the signature of these
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vector degrees of freedom on the observables of large scale galaxy surveys. The reason for this
is twofold. On the one hand, the presence of such vector perturbations — if not properly taken
into account — will ‘pollute’ (i.e. bias) the measurement of the scalar degrees of freedom and
act as a source of systematic error. On the other hand vector degrees of freedom can leave
their imprint on observables which, in turn, can be used to constrain their properties and to
study the mechanism that generated them.

Various approaches exist in the literature with the aim of constraining vector-type de-
viations of the metric and they have mostly focused on the Cosmic Microwave Background
(CMB). They can be grouped into three categories: (i) introducing dynamical vector de-
grees of freedom in the early universe while maintaining isotropy and homogeneity at the
background level. Then, one can either maintain statistical isotropy and homogeneity of the
perturbations or allow for statistically anisotropic perturbations [210, 237|. Alternatively
(ii), one can deform the isotropy of the cosmological background and therefore constrain its
anisotropy, while keeping the matter content standard, making sure that this anisotropy de-
cays with time [266]. Finally (iii), one can introduce an anisotropy directly in the primordial
power spectrum (through some interactions in the early universe, e.g. [5, 36]). One then tries
to look for ‘anomalies’ in the CMB, such as in, for example, [13]. Signatures of this primordial
signal in galaxy surveys have been analyzed in [248, 190, 278, 285].

Additionally, late time non-linear evolution, as simulated in N-body codes, is found to
generate vector perturbations of both the metric |7, 8] and the fluid vorticity [247, 189]. It
is interesting to develop statistical tools to measure these vector modes, which are present
also in standard ACDM cosmology, and to distinguish them, e.g. from an intrinsic, global
anisotropy.

In [74] the authors considered the impact of statistically isotropic vector modes in the
peculiar velocity field of galaxies and in particular on the redshift-space distortion (RSD)
observed in galaxy surveys. We have found that vector contributions to RSD enter in the
monopole, quadrupole and hexadecapole of the galaxy correlation function. While the impact
of vector perturbations from topological defects is very small, those from non-linear clustering
affect especially the hexadecapole quite strongly, contributing up to 20% of the total signal on
scales smaller than 5h~'Mpc. This additional contribution should in principle be detectable
with next generation surveys, such as Euclid or the SKA.

In this chapter we consider a vector component of the peculiar velocities, which violates
statistical isotropy, and study its impact on the galaxy correlation function. This is a natural
generalization of the study in [74]. We present a general framework suitable specifically to
study this effect, with no assumptions on the origin or properties of these vector modes.
We show that the anisotropic signal can be completely characterised by six new observables,
that can be directly extracted from galaxy catalogs. General results regarding the Fisher
analysis of these types of models are also discussed. We investigate the detectability of these
contributions, for a specific example, with planned or futuristic galaxy surveys.

In particular we want to develop tests of statistical isotropy using large-scale structure
(LSS) observations. While it is clear that our Universe is not strongly anisotropic, a small
anisotropy is still compatible with, if not favoured by the analysis of CMB anisotropies and
polarisation [13]. This might be due to e.g. a small global magnetic field or some slight
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anisotropy which remained after inflation. In this work we do not make assumptions on the
model responsible for the global anisotropy in the vector sector but we want to investigate
its observational consequences. We study the situation where scalar perturbations are still
statistically isotropic but vector perturbations are not. It will be interesting not only to study
whether LSS also favours a slight anisotropy of the Universe but whether the characteristics of
any such anisotropy are in agreement with the one of the CMB. Furthermore, LSS observations
allow for a tomographic approach, i.e. we can observe many different redshifts, making it easier
to overcome limitations from cosmic variance.

This chapter is structured as follows: In section 6.2 we detail the general anisotropic
structure of vector perturbations. In 6.3 we study the effects of a vector component in the
velocity field on the two-point function and present a suitable decomposition to describe it.
Finally, in section 6.4, we forecast the constraints on the anisotropic parameters for upcoming
clustering surveys.

6.2 Vector Contribution to Galaxy Velocities

We assume here that our Universe shows signs of a violation of statistical isotropy, manifesting
itself by the presence of vector modes in the peculiar velocity of tracers. We investigate how
galaxy catalogs can be used, independently from other probes, to constrain the amplitude
of these anisotropies. We therefore model our Universe as a perturbed Friedman-Lemaitre
universe, with a metric given by eq. (2.50):

ds® = az[ — (1+2¥)dn? - S;dndz’ + (1 - 2<I))d:cid:ri] . (6.1)

Here @ and ¥ are the standard Newtonian-gauge scalar potentials, and S; is a pure vector
fluctuation, 9;S* = 0, related to frame dragging!. We define H = a/a = aH to be the conformal
Hubble parameter.

The general velocity field for galaxies located at position x at conformal time 7, v*(x,n),
can be decomposed into a scalar (potential) part, v, and a pure vector part, X¢, with 9;%¢ = 0,

v =0+ X0, (6.2)

The gauge-invariant relativistic vorticity [131] can be obtained by lowering the index of %!
with the perturbed metric. The relativistic vorticity is often denoted €; (e.g. in [215, 131]
and chapter 2) and it is an additional rotational velocity on top of the frame-dragging effect.
We also denote it by Q; = g;;%7 /a = ad;;(¥7 - $7). We mainly concentrate on ¥ as it is the
velocity with an upper index that is relevant for us and we use the notation X; = 6Z-j2j = 2.
We assume that galaxies move on time-like geodesics of the metric, i.e. they obey the
Euler equation. Then, to first order in perturbation theory we can write, for perfect fluids,

eq. (2.32):
S-S+ H(Zi - 8;) =0, (6.3)

'"We have fixed the gauge such that the 0i component of the metric has no scalar contribution and the
vector part of the ij component vanishes. We also neglect gravitational waves (tensor perturbations).
2The difference between a¥’ and ; is only relevant on large scales.
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which is equivalent to 9,€2; = 0. Hence vorticity is conserved. This is not only true within lin-
ear perturbation theory but also in full General Relativity as long as matter can be described
as a perfect fluid [215]. The 0i component of the energy momentum tensor of a perfect fluid
is given by ' ‘ ‘ '

Tol(v) =[(p+ P)v']v) =Ty - Tol(s) : (6.4)

Taking the curl of this equation the scalar part vanishes and we obtain

eije(T) e = eipl(p+ P)o']p
= (vAV(p+P)),+(p+P)(VAV). (6.5)

Only the vector velocity %7 contributes to the second term, while the first term is non-
vanishing when the gradient of the density fluctuations in not parallel to the velocity. This also
happens in perfect fluids at second order in perturbation theory, see e.g. [8]. At second order
therefore, despite vorticity conservation, vector perturbations of the metric are generated,
which induce effects like frame dragging. It has been shown recently [189] that the vector
potential found in relativistic numerical simulations is actually mainly due to the first term
of (6.5) and not to vorticity which is also induced in N-body simulations.

The perfect fluid description is just an approximation when we want to describe the motion
of dark matter (or galaxies). In the real Universe, dark matter particles are free-streaming, i.e.
they move on geodesics. As soon as shell crossing occurs, velocity dispersion can no longer
be neglected and vorticity is generated. In [113|, the vorticity generation from large-scale
structure was modelled by including velocity dispersion using a perturbative approach.

Clearly, even if in the standard ACDM model vector perturbations are generated by non-
linearities, they are statistically isotropic. In this work we assume that the vectorial part of
the peculiar velocity in eq. (6.2) acquires an anisotropic component.

6.2.1 Tensor structure of vector perturbations

In order to compute the two-point correlation function of galaxies, we need a model for the
two-point auto-correlation of the vector velocity, (2;%;) and its cross-correlation with the
dark matter overdensity (d;,2;). We will characterise their structure in Fourier space:

1. The auto-correlation of the vector field takes the general form
(Zi(k)%;(K)) = (2m)*6P) (k + K') [Wi; (k) Po(k) + icij (k) Pa(k)] (6.6)

where P (k) and P4(k) contain information about the amplitude of the vector field.
The Dirac delta function appearing in the above equation, (5(3)(k+k’ ), is a consequence
of statistical homogeneity, and if we assume that scalar spectra are isotropic, the am-
plitudes, Px (k) and P4(k), depend on k only through its absolute value k = |k|. One
might think it would be more natural for an anisotropic spectrum to show an anisotropy
also in Px (k). However, in a real observation, the power spectrum is usually obtained
by averaging the squared Fourier modes over directions. Here we mimic this by con-
sidering Px, and P4 to be functions of the modulus £ only. In practice, these are the
direction averaged spectra. For scalar perturbations, this averaging removes all signs of
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an anisotropy, for vector perturbations this is, interestingly, not the case as we show in
this chapter.

The tensors W;; and «;; are, respectively, symmetric and anti-symmetric tensors, that
encode the dependence on direction. Since ¥; is a pure vector field, W;; and o;; must
satisfy kiWij = k:jVV,-j = k:iaij = k:jaij =0. The P4-term is parity odd while the Px-term
is parity even. If no parity violating processes occur in the Universe we may set Py = 0.
The tensorial form for «;; is completely fixed by anti-symmetry and transversality,

~

Oéij = Ote’:‘ijmkm . (6.7)
The most general form for W;; is then

Wij = (51] — ]%z];]) + 0.)2-4- (6.8)

J )

| &

where we have decomposed the tensor into its trace w and trace-free part
A _ 7. 7l7. rlimzi, 7.,
wi; = wij —wik'kj — wiik ki + Wi kK" kiky (6.9)

with w! = 0. As usual k denotes the unit vector in the direction of the vector k. The
first term of (6.8) respects statistical homogeneity and isotropy, whereas the second
one is non-zero only when isotropy is violated. In what follows, we absorb the trace w
into the normalisation of the power spectrum P, in eq. (6.6). Note that in general the
isotropic and anisotropic contribution do not need to have the same amplitude Ps(k):
in this sense one can use w(k) to parametrise the difference between PSSO) and Péam).
Interestingly, the only possible parity odd term given in (6.7) is statistically isotropic.

The symmetric tensor w;; can be diagonalised or, equivalently, decomposed into a sum
of the tensor products of its orthonormal eigenvectors &!

70

3
wij = Y, AM{}% (6.10)
=

where the eigenvalues satisfy ¥; A = 0.

. The cross-correlation with dark matter can be non-zero only if statistical isotropy is

violated. Assuming that the vector field is fluctuating in some fixed direction @, the
cross-correlation takes the form

(3(k)Zi(X)) = (27)* W, Psss(k)o®) (k + X') (6.11)

where W; is transverse since Y; is a pure vector field i.e. divergence free. A non-
vanishing (0X;) always defines a preferred spatial direction @; and therefore violates
statistical isotropy.
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6.3 Correlation function

Galaxy number counts are observed in redshift-space, rather than in real-space. The leading
correction arising from the fact that we observe on the light-cone is the Kaiser term, or
redshift-space distortion [200], which is included in the number counts A, as

8y() = 65(x) = 310, (w125(x)).

Here §, is the tracer’s density perturbation, related to the dark matter density perturbation
via the bias expansion d4 ~ b-9.+..., and v; is the peculiar velocity field. We have also defined
the line-of-sight direction n as

n

=™

9

i.e. the unit vector in the direction of the galaxy lying at x = x(z)n, with the observer located
at x = 0. Splitting the velocity into the scalar and vector parts, as in eq. (6.2), we have

Ag(x) =dg(x) - %ninj(aiﬁjv(x) +0,2(x)). (6.12)

The effects of vector perturbations in the general relativistic number counts were derived in

[192] and studied in detail in chapter 2, where we found that — akin to scalar perturbations —

redshift-space distortion and (at high redshift) lensing are the dominant effects. Since in the

relativistic angular power spectra, Cy(z1, 22), the light-cone effects cannot easily be extracted,

we study here the impact of the vector modes on the two-point correlation function of galaxies.
The two-point correlation function is defined as

§(x1,%2,21,22) = (Ag(x1,21)Ag(x2,22)) .

Without redshift-space distortion, and neglecting subdominant evolution effects, the correla-
tion function depends only on the galaxies’ separation

r=|x1 - Xa|,

and on the mean distance of the pair from the observer y = %(Xl + x2) or, equivalently, its
mean redshift z = %(21 + z2). Redshift-space distortion introduces an additional dependence
on the orientation of the pair with respect to the line-of-sight n (we work in the small angle
or flat-sky limit where we neglect the difference between the line-of-sight to x; and x3).
It is customary to expand £ in a basis of Legendre polynomials so that, in the flat-sky
approximation, n; = ny = n we can write

6(27 r, Il) = ;53(27T)P€(M) ) (613)

where Py is the Legendre polynomial of degree £ and p = n-r, with  being the direction of
the vector connecting the two galaxies.

Let us now review the standard flat-sky expression for the correlation function in the
presence of scalar perturbations (see e.g. [294] for details). We will use this result both
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for comparison with the vector case and to compute our covariance matrix in section 6.4.
Including the Kaiser term we write

£ (2.r, 1) = co(2) 10 (2,7) = ea(2) I3 (2,7)Pa () + ea(2) I3 (2, 7) Pa(p) (6.14)
We can identify the multipole coefficients in eq. (6.13) as
Ei(r,2) =i (D) (2,7) . (6.15)

Following the notation of this thesis, we have also used the definition (4.27):

dk
1) = [ o5 KPRk, (6.16)
T
together with the coefficients given in eq. (4.33)-(4.35):
2, . f°
=2+ Shf+ 6.17
o + 3 f+ E (6.17)
4 4,
=-bf + = 6.18
C2 3 f+ 7f ’ ( )
8 1
=—f". 6.19
4= f (6.19)

Here j, is the n-order spherical Bessel function, f is the growth rate, f = dln D;/dIna (with
D7 being the linear growth function), and P(Zz,k) is the matter power spectrum at redshift
Z. We have made the standard assumption that the galaxy bias b is deterministic and, like
the growth rate f in ACDM, it is scale independent.

We now turn to the study of the vector component. We split the vector contribution to
the correlation function into a statistically isotropic and anisotropic part

Ew) = €05 +ED (6.20)

where we have emphasised that the source of violation of statical isotropy comes from the
vector sector. First, we summarise the structure of the isotropic contributions to the correla-
tion function coming from vector perturbations and we then propose a general framework to
compute the anisotropic part.

The new vector contribution to the correlation function in eq. (6.20) comprises three
terms:

1. Cross-correlation with the density
2. Cross-correlation with the scalar velocity
3. Auto-correlation.

The first two vanish in flat sky since they are odd under n — —n and £ is evidently even, see

chapter 4. Hence combining egs. (6.12) and (6.3) we write

B 1 4’k
H(z1)H(z2) (2m)3

f(V) k:2(n1 . lA{)(nQ . R)Wij(f{)ninépz(k)eik'r ‘
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This object has a complicated tensor structure, which characterises the anisotropy of the
vector field. However, when isotropy is assumed we simply write W;; = d;; — k;kj, so that,
see [74],
iso _ 1 dgk k2( R)2(1+( R)2)P (k}) ik-x
f(v) = w W n n- » e .
Rewriting the n - k contributions in terms of Legendre polynomials and integrating over the
direction of k, we obtain for the isotropic contribution [74]

SECAADE 2 (M)COZ(T)‘ 7’2(#)02 (r) -3 734(#)04(7“) (6.21)

with

CE(r) = [ dk k4 P (k)jo(kr) (6.22)

22 H2
The C’zZ are the vector equivalent of the I;": to avoid heavy notation we set H‘QIS’E = CZE.
Notice here the extra k? factor multiplying Py, which is absorbed in the scalar case when the
velocity power spectrum is re-expressed in terms of the density power spectrum.

Statistically isotropic vector perturbations modify the shape of the multipoles coefficients
in the Legendre expansion of £&. One can estimate this effect and study its detectability. This
was the strategy followed in [74]. In the anisotropic case however, the standard multipole
expansion fails to capture the additional angular dependence encoded in W;;. In the next
section we therefore consider the decomposition of this dependence into bipolar spherical
harmonics (BipoSH).

6.3.1 Statistically anisotropic contribution

When statistical isotropy is violated, the correlation function is no longer only a function
of 4 =mn-r. Therefore, the standard expansion in Legendre polynomials does not properly
describe the angular dependence of £. The correlation function can however be expanded in
terms of the orthonormal set of bipolar spherical harmonics (see appendix B.4). Since this
approach captures an arbitrary angular dependence of the observable under consideration, it
has been used in cosmology to analyse CMB [167, 168, 37, 249, 112, 78] and LSS [175, 172,
290, 291, 240, 52, 278, 36, 285| data.

In the small angle approximation the correlation function depends on two directions
&(n,r), we hence expand

&(r,n,z) = Z Q@M(m,é)XgJZM(f', n), (6.23)
o JM
with
XM (t,n) ={Yy(*) ® Yo (n)}sm
= Y ClmtrmYom (£) Yo (m),

mm/

(6.24)
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where CZ,%,m, are the Clebsch Gordan coefficients which are related to the Wigner 3j symbols
by,

, VAN |
CoM, = ()T M2 711 ( ) : (6.25)

m m' -M

In other words, X é{w (r,n) isolates the total angular momentum J and helicity M contribu-
tion. The useful property of the BipoSH X E‘]wa is that they filter the isotropic signal into the
J = 0 mode and any non-zero coefficient with J > 0 indicates anisotropy. In fact, if there is
no anisotropic signal in the power spectrum, i.e. if £ depends on n only via p =1 -n, we can

compute the coefficients via

1M - f 2 f 0y €(r,m, ) XM | (6.26)

and we simply obtain
47

Ve +1

recovering the expansion of eq. (6.13). In particular, we see that no off-diagonal component is
generated (we have ¢ = ¢') and that all the isotropic signal is contained in the J = 0 coefficient.
On the other hand if anisotropy is included we will generate J > 1 and £ # ¢’ modes. Therefore,

to search for anisotropy we only look at the J > 1 modes, and we set £ = 5?\171)1 in the expansion

of eq. (6.23).

We focus on the computation of the statistically anisotropic contribution to the galaxy cor-
relation function (6.3). To this end, it is useful to compute the anisotropic contribution to the
power spectrum of (6.3) and then Fourier transform it. Explicitly, the Fourier transformation
of galaxy number counts in the Kaiser approximation, eq. (6.3), is given by

&t (r,2) = §o(1,2)0.50001,000,40 (6.27)

(Ay(k,n,2)A (K, n, 2)) = (27)°Py(k,n, 2) §(k + k), (6.28)

where the power spectrum is given by (omitting the dependence on n, 2)

Py(k) = Py + PES + PO
R k2 . .
= (b+ f(n-K)*) Pss(k) - FTPRA k)*(1- (n-k)*) Ps(k) (6.29)
k?

- ﬁ(n-R)QﬁiﬁngPg(k),

where all the isotropic contribution is in the first line and the anisotropic one, P(avrsi, is in

the second line. The tensor W{‘;l‘ is defined in eq. (6.9). The isotropic contribution depends
on directions only through the angle between the mode k and the line-of-sight, i.e. it can be
expanded in a basis of Legendre polynomials as

P (k. n, %) = § pe(k,Z2)Py(n-Kk). (6.30)
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We observe that this is not a specific property of redshift-space distortions but simply a
consequence of statistical isotropy. Hence eq. (6.30) holds for all the relativistic contributions
to the galaxy number counts.

When statistical isotropy is violated, we expand the power spectrum in terms of the
orthonormal set of bipolar spherical harmonics, as

Panl(k n Z) = Z 'ﬂ'zgr (Z k') Eél (k,n), (631)
0 JM
where
X' (k,n) = 3 Cpprn Yo (k) Yo (n) (6.32)

In the case where there is not anisotropic signal in the power spectrum, the coefficients 77@]/,\/[

simply reduce to

4

JM _

Moy = k)6 700000001 6.33
17 5711 1292( )0.7,0001,00¢,¢ ( )

and we recover the expansion of eq. (6.30). For convenience, we can split the anisotropic
contribution to the power spectrum (6.29) in three contributions

ani k;2 (\N2~0n7 a c
PRSi(k) = —ﬁ(n k)R wi Ps (k) = P@ (k) + PP) (k) + P (k) (6.34)
where we have separated the three cases:
(a) w;‘} = Wwij,

(b) w-A = —wz‘ﬂ;‘l];‘j - wlj];}l];‘i s

%)
A rlymi. 1
(C) wl-j = wlmk kmkikj 5

so that
am(k nz)= » (WZKJ'W( )+7TZ£],\/[( )+7TZ£]’V[( ) 77 (k,n). (6.35)
o JM
Note that this splitting has no direct physical interpretation: each contribution has a scalar
component which however disappears in the sum of eq. (6.35). These contributions can be
written in terms of the eigenvectors and eigenvalues &! and \;. After a long but straightfor-
ward computation we find

a 1673/2 k2
”Zé]'w e PE(k)Z)‘Ime(wI) 00,0002 +2

45 H?

20041 (2 2 0
bl 0 0 0

) 53,2) 072, (6.36)

JM(b) 1671'3/2 k2

T = Pg(k)\/(2£+1)(2£’+1)\/7Z)\1Y2M(w1)

31 /4Y(3 1 7Y[|1 2 1 11 ¢\f1 1 ¢V\]|1 2 1
x |2 +3 5]72 R
0 0 0J\O 0 0)|¢ 3 ¢ 0 0 0/J\O 0 O0)|¢ 1 ¢

(6.37)
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o 16m3% k2 4 2 ¢
a9 - 20 5 H2P2(k)ZAIY2M(w1)[ O¢,20¢ 0+—V2€ ( 0)54',4

4 2 92 ¢
+—=Vv20+1 bproldy2,
/5 (0 0 0) “] 72

where curly brackets {} denote the Wigner 6j-symbols. We first note that vector anisotropies
can only generate J = 2 modes. This is not surprising as they are the product of two j =1
states which can give either J = 0 which is isotropic or J = 2. The triangular relation imposed
by the 3j and 6j symbols determines the limits of the sum in the expansion in eq. (6.35). It
is easy to see that both ¢ and ¢’ have to be even and, more precisely, in {0,2,4,6}. We can
now reconstruct the correlation function (6.3) from the power spectrum. This is similar to
the isotropic case in which the Fourier- and real-space coefficients in the Legendre expansion
are related by

(6.38)

k2dk
& =i [ 25

Explicitly, the coefficients of the BipoSH expansion of the correlation function, eq. (6.23),
are related to the ones of the power spectrum, eq. (6.31) by

(6.39)

2
G () =it [ Syl (h). (6.40)

With this we can rewrite the real-space version of egs. (6.36)-(6.38) in terms of the C}°, which
we defer to an appendix: eqs. (6.71)-(6.73). The sum of the three contributions can be cast
in matrix form as (remember all terms with J # 2 vanish)

1 ~Y
0 0 G 0 0 0 0
0 0 0 0 0 0
1 1 2 Y 2 2 Y
o 0P 0 -L/Z0F 0 2Z0\/2¢F 0 0
(&30") = ZAIYQM(M) 0 0 0 0 0 0 0], (641
4 by
0 0 0 0 —57=Ci 0 0
0 0 0 0 0 0 0
8 Y
0 0 0 0 -&=C 00

where CJ° = C>(z,7). Equation (6.41) is one of the main results of this chapter. It shows
in complete generality that any anisotropic signal induced by redshift-space distortion in the
galaxy correlation function is encoded in the functions fa, (which depend in principle on red-
shift and on galaxy separation). The six non-zero coefficients & = {¢207, €20 ¢2M ¢2M ¢2M ¢2M
are therefore the equivalent of the monopole, quadrupole and hexadecapole that are measured
in standard redshift surveys, when anisotropies are assumed to be absent. As we will show
below, these six coefficients can be directly extracted from catalogs of galaxies, by averaging
over pairs of galaxies with an appropriate weighting. A detection of a non-zero 5@4/ would

represent a smoking gun for the presence of anisotropies in the galaxies peculiar velocities.
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Note that the dependence of the 5%}4 on the model responsible for the anisotropies is en-
coded in the C’f(z,r) and in the eigenvectors w; and eigenvalues A;. In the following, we
construct estimators for the six non-zero coefficients & and we forecast the detectability of
these coefficients with future surveys.

6.4 Forecast for LSS surveys

We now forecast the constraints on the anisotropy parameters — which we define later — as
expected from future redshift surveys. In the next section we define our estimators for the
BipoSH coeflicients and compute their covariance matrix.

6.4.1 Estimator & covariance

To estimate the expansion coefficients the obvious choice is to weight the correlation function
by X ZQZ],W , in the same way that we weight the two-point function by the Legendre polynomials
Pe to estimate the multipoles. In a binned survey the estimator is

Eip' (r) = an 3 A XG (Fij, i) oxc (rig =) (6.42)
0.
where 05 is the Kronecker delta, A; the galaxy over-density in the bin labelled by the index

i (as in eq. (4.42)) and we have defined r;; = x; — x;, n;; = 1/2(x; + x;). The normalisation
factor ay is found by imposing that the estimator is unbiased,

£ 2M M
&'y = ¢, (6.43)
in the continuous limit
1 3

ZI:_)L_%]I‘/d Ty, 5K(Tij—7“)—>Lp5D(7’ij—7"), (6.44)
where L, denotes the pixel size and V' is the total volume of the survey. We obtain

5

3L,

W . (6.45)

ayn =

We also have ay = 1/N(r), where N(r) is the number of pixels which contribute to the
estimator. The variance of the estimator is defined as

R . 2 O
var (Q%M) = Var% = (( 42/,\4) ) - ( 42/,\4) , (6.46)

and we recall that (A;A;) contains a Poisson noise contribution and a cosmic variance (CV)
contribution,
1 A
(A1A3> = d—N(Sw + Cij > (647)
where dN is the mean number of galaxies per pixel. The correlation CZ% is due both to the
scalar and vector parts of A,. However, the scalar component strongly dominates over the
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vector one, so that we can neglect the latter. Physically, this reflects the fact that even though
the coeflicients 5@5' are constructed to remove the scalar isotropic signal and to isolate the
vector anisotropic signal, the covariance of these coefficients is still affected (and dominated)
by the scalar contribution. We then obtain three different contributions to the variance which
are understood respectively as the Poisson term (P), the mixed term (M) and the CV term
(C). Explicitly, we find

varp(r,r") = 26V2 op(r—r'), (6.48)
Ntot

varag(rr”) = o [ AR KPR Dk (br') T e (6.49)
T Vtot

varc(r,r'):—V/dkk2P2(k,2)jg(kzr)jg(kr’)Zéaﬂgy, (6.50)
™ o

where Niot is the total number of tracers in the catalog and the indices w,o take values
w=0,2,4 and 0 = 0,2,4,6,8. The explicit form of the coefficients 7, and details on the
derivation of the various contributions of the variance can be found in appendix 6.A, where
we also compute the covariance matrix of the estimator, defined as

201 220y 2 (o MuM> 2M, £2Ms oM\ [ £2Ms
COV( VAN ) = OV e, = <€M’ A ) <felz' )(%e' ) : (6.51)

6.4.2 Fisher forecasts

We now want to forecast the constraints on the anisotropic parameters from a survey. Given
a model for the anisotropy power spectrum, i.e. a parametrization for Px,, we are left with the
5 degrees of freedom (d.o.f.) of the symmetric traceless tensor w;; and an overall amplitude
Ay for the vector power spectrum, which can be reabsorbed in a redefinition of w;;. Following
our decomposition in eq. (6.10) we identify the d.o.f. as the eigenvalues and eigenvectors of
wij. On the one hand the eigenvalues are of zero-sum so that we can pick the first two
A1, A2 as independent and the third one is fixed to —(A1 + A2). On the other hand we find it
convenient to parametrize the three orthonormal eigenvectors wy in terms of the three angles
of an Euler-rotation which rotates the canonical basis of R? into the &y,

UA)I = R(CK,B,’)’) : é[7 (652)

where é; are the three orthonormal vectors of R® and R(«, 3,7) is the rotation matrix with
Euler angles «, 3,v. Furthermore we can absorb the amplitude Ay in the eigenvalues by
defining A=Ay In summary the 5 d.o.f. of the tensor @;; and the overall amplitude Ay
are encoded in our parameter space

0= {1, Ao, v, B,7} (6.53)

The Fisher matrix is defined as

A~

1 0%x? &)

1 )
F ;= — = 1 A
"= 2 0900’ g\, a9

COVAA/ 80’

(6.54)

f
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where, schematically, A = {¢1,0], My, x;,z1}, A" = {2,0,, M>,x;, 2}, and the derivatives are
evaluated at the fiducial model. The Fisher matrix contains therefore a sum over the six
non-zero coefficients which constitute our data, over all pixels separations z;,z; and over all
bins of redshifts z;,z;. The covariance matrix properly accounts for all correlations between
these quantities, except for the correlations between different redshift bins z; # z;, which we
assume to be uncorrelated, since the bin size that we consider is sufficiently large. We then
have

COV A = COVyy ot gy (T35 75 ) OMy My Oy 2, - (6.55)

We recall that, according to the Cramer-Rao inequality, the Fisher matrix provides a lower
bound on the marginal parameter uncertainty oy as

o9 >\ (£ )gp - (6.56)

We start by constraining the parameters A, As. The sub-matrix is then written

¥ 0N (rinz) oEM (1. 2)
FS\AS\B - } : Tcovélf'lfz%(rivrj)+
{zbin} 0.7 L1020 M A g

5 (6.57)
- {Z ) ZZ Z’Ze: p _7r (2+P2(0aB)) 5@16’1 (i Z)COVZ@;@ZZ/Q(H,Tj)fglgfl (7“]-, z),
Zbins ©J 167626,
where we have defined 3
& = Av Y A Y (@n)éee (6.58)
T

by explicitly writing the amplitude Ay of Py out of the C’ZE . We normalize this amplitude
such that Apax = 1. The variables which determine the anisotropy are then the amplitude
Ay, the ratio Aa/A1 = A2 and the three angles («, 3,7) which determine the orientation. For
the second equal sign of eq. (6.57) we have performed the sum over M using that
oe2
O a

= Yo (@), = Yorr(@)e,er (6.59)

together with the orthogonality properties of products of spherical harmonics. We observe
that the final result does not depend on the fiducial values of the parameters A; since they
enter linearly in the estimator églj\é . We also note that we did not need to fix any fiducial
direction wy since the dependence on @y cancels out in the final result.

In appendix 6.B we show that the off-diagonal blocks of the full Fisher matrix (6.54) are
vanishing, hence Fyg: has a block diagonal structure

Faog | 0O

[Foor] =
0 | Fup,

(6.60)

As a consequence of the block structure of the Fisher matrix, it follows that the constraints
on the amplitudes A7 can be derived directly with eq. (6.57). In particular, they do not depend
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Figure 6.1: Constraints on amplitudes of anisotropies for the model (A). We have rescaled
the parameters A\; as A\;j = Ay A;. Compare this with the amplitude of the isotropic vorticity
power spectrum generated by shell crossing in the standard cold dark matter scenario, where
Avyiso ~ 107°, see e.g. Ref. [247].

on the fiducial values of the eigenvectors w;. This reflects the fact that the precision with
which we can measure the eigenvalues does not depend on the direction of the anisotropy.
The constraints on directions, i.e. (04,08,0+), can be obtained by inverting the lower block
of the Fisher matrix. It turns out that the constraints on each of the directions depend on
the fiducial values of both the eigenvalues and the eigenvectors of @;;. However, this direction
dependence is somewhat artificial, as we could have chosen our basis directions differently.
Instead of considering each direction independently, it makes more sense to compute the
volume of the ellipsoid described by the constrains on («, [, ), using the Haar measure
dp = sin fdadfdy. Note that with this non-normalized Haar measure, the volume of the
rotation group SO(3) is 2(27)? ~ 79. We can think of this uncertainty volume as the inverse
of a ‘figure of merit’ for the average accuracy with which we can recover the directional
information. This combined direction constraint has the great advantage that it does not
depend on the fiducial model for the directions, but only on the choice of the eigenvalues’
ratio Aa/Ap and the vector amplitude Ay . This remaining dependence is physical and simply
reflects the fact that the precision with which we can measure the direction of the anisotropy
does obviously depend on how large it is.

6.4.3 A model for vector perturbations

To illustrate how our general formalism can be used, we consider an explicit model in which
a non-isotropic vector contribution to the galaxy peculiar velocities gives new contribu-
tions to the correlation function. We derive constraints on the directions and amplitudes
of anisotropies for both a Euclid-like and SKAZ2-like survey. The specifications for these sur-
veys are taken from [203] and [307] respectively: the two redshift ranges are z € [0.7,2.0] for
Euclid and z € [0.1,2.0] for SKA2 and we split them into 14 and 19 bins of thickness Az = 0.1
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respectively, with L, = 2Mpc/h. This choice of L, is motivated by the fact that this pixel size
gives the best constraints in [74]. Note that in the isotropic case, exploiting separations as
small as 2Mpc/h does require a good understanding of the scalar non-linear signal at those
scales, which is highly non-trivial. In the anisotropic case however, since the scalar part does
not contribute to the estimators é 42/'\4 , but only to the covariance, we can exploit very small
separations even without a very precise modelling of the scalar behaviour at those scales. As
maximum separation we choose 40 Mpc/h.

Until this point our formalism has been model independent but, clearly, to forecast the
detectability of the anisotropy parameters we have to assume a shape for Pg(k). As an
example we choose the isotropic vorticity power spectrum from N-body simulations while
we note that, as we have stated before, the isotropic and anisotropic Ps; can in principle be
different.

According to the numerical simulations of Ref. [247, 189], the vorticity power spectrum
appears to evolve as H(2)?f(2)?D1(2)7 at large scales. At small scales, the evolution has an
additional scale-dependence, leading to a suppression of power at small scales at late times,
see fig. 4 of [247|. In the following we will ignore this small-scale dependence and assume that
the power spectrum at redshift z is given by?®

5 7
Ps(k,z) = Ps(k,z=0) (;)gf();fizo))) (Dﬁlz(i)O)) '

We use the vorticity power spectrum plotted in fig. 4 of [247] to construct the following fit
for Pg,

(/K. )™
[1+ (k/k)]
where the power at large scales is given by ny = 1.3, the power at small scales by ngs = 4.3

and the transition scale by k. = 0.7h/Mpc. From fig. 4 of [247] we find that the predicted
amplitude for Py is Ay = 107°.

Ps(k, 2 =0) = Ay (Mpe/h)?,

In fig. 6.1 we use this spectrum to estimate the constraints on the eigenvalues 5\172. Note
that there is no dependence on the fiducial values of the parameters \s since they enter linearly
in the estimator él?l]‘é . Furthermore the constraints do not depend on the orientation of the
eigenvectors due to the block diagonal structure of the Fisher matrix. The 1o-constraints on
the amplitude of the eigenvalues are oy ~ 6 x 1075 with Euclid and even oy ~ 1 x 1077 with
SKA2. It is also interesting to note that the constraints are better if both eigenvalues have
the same sign. This is of course owing to the fact that then the norm of the third eigenvalue
is larger. With the SKA and optimistic assumptions we should therefore be able to constrain
an anisotropic vector signal with amplitude of 1% of the amplitude of the vorticity generated
by shell-crossing in cold dark matter Ayso ~ 107° [247].

In fig. 6.2 we show the volume of the ellipsoid described by the constraints on (o, 3,7). As

3Note that the constraints obtained in this way are conservative, because we underestimate the vorticity
power spectrum at small scales for large redshift.
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Figure 6.2: Volume of the 1o (solid) and 30 (dashed) ellipsoids in the a — 5 -y space as a
function of the ratio between the A4 and Ag. The anisotropic amplitude is set to Ay = 107°.
The constraint should be compared to the the cube root of the Haar volume /79 ~ 4.

we discussed above the constraint does not depend on the fiducial directions but it depends on
the fiducial values of 5\172 or, equivalently, on the choice of Ay and the ratio A;/A2. In the plot
we fix the biggest eigenvalue to Apax = Ay = 107°. The features in the plot can be explained
intuitively as follows. We first note that the constraint asymptotes to a constant for Aj /Ay > 1:
this is a result of two concurrent effects. On one hand, as we keep the largest eigenvalue,
A1, fixed, the other, Ay, becomes smaller, reducing the overall signature of the anisotropy.
On the other hand, as the ratio increases, the departure from isotropy is more pronounced
yielding better constraints. Note that we could have fixed the smallest eigenvalue equal to
Ay in this case as the ratio becomes bigger the overall signature of anisotropy increases
and the two effects add up to give better constraints. Secondly the constraints are worst
for \1/A2 =1 or —1/2. In both cases this is because we approach a degeneracy: A; = Ay or
A1 = Ag respectively. Note that the constraints are slightly better in A; = Ao w.r.t. the second
case as the overall amplitude is bigger in this case. The absolute values of the volume show
that Euclid constrains the direction of the anisotropy only loosely, while the constraints from
SKA2 are excellent, for our choice of amplitude Ay = 107°. Note that the constraint on the
volume scales as A‘;’/, so that decreasing Ay by an order of magnitude would degrade the
bounds in fig. 6.2 by a factor 10.

6.5 Conclusions

In this chapter we have discussed the effects of an anisotropic vector component in the peculiar
velocity field, focusing on the redshift-space distortions induced in the galaxy correlation
function. We have presented a general method to isolate the anisotropic signal through a
decomposition in bipolar spherical harmonics. We provide an analytical expression for the
coefficients of this expansion which does not require the adoption of a specific model. We
then show how one can practically use this approach to forecast constraints on the anisotropic



6.5. CONCLUSIONS 143

sector for two upcoming redshift surveys.

We derive two types of constraints, both on the total amplitude of the anisotropy and on
the preferred direction (in terms of the SO(3) volume of its Euler angles). We can compare
our results with the constraints found in [74] for the isotropic case which of course has no
preferred direction. Given the block-diagonal form of the Fisher matrix, we find that we are
able to achieve similar constraints on the amplitude of the vector modes (since we also assume
the same shape for the spectrum). Let us however note that even though the constraints are
similar, the interpretation of the result in the anisotropic case is cleaner, since in this case
the scalar degrees of freedom do not contribute to the estimators and therefore they do not
need to be accurately modelled.

This work is meant as a study of the feasibility of detecting an anisotropic vector signal in
the galaxy two-point function and together with the analysis carried out in [74], it represents
a comprehensive study of the detectability of vector modes in the correlation function.

Given a model for the anisotropy, one needs to determine not only the eigenvalues and
the directions of its eigenvectors, but also the corresponding vector power spectrum. Here, to
provide a concrete example of our formalism, we just assumed this to be given by the vorticity
spectrum generated by non-linear structure formation. In full generality the power spectrum
could be reconstructed from the data as a function of multipole and redshift, at the price of
much larger error bars.



Appendices

6.A Covariance matrix

The variance of the estimator ﬁ%}/[ is given by

var (§407) = aX 30 DDA ARA Y X (Fijy 11if ) X (Freams ke ) S5 (Tij = 701 (T — 1)
j km

=varp +varys + varg .

Since (A;Aj) contains a Poisson noise contributions and a cosmic variance (CV) contribution

(6.61)

ij

1
(AlAJ> = ﬁéw + CA

where dN is the mean number of galaxies per pixel, the three different contributions to the
variance are understood respectively as the Poisson term, the mixed term and the CV term.
The first terms is easily found

1811 1
2M (4 ~ 2M % ¢ ~ ~
varp(r,r') = V2(rf’)2 TN %:];L&ikéijM' (Pigs i) X oo (Proams Tk )01 (1 = 701 (Thor = 177)
6V
= 6D(’f’ - 7”) )
T2Nt20t

144



6.A. COVARIANCE MATRIX 145

where we have set the factor (1 + (=1)%) = 2 as only even £ appear in the expansion. The
mixed term is

18L10 1

vary (r,1') = V2(7"r’)2 AN

Z Z ( ZkCAn’L + 5]m07%) o0 (TZ], nZJ)XM/ (’rkm, nkm)
ij km

X 5K("”ij - T)(SK(Tkm - ’I”,)
18L,° 2

= ’ A ERAD) XQJ)/[* AimyAim o ij o im ! .
VQ(T.T/)QdN%:; M (TJ n]) 17 (Pim, 1o )K(rj 7)ok (7 ")

We use the flat-sky expression for CZ%

C2(z) - G )3[d3k 05X P, 2) (coPo (i k) + aPa(i k) + eaPa(i b)) (6.62)
™

and we perform (in the continuous limit) the following change of variables y; = x; — x;,

Ym = Xm — X; together with x; = n. We obtain

vary (r,r') = f dk k:QP(k: 2)je(kr)je(kr’ )(COBM + 02566’ + 04505,) , (6.63)

T Niot

where we have defined the coefficients

. N Ca A Y Ca A Y
By = (20+1)(20 + 1)( . 0)(0 . 0){£ p U}. (6.64)

Finally the CV term is given by

18L10

VQ(TT")2 Z E CA C M’ (rljanz])XEQKM*('ﬁkma ﬁkm)éK(rzj - T)(SK(Tk:m - ’l“,) s

ij km

varg(r,r') =

we can perform a similar change of variable as above y; = X; —X;, ¥ = Xy, — X}, so that, after
substituting eq. (6.62) twice, the two exponentials are written

ek (xm=x;) ik’ (xg=xi) _, o ik(ym=y;) oi(k+k’)-(x—x:) ’ (6.65)

and the integral over xj enforces k = —k’. The angular integrals are performed with the
properties of BiPoSH as before and we obtain

12
varo(rr’) = —— [ dk k2P, 2)jelkr)je(ke') Y éol8fs (6.66)
m ag
where the ¢, are given in egs. (4.60)-(4.64).
The computation for the off-diagonal covariance matrix, defined in eq. (6.51), follows

the same steps with the exception that Poisson noise does not contribute for off-diagonal
components as it is proportional to (54152(54 5125M1 M,- Furthermore the mixed and Cosmic
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contributions are proportional to das,a, and the general case is obtained from eqgs. (6.63)
and (6.66) by substituting the product of spherical Bessel functions inside the integral with
Jey (1)7e, (") and redefining the 8 coefficients as

. lo—ly ; ; oty bL)\[o 5’1 5’2 f’l lh 2
g =1 201 +1)(208 +1) (20, +1)(205 + 1 .
B2 ipey =172+ 1)(20 + 1) (262 + 1)(204 >(0 . O)(O I L

6.B Fisher matrix

In this appendix we sketch a proof of why the off-diagonal blocks of the Fisher matrix (6.60)
vanish, i.e. F)\, o, =0. We have

TG N (r), %)
F)‘ yQf = Z Z Z Z il —COVZlelf o (’I"i”l" )2—
! {Zbin} i:j EIZIIKQZ,Q M 8)\14 151525 J aOéZ
0
(Z )\IYQM(WI)) (6.67)

X Z Z Z 541511(7%Z)COVzleflégé'Q(?“i»Tj)leeZ(rjvZ)>

{zbin} 1.J €101 028

with
9 - d0; 0 8¢1 B, )
ArYs A Yonr (0 6.68
9o (; ! 2M(°”)) 2 (50 * 3. og; ) Y2u O 00). (6.68)
and (07, ¢r) are the polar angles defining the directions of w;. We recall that
@+9) (29) \/_

0pYanr(0,9) = - m(0,0) = —— (Yonm (0, 0) — 1Yo (0, 9)) ,

(69—@)
2

8¢Y2M(9,¢) =4sinf YQM(H, gf)) = Z'Singé ( 1}/2M(97¢) + _1Y2M(9,(;5)) s

where @ and @" are the spin-raising and -lowering operators respectively (see appendix B.3).
For definiteness, let us consider the case Ay = A\; and «; = « in eq. (6.67). One has

Fy o _Z\/_Z(YQM(wl) YQM(W?,))ZAISIHQI(ﬂﬁM(wI)Jr—1Y2M(OJI))[ ], (6.69)

where the [...] represents the part of the Fisher matrix (6.67) which does not depend on @;.
We recall

Z Yo (01, 01) sYir (02, 02) = Y5 (B, a)e’™ (6.70)

2€1

where here («,3,v) are the Euler angles of the rotation rotating the direction (62, ¢2) in
(01, ¢1) and not the angles defined in eq. (6.52). In eq. (6.69) the products is between two
harmonics evaluated either at the same directions or at orthogonal directions. In our case we
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have £ =2, s =0 and m = 1. Furthermore (f, «,7) denotes a rotation by either 0 or 7/2 since
either @y = W9 or they enclose and angle of 7/2. In other words, R(S,«,v)es = +e; where
I€{1,2,3} and Yy, (B3,a) = Yo (R7Y(B, , 7)e3) = Yo (xeg), see [131]. The Euler angle v is
irrelevant here since a rotation around e, leaves e, invariant. But for the cartesian axes ey,
¥ is either 0 or 7/2 and Y2;1(¥, ¢) o sind cos? vanishes. This completes the proof that the
off-diagonal boxes in the Fisher matrix vanish.

6.C &2

The explicit expressions for the real-space version of eqs. (6.36)-(6.38) are given by

A 16792 .. fo0+1(2 2 ¢
55;)4() 4—50é2(277“)z[:)\]Y2M(w1)(&705@724—2 = (0 . 0)5&2), (6.71)

16
e - 167 cuzr)ﬂzen)(%'n)\/ DAY (@)
[315315'121 11211['121]
x |2 +3 9
0 0 0o/J\O 0 0)|¢ 3 ¢ 00 0J\O O Of|¢ 1 ¢
(6.72)
om(e) 1672 4 2 ¢
5&’ =- 15 Cg z T)ZA[}GM(WI) (5[25510+ﬁ\/2€ 0 (5@74
(6.73)
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+i 20+ 1 6512].
5 00 0]



CHAPTER [

Ensemble average on the light-cone

Based on:

[230] E. Mitsou, R. Durrer, F. Scaccabarozzi, V. Tansella and J. Yoo “Observer terms and
ensemble averages”
in preparation

Abstract. We analyse here the averaging procedure of cosmological observable from a theo-
retical and observational point of view. In this technical chapter we first carefully define and
discuss the differences between theory and observers N-point functions. We then show how,
under the ergodic hypothesis, on the one hand averaging over fields at the observer position
poses no difficulty but on the other hand their contribution is relegated to the unobservable
monopole. This justifies the approach we detailed in section 4.2.2.

7.1 Introduction

A crucial tool for relating theory and observations in cosmology is the assumption of sta-
tistical homogeneity and isotropy. Theoretically we can only provide statistical predictions,
i.e. ensemble averages over several universe realisations, but observationally we only have
access to a single realisation of the universe and a single light-cone within that realisation
(and of course the light-cone interior but in cosmology we essentially measure light coming
from different sources). The assumption of statistical homogeneity and isotropy along with
the application of the ergodic theorem allows one to effectively treat different parts of the
universe as different realisations and thus to connect the theoretical predictions to observa-
tions. Truthfully, a formal proof of ergodicity for a random process is not usually easy [15]
and in cosmology it is perhaps best regarded as a common-sense hypothesis.

148
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The requirement for the ergodic hypothesis to be applicable, i.e. for spatial averages to be
approximated by statistical ones, is the observational availability of a large enough number of
source points. Indeed, the common motto is that the theorist is allowed to ensemble average
a given product of fields evaluated at source positions, because the observer probes several
of these positions. This viewpoint is perfectly sufficient as long as one is only interested in
the lowest-order approximation where a cosmological observable is entirely determined by the
value of fields at the source position.

In the era of precision cosmology, however, the above approximation is no longer valid,
because observations are able to capture several sub-leading effects which depend on fields
evaluated on the whole line of sight from the source to the observer (as we have discussed
in previous chapters). As one approaches the observer on its past light-cone, the number of
observable points decreases and therefore so does the validity of the ergodic hypothesis. The
extreme case is the observer point itself, for which we can only have a single measurement.

In recent years, studies concerning non-trivial effects of averaging in cosmology have ap-
peared in the literature |71, 320], but the question we want to answer in this chapter is the
following. Theoretically we can certainly perform ensemble averages of fields at, and in the
vicinity of, the observer position, but are we then allowed to use the ergodic hypothesis to
compare the results with observations?

To understand the relevance of this issue, note first that the usual approach in the litera-
ture, and the one we have adopted in this thesis until this point, is to avoid at least part of the
issue by simply neglecting the fields at the observer position (see e.g. [73, 72, 122, 294, 295]).
We will see that this is a fair procedure in the following. As for the line-of-sight integrated
terms, they are ensemble averaged just like the source terms, which implicitly assumes that
ergodicity applies on all points, independently of how close they are to the observer position.
However another school of thought in the community considers observer terms fundamental as
they must be taken into account in order to obtain gauge-invariant predictions [59, 147, 273|.
Moreover, if fields at the observer are retained when computing correlation functions, i.e.
ensemble averages of products of observables, one must perform that average on all points of
the line of sight, including the observer point, in order to obtain expressions that are free of
spurious infrared divergences [60]. In fact, from the mathematical viewpoint, this is the only
consistent way to proceed, because if we impose statistical homogeneity (which is an essential
assumptions for ergodicity to hold [311]) then no point can be privileged in space. Thus, if one
wants to consider non-random field values at the observer, then one must abandon statistical
homogeneity. The issue we have presented in this introduction can therefore be restated as
the fact that the only well-defined theoretical computation involves ensemble averaging all
the terms involved in the observable, while ergodicity is difficult to apply in the vicinity of
the observer.

7.2 Definitions and conventions

A cosmological observable is a function of two space-time points f(z,;xs), the “observer”
point x5 and the “source” point %, that are constrained to lie on a light-like geodesic. For
simplicity we will exclusively work within linear perturbation theory around FLRW space-



150 7. ENSEMBLE AVERAGE ON THE LIGHT-CONE

time with ¢ an arbitrary time-parametrisation and we will also fix the time of the observer
to zero t, = 0. We can then trade, as we have done throughout this work, the constrained x%
information for the corresponding fundamental observables that are the observed redshift z
and the observed position in the sky n, the latter being a unit-normed vector in the rest-frame
of the observer. We can thus parametrise the observables as f(Z,; z,1n), so that all involved
variables are unconstrained, i.e. z and n parametrise the past light-cone of the observer
at Z,. On the other hand, %, parametrises the past light-cones whose tips lie in the ¢t = 0
hypersurface.

We will work with perturbation fields ®, which, for the purpose of this chapter, can be
thought of as “Bardeen variables”, which is effectively the same as working in the longitudinal
gauge. With this specification, the FLRW space-time on which these fields live is uniquely
defined. When promoting the ®, to stochastic fields, linearity and statistical invariance under
the Euclidean group implies that the Fourier modes ®,(t, l_%) are independent random variables
and that the probability distribution function (PDF) is of the form

Plo)= TT Pp(@(B),  Pu(@() = Pu(@(B). (7.1)
keR3

Moreover, in the absence of primordial non-Gaussianity, linearity implies a Gaussian PDF:
. 1 -
Pon(@(k)) ~ exp [-5 Kap(t. k) Da(F) @b(k)] , (7.2)

which we do not need to specify here. The ensemble average of a product of fields at different
times is defined as usual, i.e. we first note that ®,(¢,k) can be expressed in terms of the
fields at some reference time, say t = 0, through a linear relation!

(pa(u];) :Dab(t7k) (I)b(l;)a q)a(];?) :(I)a(()?];)a (73)
so we can define (see appendix B.1)

( By (t1,k1) .. P, (tn, kn))p = Daypy (t1, k1) Dap, (tny En ) (@, (E1)... @, (kn))p
= Da1b1 (t17k1)DU«nbn(tn7kn) (74)

v f D Py[ ] By, (F1)... B, (),
and then Fourier-transform to real space if desired. The relative perturbation of f is

f(Zo;2,m) - f(2)

6f(Zo;2,m) = = : (7.5)
f(2)
where f(z) is the background value and thus coincides with the ensemble average
f(2) = (f(Zo;2,m))p. (7.6)

'In the case of non-propagating fields, such as scalar perturbations, we have that D(t,k) = D(t) is a growth
function, whereas in the case of propagating fields, such as tensor modes, one must consider the field velocities
as part of the independent set {®,} to obtain the above relation.
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Note that §f is gauge-invariant (up to terms at the observer), thanks to the fact that we are
using the observed (non-perturbative) redshift z. This is also dictated by Stewart lemma: if f
has a known redshift dependence, say f(z) = D¢(z) fo, then we can construct a quantity that
vanishes at the background level (f(z,x) - fo(x)D¢(2))p =0 and eq. (7.5) is its perturbation.
This quantity can then be split into three terms

5f = 0o+ 0 +0fs, (7.7)

where ¢ f, is made of fields evaluated at the observer position, d fs is made of fields evaluated
at the source position and §f; is an integral of fields over the background line of sight. We
will refer to these as the “observer”, “source” and “line-of-sight” terms, respectively. Note that
this separation is not unique because one can perform integrations by parts in J f; producing
boundary terms which alter  f, and § fs. In particular, depending on the way the expression d f

is derived, one can use this freedom to make all three terms individually gauge-invariant [273].

7.2.1 Observational and theoretical correlation functions

In what follows we will need to consider generic products of f(Z,; 2k, nx ), so it will be impor-
tant to work with a convenient angular parametrisation. A product of N observables depends
on 2N angles, out of which one can form 2N - 3 rotationally-invariant angles, i.e. ‘“relative”
angles. This is because the rotation group is 3-dimensional so three of the 2N angles simply
amount to the freedom of choosing a reference frame. Concretely, we can choose the relative
angular parametrisation where n; is the azimuthal direction and n, is a unit-vector normal
to ny such that

n, =njcosfy +n, sinfy,

. . (7.8)
Ngso = [N cos P + (ng x 0, ) sin ¢y | sin O, + ny cos by,
which involves indeed 2N - 3 independent SO(3)-invariant angles
0 = cos ! (n; -ny,) , k=2,..,N,
‘. — . . 7.9
O = cos_l( nz -y — (1 -nz) (0 - 1) ) , k=3,..,N. (7.9)
V(1= (n1-12)2) (1 - (01 ng)?)

The remaining three angles 61, ¢1 and ¢ must then be given with respect to some external
set of orthonormal vectors Z,%, Z in the observer’s rest-frame and correspond to a choice of
reference frame (np, n,).

We can now define the “observational” correlation functions. The observer has access to
f(Zy; z,n) on a single past light-cone 7, and for a single realisation of the universe. With this
data, the observer can compute correlation functions by performing averages of f products
over all possible reference frames,

N
G (ot B Mo (0} s) = oy [ sind1 0161 don [] Fizeme) . (710
k=1
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which therefore depend only on the invariant/relative angles. On the other hand, the one-
point function is simply the average over the observer sky

fOb(Eo;z) = i fsin@l db1d¢y f(Zo;2,m1). (7.11)

It is very important to note that these N-point functions depend on Z,, not only because of
the observer terms ¢ f,, but simply because a given universe realisation is not exactly homo-
geneous and isotropic. For instance, a fictitious observer located in the Holmberg galaxy?,
measuring the CMB temperature anisotropies would obtain a different map than ours, since it
would correspond to another past light-cone. The two maps would be indistinguishable only
statistically. Of course, we do not have access to the data for & # Z,, apart from the points
that lie at the intersections of the & and Z, past light-cone. Nevertheless, it is important to
keep in mind this implicit Z, dependence which comes from the fact that observation in a
inhomogeneous universe is light-cone-dependent.

The integral in (7.10) admits a nice group-theoretical interpretation. Indeed, the set
of frames is isomorphic to the SO(3) manifold, because ni(61,¢1) and ¢o can be thought
of as the direction and magnitude of a rotation, i.e. they form the vector § = ¢on; that
parametrises the group algebra 6 -.J € 50(3), where J are the generators. By choosing the
latter appropriately, one can interpret 01, ¢1 and ¢o as Euler angles 3, v and «, respectively.
The integral in eq. (7.10) is therefore an integral over the SO(3) manifold and sin 6; d6; d¢; d¢2
is the corresponding Haar measure (which we first introduced in chapter 6), so that we can
use the notation

N
G (Zo3 {2k et {0k Hhoos {0n }hos) = (Igl f(Zo; 2,m1) )s0(3) - (7.12)

On the theoretical side, the quantities for which we can make predictions are ensemble
averages, to which we will refer here as “theoretical” N-point functions

N
G({zr}hir {0kt noas { D iis) = (El f(@os2k,mp)) P (7.13)

As in the observational case, these functions solely depend on the relative angles and not on
the choice of reference frame, because the PDF P,[®] is invariant under rotations, so one can
rotate 01, ¢1 and ¢y away. Contrary to the observational ones, however, these functions are
also independent of Z,, because the PDF is invariant under translations, so one can translate
the arguments to Z, - 0 (without affecting the relative quantities zy, 0 and ¢x).

7.3 The ergodic hypothesis and its practical approximation

We now wish to relate the theoretical and observational N-point functions. To that end, we
start by considering the set of 3-dimensional field configurations over which we sum when
performing an ensemble average, i.e. in eq. (7.4). This ensemble can be partitioned into

2A dwarf galaxy in the constellation Ursa Major, roughly 3Mpc from the Milky Way.



7.3. THE ERGODIC HYPOTHESIS AND ITS PRACTICAL APPROXIMATION 153

equivalence classes, where two field configurations are deemed equivalent if they can be related
by a Euclidean transformation. Denoting by [®] the equivalence classes, we can then describe
any element in [®] as

(I)Rﬁ(i') = <I>1’0(Ri‘ + d) s (714)

where R is a rotation matrix, @ a translation vector and ®; g is some representative of the
class. In Fourier space, this translates into

(k) = ey o(RE), (7.15)

and it will be convenient to parametrise R by the three Euler angles 61, ¢1 and ¢2. The reason
for partitioning the set of configurations thusly is that the PDF gives the same weight to all the
elements of a given class, thanks to its invariance under the Euclidean group E = SO(3) x R3.
We can therefore split the functional integration in eq. (7.4) into an integral over the elements
of a given class [®] followed by an integral over all possible classes. By the latter we mean
an integral over suitably chosen representatives ®1 ¢ such that the corresponding functional
integral is well-defined.?> The PDF will then factorise outside of the first integral to yield

fDq)Po[q)]X[(I)]=[D‘I)1,0P0[‘I>1,0] (X[P10])E, (7.16)

where X[®] represents the quantity we are averaging (essentially products of fields). The
average over the Euclidean group is defined

(X[(I)(f:)])Ez%[d:s 812fs1n6?1d61d¢1d¢2X[<I>(R:c+a)] (7.17)

As one could expect, the ensemble average therefore contains a purely geometric average over
the symmetry group of the PDF. The integral over the SO(3) subgroup of E was already
encountered in the observational N-point functions, where it appeared as an average over
reference frames. The average over the translation subgroup, however, would correspond to
an average over all possible observer positions Z,. More precisely, the “active” transformation
of the field ®(%) - ®(Z + d) can be interpreted “passively” as the change of observer position
Zo = T — Q.

The advantage of the factorisation in eq. (7.16) is that it disentangles the statistical and
geometrical parts of the average. In particular, it implies that the ergodic hypothesis can be
formulated as

H f(xOvZk’nk) elﬁé H f(mo, 2k nk)) (7'18)

since the ensemble average is already a Euchdean group average before even considering the
choice of statistics. In terms of the theoretical and observational N-points functions this reads

G O, (1) F L [, 0o (a1 H s, (R (00 )
Fe) % [ @2

3The existence of such a splitting of the integration is a non-trivial mathematical assertion, whose proof,
if possible, would go beyond the scope of this paper.

(7.19)
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i.e. the ensemble average is equated to an average over all reference frames and light-cones
(at least for infinite volume and Gaussian statistics). Note how both sides of the equation
consistently have the same dependencies. Also, it is understood here that the left-hand
side contains stochastic fields, whereas the right-hand side contains the actually observed
realisation.

In practice, however, the information from several Z, is of course not available, so the best
thing one can do is to use the standard approximation

G({zr} i1 {0630 {0n)hls) = G2 (@i Lo ilns {0} hles (D0} 0ss) -
F(2) = [P (@i 2).

To estimate the error associated to this approximation, one usually considers the (statistical)
covariance matrix

o (an, aly) = {[GP(Fo;an) - G(an) | [G*(Z0; aly) - Glaly) p

= (G (Zo; an) G (Zo;aly)) p — Glan) G(aly),

(7.20)

(7.21)

where we have used the condensed entry notation

an = ({zk}iin {063 ile, {0k} iss) (7.22)

and it is understood that the fields inside G°P have been promoted to stochastic ones. More
precisely, the “l-sigma” error in (7.20) is the square root of the diagonal oga(an,an). On
the other hand, one could also define a geometric covariance matrix

1
Ugeo(ozN,oz?V) =7 f Bz, [GOb(io;aN) - G(aN)] [GOb(fo;af\,) - G(aﬁ\;)]
[ @, G (5 an) G (g al) - Glan) Glay) (7.23)
“E(7.21),

since G(ayy) appears as the average of G (Z,; an) over Z, in eq. (7.19). Not surprisingly,
because of statistical homogeneity and ergodicity, we have

Ostat = Ogeo = 0, (7.24)

as we show the appendix 7.A. This equality implies that the fundamental statistical uncer-
tainty ogat, usually known as “cosmic variance”, can be interpreted as the error due to the fact
that we observe a single universe realisation and from a single viewpoint Z,. Indeed, if either
one of these two conditions were dropped, under the ergodic hypothesis we could beat cosmic
variance*. On the one hand, if we could observe a single realisation from all possible Z,, then
eq. (7.19) would allow us to match the theoretical predictions exactly. On the other hand, if
we could observe all possible universe realisations, but from a single viewpoint Z,, then we
would be able to compute directly the theoretical N-point functions, which are independent

This statement is only true for an infinite universe, as a compact universe would still have cosmic variance.
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of Z,. In both cases we would essentially be able to observe the expectation value of GG, which
of course has no variance. Note how crucial the assumption of statistical homogeneity and
isotropy is in this argumentation.

Let us also make contact with the more common definition of cosmic variance in the
context of the CMB power spectrum. In that case, cosmic variance is usually explained as
the lack of enough m values for low ¢, i.e. the small number of large sky patches over which
to average. In the perspective considered here, we understand that this is due to the lack of
alternative viewpoints Z,. Indeed, if we had access to these, then we would have access to
any region from multiple viewpoints at the intersections of different light-cones, which would
then eliminate cosmic variance.

7.4 The subtlety of connected correlations functions

Until now we have only considered generic correlation functions, but for each IV the non-trivial
information lies in the connected part. Given the fact that the complexity in the definition of
spherical connected functions increases rapidly with NV, here we will solely focus on the most
relevant case for this thesis: the connected two-point functions. On the theoretical side we
have

G(21,22,02) = G(21,20,09) = f(21) f(22)

w1, 2 ; ) (7.25)
= f(21) f(22) (0f (Z0; 21,m1) 0 f (Z0; 22,12) ) P

where § f was defined in eq. (7.5). On the observational side we have

GP(Zo; 21, 22, 02) = G°P(Zo; 21, 22, 02) — FOP(Z0; 21) FOP(Zo; 22)
= (AfP(Z0; 21,01) A" (T 22,12))50(3) »

= P (Zo; 21) FOP (03 22) (6 £ (T3 21,11) 6 7 (Fo3 22,12))50(3)
where

AfP(Z,;2,n)
fOb(itﬂ z) .

Here we stress with the “ob” subscript that the fluctuations are computed with respect to the
observational average f°P(Z,;z) which is not the ensemble average f(z). Let us now see how
the ergodic hypothesis (7.19) relates the theoretical and observational connected two-point
functions. To that end, it will be convenient to decompose these in Legendre polynomials, as
we have done in chapter 3,

AfP(Zg;z,m) = f(Zo;2,m) = fP(F0:2), 6f°(Z0;2,n) = (7.26)

G(z1,22,0) = Z(2E+ 1) Py(cos0) Gy(z1, z2)
=0

GN»'Ob(ch; 21,22,0) = Z(% +1) Py(cos ) éﬁb(:ﬁo; 21,22),
=0

(7.27)
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so that
Gy(z1,22) = Go(21,22) = f(21) F(22) beo »

7 ; SO (7.28)
GOP(Zo; 21, 22) = G (T3 21, 22) = FOP(Fo; 21) FO (T3 22) S0

where Gy and G9 are the multipoles of the non-connected ones. Using eq. (7.19) in the
Legendre basis we then find
w1

Go(#1,22) = Ge(21, 22) = f(21) F(22) 60 = v f B, GPP(Z0; 21, 22) = F(21) F(22) 010

1 ~ 1 - - _ _
— 3 [ G Gam ) |5 [ d P i) PG ) - ) F2) | (729
=%[d%oé?b(i"o;zl,@)+U2(Z1,Z2)5207

i.e. the ergodic relation holds only up to a monopole term and the latter is nothing but the
covariance matrix of the one-point function. We can understand this difference simply by the
fact that, in order to obtain connected functions, one must subtract products of averages with
different definitions in the theoretical and observational cases. To understand the monopole
discrepancy in particular, note that égb(io; 21, 22) =0 by construction

égbz%fSin92d92é°b(io;21,22,92)
- 161 2 fsin91 d6; dg sin By dfy dgo A fOP(Zo; 21, 11) AFP(Z0; 20, 12) (7.30)
T
1 1
=[4—fdﬂlAf°b(io;z1,n1)][—fdQQAfob(zo;zz,m)]:o,
T 47

since each factor in the end is identically zero. On the other hand, the theoretical monopole
of éo(zl,z2) is not zero generically. To see this, remember first that the ensemble average
can be partitioned as in eq. (7.16), thus leading to a statistical average of directional averages
as above. The difference, however, is that the directional average of § f°P is zero by definition,
while the one of df is not zero because Jf is the fluctuation around the ensemble average
f(2), not the sphere average f°P(Z,;2). As a result of eq. (7.29) the ergodic relation for
connected two-point functions holds for £ >0

~ erg. 1 ~ob /=
Geso(21,22) & V[dgxoGeso(%;Zl,@), (7.31)

and the ergodic approximation (eq. (7.20) for the generic N-point functions) holds, for the
connected two-point function, in the form

G021, 22) = G920 (Fo; 21, 22) - (7.32)

On the other hand the £ = 0 case, along with ng = 0, simply states that the monopole of the
theoretical connected two-point function is the (cosmic) variance of the one-point function

0'2(21,2:2) = 60(21,22). (7.33)
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Another relation we must check in the connected case is eq. (7.24), i.e. that both deviations
of variance coincide. Expressing the covariance matrix of the connected two-point function in
terms of the connected one and using (7.24) one can prove that the statistical and geometric
uncertainties on ég(io; 21, 22) are equal for £ >0

6geo,€f(zla 224, %1, Z2) = 6stat,€€(zla 22421, 22) ) € >0 ) (734)

but not for ¢ =0.

7.5 Discussion

We now have the required argument to tackle the question that was raised in the introduction,
i.e. of whether we can ensemble average the terms that are close and/or at the observer point.
The ergodic hypothesis (7.19) relates, in an infinite universe, the quantity that is predicted
by the theorist G(...) not to the one that observer actually measures G°°(Z,;...), but rather
to an average over all the possible light-cones 7, of G°®(%,;...). By considering all possible
Zo, we also have a “large enough” number of observer points, just as for the source points, so
it is completely legitimate to ensemble average the observer terms as well.

The discomfort arises only because of the ergodic approximation (7.20), which is the only
relation one can use in practice and contains indeed a single Z, on the observer side. However,
we showed that the error related to privileging Z,, i.e. 0geo, is nothing but the usual statisti-
cal error ogat associated with this approximation, i.e. cosmic variance. This means that, by
ensemble averaging all terms in the theoretical N-point functions G, we are not getting any
further from the observed quantities than the usual statistical uncertainty.

The situation is slightly more involved in the case of connected correlation functions,
which are ultimately where the interesting information lies. In particular, in the two-point
function case, all of the above conclusions hold for all multipoles except for the monopole. As
we have anticipated in chapter 4, we have formally proven here that the monopole is exactly
zero on the observational side, while it can be in general non-zero in the theoretical compu-
tation. Let us also go back to an argument that we have raised in chapter 4: the subtraction
of the monopole for the regularisation of the IR divergence of the correlation function. The
reason for subtracting G was, as we said, two-fold: (i) Gg”® = 0 by construction and (i) the
correlation function converges only after this operation. We have however neglected in our
discussion the terms at the observer df,. It has been shown in the literature [59, 147, 273|
that including the contributions from these terms regularise the theoretical monopole Gy.
Furthermore we have argued here that the ensemble average of fields at the observer position
poses no difficulty but, on the contrary, it is the sensible procedure to ensure that statistical
homogeneity is enforced. Terms at the observer, together with super-horizon long wavelength
modes, only contribute the the monopole of the two-point function and we have proven in
this chapter that the ergodic hypothesis cannot be applied on the monopole. In other words,
although keeping track of observer terms and ensemble averaging over them is possible, they
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contribute to a quantity that cannot be matched with observations. This justifies the approach
we have used in chapter 4 of simply removing the monopole from the theoretical computation.

Finally, as a interesting side-note, let us highlight the fact that eq. (7.33) provides the
cosmic variance uncertainty for the average observable. Usually one thinks of cosmic variance
as a scale-dependent uncertainty, thus affecting only scale-dependent quantities such as cor-
relation functions. Here, however, we nicely recover the fact that even average measurements
of observables are of course affected by the fact that we can only observe them at Z,. More
precisely, the theoretical prediction for the observed quantity f°P(Z,;2) is f(2) +0(2), where
o(z) is consistently parametrically smaller than f(z). For instance, in the case of the CMB
temperature f = Toymp we have

G AT, 2
o N( - CMB) ~10°%, = AT (7.35)
TCMB TCMB TCMB

We then recover the well-know fact that one can of course measure the average CMB tem-
perature at %, with arbitrary precision. However, only the first four non-trivial digits of this
number will be representative of this quantity in the universe and therefore cosmologically
relevant. The rest of the digits will be strongly dependent on Z,.



Appendices

7.A  Proof of osat = 0geom

We will show that the two non-trivial terms in the second lines of Egs. (7.21) and (7.23) are
equal. First note that

1 1
= f de, G301 an) G (Foi ) = f sin ] d6) dg! A

1 1 N
x = [ a5 [ sin61 a0 drden TT £(Foi 2k m0) f(Foi 210m3),
% 82 o

where the second line looks like the Z, average of the observer 2/ N-point function. The only
subtlety is that the angles in nj are relative to the (n},n’) frame, not the (ni,n,) one.
Nevertheless, since we are integrating over all (nf,n’) frames (see first line), we can rotate
the latter such that 67, ¢} and ¢} are redefined to be the relative angles 0.1, dn+1 and Pn.2
with respect to (ny,n,) in the product of 2N observables. Thus, using the ergodic theorem

1 s 1
= f A, G (i3 ) G 0ly) % f sin ! d6/ dg, dg,

S CENNER EA TV S NP (SRR TSR T A NSO
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(7.36)
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On the other hand, proceeding similarly for the non-trivial term of the statistical covariance
matrix, we find®

(GP(Z,; an) G (Zo; aly ) p f sin 61 d6; d dgs sin ) 40, de, dgsh

1
647t

N
X <]1_[ f(Zo; 2, my) f(:'i'o;z,’c,n;»p
=1

- 64—14 [ sin 61 d61 Ao Ao sin @) 40, de, Ao
T
x G({zrhner {2k et {0k hias {01 ot {dk taiss {0k Fict)
:% f sin @] 6 dgs, dgh
T

X G({Zk}]kvzlv {zl’c}]kvzb {Hk}]kvzm {el,c}kNﬂv {¢k};cV=37 {gb;c}JkV:l) )

which is indeed the same as (7.36).

5The last equality holds because the 2N-point function is independent of the reference frame angles 61, ¢1
and ¢s.



CHAPTER 8

Summary and conclusions

In this thesis we analysed different probes of the large scales structures of the universe in
terms of the truly observable coordinates, namely the redshift z and the angular position n
of the sources. In recent years a lot of effort has been put into the fully relativistic charac-
terisation of LSS observables, considering the full set of light-cone effects. The latter arise as
our observations are limited to our past light-cone. On the one hand, as light-like geodesics
are conformally invariant, the background universe has the light-cone geometry of Minkowski
space. On the other hand, in a universe with structures, introducing fluctuations of the met-
ric induces perturbations to the light-cone which must be taken into account if we want to
correctly relate theory and observations. The most relevant example of this mapping from
real-space coordinates to light-cone coordinates (redshift-space) is Redshift Space Distortion,
which is responsible for the famous fingers of God and pancakes of God. While RSD has
been routinely included in the analysis of redshift surveys, other projection effects have been
generally neglected. The reason for this is that they are suppressed by powers of H/k, hence
they can become relevant only at very large scales'. However, planned and future galaxies
surveys promise to deliver very precise and deep large scale observations of the galaxy dis-
tribution where relativistic effects (especially weak lensing) contribute to the signal. We can
make a wishful comparison with the history of CMB observations, where very accurate mea-
surements of the temperature fluctuations and the polarisation have allowed us to determine
cosmological parameters with a precision of 1% and better. Now we plan to continue this
success story with LSS surveys.

From a theoretical point of view the observable of choice, the one more suited for a full-sky,
relativistic description of galaxy clustering is the angular power spectrum of number counts
Cy (introduced in chapter 2). On the other hand experimental effort has been generally di-
rected to the two-point correlation function £(z1, z2,6) (introduced in chapter 3). This thesis

'RSD and also lensing are not suppressed by powers of H/k, hence they are the most important effects.
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is mainly focussed on the latter. Even from the theory side, the two-point function has some
nice properties that qualify it as an observable which is complementary to the Cy. The most
important feature of £(z1,22,60) is the possibility of performing an analysis in terms of its
multipoles & (r) which allows to isolate certain contributions in a subset of the allowed values
of . With the C; on the other hand there is no simple way to isolate — for example — RSD,
since each multipole £ is a non-trivial combination of density and velocity. The bulk of this
thesis is devoted to the study of the full-sky, fully relativistic two-point correlation function.

In chapter 2 we have introduced the galaxy number counts and computed how projection
effects due to scalar, vector and tensor perturbations affect this observable. We have ob-
tained a general expression which can be applied for all situations where linear cosmological
perturbation theory is valid. We have employed it to compute the contribution to the galaxy
number counts from vector perturbations which are induced from the usual scalar pertur-
bations at second order in perturbation theory. While these terms are certainly present in
the standard ACDM cosmology, they are very small. It is however interesting to note that,
for high redshift surveys, the total ratio of the vector-induced and scalar-induced effects is
increasing, even though the second order vectors are smaller at higher redshift. This is due to
the fact that at high redshift the lensing term increases while the density and redshift space
distortions are less relevant. Therefore the lensing term becomes more relevant and for this
contribution vector perturbations are least suppressed.

In chapter 3 we began our investigation of the galaxy two-point function, presenting the
theoretical framework for the study of the full-sky, fully relativistic multipoles of the correla-
tion function. We pointed out that even though these functions are not model independent
— as a cosmological model must be used to convert angles and redshifts into distances —
they are useful for several reasons. First they are well adapted to describe the 3-dimensional
information present in large-scale structures. This is not the case for the observable Cy
angular-redshift power spectrum for which we cannot employ very fine redshift binning due
to under-sampling. Second, the multipoles of the correlation function and of the power spec-
trum contain important information about the growth of perturbations which is difficult to
isolate in the angular-redshift power spectrum. We have computed these quantities within
linear perturbation theory and with the halofit approximation, showing how they are affected
by large-scale relativistic effects and by lensing, the importance of which is bigger at high
redshift. Furthermore we discovered that the presence of higher multipoles in both, the cor-
relation function and the power spectrum, might represent an ideal observational target to
identify the lensing term.

In chapter 4 we detail how the results of chapter 3 have been employed to write the code
COFFE. The code allows for a fast and accurate computation of the relativistic two-point
correlation function and its multipoles. We have also introduced two estimators of the £, and
computed their covariance. We discussed some subtleties regarding the two-point function
and presented forecast on the detectability of the lensing signal in the galaxy correlation func-
tion, finding that upcoming galaxy survey will be able to detect it in the multipoles. This
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opens the possibility of testing gravity from the clustering signal alone as it allows to put
constraints in the (X, 1) plane of GR modifications.

In chapter 5 we pointed out the existence of a second feature in the matter two-point func-
tion, besides the acoustic peak. This feature, positioned at twice the distance of the BAO
peak, is understood — in the early universe — as a trough in the baryon-baryon correlation
for separations bigger than twice the sound horizon at zgrag. The feature is clearly visible in
models with an high baryon fraction while in a realistic cosmological model it is a very small
effect. We proved this with a x? analysis that showed that — even in an SKA-like survey
— it is not possible to distinguish between the models with and without the second feature.
Note that in a Fourier space analysis the effect we have described is correctly modelled if the
template P(k) is generated from a Boltzmann code such as CLASS or CAMB.

In chapter 6, we presented a suitable decomposition to discuss the signal induced by
anisotropic vector perturbation in the galaxy two-point function and perform a Fisher fore-
cast to determine the detectability of the parameters which characterise the anisotropy with
planned or futuristic galaxy catalogs. A general method to isolate the anisotropic signal is
obtained through a decomposition in bipolar spherical harmonics. We provided an analytical
expression for the coeflicients of this expansion which does not require the adoption of a spe-
cific model and we have derived two types of constraints, both on the total amplitude of the
anisotropy and on the preferred direction (in terms of the SO(3) volume of its Euler angles).

In chapter 7 we analysed the averaging procedure of cosmological observable from a the-
oretical and observational point of view. We then showed how, under the ergodic hypothesis,
on the one hand averaging over fields at the observer position poses no difficulty but on the
other hand their contribution is relegated to the unobservable monopole, for which the ergodic
approximation cannot be employed.

As a final remark we argue that future directions of this line of work should be aimed at
bridging the gap between theoretical understanding of galaxy clustering and the complications
entailed in observations. One important aspect that we over-simplified in this work is biasing:
the relationship between the spatial distribution of galaxies (which is what we measure)
and the underlying dark matter density field (which is what we characterise theoretically).
Throughout this thesis we have employed the common approximation of a scale-independent
and linear galaxy bias, justified by the fact that at large scales (where relativistic effects are
most important) this is a fair assumption. Furthermore galaxy survey analyses that are only
aimed at measuring the BAO scale, can usually overlook this problem and include the effect
of bias into the nuisance parameters of their two-point function fit. In the future however,
if we are interested into the determination of cosmological parameters at the 1% precision
level, the bias problem has to be studied in conjunction with the projection effects. A similar
argument holds for non-linear effects as most of the scales interesting for the study of LSS are
affected by non-linear gravitational evolution. On the one hand the computation presented
in chapter 2 has been pushed to higher order in perturbation theory by several authors, while
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on the other hand (usually Newtonian) N-body simulations are the best bet to push into the
mildly non-linear regime. Finally let us also point out that the magnification bias s and the
evolution bias feyo are usually considered contamination of the signal in cosmology due to the
big uncertainty on them. They are however important probes of galaxy evolution, as they
are linked to the luminosity function of galaxies.



APPENDIX A

Background & Cosmological perturbation theory

This appendix is mainly based on [131].

A.1 The background cosmology

In this section we review the basic equations and concepts of the background evolution of the
universe. We present the relevant aspects of this subject for self-completeness of this thesis,
while we refer to many great cosmology books for an in-depth treatment.

As we discussed in the Introduction the guide for a mathematical description of the cosmos’
evolution is the cosmological principle, which states that at large scales (let’s say > 10 Mpc)
the universe is approximately homogenous and isotropic. In technical terms this means that
it exists a preferred time coordinate, ‘cosmic time’ ¢, such that the 4-dimensional manifold
M is foliated into 3-spaces ¥; = {zf|z* = (t,2') € M} of constant curvature. Cosmic time
is the proper time of an observer which sees a spatially homogeneous and isotropic universe.
The metric is hence given by

ds® = gudatde” = —-dt* + a*(t)y;da’da? = a®(n)(=dn® + y;da’da’) (A.1)
where we have introduced the scale factor a(t) which is linked to cosmological redshift via

l+z= @, ap = a(no) . (A.2)
a

For the second equal sign of eq. (A.1) we have also defined the conformal time 7, related to ¢
via dn = dt/a. We write the spatial metric ~;;, in spherical coordinates, as

Yijda'da? = dx* + S3.(x)dQ* = dx* + Sk (x)(d6? + sin? 0d¢?) , (A.3)
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where K is the curvature parameter and we have defined

Sk(x) = 51n(\/_)0 K >0,
Sk(x) = x K =0, (A.4)
Sk(x) = blnh(\/_x) K<0.

The coordinates (x, 8, ¢) are referred as comoving coordinates: a particle moving on a back-
ground geodesic remains at (x, 6, ¢) = const as the universe expands. We denote with a prime
derivatives w.r.t. cosmic time 0;a = @’ and with a dot derivatives w.r.t. conformal time
Opa = a. The Hubble parameter is then defined as

H= a_7 (A.5)

a

and for a generic function of time we have

f’:i ,,—%_Hf (A6)
a a
where we have introduced the comoving Hubble parameter
a
H=—-=aH. (A.7)
a
As in this thesis we always set ag = 1, we have
H(no) =Ho = H(ty) = Hy = h-100km/s/Mpc,
with h ~0.7.
The evolution of the scale factor a(n) is governed by Einstein equations
1
R, - §ng =G =87GT,,, - Mg, (A.8)

where R, G, are respectively the Riemann and Einstein tensors and R is the Ricci scalar.
For their definitions see section B.2. A is the cosmological constant and 7}, is the energy
momentum tensor which - because of homogeneity and isotropy - can be written in terms of
the (background) energy-density p and the pressure p as

_ -G 0
T,=|"7 7. (A.9)
0 DGij

In a FLRW universe the Einstein equation are

H2+g=§ﬁ+%a
// “ K (AlO)
2—+H2+—:—87er+A
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or

2 _
+K=— + —
" 3 ‘P g (A.11)
IH+H:+ K = -81Ga’*p+d’A.
It is also sometimes useful to write them as

AnGa*p(l+w) =H?* -H+ K,

. 1 A.12
2H = — +23w(H2+K) ( )

Furthermore energy conservation imposes V,7"" = 0, from which
p=-3H(p+p). (A.13)

We can specify an equation of state for the fluid under consideration p = wp such that in the
case w = const, eq. (A.13) yields

p = poa”0F®) (A.14)
and we can infer the evolution of the energy-density for the different components: for pressure-
less matter (or dust) we have w = 0, hence p,, ~ a™3. For relativistic particles or radiation

w = 1/3, hence py ~ a™*. For the cosmological constant w = —1 and p, = const.

We introduce the adiabatic sound speed cs determined by

Cs = ﬁ/ﬁ (A'15)
From this definition and eq. (A.13) we can write

w=3H(1+w)(w-c?). (A.16)

2

Hence w = const only if w = -1 or w = c;.
Note that in the absence of dark energy, A =0, eq. (A.10) implies that for a specific value
of the energy-density
_ 3H*
- 871G’
we obtain K = 0. The value p, is called the critical density and corresponds to the value of
the energy-density for which the spatial geometry is flat. It is customary to define, for every
species X, the density parameter Qx(n) = px(n)/p(n). In particular in this work we define

e (A.17)

prm(10) p~(1n0)
Q= Qn(no) = = , Q. =Q(ng) = = ,
(o) pe(mo) 1= () pe(mo)
Qn = Qn (1) = —> Qs = Qe (o) = ——= A8
A= QA (Mo _3H02’ K =8k (no) = GZHE (A.18)
O = Y (10) = po(10) Q= Q. (10) = Pv(no)

pe(mo) pe(mo)
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Figure A.1: The ‘fate of the universe’ plot which shows how different combinations of the
density parameters determine the evolution of the scale factor a(t).

for total matter, radiation, dark energy, curvature, baryons and neutrinos respectively. With
these definitions we can divide eq. (A.10) by H? and obtain

1= Qx(n). (A.19)
X

This relation is usually employed to fix the dark energy content of a flat universe (Qx = 0)
via
Qp=1- > Qx. (A.20)
X=#A

The Qx parameters fix the background evolution of the universe (i.e. a(t)) and the usual
examples are given in figure A.1. In general the differential equation for the scale factor has
no analytic solution while some notable exceptions are usually discussed in any cosmology
book.

If all the wx are constants, eq. (A.10) can be written in terms of the evolution of the
Hubble parameter as

H(a) = Hy \/Z Qya-30+wx) (A.21)
X

or, in a more familiar way,

H(z) = Ho /(14 2)4 4 D (1+2)3 + Qp + ... (A.22)

Let us now briefly discuss the last subject of this section: cosmological distances and
horizons. A question we could ask is how far light could have travelled since ¢ = 0 in the
absence of interactions? From the metric (A.1) and ds? = 0 we obtain

tdt
o a(t')’

n= (A.23)
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Since no information can propagate further on the comoving frame, conformal time 7 provides

a comoving horizon. The proper distance to the horizon gives the particle horizon

dt’
a(t')

This leads to the definition of the comoving distance

to qt! : dy
I - , A25
X =707 [t ()~ Jo H(2) (A.25)

Riy($)=a(t) [ t (A.24)

that can be thought of as the distance with the expansion ‘factored out’, so that the comoving
distance between two object remains constant in time if they move only with the Hubble flow.
The particle horizon should not be confused with the notion of Hubble radius defined as H ™'
events separated by a distance greater that Ry were never in causal contact while events
separated by a distance greater than H(¢)~! are not in causal contact at time ¢. In comoving
coordinates the Hubble radius is given by H '

Common ways to measure the distance in astronomy and cosmology are the angular
diameter distance and the luminosity distance. The latter is defined as

L

DL(Z)z m7

(A.26)

where L is the luminosity of a source at redshift z - namely the energy emitted in all directions
per second - and F' is its flux - namely the energy received per second per unit area. The
angular diameter distance is defined as

a z dz
Da(z) = mSK (\/ |2k [Ho fo m) ; (A.27)

which, for K =0, reduces to D4(z) = x(2)/(1 + z). The Etherington relation links D4 to Dy,
Dr(2) = (1+2)°Dy(2), (A.28)
where one factor (1 + z) comes from the change in proper time and the other is due to the

redshift of the photon energy. As a last remark let us expand the comoving distance around
t = t,. The scale factor can be written

1
a(t) ~ alt,) [1 FHL(t 1) = g 2= 1)+ ] , (A.29)
where we have introduced the deceleration parameter

q(t) = —%. (A.30)
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In the same way, using eq. (A.2), we obtain

1 1
t*—tth[z—(1+§qﬁz2+“l. (A.31)
With this and eq. (A.25) we obtain
(z)~i[z—1(1+ )22+ ] (A.32)
()= ez 5 (v a |, :

and we sometimes use in this work the approximation x(z) ~ z/Hy, for z < 1.

A.2 Perturbation theory

For the moment we have only described the properties of the idealised background universe,
isotropic and homogeneous. Clearly, the true metric of the universe is not the FLRW metric of
eq. (A.1) as we can observe structures which are not isotropic nor homogeneous. Nevertheless
observations show that, at least on large scale, the ‘true’ metric is ‘close’ to the background
one. Essentially these inhomogeneities grew out of small variations of the geometry and of
the energy-momentum tensor, which we treat in linear perturbation theory. In other words
we can write the metric g, as

Guv = G + @l (A.33)

where g, is the background metric and A, a small perturbation around it, parametrised as
hwdatda” = ~2Adn? - 2Bydndx’ + 2Q;;dx dx . (A.34)

Note that we only deal with a flat background here as we generally set Qg = 0 throughout
this thesis.

A.2.1 SVT decomposition

It is customary to perform the scalar-vector-tensor (SVT) decomposition of the perturbations.
The reason is twofold: firstly, as we will see in a moment, this allows to explicitly count the
number of degrees of freedom. Secondly, and more importantly, the scalar, vector and tensor
d.o.f. evolve independently at first order, i.e. the corresponding Einstein equations are
decoupled. We then decompose B; and Q;; as

B;=9;B+ B; ,

— =

sy (V)
. . . A.35
Qij:—Cdij+(81-8]-—EVQ)E+1(8Z-Ej+8jEi)+Ei- . ( )
3 2 ——

(1)

(5) W)

Here Bz and EZ are true vectors degrees of freedom, @E’i = 8iBi =0, and E‘ij is a true tensor,
0;E" = Ey = 0. The 10 degrees of freedom of the metric have been decomposed in 442
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SVT d.o.f.: the scalars A, B,C, E, the transverse vectors Ei, B; and the transverse-traceless
tensor Ej;j. A similar decomposition holds for the energy momentum tensor 7),,. In general
any rank-2 tensor can be decomposed by means of the projector

P;uz = Guv T Uyly , (A36)

onto the subspace normal to u* = dz#/dt, where t is the proper time along the word-line. We
can then write [145]
Tyuw = puyty + quy + @y, + P, + X, . (A.37)

The energy density p is defined as the time-like eigenvalue given as
THu" = —pu*, utuy, = -1,, (A.38)
so that p = T""u,u, is the relativistic energy density. Furthermore %P“”T,w is the relativistic

pressure, —P/T,;u’ is the relativistic momentum density and

v

1
S = - (P(CLP’B - §PWPW)TO,B,

where () denotes symmetrisation, is the anisotropic (trace-free) stress tensor. Note that the
component u is fixed by the normalisation

1
u’ = =(1-A), (A.39)
a
and we further set
i 1 1 i N
uz—v:—(—80+v), (A.40)
a a

where we have decomposed v into its scalar and vector component v; = vz.(v), d'o; = 0. The
spatial part of the momentum density is given by ¢; = (p + p)v;. At first order we write the
perturbation in the energy density and in the pressure as p = p(1+6) and p = p + dp so that
the perturbed part of T}, is given by

8T =-po,
§TY = (p+p)(vj - Bj),
0Ty =~(p+p)’,

6T =6psi+ 3.

We already performed the SVT decomposition on v;, while for the metric fields it was given
in eq. (A.35). For the anisotropic stress we define

1 1 - A .
Eij = (8183 - §V2) X+ 5 (8Z‘Ej + ajEi) + Eij . (A,45)
—

(T)

(5) V)
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A.2.2 Gauge problem

We now go back to the issue we have already briefly discussed in the Introduction: the gauge
problem. We have considered the first order perturbations (hu.,67),) on top of a FLRW
background g,,,,, TW; however, since the theory is invariant under diffeomorphism (coordinate
transformation), the perturbations are not uniquely defined, but depend on our gauge choice.
In other words when we wrote down the metric in eqgs. (A.33)-(A.34) we implicitly chose a
space-time slicing and defined spatial coordinates on the constant time hyper-surfaces. A
different slicing choice will change the value of the perturbation fields. To show this let us
consider a generic coordinates transformation given by

at — g =t + H (), (A.46)

where we split the vector ¢# in ¢* = o, ¢* = 9'5 + Bt The gauge transformation (A.46) for a
tensor F' is given in terms of the Lie derivative along the vector (¥

F(3") = F(z") + LcF (") | (A.47)

so that

Fuy = Fuy + FluoC + (G Fow + Loy (A.48)

In particular for the metric tensor h, this implies

A > A-d-Ha, (A.49)
B - B+a-0, (A.50)
B - Bi-pi, (A.51)
C - C—’Ha—év%, (A.52)
E - E-8 (A.53)
E, - E;-0;, (A.54)
Aij - Aij- (A.55)

On other hand for the energy momentum tensor 7}, we obtain
b - §+3(1+w)Ha,

2
op — (5p+3c—5(1 +w)Ha,
w

(A.56)

(A.57)
v - v-p, (A.58)
b - O+, (A.59)
Nij > Xy (A.60)
It is then clear that if we start in a gauge where - for example - goo is unperturbed (A=0), a
coordinate transformation can generate an unphysical perturbation A = —& — He. Similarly
we can remove a perturbation from the metric with an appropriate gauge choice. We are
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left with the problem of identifying which fields are a physical perturbation and which are
just spurious gauge modes. The solution is to introduce gauge invariant variables, i.e. special
combination of metric perturbation which do not transform under a gauge transformation,
and which therefore represents physical perturbations. For the metric the most important
gauge invariant variables are given by the Bardeen potentials defined as

LG
P

A+H(B-E)+(B-E), (A.61)
C-H(B-E)+ %VQE, (A.62)

while for the energy-momentum tensor the comoving gauge density perturbation is gauge
invariant:

de=0+3H(1+w)(v-B). (A.63)

Another approach to the gauge problem is to fix the gauge. Out of the ten degrees of
freedom (one in A, three in B; and six in Q;;) of (A.34) we can use the freedom in the gauge
transformation to fix four of them. Different choices of gauge are used in cosmology. Our
pick for this thesis is Poisson gauge, given by the choice

B=F=E;=0, (A.64)

so that we ‘gauge away’ two scalar d.o.f. and two vector d.o.f.. The metric is then given, as
in eq. (2.1), by

ds? = a® [-(1 +2¥)dn? - 25; dnda’ + [(1 - 28)6;; + 2H;;] da'da’ ] (A.65)

where our gauge condition dictates A = ¥, C = ® and we have defined S; = Bi, H;; = Eij,
so that 0'S; = 8iHij =H ii = 0. Other gauges widely used in cosmology are: comoving gauge
(B =v and C = 0), synchronous gauge (A = B =0) and spatially flat gauge (C = E =0). In
the last sentence we have neglected vector perturbations (B; = 0) so that a gauge choice is
made by fixing only two scalar degrees of freedom.

A.2.3 Einstein, Euler & continuity equations

We can now write down the Einstein equation for our metric (A.65), switching to Fourier
space as it is most relevant for this thesis (note that we denote with the same letter ¥(x)
and ¥(k)). The first-order part of the ‘00’ equation gives

E2® + 3H(P + HT) = -47Ga’ps . (A.66)
The ‘07" equations are

ki(® +HU) = —(H - H)kv, (A.67)
k%S; = —4(H - H*)(0; - S;), (A.68)
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while the ‘45’ equations give
(O + 2H)K2S; = 87Ga*k*Y; (
D;j(® - V) = 87Ga’D;;% (A.70
O+ 3HD + (2H + H?)D = 4nGa?0p, (
(83 +2HO, + k*)H,j = 8#Ga22¢j , (
with D;; = %&-jk‘z — kik;. Combining eqs. (A.66) with (A.67),(A.63) and (A.12) we obtain
Poisson equation

AnGa’pé, = -k*® (A.73)
or, using P, = Qnpea and 47Gp. = %’H%,
2
O
3Hottm e = —k*®. (A.74)
2a

Note that this is a Newtonian equation which holds at the fully relativistic level when the
density variable is the comoving gauge one and the potential is the one defined in Poisson
gauge.

The second set of perturbation equations can be derived from the energy-momentum
conservation

v, " =0. (A.75)
In particular for v = 0 we find the relativistic version of the continuity equation
. . 5
5+(1+w)(—k‘2v—3<1>)+3’H(5—]j—w)6=0, (A.76)
p
and for v =7 we obtain the relativistic version of Fuler equation
. o
V+HV - 3HWV - kT = —L (A.77)
(1+w)p

where we have introduced the variable V', defined as v = k~'V, such that V(x) is dimension-
less.

Note that the Einstein equations and the energy-momentum conservation form a redun-
dant, but consistent, set of equations because of the Bianchi identities.

Let us also stress that in the case we consider a mixture of several fluids in the universe,
eqs. (A.76),(A.77) hold if the energy-momentum of the different components is separately
conserved. In this case we can specify those equation for a particular component. For example
- in the case of (pressure-less) matter - Euler equation is written

V+HV -ET=0. (A.78)

On the other hand the Einstein equations determine the metric induced by the full perturba-
tions

5/):25;0)(, 5p:25px, V:ZVX, Z"j:ZE:‘%. (A.79)
X X X X
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A.2.4 Linear growth

If we want to understand how fluctuation in the universe grow to form the structure we see
today, we must start with the initial condition. Any mode of interest today was outside the
Hubble radius if we go back far into the past. Inflation sets the initial condition for these
super-horizon modes. Inflationary models usually predict the power spectrum of the comoving
curvature perturbation ¢ which, in a generic gauge, is defined as

1, 2 d
=-C--V°FE B-v)=-0-———|—+® A.
C SV +H(B -v) 31+ (’H+ ), (A.80)

and we switched to Poisson gauge for the second equal sign. It can be shown that Einstein

equations imply that
din¢ [ k\?
—~ = A.81

dlna ( H ) ’ ( )

so that on super-horizon scales (k <« H), ¢ is constant. This means that the value of (i at
horizon exit during inflation is conserved until horizon entry at later time, for each mode k.
The task is then to relate the constant super-horizon value () to the super-horizon gravita-
tional potential @) through radiation domination and matter /radiation equality! and then
study the evolution of ®y (and the relevant energy-density perturbations) after it enters the
horizon. Clearly the evolution of the fluctuations depends on whether they enter the horizon
during radiation or matter domination. In matter domination, as a result of the fact that
cold dark matter is pressure-less, all modes experience uniform growth, independent of the
wavenumber k.

In short we write schematically, for each species and metric perturbation X,
Xi(n) = (k x { Transfer Function(k)}X x { Growth Function(n)}X . (A.82)

The transfer function describes the evolution of perturbations through the epochs of horizon-
crossing and radiation/matter transition, while the growth function describes the wavelength-
independent growth at late times. It’s convenient to group together eq. (A.82) and simply
write

Xk(n) = G Sx (k,n). (A.83)

To solve for the transfer function Sx(k,7n) one needs in principle the full hierarchy of
Boltzmann equations (see e.g. [131]|, Chapter 4) and Einstein equations. In fairness a great
deal of insights can be found analytically with just some approximations (see e.g. [12§],
Chapter 7) but for the precision required by modern observations one needs to rely on Boltz-
mann codes such as CMB-FAST, CLASS or CAMB. We will not enter in the details here but we

!This is how the famous factor 9/10 comes: Py is also conserved on super-horizon scale if the equation
of state w is constant, the change in w from radiation domination (RD) to matter domination (MD) implies
Pynp = 9/10 Prp.
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stress that, at late times, Einstein equations provide a link between the transfer function of

different species. For example Poisson equation neglecting radiation and, for non-clustering

dark energy 5£DE) =0, is given by

2
31 Qm 5£m) = k2P . (A.84)
2a

so that the transfer functions of the gravitational potential S and the one of the matter
perturbation Sp are related by

Qi 2
Sc1>=—3 (ﬂ) Sp. (A.85)
2a \ k

As we said, at later time than equality, the evolution is wavelength-independent and to find
the growth of matter perturbation we can use eq. (A.71) for pressure-less dust which gives

D+3HD+ (2QH+HHP =0, (A.86)

and, given p,, ~ a3, eq. (A.84) implies ® ~ 5£m)/a, so that

50m) + HE™ + (1 -HZ)6™ =0, (A.87)
or ) ) 9
d H 3\ d 3 H
L [ 2) S5m) _2q  TH0_sm) _ A .88
da? ¢ +(a’H2+a)da ¢ 2 TadH2C ( )

Integrating this equation twice we find

50, H(a) o da’
Di(a) = [ , A.89
)= =707 Jo (@H@)Ho)? (4.89)
where we define Di(n)
60 (n) = 80 (n.) S (A.90)
D1(n+)
At late time we have then factored out the time-dependence of Sp as
D
So(n.k) = S (1., k) 2L (A91)
D1 (n+)
The continuity equation gives
= _§(m) _ _s(m) D - (m)
kV ==6,"" = -6, D= -Hfé", (A.92)
with the velocity growth rate defined as
dInD
F=22 (A.93)

" dlna
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so that 2
SV = —%SD .

Neglecting anisotropic stress we trivially obtain, from eq. (A.70),
Se = Sy,

while we can also write
30, (Ho

Séz—ﬁ(7)27{(f—1)sl,.
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(A.94)

(A.95)

(A.96)



APPENDIX B

Useful Math

B.1 Statistics of random fields

Let us start by defining a random field: an application F' : & - {random variable} which
assign to every point x € § a random variable. We can think of & being some constant-time
hyper-surface and the matter fluctuation d(x) as the random variable or S being the CMB
sky and the CMB temperature T'(n) as the random variable. In the first case the field has
zero mean, i.e. (§) =0 while in the second case (T') = T # 0. The brackets ([...]) represent the
ensemble average or the expectation value of the field F":

(F)(x) = f DF P[F] F(x), (B.1)

where the integral is a functional integral over the fields configurations weighted by the
probability distribution function, which is a functional P[F'] corresponding to the probability
of realising some field configuration. Correlators of fields are expectation values of products
of fields at different points on S. For example the two-point function is defined

§x.¥) = (F)F(y) = [ DF PIFIF()F()., (B.2)
while in general an N—point function is written
(F(x1)F(x2)...F(xn)) = [ DF P[F]F(x1)F(x2)..F(xn). (B.3)

Fields in cosmology are usually treated as statistically homogeneous and isotropic. Sta-
tistical homogeneity for fields in real space means that the statistical properties of the
translated field are the same as the original field:

P[F(x)]=P[F(x+w)] withweS. (B.4)

178
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Statistical isotropy means that the statistical properties of the rotated field are the same:
P[F(x)] = P[F(Rx)]. (B.5)

These two properties translate into the facts that the expectation value is independent of the
position and the two-point function only depends on the distance between the two points, i.e.

(F)(x)=(F)=F, (B.6)
£(x,y) =&(x-yl). (B.7)

In Fourier space these conditions translate into
(F(K)F* (k")) = (2m)°3(k - K') Pr (k). (B.8)

To see this we can simply insert eq. (B.7) into the Fourier transform
(FORF*(K)) = [ dxdx' (F(x)F(x))e! )
_ f PxdPx Ep(x, Xl)ei(kx—k’-x’)
- / BxdPx! € (|x — x| X =K1 x) (B.9)
_ f Prd®<’ €p(r) piller=(k/'~k)x)
= (2m)°0(k = K')Ep (k) = (2m)°0(k —K') Pr (k).

For the fourth equals sign we made the variable transform r = x — x" and for the last equals
sign we used the fact that the integral of e’¥* is a delta function. Finally in angular space:
we know that £(x,y) is only a function of the distance between the two points hence, on the
sphere, the angular correlation function is only a function of the scalar product cosf =X -y.
We can then expand it in terms of Legendre polynomials as

1
£(0) =~ > 7(20+1)CyPy(cos ) . (B.10)
T
A generic field on the sphere can be expanded in spherical harmonics
F0) =Y fonYon(0), (B.11)
Im

and in this case, statistical homogeneity and isotropy ensure

(ffmfg’m& = 0 Onany Cg - (B12)
This can be easily proved with the aid of eq. (B.10), that can be written (see section B.3)

€0) = 37 TOLDOPeos) = T CYin(Yi(7)

) ' (B.13)
= Z <ffmfz;m’>yvém(x)}/;m’(Y)'
ml'm/’
Integration over the sphere gives eq. (B.12)
S0 [ QY)Y = S oo [ Vi (5)Yi () (B.14)
Im me'm’

1 5@[’ 6mm’
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B.2 Differential Geometry definitions

We present in this appendix some differential geometry definitions commonly used in gen-
eral relativity, to fix the notation of this thesis. Einstein’s summation convention is assumed
throughout this work on space-time and space indices.

We consider a four-dimensional pseudo-Riemannian spacetime given by a manifold M
and a metric g with signature (-, +,+,+). For a given choice of coordinates z, with u=0,..,3
the metric is given by the 10 components of a 4 x 4 symmetric tensor ds? = gudxtdx” . The
indices of contra- and covariant tensor fields are raised and lowered with the metric

9T =T5 = g""Typ, (B.15)
where g"” is the inverse of the metric which satisfies
g,uagay = 5;: . (B16)

The Christoffel symbols are defined by

1 174
Fgﬁ = 59“ [aaguﬁ + aﬁgua - augaﬁ] ) (B~17)

where 0, is the partial derivative w.r.t. . The covariant derivative in coordinate represen-
tation for contra- and covariant vectors is then written as

Vu€” = 0,8 +T,,67, (B.18)
Ve = Oty = Lo (B.19)
while for a generic tensor:
' S
ViTgt s = 0uTg) g+ 3 Tup Tl g = 3 Ty Tt (B.20)
m=1 m=1

where the index o is taken at the m!™ position. The Riemann curvature tensor is defined by

% = Oul g = 10 + 5, T0 T TS, (B.21)

such that if we lower one index, the tensor Rag,, = g(ngW is anti-symmetric in the first
(ap) and second (ur) pair of indices and symmetric in the pair exchange (af) < (uv). The
first and second Bianchi identities read

Raﬂ;w + Ra,uuﬁ + Rauﬂu =0 y (B22)
Vo Lagu + VuRapuy + Vo Ragyu = 0. (B.23)
The Ricci tensor and the Riemann scalar are given by

Ry, = R® R=R". (B.24)

pow
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The Einstein tensor is build from these quantities
1
G,uzz = Ruu - §Rguu > (B'25)
and is related to the energy-momentum tensor via Einstein’s field equations
G =81G T, . (B.26)

The second Bianchi identity and the symmetries of the Riemann tensor imply V,Go =0 so
that the energy-momentum tensor is covariantly conserved Vv, T} = 0.

B.3 Spherical Harmonics

Spherical harmonics Yy, form a basis for (square-integrable) functions on the sphere. They
are extremely useful in cosmology as, since we observe fields as functions of n and z, we can
decompose them in terms of Yy,,. We first discuss the Legendre Polynomials as we will give
the Spherical harmonics’ definition in terms of them.

Legendre polynomials

The Legendre polynomials P, form an orthonormal set of polynomials on the interval
[-1,1] and they are solutions of the Legendre’s differential equation

(1-2?)P) (x) - 22P)(x) + L(£ + 1)Py(x) = 0. (B.27)
The explicit expression for the P, can be obtain either from Rodrigues’ formula

1 d
2L dat

or, given Py =1 and Py = z, from the recursion relation

Po() (z*-1)", (B.28)

(€ + 1)Pg+1 = (2€ + 1)1’73@ - K'Pg_l . (B.29)

Integrals of one polynomial can be performed using

1 d
2+ 1dx

Pe (Prs1 —Po-1) - (B.30)

Integrals of two polynomial satisfy the orthogonality condition

1 2
[1 dx 73[1 (l’),PgQ (.%') = md@lﬁ y (B31)

while integrals of three polynomials are given in terms of Wigner 3j symbols as

2
01 o 63)

B.32
0 0 O ( )

[11 dz Py (2)Pey (2)Pey () = 2 (
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Additional properties of the polynomials are given by their symmetry or antisymmetry:
Pe(-z) = () Pu(x). (B.33)
and (by convention) we also have

P(1)=1,  PIU1)- W;U. (B.34)

Associated Legendre functions

From the Legendre polynomials we can define the Associated Legendre functions as

p 1 d*™

2 l
si o (@ = 1) (B.35)

Pem(z) = (1 —ﬂcz)m/Qng_mmPe(x) = (1-z%)™

The parity and the orthogonality relations are consequences of their definitions in terms of
Py and are given by

Pom(—2) = (=) Ppm (), (B.36)
1 2 (81 - m)‘
[1 33'7721 (Z)Pb (x) 2(1 +1 (81 + m)‘ tte ( )
Spherical harmonics
We can now finally define the Spherical harmonics
20+1(L-m)!
Yim(n) = (=)™ imép, (cosb), B.38
im(n) = () J o (i Pn(cost) (5.39)

where we recall that the Yy, are function on the sphere and we define n = (6, ¢). The spherical
harmonics are eigenfunctions of the Laplacian on the sphere:

AQYim = —0(0+1) Yy, . (B.39)

The Laplace spherical harmonics form a complete set of orthonormal functions (see eq. (B.43))
and thus form an orthonormal basis: any function on the sphere f(n) can be expanded as

o /{
f@)=Y Y fonYim(n) (B.40)
£=0m=—+4
with
fom = [ A f(0)Y5(0). (B.41)

From the parity transformation properties and the orthogonality of the associated Legendre
functions, egs. (B.36),(B.37), we conclude

Yom(-1) = () ¥(-n)  and  Yeu(n) = (=Yg, (n). (B.42)
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Orthogonality implies
[ 20 Y, ()Y, (1) = Bty - (B.43)

Integrals of the product of three spherical harmonics are computed as

[ 420 Yy, (0 Vi, () Vi () = | EE DD ) (fl B fs)(a & zs),

4m 0O 0 O mi1 Mo M3

while the product of any number of spherical harmonics can be integrated using eq. (B.43)
and the addition rule

Yaml(n)YezmQ(n):\/(%Hifr%”) Z(%H)(& 2 zg)(el 2 f3)ngm3(n).

Lams 0 0 0)J\mi mo mg3

The last equation deals with Yp,,s of different orders but with the same argument n. For the
opposite situation, i.e. spherical harmonics of the same order but different arguments, one
relies on the addition theorem

47 ¢ .
- Y Vi)Y, (n2). (.44

m=—{

Pe(ni-no)

The addition theorem can be derived by considering the behavior of the spherical harmonics
under a rotation R (see [131], Appendix A4.2.3). Here we only report the result as it is often
useful: it can be shown that

}/Zm(R_ln) = ZD%Em(R)YZﬂH(n) ) (B45)

mi

where D%im are elements of the Wigner D-matrix. This confirms the intuition that a rota-
tion cannot change the order of the harmonics, but linearly mix spherical harmonics of the
same degree. This is also linked to the fact that the Yy,s of degree £ are the basis for the
irreducible representation of the SO(3) group of dimension (2¢ + 1). See [300], Chapter 7.4
for more details.

Spin-weighted Spherical harmonics

Spin-weighted spherical harmonics are generalisations of the standard spherical harmonics
and —like the usual spherical harmonics— are functions on the sphere Yz, (n). The difference
is that the spin-weighted harmonics have an additional U(1) symmetry characterised by a
spin weight s. In other words a function f with spin weight s = 0 does not transform under
a rotation of our basis: of’(n") = of(n). On the other hand a spin-weighted function satisfy
sf'(n") = f(n)e™®7 for some angle 7. For s = 0 we then recover the standard spherical
harmonics oYy, = Yo
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Spin-weighted harmonics are useful to expand a spin—s component of a tensor field on the
sphere. They are defined via

s}/ﬁm(n) = SYVKm(GWb) = (_)m\}

20+1(L+m)I(f-m)!
dr L+ 3)1(L-s)!

) (f )l b N O Cb e

o+S—

(sinf/2)%e™o
(B.46)

where the sum over o runs over all the values for which the binomial coefficients are non-zero.
For each spin s they form a complete set of orthonormal function on the sphere

f A9y Yo (0)5 Y, (1) = 00 Syt (B.47)

and
anm(n)sn’;ﬁb(n') =6(¢p—¢")d(cos@ —cos@'). (B.48)
Im

They can also be derived starting from the standard harmonics and using the spin-raising
and -lowering operators

D Yo = (50080 -0y = —20,) Vi (B.49)
sin 6
D Yo = (—scot0—89+ ,La¢) Yo, (B.50)
sin 6
which give
DY = (L=5) L +5+1)s11Yem, (B.51)
D Yo = (L+5)(l-5+1) s 1Y . (B.52)

A useful properties which we have employed in this thesis is the generalised addition theorem:
let («, 3,7) be the Euler angles which rotates ngy into ny, we then have

47
20+1

Z SYZW’L'(‘927 ¢2)—mY£:n'(‘917 ¢1) = Snm(ﬁa O[)e_is,y . (B53)

ml

We are now interested in finding an operator which acts in the same way that L? = ~Aq acts
on the spin-0 harmonics, i.e.

LYy, = 0(€+1) Yo, . (B.54)

We call this operator L2s) and we want the spin-weighted spherical harmonics to be eigen-
functions of this operator
Ly sYim = L(£+1) Yo -

To construct this operator we follow Tansella (2015): we see that, by definition, the commu-
tators satisfy

[L%s)7 a:l = [L%s)a a*] =0,
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and we make the ansatz L%s) = =A% + K(;). The commutation relation [L%S),éﬂ = 0 implies
that

2 2
Lis1) o) = D Lis) »

which gives
2
(A8, D)) = D) K (s) ~ K(sr1)D(s) -
For s =0 (given that Koy = 0 since L%S) must reduce to L2 for s = 0)

K@ =[3,03],

explicitly,
K (_39 _ .L%) _ _ 12 ( g, 2095983, O +2i 00898¢89) ,
sin 0 sin“ # \sinf sin @
and we find 1
K = ) (1 - 2i 00808¢) .

We can do the same procedure with [L%S),&?*] =0 to find an expression for K(_;y. With this
procedure every K () can be found by recursion: the expression we are looking for is then

2s cosf 52
K —1 + ;
(s) ! sin? 0 ¢ sin’ 0
to give
0 1 2s cosf 52
L2 2+ 92) -y By + . B.55
(s) ( 97 sing b sin 0 ¢) sin2 0 ¢ sin® 6 ( )

B.4 BiPoSH

We have seen in section B.1 how the correlation function of a statical isotropic random field on
the sphere can be expanded in terms of Legendre polynomials (eq. (B.10)). If the field is not
assumed to be isotropic then the two-point correlation function will depend in general on the
two different directions n; and ns. We then need a basis in which the two-point correlation
function can be expanded: this can be obtained by means of the Bipolar Spherical Harmonics
(BiPoSH). We write

Er(nmg) = Y fl0{Y, © Yy, m- (B.56)

JME1 0o

We call the fe‘]l% the BiPoSH coefficients and the {Yy, ® Yy, }sar are the bipolar spherical
harmonics. BiPoSH functions are irreducible tensor product of two spherical harmonics with
different arguments and, most importantly, they form an orthonormal basis on S? ® S?. We
can express them in terms of standard spherical harmonics as

X (h1,m2) = {Yy(n1) @ Yer(n2)}as = 3 Chmrans Yo (01) Yo (n2) (B.57)

mm/’
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where CZ,%,m, are the Clebsch-Gordan coefficients which are related to the Wigner 3j symbols
by,

m m' -M

Cimbrr = () MV2T +1 ( v ) (B.58)

In other words, X %‘/1 (fi1, ny) isolates the total angular momentum J and helicity M contri-
bution. The BiPoSH coefficients are computed via

f@‘z{w=‘/‘d91\/\ dQQ {F(nl,ng)X@]@M*. (B59)

The useful property of the BiPoSH X KJZW that we exploit in chapter 6, is that they filter
the isotropic signal into the J = 0 mode and any non-zero coefficient with J > 0 indicates
anisotropy. In fact, if the random field F' is statistically isotropic then the expansion in
eq. (B.56) has only the non-zero coefficients

P = (=)NV2u+10y, (B.60)

i.e. we recover the standard expansion of eq. (B.10).
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