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The Vera Rubin Observatory is one of the new experiments which will provide galaxy cluster
catalogs, these catalogs will be larger and with more precise data than those currently available.
Naturally, with these catalogs arises the need for development of software able to deal with
the new size and precision. Moreover, the need to test different physical hypotheses requires
modularized cosmological tools. Using this software we can test each model independently
and include each aspect necessary to the final analyses. In our work we tested two of these
cosmological frameworks, NumCosmo and CCL, which will be used by the team of researches
in the LSST-DESC collaboration. These tests were be done in two parts, the first was a cross-
check of the cluster counts and halo bias predictions from the two cosmological libraries. While
the second part was performing a complete MCMC analysis, applying NumCosmo tools, to
constraint the cosmological parameters used to create the DC2 simulation.
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Chapter 1

Introduction

In the last decades, there have been many large-scale cosmological experiments aimed to
improve our understanding of the universe. Some of them are: the Chandra observatory [1],
Sloan Digital Sky Survey (SDSS) [2], Wilkinson Microwave Anisotropy Probe (WMAP) [3],
South Pole Telescope (SPT) [4], PLANCK satellite [5]. The SPT, WMAP and PLANCK experi-
ments focused on measuring the Cosmic Microwave Background (CMB) anisotropies and from
it constraining cosmological parameters. Beyond those constraints, we can use the CMB infor-
mation for other purposes, for example, detect and measure the mass of galaxy clusters using
the Sunyaev-Zeldovich effect. The Chandra experiment main focus is to study galaxy clusters
and their constraints on cosmological parameters, focused on measurements in X-ray. SDSS is
used to study the large-scale structure of the universe through Baryonic Acoustic Oscillations
(BAO) and Supernova measurements. These are examples of successful experiments that mea-
sured the pillars of observational cosmology in this era, that is: CMB, Large Scale Structure
through BAO peak, galaxy clusters, and Supernova. All these experiments yield information
that can be used to understand dark matter and dark energy. To better understand the physics
behind the dark sector, we can use this data to constrain cosmological models. The following

years will bring the results of new experiments with new challenges.

Two examples of major large surveys that are being carried out are, EUCLID [6] and Legacy
Survey of Space and Time (LSST) [7]. They will map a large fraction of the sky in the optical
bands and will provide galaxy cluster catalogs much larger than the previous experiments.
Weak lensing surveys and larger galaxy cluster catalogs are two examples of such observables.
Naturally from a large amount of data on those observables arises the need for cosmological
software to analyze them. There are many steps to connect our cosmological models to the
data we measure. To fill this gap, we need to improve our physical modeling and construct
various phenomenological models. For example, for galaxy cluster cosmology, we need to
understand the collapse process of the initial matter density field into galaxy clusters, model
the effects of Milk Way dust when measuring the photometric redshift, solve the linearly per-
turbed Boltzmann equations, just to name a few. Since these models can change when using
different observations or physical assumptions, it is important to construct our cosmological
software in a modular fashion. One way to solve this is to write a library containing modules
with independent functionality. In this way, we can execute and change them separately al-

lowing consistent testing of each model individually. Once these modules are ready, we need
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to test them to see if they run as expected and then calibrate these modules using simulated
datasets so we can apply them in real data analyses. The only way of testing such modules is
by comparing two independent implementations. In this work we will compare the results of
two cosmological libraries, Numerical Cosmology (NumCosmo) [8] and Core Cosmology Library
(CCL) [9], to validate their routines so we can calibrate them later. The development of these
two libraries is mainly focused on analyzing the data of the LSST survey which will be dis-
cussed in the next section. To develop the tools necessary to analyze LSST data the Dark Energy
Science Collaboration (DESC) was created and this work is an extension of two DESC projects.
The numerical libraries tested here and their statistical tools will be used by the collaboration
when data become available.

In section 1.1, we explain the goals and structure of the LSST-DESC collaboration and where
our work fit in. In section 1.2, we talk about the N-body simulation created by LSST-DESC to
calibrate the tools developed by the collaboration. In section 1.3, we present NumCosmo and
CCL which will be the two softwares used by the collaboration to model the background cos-
mology. In chapter 2, we construct the theoretical background to do galaxy cluster cosmology.
In section 2.1, will be discussed how we can use galaxy clusters as cosmological probes. Sec-
tion 2.2, we will construct the halo mass function from its formal definition to the expressions
resulting from N-body simulation. Section 2.3 is where we construct the cluster number counts
which is the observable we are mainly interested in here. In section 2.4 we define the halo bias
function which will be used in future work to improve the precision of cluster counts and add
cluster clustering as a new observable. Finally, in section 2.5 we will discuss how to relate the
observed quantities of the cluster with its mass and redshift. In chapter 3, we will develop the
statistical tools used to do the analyses, from the maximum likelihood estimators in section 3.1
to Bayes theorem and the Markov Chain Monte Carlo method (MCMC) in section 3.2. Then in
section 3.3, we will present the likelihoods and proxies used in this work. Chapters 4 and 5 will
contain the results obtained in this work. First, the results of CCL and NumCosmo cross-check
from the true table in section 4.1 to the table with the mass proxy in section 4.2 and finally for
the halo bias in 4.3. In chapter 5 we present the MCMC for a mock catalog, section 5.1, and

DC2 in 5.2. Finally, in chapter 6 we will present our conclusions.

1.1 LSST-DESC

The Vera C. Rubin Observatory is under construction in Cerro Pachén ridge in north-central
Chile. The Simonyi Survey Telescope is designed with a 8.4m main mirror and 3.2 giga-pixel
camera. The observatory will observe the sky in six optical bands with wavelength ranging
from 320 — 1050nm [7]. The telescope will cover up 18000deg? 800 times over its ten-year
lifetime and generate around 500 petabytes of imaging data and over 50 petabytes in catalog

databases [10]. The main science achievements expected for the observatory are
* Taking an inventory of the solar system.

* Exploring the transient optical sky.
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* Mapping the Milky Way.
¢ Probing dark energy and dark matter.
where the last is the important one for the purpose of this work.

The Legacy Survey of Space and Time (LSST) Dark Energy Science Collaboration (DESC)
was established with the purpose of developing tools to analyze its data focusing on the dark
sector physics such as neutrinos, dark matter and dark energy. DESC is built around five dark
energy probes. They are [11]:

¢ Weak Gravitational Lensing (WL), that is the deflection of light rays of distant sourceswhich
can be used to determine cluster mass by the change in shape of background galaxies or
map the matter density distribution in the universe.

* Large Scale Structure (LSS), in particular the large scale power spectrum of the matter
density field.

* Type la Supernova (SN), which measure the luminosity distance as a function of the red-
shift.

¢ Strong Gravitational Lensing (SL), that is the morphological distortion and angular dis-

placement of a source objective due to the presence of a massive object in the line of sight.
* Galaxy Clusters (CL), their spatial distribution, number counts, and mass.

In order to perform the individual and joint analyses of these probes, the DESC is divided
in 18 working groups with their main priorities presented in [11].

One of them is the Cluster Galaxies group which is concerned with extracting robust cos-
mological constraints from this probe. To do this, we need to understand the systematic uncer-
tainties associated with their observed properties and matter distribution. In order to improve
the constraints with the cluster number counts observable, we need to run through four crucial
steps. The first is predicting the mass function for the halos, the second is constructing the
observed catalog of clusters. The third is understanding the statistical relation between cluster
observables and the halo mass and the fourth is using a self-consistent likelihood analysis to
constrain the cosmological parameters. The Cluster Galaxies group is mainly responsible for
performing the 1-4 steps while the 2-3 will be done using the LSST data [11]. To fulfill this
purpose, the group established the following research priorities,

¢ Emulating the halo-mass and halo-halo functions;
* Developing high-quality photometric cluster finders;

* Developing models to determine the mass-observable relations for different observables
such as richness and weak lensing profiles;

¢ Combining the above results to construct a single pipeline to constrain cosmological pa-
rameters both in real data and simulated datasets;
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This work is an extension of the DESC projects number 139 and 203 in the Galaxy clusters
group. The first is a comparison between the constraints on cosmological parameters in binned
and unbinned likelihood and the self-calibration on the mass-observable relation following the
fourth aspect of research priority. The latter is a cross-check between NumCosmo and CCL
cluster counts and halo bias prediction to test the cosmological software to be used by the
collaboration.

1.2 Second Data Challenge

To test the tools developed by DESC they created the Data Challenges which are a set of
simulated data that mimics the LSST data. These data challenges are [11]:

* DC1: Which simulates the ten year data of LSST taking an 40deg? sky area but only in the
r-band. The main focus of DC1 was to investigate the systematic uncertainties relevant
to large scale structure measurements and it’s end-to-end workflow

* DC2: The second challenge consider five year data of LSST but with an area of 300deg>
and with all the six optical bands of LSST ugrizy. Beyond DC1 and DC2 it is included
pipelines for weak lensing correlations, large scale structure statistics, cluster abundance,
supernova light curve recovery and inferences on redshift distribution from photometric
redshifts.

In order to simulate these data products the DC2 workflow is divided in four areas. First is
the construction of the extragalactic catalog, second is the generation of input catalogs for the
image simulations, then is done the image simulations themselves and finally the processing
of these images with LSST-DESC pipelines [12].

The extragalactic catalog created is called CosmoDC2 [13] and is based on the N-body Outer
Rim simulation which contains about a trillion particles with mass around 2.6 x 10°.Mg. The
halo finder is a friends-of-friends algorithm with a linking length b = 0.168 with a minimum of
20 particles. Afterwards, the halo light-cone is built and the properties of galaxies are assigned
leading to the finishing of the catalog [13].

Latter for the input catalog we need to provide input instances catalogs which consider the
objects in the extragalactic catalog in a field of view at a specific time. In this part the DC2
introduces difficulties in the observation like the earth’s motion influence, galactic dust and
other details. Despite the instance catalog which will be used to simulate the image the second
component also produces the truth catalogs. This catalog will contain all the true information
of the measured quantities in order to compare with the output of the imaging processes and
other pipeline analyses.

In possession of the instance catalogs the imSim software package simulates pixel data. The
hardware and telescope specific information to do this will be provided using LSST Science
Pipelines and LSST Simulation Framework software environment [14]. The imSim software
was conceived to allow multiple models to study the same effect. This opens the possibility
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to vary the precision of the features in the simulation depending on the need of the group,
allowing the most precise and slow simulation and the simpler ones [12]. Finally the LSST
pipelines processes the images and delivery data products similar to the Rubin Observatory.

This work will deal with the first end of the DC2 catalog data products. We will deal with
the simpler case using the extra-galactic catalog to test the developed tools with all the clusters
true information available. In a future work, we will do an analyses with the data products of
the processed images to consider the measurements of richness and test the mass-proxy and
perform the self-calibration.

1.3 NumCosmo and CCL

Two tools developed by members of the LSST-DESC group are the cosmological libraries
NumCosmo' and Core Cosmology Library (CCL).”> Both libraries provide a set of tools to
calculate many different cosmological quantities from the background cosmological model to
the observables like cluster number counts, halo mass function, supernova data, weak lensing
shear, etc. These libraries also use these data to perform statistical analyses to constraints the
cosmological parameters [8, 9]. Both libraries are constructed in C and provide a python inter-
face (more recently CCL moved much of the newer implementation directly to python). They
also allow the integration with other libraries like CAMB [15] and CLASS [16] to improve the
precision of the analyses as the need of the user.

In this work we will make use of both libraries tools to predicted the cluster number counts
and halo mean bias and compare their precision and time efficiency. The simplest mock catalog
used to make these comparison was built using NumCosmo. The constraints of the cosmologi-
cal parameters and the cross-check in the mock catalog and in the DC2 catalog were done using
only NumCosmo.

1ht’cps:/ / github.com/NumCosmo/NumCosmo
Zhttps:/ / github.com /L.SSTDESC /CCL






Chapter 2

Galaxy Clusters

Galaxy Clusters are the largest bounded structure in the universe, their mass are mainly
composed by dark matter halos which governs their dynamics turning them into crucial cos-
mological probes. This fact allows a simple modeling for N-body simulations, enabling the
cross-check with their theoretical properties like their internal structure and abundance as a
function of the mass [17-21]. This turns clusters into useful tools to constraint cosmological
models. Their mass is divided in three components. The first is the dark matter halo compos-
ing most of the cluster mass. Secondly, we have the Intra-Cluster Medium (ICM) that is a hot
ionized gas which is mainly composed by hydrogen and a small fraction o helium. The third

part are the galaxies which composes the smallest fraction of the cluster.

Each of these components provides important information about cosmological evolution
and the properties of the galaxy clusters. In this chapter we will, first, explain how to use
galaxy clusters as cosmological probes and the challenges in doing it. Second we will construct
the halo mass function with the Press & Schechter ansatz and all the ingredients necessary to
calculate the mass function. Then we will use the mass function to predict the number of halos
in a mass interval at a survey region in the sky. However, these halos are biased tracers of the
dark matter density distribution and to improve the cosmological constraints we will study its
bias. Finally, in the last part of this chapter we will connect the halo formalism with clusters

observables.

2.1 Clusters as cosmological probes

There are two ways of using galaxy clusters as cosmological probes. The first method is by
their number counts. Here, we use the working assumption that all the matter in the universe
is contained into galaxy clusters. Then, we can construct a theoretical model to predict the
amount of clusters in a survey region given that its matter density is the mean density of the
universe. Finally, we can compare with the observed number of clusters to constrain our model.
This method is the one we will be mainly interested in this work. The rest of this chapter is
dedicated to explain how to develop it. The second method is the spatial distribution of these
galaxy clusters in the survey region, called cluster clustering. The latter will not be addressed
in this work. However, ignoring cluster clustering may result in bias in the number of clusters
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observed. The bias generated by the cluster clustering on the number counts likelihood is
discussed here but the correct modeling of this effect is left to future work.

To compare our predictions of cluster counts or cluster clustering we need to construct clus-
ter catalogs using one or more of its observables. The three main electromagnetic bands we
use to detect clusters are x-ray, optical and microwaves. The first is by measuring the thermal
emission of the plasma in the inter-cluster medium. In the optical band the number of galaxies
with a specific color-brightness relation is measured called richness. While in microwave we
measure the Sunyaev-Zeldovich effect. There is still detection of clusters by gravitational lens-
ing. There are two main challenges in constructing galaxy cluster catalogs, the completeness
and purity of the catalog. Independently of the property we measure of the catalog there will
always be clusters we cannot detect, this makes the catalog incomplete. In a realistic analyses
we must insert a function to model this effect. The second difficulty in constructing catalogs is
to falsely detect a cluster. This is called the purity of the catalog and we also need to modeled
this in a real catalog. However in this work to test the tools developed we will deal only with

100% pure and complete simulated catalogs.

2.2 Halo Mass Function

The halo mass function n(M, z) is the number density of halos at redshift z in a mass in-
terval [M, M + dM]. The mass function possesses a crucial value in cosmology. Some of its
application are the constraining the amplitude of the power spectrum and its evolution can
constrain dark matter and dark energy parameters [22, 23] and can even test our gravity theory
[24]. In this work its main application will be calculating the cluster number counts and the

halo bias.

To count the number of halos in a mass interval we consider that all matter in the universe
is inside halos hence the number of halos is only the ratio of the halo mass and the total mass in
that patch of the sky Mr/M. However, not all halos have mass M so we need to account only
the fraction of halos that lie in this range F(M, M + dM), and by taking that the universe is
approximately homogeneous and isotropic we can simply write the total mass as Mr = p,,V,
where p,, is the mean matter density of the universe, leading to the halo mass function

N O
AM = n(M,z)dM = pMF(M,M +dM). @.1)

The final piece of information left is the fraction of halos collapsed in the mass range re-
quired. To model F we use the Press-Schechter ansatz which states that the probability of the
halo collapse can be traced back to the amplitude of the density fluctuations in that scale [25].

The density fluctuation field (X, z) is a random variable defined as

5(%,2) = Pm(’?';i (;)p’”(z), 2.2)
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from this definition is clear that § has zero mean. Initially these density fluctuations are very
small and we can model their time evolution as a linear perturbation of an ideal fluid (pres-
sureless in the case of baryons and dark matter) following the two hydrodynamic plus Poisson
equations [22]

¢ Conservation equation

§+V-[1+6)V]=0, (2.3)
* Euler equation
V+H#)V =—-V¢, (2.4)
* Poisson Equation
V3¢ = 4tGpud, (2.5)

where = % the V is the fluid peculiar velocity, ¢ the gravitational potential of the fluid and H
is the Hubble function given by

H(z) = Ho[Q(1 + 2)* + O (14 2)° + (1 + 2)% + Q]2 ], (2.6)

where Hj is the Hubble constant today, (3, (), (), Q5 are the density parameters for radiation,
matter, curvature and dark energy respectively. Taking the time derivative of 2.3 and neglecting

the terms above order one in V and 6 we get

§+V.V=0, 2.7)
and substituting equations 2.4 and 2.5 into the previous one we get,

6 +2HS — 4tGpyd = 0. (2.8)

Now we define the growth function as D(t) = §(t)/é(tp) which compares the density fluctua-
tion today with that in a time . In cosmological terms is more convenient to write the equation

2.8 in terms of the redshift using

d d
and d? d d d d?
H
Finally we can put the evolution of the density fluctuation as
d*D 1 1 dE\dD  3Qu
dz2 <1+z a E(z)dz) E_2E2(z)(1+Z)D_O ’ @11

where E = H(z)/Hy and we used p,, = Oy, (1 + 2)3%.
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However in order to use the Press-Schechter formalism we need to filter the density fluctu-
ation throwing away all the information in scales smaller than the typical scale R of the filter
W (|X¥ — |, R) leading to

or(%,2) = [ dW(|E— 71, R)S(7,2) (2.12)

In this work we will always use a Top-Hat filter, given by

3 1, r <R

Wrp(r,R) = iR {O PSR, (2.13)

Finally we say that if the region of size R have a density contrast /g greater than a critical
density . then this region will collapse and form a cluster. The critical density depends on the
details of the collapse model, for the spherical collapse model 6.(0) = 1.686 and will have a
small dependence on the matter density parameter [26]. Note that the typical density of theses
regions are not in the linear regime (Jg < 1), however, the idea behind this extrapolation is
that exists a one-on-one relation between that initial state from linear perturbation with the

collapsed structure.

Since the density contrast J is a random field it follows that the Jr is also a random field.
Hence, we say that the fraction of objects collapse with mass M or greater is given by P(6g > J.)
where the mass of the cluster is linked with R by

47
M= —f WRDref, (2.14)

where fi will depend on the choice of filter function, in the case of the Top-hat filter fiy = 1
and p,.f is our reference density to define the mass, it can be the mean density of the universe
pm or the critical density p.. The probability, P(dg > &), is

P(6g > &) = / " F(5r)ddr, (2.15)
where now we use the mass as the variable to define the cluster density by the relation 2.14.
Now, to calculate the fraction of objects in the mass range M, M + d M we just need to calculate
P(6r1dr > 6c) which computes the fraction of collapsed objects with mass M + dM and above
and take the difference. Physically this means that when we calculate P(dg > J.) we may
include regions with larger and larger scales. However, we want only to consider dense regions
surrounded by underdense regions to assure they are an isolated structure. So we can write the
fraction of halos formed in the mass range M, M + dM F(M, M + dM) as the probability of a
region with mass between M and M + dM collapsing into a cluster, that is,

dpP dpP

F(M,M+dM) = P(M) = P(M +dM) = P(M) — P(M) — —-dM = ——=dM,  (2.16)



2.2. Halo Mass Function 11

finally we can write the mass function as

5 AP
n(M,z) = _pﬂm’ 2.17)

Since the initial density perturbations follow approximately a Gaussian distribution, Press
and Schechter assumed (as a first approximation) that the filtered density fluctuations also
follows a Gaussian distribution with mean zero and variance 01%(2), hence using equation 2.15,
we have

e 1 R Y 6c(2)
P(M,z) = o Vamon exp ( 2‘712{> dog = 5 <1 erf (ﬁaﬂz))) . (2.18)

Finally we can calculate the Press-Schechter(PS) mass function as

_ o Pmdc(z) 1 (dlnog . —62(z)
msnz) = 2B () p(Zq%(z))’ 1)

Where the factor 2 was latter introduced by Press and Schechter to correct the normalization

of equation 2.18 when we take . = 0. An interesting property of the PS mass function with
the spherical collapse model in an Eistein De Sitter universe is that both og(z) and 6.(z) will
evolve with the growth function D(z) and consequently their ratio is constant in z, that is,
0r(z)/dc:(z) = or(0)/6:(0). For this reason, we can decouple the details of the collapse model
in the multiplicity function defined as

frs(or)

o 2 66(0) _55(0)
= Vo a0) P (za§<o> ) (220

from the cosmological information presented in oz (z) and g,,. This property of the multiplicity
function is called universality and repeats itself in different collapsed models, one example is
the one proposed by Sheth and Tormen (ST) in [27] an Ellipsoidal collapsed model and obtain-
ing the following multiplicity function

se\ Pl [ 6 1/ 6.\
1+ <(7R> ] <UR> exp [—2 <aUR> ] . (2.21)

This universality property arises from the consideration that the collapse process happens in

fsr(or) = A 2;11

time scale much smaller than the rate of the universe expansion, however, this is not exactly
true and we expect a dependence on the redshift in multiplicity functions as shown in N-body
simulations. Another important aspect which is not considered in this model is that the forma-
tion process depends on the structures already formed around the collapsing object inducing
the dependency on z since in higher redshifts less objects have been formed. We can circum-
vent these issues by fitting N-body simulations, which provides us with a mass function with
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fitting formula expressed by [28]

(2.22)

~

(ha,2) = ~E2 (S0 f6u(2),n(2)

with the multiplicity function left to be constructed from a simulation or a theoretical collapse

model.

2.2.1 Filtered density fluctuation variance

From equation 2.22 we can see that all the cosmological information comes from the vari-
ance of the filtered power spectrum. This happens because we assumed a Gaussian distribu-
tion with zero mean and consequently all the information lies in the variance. If we introduce
non-gaussianity, we would have all the distributions moments. However, this degree of ap-
proximation has shown to be enough in cosmological simulations. We need to understand the
connection between the cosmological model and o, so we consider its formal definition

oh(z) = (8= (n)?) = (%) = [ &y [ @YW RIWER) (6E+7,2)6(2+7,2)),
(2.23)

now we can expand the density fluctuations in their Fourier modes 6 (k, z) leading to

Bk e BK e > -
3 3./ = —1k-(x+y)/ ik’-(X+y'") * (T
/d /d YW, RW(, R)/ Gy G € (8(k,2)5(F,2)),
(2.24)
and the variance of the Fourier modes are connected to the matter linear power spectrum

P(k, z) by the relation [29, 30]

—

<5(E,z)5*(z?,z)> = (2n)%p (K — K)P(k,z), (2.25)

where 6p (k — k') is the three dimensional Dirac delta function. The delta function eliminates

the integral in k’ leading to

—/ kz</d3yW R)e™ k)(/d3y/Wy/R)

The terms in the parenthesis are the inverse Fourier transform of the filter function hence the

>="1
<y

) (2.26)

filtered density fluctuation variance is given by

2(2) :/(53';3 Wk, R)* P(k,2) |. 2.27)

For the top-hat filter, its Fourier transform is

3k R), (2.28)
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where i (k, R) is the first kind spherical Bessel function. The linear matter power spectrum can
be calculated using the relation (see for example [31])

P(k,z) = Ck"™T(k)*>D(z)?|, (2.29)

where D(z) is the growing solution, known as growth function given by equation 2.11, Ck"
is the Harrison-Zel’dovich-Peebles primordial spectrum which comes as a prediction from in-
flation and the n; parameter is determined by measurement (Plank’s 2018 measurement was
ns = 0.967 £ 0.004 [5]), while C is it's a normalization which is usually chosen by the parameter
o3 = 03(0), that is the filtered density fluctuation in a scale of R = 8/~ Mpc so C becomes

2
Ug

o 2K kst 2T (k)2W (k, 8h~1)2

C =

, (2.30)

and og will also be treated as a cosmological parameter to be adjusted from the data. Finally,
T(k) is the transfer function that measures the evolution of the material components from the
primordial perturbations until the decoupling. This is done by solving the coupled Boltz-
mann’s equations for every component in the universe, such as dark matter, photons, barions,
neutrinos, etc. This is a rather complicated task and for this reason there exists numerical codes
specialized only in this problem. The two main codes are CAMB [15] and CLASS [16], both
descendants of CMBFAST [32]. There exits however some analytical expressions for specific
models in a constrained area of the parameter space. These expressions give precise enough
prediction for the power-spectrum such that we can use this faster version to calibrate the soft-
ware. Here we use the fitting formula proposed by Eisenstein-Hu (EH) unless stated otherwise
[33].

2.2.2 Mass Function from N-body simulations

The best way of determining the mass function from clusters is from N-body cosmological
simulations. First we count the number of clusters in a volume element in the simulation. To
do this we need to define the cluster and its mass. There are two main methods

¢ Friends-of-Friends (FoF): In this method we choose a particle in the simulation and if an-
other particle is within a certain distance, called the correlation distance given by bn'/3,
from the original particle we add it to the group of particles composing the cluster. Vari-
able 7 is the particle number density and b is a parameter depending on the simulation.
In the case of DC2 we have b = 0.168 [13]. The cluster mass is the product of one particle

mass times the number of particles [34, 35].

¢ Spherical Overdensity (SO): In this method we choose a center and construct spheres with
varying size until the region mean density reaches a reference density, given a value of
A as Apyer with size R, and calculates the mass by M = %”A Ore fRZ' [36]. The reference
density p,.f is usually either the universe matter mean density py, or the critical density
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pc and A is the number of times this region mean density needs to be greater than the
reference density, usually is chosen 200 or 500.

One difficulty of the SO method is how to determine the center of the sphere, there are
different procedures that can be used. One possible is by using the FoF to find the most dense
region and from there we set the center and apply the SO method [37]. In the DC2 catalog we
are provided with clusters mass defined by both methods and we will use the SO mass.

Once we know the clusters mass and redshift in the simulation we can count them in a
small volume of the simulation determining the left hand side of equation 2.22. Hence we can

determine the multiplicity function as

f((SC,U'R):— M <dll’10'R

-1
e dM) n(M,z). (2.31)

Different simulations show that the universality of the PS multiplicity function is repeated
in other cases for different cosmological models and different initial conditions, leading to sim-
ilar shapes [38, 39] (different from the PS shape). However, in more recent simulations is shown
an explicitly dependence of z when we look in higher Redshift intervals, indicating a small de-
pendence on the cosmological model. The multiplicity function mainly used in this work is the
one by Tinker [28]

f(6c(2),0m(z)) = A <U'R£Z))_ +1|exp <_(TREZ)2> , (2.32)
A(z) = Ag(1+2)71, (2.33)
a(z) = ap(1+ z) 700, (2.34)
b(z) =bo(1+2)7", (2.35)
075 \'?
log (a) = — <10g(A/75)> . (2.36)

The Tinker multiplicity function is constructed for the SO mass definition and will not depend
strongly on the cosmological model. All z independent parameters Ay, ag, by, «, c depends
on the choice of reference density critical or mean and on A, where here we will mainly use

A = 200 and critical density, all the values are given in reference [28].

2.3 Cluster Number Counts

Once we know the mass function we can find the expected number of clusters in mass
interval [M,in, Mimax| within a co-moving volume of the sky searched. In order to do this, we
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only need to calculate the integral

Mmax

N = / / n(M,z)dVdM, (2.37)
Miyin

where dV is the co-moving volume element that depends on the cosmology. It is convenient

to express the volume in spherical coordinates as dV = 1% (z)dr4dQ) where the angular part

d() is independent of the cosmology due to homogeneity and isotropy and r4 is the angular

distance seen by a co-moving observer and related to the coordinate distance r(z) by

sin(\/ka c/HOr(z))
V—0% ¢/Hy 0, <0
ra = T(Z) Qk =0 (238)
sinh(\/KTk c/HOr(z))
V0% o/ Ho Q> 0,

where () is the curvature parameter and the co-moving radial coordinate is

. /
r(z) :/o H(z’)dz' (2.39)

The next step is to take the differential form of equation 2.38 that is

COS(\/ -y ¢/ Hy T(Z)) 0O <0
dry = —dz 1 O =0 (2.40)

H) cosh(v/Qy ¢/Hor(z)) Q> 0.

In order to lead to a more compact expression for cluster number counts we rewrite the previ-
ous equation as

(=) (V= c r(z))*"
drAZﬁF(Qk,Z)dZ, P(Qk,z>=’;0( 2 (@! [Hor(@) (2.41)

The angular part on the integral 2.37 is trivial and yields the survey area A of our instrument.
Therefore, we can put the cluster number count in the mass and redshift intervals [M,in, Mmax),

[Zminr Zmax]

Minax Zmax
N = A / / (M, 2)7 4 (2)> —— F(Qy, z)dzd M. (2.42)
Miyin Zmin H (Z )

Fortunately, the universe has a very small curvature allowing us to neglect (); and leading to
the simpler expression (nevertheless, the cosmological codes take the curvature correctly into

account when necessary)

N [ o 2y S T d’zddM 243
=AM (/0 H(Z) ) zdM) 243)

min

From equation 2.43 it is clear that the number of clusters is strongly dependent on the cosmo-
logical model, different from the mass function alone where its dependence comes only from
or. Here, it comes explicitly from H(z) which makes the cluster number count a valuable tool
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for constraining the cosmological parameters.

2.4 Halo Bias function

It’s noticed that places with a high primordial density fluctuations generates more massive
clusters [40]. Hence, this tells us that clusters are biased cosmological probes of the underlying
matter distribution. For this reason, the clustering of clusters is a complementary information
to the number counts to constrain cosmological parameters. Also, the clustering information is
valuable for self-calibration of mass proxies which will be crucial when we perform a realistic
analyses with unknown parameters of the mass-observable relations [41]. In [42] it's shown
that we can understand the clustering process by studying the clusters bias. So, now we con-
struct an analytical model for the determination of the linear bias based on [43] and then, we
present the bias given by N-body simulations.

The idea follows a principle similar to the construction of the mass function. However, now
we consider the number density of clusters with mass between M;, M; + dM; and redshift z;
collapsed from a initial region in redshift zo with size R and linear density perturbation Jy
that hasn’t collapsed yet. By this construction we expect that My > M; and &y < 6.(z) =
(14 2z1)é(0). Following the Gaussian distribution from the PS formalism as a first model the
fraction of objects with mass between M;, M; + dM; inside this region is given by

do? 1 dc — do (0 — &p)* ] dof
8100, 30) 21 dmy = ¢ % CdMy, 44
f(o1,6¢c|og O)dMl 1 (27)1/2 (02 — ¢2)3/2 ex [ 2(0? — ag)] dMm; (249

where 0y, 07 are the variance on the density fluctuations on the not collapsed and collapsed
region respectively. By equation 2.44 is easy to see that if we take the case were §y = 0y = 0 we
get back to part of equation 2.19. Basically we are repeating that treatment but considering that
the region of the sky has a density different from the average of the universe. This will lead to
number density of clusters given by

M do?
ndM; = _Mf £(6e, 01|60, ao)d—A/}ldMl. (2.45)

Naturally we can take the relative difference between the average value of cluster number
density (halo mass function) with respect to the number density of cluster inside region Ry and
calculate the cluster overdensity as

(e, 8|0, do)
on(01,0c|00,00) = —F7—5-—1, 2.46

n(01, 6¢|00, o) WMy, 21) V% (2.46)
where V) is the volume of that spherical region. In fact, we want to compare the halo overden-
sity with the fluctuation density at the time we are seeing the cluster hence we need to evolve
dp to some J. This evolution depends on the collapse model, in the case of the spherical model
in a De-Sitter universe the mass inside the initial sphere with size Ry is conserved hence we
have Ry = R(1+6)'/3 so the volume in the time we are looking is Vo = V(1 + 6).
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Since we want to study clustering we need our region R to be much bigger than the cluster
size, that is, R > R; and consequently the density fluctuation is much smaller ¢ < ¢7. Also
we consider that the density in this region is close to the mean density of the universe hence
0 < 6. so we can neglect terms depending on 0y and perform a Taylor expansion in first order
on the density. In this approximation we have that My ~ p,,Vy and get

o pw 2 dlnoy(5c-0) [ & 56 R
n(oq,dc|00,0) ~ VOMl\/Zirr M, o exp 2012 exp 012 exp 2012 ,  (247)

neglecting the last term and Taylor expanding the second exponential we get

n(oq, 6:10) v —Vp— — exp | — 1+—1, 2.48
(01,c[9) "M; V2 dM; p 207 o o? 248)
leading to
pm 2 dino 52 1—v3 v —1
,0c0) = =V —— —— b |1+ ——= )| =nVy |14+ 6 ,
n(oy,9:|9) OMl\/ZTT M, exp[ 2012 e |1+ 5 nVy |1+ 5
(2.49)

where v = 6./07.
Finally the halo overdensity in a region of the sky is given by

2
vy —1

5h(0’1,(5C’(5) = ( + 1) 6= b(vl)(S (250)

c
where in the last equality we are defining the PS linear bias function b(v;). This linear bias
definition depends on the choice of multiplicity function. Since we know that the PS do not give
precise results in simulations, this bias has the same problem. However, we can use equation
2.50 to define the linear bias in suitable way to be determined in N-body simulations. This is
done by calculating the halo variance in Fourier space

(82) = / &PkP, (K)W2 (k)eR = / dkb (k)2 P (k) WE ()R = B2 (1) (82), 2.51)

since both integrands must be equal we define the linear halo bias to be

Py (k)
v (k) = 2.52
In this work we will mainly use the Tinker linear bias function [44]
! b
_ 1 _ c
b(v) =1 sz o +Bv’ +Cve, (2.53)

where the parameters A, a, B, b, C, c are defined by the fitting and will depend on the cluster
mass definition both by type (mean or critical) and by choice of A and the values used will be
addressed in the analyses. Beyond this, we also impose a condition coming from our ansatz
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that all matter lies in halo and consequently
/b(v)n(v)dv =1 (2.54)

A final consequence of the halo bias is that the actual number of clusters won’t be given by
equation 2.43 because will be slightly biased by a term of

Mumax  fZmax c "Z C 2
SN=A / / n(M,z </ dz/> b(M,z)é dzd M. 2.55

’ Minin Zmin ( ) H(Z) 0 H(Z/) ( ) ( )
This effect is known as super sample covariance and affects mainly survey regions with small
angular size since the background density fluctuation is bigger. Super sample covariance will
be crucial for future constraints on cosmological parameters given the data precision, however
this will only be addressed in future work.

2.5 Proxies

In order to use expression 2.43 to constraint cosmological parameters we need to know the
clusters mass and Redshift. For the redshift, we can use different techniques to measure it
directly, however, the mass is not directly obtained. The solution is to associate the mass with
one or more cluster observables. In both cases relations between the observed quantities and
true mass and redshift are not deterministic, that is there exists only a probability P(obs|true)
that a cluster with mass M and redshift z yields a measured value M,;; and z,,s. Such a relation
is called a proxy and plays a central role in connecting the theoretical developments in cluster
cosmology and its observational counterparts.

There are two main methods for measuring cluster redshift. The first is by spectroscopy,
that measures a cluster spectrum and by measuring the shift in its elements spectral lines de-
termines the cluster redshift. This method yields a precise measurement of the cluster true
redshift, however, it has a potential drawback. This measurement is expensive and requires
more telescope time, consequently, it is very challenging to use it in large surveys. Therefore,
we usually have spectroscopic catalogs with fewer objects and therefore may result in increased
statistical error on the cosmological parameters. The second method is the photometric one in
which the redshift is estimated by looking the light emitted by the clusters in different bands
of the electromagnetic spectrum. This method allows us to measure more objects allowing the
construction of larger catalogs. However, this introduces uncertainties in the determination of
z making necessary the construction of a probabilistic relation between the true redshift z of
the cluster with the photometric one z, with a relation P(z,|z).

For the cluster mass the problem is more complicated since we cannot access directly, so we
construct a probabilistic relation between one cluster observable and the cluster mass called
mass-proxy P(M,ps|M). This function gives the probability of a cluster with mass M yields an
observable M,,s. There are different observables that can be used to infer mass, for example,

the X-ray emissions from the plasma present in the the inter-cluster medium, its temperature
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is related to the cluster mass [45, 46]. Another example is the Sunyaev-Zel’dovich effect, that is
the inverse Compton scattering of CMB photons within the plasma in the inter-cluster medium
[47]. Finally, the weak lensing shear of background galaxies when their light passes through
the cluster [48, 49]. This last method is the only one in which the dark matter interacts with the
observable directly. There also the cluster richness, the number of bright galaxies in the cluster
which is the mass proxy used is this work. DC2 uses the red-sequence Matched-filter Prob-
abilistic Percolation (redMaPPer) algorithm to detect and determine the photometric redshift
and richness of the clusters on the final catalogs [50].
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Chapter 3

Statistical Developments for Cluster
Counts analyses

Like every area o physics, astrophysical measurements are subject to uncertainties from
the apparatus or systematic effects from the spatial environment before light arrives at us. In
addition to these errors, there are some quantities in cosmology which comes from quantum
fluctuations of the primordial universe like the fluctuations on the matter density field and that
are fundamentally random. Naturally, this leads to a need of statistical tools for studying this
uncertainties and relate the observations with our theoretical models.

In this chapter, we will present the statistical definitions and methods necessary to develop
the results of this work. First, we will define what are the likelihood functions of a random
variable and state the maximum likelihood method to find the best fit, that is the most prob-
able value for a parameter given our models. However this information is not enough and in
the second section we will state Bayes theorem and the Markov Chain Monte Carlo (MCMC)
method to determine the parameters confidence region. Next, we will present the binned and
unbinned likelihoods and cluster mean bias for the cluster number counts, the mass-observable

relation adopted.

3.1 Maximum Likelihood estimators

In statistical theory there are two points of view to interpret the results, first is the frequentist
and second the Bayesian. The first understand the results as the frequency a given dataset can
be found given a probability distribution. While the Bayesian thinks the probability as a degree
of confidence one has in a hypothesis. The formalism is very similar for both strands. In this

work, we will adopt the Bayesian point of view.

Given a random event we call the space of all possible outcomes the sample space, for exam-
ple a dice has six possible results, one through six, so the sample space is Q = {1,2,3,4,5,6}.
A subset of the sample space is called an event. In the dice roll case, an example of event is
the result of falling at one or two, thatis, E = {1,2}. So, we define the probability of an event
happening using a measure function that associates a real number for each event. The sum of

such measurements for all disjoints events must be one. In our dice roll example, the size of the
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sample space is 6 while the event in our example has size 2, thus, if we assume all events are
equiprobable the probability of the dice lands with size 1 or 2 up is P(1 or 2) =2/6 = 1/3. For
a formal definition and construction for the size of general sample spaces the reader should see
[51].

What is usually done is assign each element of the sample space to a real number such a
map is called a random variable. For the dice roll example we can define a random variable
x as a function given by x : QO — R| {x(i) = i}, where i is the number written on the side up.
Thus, instead of writing the probability in terms of the event with one element, we will write
in terms of the random variable associated with that event P(x;). If we want to calculate the
events with more than one element we just add the probabilities P(x; or x;) = P(x;) + P(x;).
Also we can impose that the probability of any event on the sample space happening to be one
P(x(Q))) =1.

Of course our sample space can be uncountable like the height distribution of a population.
In this case, it’s meaningless to talk about the probability of measuring a single height. Instead,
we calculate the probability of a random variable to be in a interval x, x + dx by

P(x,x+dx) = p(x)dx, (3.1)

and p(x) is the probability density function (pdf). Generalizing for finite intervals the proba-
bility of a random variable be found in a interval [xo, x rlis

Xf
Jq p(x)dx
P(xg < x < xf) = “g——, (3.2)
Jo p(x)dx
and we set the denominator integral to one. In the Bayesian point of view, we understand the
expression 3.2 as the confidence we have that the random variable will lie in that interval. Two

important pdf’s in statistics are the Gaussian and Poisson given respectively by

_ 1 (x — p)? _ A
pe(x) = ﬁexp [_M , pp(x) = o (3.3)
note that in the Poisson distribution x is a discrete variable. y, o, A are fixed parameters.
Another key notion in statistics is the distribution moments which are defined as
(x") = / x"p(x)dx, (34)

where 1 is the number of the moment, they yield information of p and we can reconstruct the
full pdf from all of it’s moments [52]. In practice, we will be interested in the first moment
which is only the mean of the distribution and the variance given by ¢ = (x?) — <x>2. For the

Gaussian and Poisson distribution the mean is respectively (x,) = p, (x,) = A and variance is

2=02,0%=A.

7, p

8



3.1. Maximum Likelihood estimators 23

In more realistic analyses we usually do not have much information about the pdf that de-
scribes a phenomenon we have only a sample {x1, xp, ..., x5 } of N measurements. For example,
we do not know the distribution of a populations height, we have only a sample of the height
of people we measured. Naturally the question arises how we can extract pdf information
from these samples? One method is by using estimators of the distribution parameters. These
estimators are function of the data, the two most common estimators are the arithmetic mean

Zg\i1 Xi

= —"—, 3.5
&= = (35)

which estimates the mean distribution y and sample variance

N (s 2 N
o i (B —x) 1 2 _ 2
e i 2x (3.6)

which estimates the distribution variance 0. We can construct estimators for any parameter
of our distribution, however, in order for this construction to be useful the estimator must
have three properties, they need to be unbiased, consistent and efficient. To understand these
properties we need to consider an estimator 6 of a parameter 6 as random variable itself with
its pdf p(#). So the estimator is said to be unbiased if it’s expectation value is the true value of
the parameter that is

@y—[ bp(6)dé = 6. 3.7)

The arithmetic mean in equation 3.5 is an example of unbiased estimator since

ZN (xi) Zf\il fP(xi)xidxi Zz’]\ill’l

where y is the true mean of the distribution. While the sample variance estimator is biased
since
21 (¢ 2 1 (& 2 1 (8 2, 2 o’
Ui =N i:Zl<xi>—V =N E/P(xi)xidxi—ﬂ =N ;‘7 - | =5 69
N (x2) — (£2 —
) = E O ey e = (M) (3.10)

where 02 is the true variance of the distribution and o% is the variance of the mean estimator,

the first equality comes from the definition of the distribution variance.

The second property is consistency this means that if the number of measurements N in
the sample increases the probability of the estimator yields the true value of the parameter also
increases that is if

N o= Pl=0)—1. (3.11)

One way to practically check the consistency of the estimator is by looking at their variance, for

instance by equation 3.9 we can see that the if N growths the mean estimator variance goes to
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zero and hence it’s consistent. Finally, the last property is efficiency, this is measured in terms
of the estimator variance. Unlike the other two properties one cannot usually find the most
efficient estimator only compare the efficiency of two estimators.

The choice of estimators for a given distribution parameters are rather arbitrary. A natural
question arises, how can we construct a good estimator? One way to do this requires that we
first define the likelihood of the dataset. A likelihood L({x;}|6) is the conditional probability
of obtain a sample of measurements {x;} given that the value of your parameters model are
0. Note that the likelihood is a pdf in the measurements {x;} not in 6. Since L yields the
probability of obtaining that data ,we naturally want to know what values of § makes our data
most likely to happen. Hence, we will choose our estimators to be the ones that maximizes the
likelihood, that is

6 = max L({x;}|6). (3.12)

This method is called maximum likelihood estimator (MLE). Let us consider for example a
sample {x;} from a Gaussian distribution with variance one and want to find the MLE for the
mean . In this case we need only to calculate the derivative of equation 3.3 and make it zero

resulting in

dp({xidm) _ 1, [
dp V27

which is just the arithmetic mean. In general, we cannot assure that the estimators generated

N (. _ 2] N 1 XN
_W] Z(xl._ﬁ) 0=fl= N.X;xi’ (3.13)
i=1

from this method have all the three properties we want (however the theory of the MLE estima-
tors prove that all three are asymptotically true given mild assumptions about the likelihood
smoothness). For the likelihoods used in this work the estimators are consistent. However, the
estimators from these likelihoods can have significant bias depending of the sample size and
mass observable relation as shown in [53].

The shape of the cluster counts likelihood will be given in the followings sections and we
will use this method to state the most likely value for the cosmological parameters. However,
we will not test if the shape of the likelihood function is correct or not. Such an analyses require
further tools which goes beyond the scope of this work.

3.2 Bayes Theorem and Markov Chain Monte Carlo method

In the last section, we show the MLE method to find the most likely value for a parameter
given a likelihood. Every measurement has uncertainties associated with it, hence, we need a
full region of possible values to estimate the error bars in our cosmological parameters. In the
Bayesian viewpoint, we want to update our confidence region on the parameters value after
collecting the data, therefore, we want the probability of the parameters have value 0 given our
dataset P(6|{x;}), also called the posterior distribution.
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We calculate the posterior probability using Bayes theorem given by

P(E|(x)) = “SHOEE), 614)

where L is our likelihood function, P(6) is our prior distribution and P({x;}) is the probability
of obtaining the data independent of our model. The prior distribution represents our degree
of confidence in a hypothesis before we collect any data stating our prejudices with respect to
the model. There are two problems when choosing the prior that one must be aware. First and
most obvious is choosing a prior to be too restrictive. For example choosing a Gaussian prior
with a small variance will make the posterior dominated by the prior information, yielding the
wrong confidence region for the parameter. The second problem is the opposite choosing a
prior that has too little information, in that case we may be unable to reach any conclusion. For
example, if we choose a prior to be close to zero in equation 3.14 the value of the posterior will
be close to zero, that is we have not gained much new information. In the analyses performed
here we will use an unnormalized flat prior, that is all the values in a fixed interval will be
equally likely

P(0;) =1, if 0; yin < 0 < 0; juax- (3.15)

At a first look appears this prior has the least information possible, however when choosing a
flat prior we know the scale of the quantity. For instance we know the matter density parameter
)y, is close to one hence we can use a flat prior. If we deal with quantities that may vary widely
in scale like the mass of clusters we could use a flat log, that is the In(6;) is equally likely. But
since the cosmological parameters we are going to estimate have a well limited scale we will
stick to the flat prior.

The denominator of Bayes theorem is marginalized likelihood, mathematically is only the

posterior normalization and given by

P({xi}) = [ L({x:}I6)P(B)ce. (3.16)

Usually we cannot calculate the normalization explicitly since it’s computationally expensive,
however. when running the MCMC we won’t need the normalization constant. For this reason,
we do not need to worry about it. In order to define the confidence interval for a parameter 6;

of our model marginalize the posterior in all the other parameters that is

PO:[{x}) = /P(@]{xi})dez...dON. (3.17)

And from the last equation we can determine the error bar of the parameter as the region
[61,min, 61,max] encapsulating 1 — a of the probability of the parameter be in that interval by
solving

-0 ,max
1—a :/ " P60y {x:) )6 (3.18)
0

1,min

We say that 0 is in [01 i, 61,max] With 1 — & confidence level. Usually we will use the 68.2%,
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95.4% and 99.7% confidence levels. We can extend this notion to higher dimensional confidence
regions. We integrate over all other parameters obtaining an integral as equation 3.18, but now
in the dimension of our confidence region. Usually, we are interested in the two dimensional
regions. This integrals however are costly to be performed hence we turn to numerical methods
to estimate the posterior and one method is the Markov Chain Monte Carlo (MCMC).

The idea of the MCMC method is to construct a sequence of samples of a target distribution
which is difficult to sample from. This sequence must converge to the target distribution, in
our case the posterior distribution of our cluster counts models. First, we need to construct a
Markov Chain which is a sequence of realizations of our random variables {51, (72, ..GN } where
the current element depends only on the last that is 0 depends only on 6'~1. The idea is that
we start sampling with a random choice based on some criteria and as the chain evolves we
converge to the posterior distribution. From there, we use the sample the posterior distribution
to construct the confidence intervals. The first elements in the MCMC samples are usually
dominated by the movement towards the target distribution center and is called the burn in.
In order to the chain converge to the desired distribution we need to satisfy

/ P | {x; K@ — 61)aNe = P(@+[{x,}), (3.19)

where K(6" — 671) is the transition kernel. This condition is only the requirement that the

point 0itlis sampled from the same distribution as 0.

To construct the Markov Chain we need to provide the information of walking to the current
step to the next, this relation is probabilistic and given by the transition probability T (671]6"),
once we establish this function we can sample from this distribution the next sample of the
chain. Given a next step in the chain we need to accept or reject it, there are many ways of
doing this. The algorithm we will use is based on the Metropolis-Hastings criteria, that is the
probability of accepting a new point given the old one is

A (61)F) = min {1, PO {x ) TE6" ) } . (320)
P(0'[{x:})T(6"1]6")

Since we only look at the ratio of the likelihoods to accept or reject the point we don’t need
to calculate the normalization of the posterior function. We will want to construct reversible
Markov Chains, that is the probability of taking the step 8 — 6°*1 must be the same of going
back 61 — @, this is called the detailed balance condition

P@E| ()T (F418) A (F118) = P@" | (x))T (F1F) A (815). (3.21)

With the detailed balance condition we can define the kernel transition as

K(F — 1) = A (é‘i+1|é‘i) T (é’i+1|é‘i> n [1 B /A <é‘i+1|é‘i) T (é’i—i—l,é‘i) dNQi'H} 6.
(3.22)
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where the second term is to account for the case where we reject the next point. By this defi-
nition for the kernel together with the detailed balance condition we can assure condition 3.19
to be satisfied. Each algorithm has it’s own way of prescribing the transitions probabilities. We
will use APES algorithm proposed in [54].

Once we obtained the samples from the posterior distribution using the MCMC we can
calculate the expectation value of any function of a given cosmological parameter by

(F(6) ~ . T F@), 6.23)
]

we usually use this to calculate the mean and the variance of the parameter distribution. An-
other simplification coming from the MCMUC is the calculation of the marginalized distribu-
tions. Instead of performing multidimensional integrals now we only ignore the columns of
the resulting matrix. And to calculate the 1D and 2D confidence regions with the MCMC we
use the points to calculate the interpolation of marginalized posterior and from this interpola-
tion we calculate level surfaces and count the fraction of points lying inside this region. When
the fraction of points inside this region is 68.2%, 95.4% and 99.7% we found the 10, 20, 30

regions.

3.3 Binned and Unbinned cases

Once we predicted the number counts of clusters we need a likelihood function to compare
this prediction with the observer number of clusters, but before we need to establish the ob-
servable relation between mass and richness and for the redshift. The latter we will consider
only the spectroscopic measurement hence the relation between the true redshift and observed
one is given by a Dirac delta function

p (Zobs|z) = 5D (Zobs - Z)/ (324)

that is the measured value is the true redshift. For the mass we will consider two cases, the
first will be the simplest one which we know the true mass and also will be given by a delta

function

P (Mops|M) = 6P (Mops — M). (3.25)

We will consider this simplest case for two reasons, first is to test the tools in a controlled
scenario and second to compare the loss of precision when including the proxy. Then, we

will include the the richness proxy following a normal distribution with mean and variance
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depending on the mass and redshift of the cluster given by

1 (InA — u(M,z))?
P(InAM,z) = ———exp | — , 3.26
( | ) /ZHU(M,Z) p ZU(M,Z)Z ( )
M 1
#(M,z) = po + pum ln + pzln —— +z (3.27)
142z
M 1+z
(Mz)—(70+c7MlnM +UZln1—|— - (3.28)

where M and zj are respectively a fiducial mass and redshift to be chosen. In a realistic anal-
yses, we will need to fit all the parameters in the mass-observable relation which worsen the
constraints on the cosmological parameters due to the high dimensional space on the param-
eters. We can reduce this issue by considering the cluster clustering analyses and the bias or
including different kinds of data, like supernova or BAO, but in this work we do not carry this
analysis will only fit a small subset of these parameters in a controlled environment.

Once we have the proxies we marginalize the cluster number counts in the true mass and
Redshift and find the distribution of clusters with observed mass M, ; and Redshift z,; ; given

by

Zmax Minax
d?V(z) dn(M, z
xj = As /M dzd(Q) ElM )P(Mobs,i\M,Z)P(Zobs,i!M,Z)deZ- (3.29)
Zmin Minin

To get the full clusters in the range of the observed quantities we only integrate x; is the re-
maining variables, that is.

Zobs,max Mobs,max
NT = / / x; AM,pedzope. (3.30)

Zobs,min Mobs,min

We define the linear bias of a given cluster in similar fashion

Zimax Minax
A d?V(z) dn(M, z
b= / dzd(ﬂ) éM ) b(M, 2)P(Mapi | M, 2)P(zpes| M, 2)dMdz | (331)
Zmin Myin

In order to construct the unbinned likelihood we need to construct the probability of find-
ing a cluster with observed mass M,,; and redshift z, ;, but since we know the cluster dis-
tribution, we can find this probability normalizing equation 3.29 with equation 3.30. Then the
probability of the whole sample is just the product of the individual probabilities. In addition
to this we need to account for the probability of measuring a different number of clusters than
the predicted one, to model this we use a Poisson distribution. Thus, the likelihood function
for the cluster counts individually is

(NT)N —NT N
51L = THW . (3.32)
1=
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We called this the cluster counts unbinned likelihood [53].

When using the unbinned likelihood, we use the full information presented by the catalog
and naturally this yields the best constraint possible for the cosmological parameters. However,
the MCMC method for this likelihood is very costly and could take a long time even using
a supercomputer. So, it is useful derive a new likelihood which gives up some information
of the catalog if it allows this constraints to be computed faster. We do this by binning the
observed quantities in a small number of bins and instead of having the distribution of clusters
we calculate the number of clusters in a bin « of redshift and a bin 8 of observed mass by

Zobs,a+1 Mohs,ﬁ+1
NI = / / x; AMypedzops | (3.33)

Zobs,a Mobs,ﬁ

As for the linear bias we now calculate the bias in the bin and is

Zobs,a+1 Mobs,ﬁJrl
bup = / / by AM,pedZops | - (3.34)

Zobs Mabs//i

Obviously when binning the data we need to provide a new likelihood for the number of
clusters inside the bin. Following the idea of the probability of measuring N having predicted
NT in equation 3.32 the probability of measuring N, g in a bin given the theoretical prediction
is given by a Poisson distribution. Hence, the likelihood is the product over all bin pairs, that

1S

Nupg _nNT
) ﬁﬁe Nup

L=T] i

o

(3.35)

~

na g (NT
B

Np!

where n, and ng are the number of redshift and observed mass bins respectively. We should
stress that we can have more bins if we consider other set of mass-observable relations, for
instance if we use combined with richness lensing mass for the cluster we will have another

product over the bins on the lensing masses as exemplified in [55].

Naturally when we bin the data we will be losing information from the catalog and this will
depend on the size and number of bins we choose, for instance if choose only one bin we will
be giving up almost all the information about mass and redshift. Another problem with the
binning process is that we cannot provide uncertainties for each measurement, instead we talk
only on the average value of the proxy inside the bin. Also there is another issue in consider
the binning likelihood, as shown in [53] the biases on the parameters best fit is bigger than the
unbinned case. However, it is faster to run the MCMC with likelihood 3.35, hence it must be
consider case by case if is worth it giving up the precision.

As a final remark is worth pointing out that besides the information about the proxy a more
realistic analyses would require the knowledge of the catalog completeness and purity. For
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this we would need to provide two more functions to correct the cluster counts distribution in
equation 3.29.
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Chapter 4

NumCosmo and CCL Cross-Check

The results presented in this chapter comes from the project 203 of LSST-DESC group. Here,
we compared the prediction of cluster counts and mean halo bias from the libraries NumCosmo
and CCL. These libraries will be used by the collaboration, therefore, it is crucial they are pro-
viding the correct results in their predictions. The only way of truly testing them is to perform
a direct comparison since they were built independently and should not have the same bugs

and errors.

Beyond their internal consistency, we can compare their efficiency on predicting cluster
count and halo bias. It is important that these libraries perform calculations as fast as possible
since they will be needed to calculate the likelihood later and since the MCMC is computation-
ally expensive. We need these numerical integrals to be performed in the fastest way while
keeping a reasonable precision. When the Vera Rubin is finished these two libraries will pro-
vide likelihoods to be used by the collaboration and to ensure their functionality, we must check
it in all levels of the libraries. From their precision in calculating the background cosmology
to the construction of the halo mass function and proxies until the numerical integration of the
cluster counts prediction.

This chapter will first present the cross-check of the true table of cluster counts prediction,
that is, when we know the true mass and redshift of the cluster in the unbinned case where we
only need to calculate the mass function and the binned case where we will need to perform
the numerical integration in each bin. In the second section we repeat the cross-check adding
richness-mass relation to see how it changes the agreement and efficiency of each library. Fi-
nally, we will compare the mean halo bias predicted and show the NumCosmo implementation

of the mean bias when we have a proxy. This case is still not implemented in CCL.
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tribution, the color map is for the different cluster mass with set-high-precision
option on.

4.1 True table

In order to perform the integrals comparison, we constructed a mock catalog with the fidu-
cial cosmological parameters used in the DC2 simulation these values are given in table 4.1. We
constructed the mock catalog with a survey area of 5264.05 deg?, which is the survey area of the
DC2 skysim5000_v1.1.1 halo catalog. Used a depth of z ~ 2 and mass range of [10'4,10] M.
We used these values to have a suitable range to compare the predictions in a wide range for
possible intervals of a future analyses. For the mass definition of the cluster we choose as a
reference the critical density with a A = 200. But since the Tinker multiplicity function is fitted

in terms of the mean matter density of the universe we need to convert A by

A

A = ,
Qu(z)

(4.1)

in order to predict the correct results for the cluster abundance. The parameters used in the
multiplicity function are a function on A" hence we need to interpolate the parameters Ay, ag and by
to be used, the values set by our initial definition of A are given in [28].

We binned the data into ten equally log spaced mass from 10 to 10!*® and seven evenly
spaced redshift bins ranging from 0 to 2. Then we set NumCosmo and CCL to calculate the
cluster counts prediction in both unbinned and binned cases and the results are displayed in
figures 4.1, 4.2. From this two figures we can see that there are cases in which their results
agree only up to 0.1% especially in the binned case. The binned case has a higher difference

because is performed a numerical integration in each bin. This level of agreement is insufficient
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diction inside the bins, each color stands for a different redshift bin with set-high-
precision option on.

within the precision required to compare future analyses on constraints of the cosmological pa-
rameters. This disagreement comes from the lack of precision in CCL’s default configuration
when performing the splines to interpolate the mass function, Hubble function H(z), cosmo-
logical distances and other cosmological functions. With that in mind we developed a python
script in NumCosmo to change these configurations in CCL and match with the ones used in
NumCosmo named ccl_cosmo_set_high_prec.

With this option on we repeated the comparison and the results are given by figures 4.3, 4.4
for the unbinned and binned case respectively. Now the two libraries agree up to 10~4% even
for the binned case, leading to a satisfactory result. Another important improvement when
using this option is that this difference has a small variation, that is, while in the first case there
were points 107! and 107%% with the high precision configuration now they tend change less
allowing a greater control on this difference.

With the two libraries agreeing in their predictions, we can compare their efficiency in cal-
culating those quantities. First we see that when we set the high precision option the cluster
distribution and number counts in the bin are calculated faster in a time 15.44s and 21.21s
respectively, without this option it increases to 19.23s and 26.64s. This happens because the
functions are subject to a smaller error and the integrals can be calculated faster, however the
time increases when CCL is preparing these interpolations from 0.3s to 23.30s making the over-

all time increase for the true table case. Now NumCosmo perform the same calculations in
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Oy, | 0.265

Hy | 71km/sMpc
O | 0

(%] 0.8

0y | 0.0448

TABLE 4.1: Fiducial Cosmological parameters used in DC2.

0.71s and 0.42s which is significantly lower when compared to CCL.

4.2 Mass Proxy table

With the agreement between the cluster counts for a true table we can introduce the richness-
mass relation given by equation 3.26. We now constructed a catalog using NumCosmo as the
latter but now we assign a richness for each cluster ranging from [0, 10%] and removed the clus-
ters with richness larger than 100. The bins distribution for the redshift is the same as the last
and we binned the base ten logarithm of the richness in seven equally spaced bins from 0 to 2.
The proxy parameters used in constructing the mock catalog are shown in table 4.2. Here we
only display the results for the set high precision option. It's important to mention however
that again when setting this option the numerical calculations time are reduced from 21min45s
and 8min43s to 19minl0s and 5min31s in the unbinned and binned case respectively. Now
even when considering the time to prepare the interpolations the code runs faster with the
high precision option on.

Now when comparing the CCL and NumCosmo the agreement was close showing the pre-
cision option still solves the problem for this case. Also in this case we can see a tendency of a
slightly worsen when we perform the calculation in higher redshift and lower richness value.
However when it comes to the efficiency the difference was even bigger since CCL takes the
times mentioned above and NumCosmo took 0.6s and 0.04s in the unbinned and binned case
respectively. Here an additional difference between the two libraries when calculating the in-
tegral in the observable mass. While CCL perform a full numerical integration using scipy, in
NumCosmo we perform the integration on the observed mass first and doing this can calculate
analytically making the code more efficient.

In order to solve this efficiency problem CCL developed two approximate methods. The
first is to construct a tabulated grid with the integrand of cluster counts and from this grid use
the Simpson integration method calculate the cluster distribution. The second method is to use
the grid to construct a interpolation from the integrand and perform the numerical integration
using scipy. The results of these comparisons are given in figures 4.7 and 4.8. In the unbinned
case we only check the grid method since we do not need to perform the numerical integration
and the interpolation is not needed. We can see a good agreement between the exact method
in most clusters and the execution time was reduced to 8.3s which is significant. Now in the
binned case we lose precision in the grid method due to the numerical integration and the exe-
cution time was 0.6s, while the interpolation method showed to be in better agreement but the
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mo | 3.190
tm | 0.868
u- | —0.304
oo | 0.330
om | —0.034
o, | 0.0

TABLE 4.2: Richness-mass relation parameters.

execution time of 34.62s. Both these approximate methods attenuates the efficiency problem,
however they still do not perform as fast as NumCosmo code within the same precision. The
notebooks done to compare CCL different methods were created by the collaboration and are

presented in the GitHub.

Ihttps://github.com/LSSTDESC/CLCosmo_Sim/tree/issue/15/binned_cosmological _analysis/notebooks
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4.3 Halo Bias

The last part of the cross-check is the the halo bias comparison. We kept the limits from
the mass and redshift from the first analyses as well as the bins construction. In this case we
perform only the comparison using the true table for mass and Redshift since CCL does not
provide the option to implement proxies for calculating the halo bias. The bias comparison
results are presented in figures 4.9 and 4.10 for the unbinned and binned cases respectively.

Again NumCosmo were more efficient to calculate the bias taking 1.3s and 0.05s while CCL
takes 9.6s and 21.96s for the unbinned and binned case respectively. This time however their
agreement was about 10~ 1% in both cases even with the high precision option. The difference
is still small for LSST-DESC standards but this increase will be investigated in a future work to
return to the 1074% case.

Then we implemented in NumCosmo the possibility of calculating the bias of a cluster
given some mass or redshift proxy. Here we kept the same as the one used in the proxy case
comparison but now we reduced the number of bins to four for the redshift and three for the
richness and the results are presented in figures 4.11 and 4.12 for the unbinned and binned
case respectively. In the unbinned case NumCosmo took 6.30s while the binned took 0.90s
to be calculated. This implementation will be crucial when will introduce the super sample

covariance in the cluster counts likelihood in a future work.
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FIGURE 4.9: Relative difference between NumCosmo and CCL cluster bias dis-
tribution, the color map is for the different cluster mass.
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Chapter 5

Cosmological Constraints

The results presented in this chapter come from the project 139 of LSST-DESC group. From
the results of the last chapter we use the clusters distributions predicted by NumCosmo, which
have the desired precision and efficiency, to test the likelihoods 3.32 and 3.35. These two func-
tions will be used by the collaboration in the end of our project to constrain the data from the
Vera Rubin Observatory. Therefore, we need to study all of its limitations and advantages to
understand the best option in each situation.

The first part of this chapter consists of testing the likelihoods in the mock catalog. First we
will show the complications in the analyses when we include uncertainties in the cluster mass
with and without the self calibration. The next step is to compare the results from the binned
and unbinned likelihoods and test the precision they retrieve and time it takes to constrain the
catalog parameters. After performing these comparisons, we will apply our unbinned like-
lihood to the DC2 simulation and retrieve its cosmological parameters. All analyses in this
chapter were done in the Nersc supercomputer using 150 threads. So keep in mind that these
analyses could take much more time in a regular computer.

5.1 Binned and Unbinned comparison in the Mock catalog

To construct the mock catalogs we used the same values as the last chapter’s parame-
ters (see tables 4.1 and 4.2). This time we set the survey area to 439.79deg? to match the
cosmoDC2_v1.1.4_redmapper_v0.8.1 catalog in DC2. In all catalogs we set the redshift z inter-
val to [0,1], the mass M interval was [10'3,10°] Mg and for the richness A interval we used
[0,100]. One remark is that when we consider galaxy clusters with low mass clusters a realistic
catalog will be incomplete and not pure and to avoid those issues we may model these two
phenomena or choose a higher lower mass limit. Our mass definition still follows 200p.. In the
binned analyses we binned our data into four equally spaced bins in z, while the richness and
mass we binned into three equally log spaced bins. We choose to fit the g and (), cosmological
parameters which have a high correlation when determined by galaxy cluster number counts
data. For the self-calibration we fit po.

The best fit and error bars for our parameters in all cases are given in table 5.1, where the
error bars are the 1o confidence region, that is, we are 68% confident our parameters lies in
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Oy 03 Ho
True unbinned 0.264 001 | 0.801 1505, | No fit
True binned 0.264" 0001 | 0.80075 003 | No fit
Proxy unbinned 0.266 0000 | 0.797 5003 | 31917 g00m
Proxy binned 0.265 0005 | 0.798% 5 00s | 31927 000=
Proxy unbinned noself | 0.26570002 | 0.798 000 [ No fit

TABLE 5.1: Best fit and MCMC results.

that interval. First we want to compare the change in precision due to the presence of the mass
proxy alone and with the self-calibration and the results are presented in figure 5.1. For the case
with the richness proxy the volume of the confidence region increased 8.6% when compared to
the true data case. This effect is only due to the presence of the proxy we also can see comparing
the case with and without the self-calibration it’s effect. By the corner plot we can see the larger
size of the blue curve in comparison with the green one. We can’t compare the volumes of
the confidence regions between these two cases because the parameter space in the blue curve
has a higher dimension, this leads to a smaller volume and NumCosmo still doesn’t provide a
method to calculate the sub volumes of the corner plot. This method will be implemented in
the future.

The second aspect we want to compare on the MCMC results is the difference between the
unbinned and binned likelihoods. In the case we have the true table, figure 5.2, for the mass and
redshift the MCMC took 14min44s for the unbinned analyses while for the binned the time was
13min56s. However the volume of the 10 increased 15.64% when we binned the data meaning
we lost this amount of precision. In this case the binning significantly worsen our result and
doesn’t provide much improvement in execution time. The last comparison for the likelihoods
is when we need to perform the self-calibration, figure 5.3. This time the unbinned analyses
took 1h43min43s to fit one additional parameter while the binned analyses took 42min58s, the
time difference already is significantly smaller. The 1c confidence region this time increased
7.69%. We can see that the variance of the 1o confidence region has decreased from the true
case to the proxy case while the time difference of the executions has increased by 50 times.
Hence when performing the full calibration it may be unavoidable to use the binned analyses
since we will need to fit five more parameters and the time execution increase is much bigger
than the variance increase.

The results of this section also highlight the importance of the cross-check done in the last
chapter. In the first part we see the increase of our uncertainties when we implement the proxy
hence we need to reduce all the numerical error to the smallest possible in order to retrieve the
cosmological parameters in the required precision. In the second part we show the increase in
the execution time to perform the self-calibration, hence is crucial our likelihood calculations
to be done as fast as possible to avoid becoming a bottleneck for the MCMC analyses.
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FIGURE 5.1: Corner plot from the NumCosmo mock catalog with an unbinned

likelihood. The red curve is the case where we know the clusters true table, while

the blue and green are the corner with the richness proxy(3.26), with and without
self-calibration respectively.
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FIGURE 5.2: Corner plot from the NumCosmo mock catalog with the true table.
The green curve is for the unbinned likelihood and the blue curve for the binned
likelihood.
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FIGURE 5.3: Corner plot from the NumCosmo mock catalog with the richness
table. The green curve is for the unbinned likelihood and the blue curve for the
binned likelihood.




50 Chapter 5. Cosmological Constraints

5.2 True Table constraint from DC2

After testing the likelihoods we would like to retrieve the cosmological parameters used in
the DC2 simulation, as a first test we used the skysim5000_v1.1.1, which contains the true table
for the simulated halos in a area of 5264.05deg?. To assure the catalog completeness we set our
analyses in the mass interval M € [10'%,10%°] M and redshift range of z € [0, 1]. As mentioned
before the DC2 halo masses are defined using a FOF algorithm then they provide a catalog with
the mass converted to a SOD definition using 200p.. We used the SOD mass definition so we
could keep using the Tinker multiplicity function. We fit the og and (), parameters.

The results of the first analysis is in figure 5.4. We couldn’t recover the correct values for the
parameters even in a 3¢ region. To understand the reason this happened we first reconstruct the
halo mass function for the catalog. In figure 5.5 we marginalized the mass function in redshift
and fit it as function of the halo mass. The red curve is the case where we used the fitted
cosmological parameters to construct the mass function while the black curve we used the
catalog fiducial parameters. We can see that the mass part of the mass function is in agreement
with the catalog given by the blue area, which is just the number of clusters inside the bins
of mass. Then we repeated the analyses but now we reconstructed the mass function as a
function of the redshift. From the results of figure 5.6 we spotted that for higher redshifts there
is a disagreement between the fitting of the mass function and the data.

With that discrepancy in mind, we repeated the MCMC analyses in two different redshift
sub intervals of the original analyses z € [0,0.5] and z € [0.5,1]. The results are showed in
figure 5.7. Indeed for the first sub interval, blue curve, we could get the correct cosmological
parameters within the 20 confidence region, which has improved the result but we still don’t
find it satisfactory. For the second sub interval, green curve, the correct parameters also fell
out of the 3¢ confidence region. This discrepancy can be due to the super sample variance,
since the bias of the clusters grows with the redshift as can be seen in figure 4.11. To investigate
this possibility we will implement a new likelihood in NumCosmo in a future work. Also it
could be the choice of multiplicity function and we will implement in NumCosmo and test the

analyses with the Despali multiplicity function [56] in the future.
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Chapter 6

Final Remarks

In this work we first performed the test of two modularized cosmological software, Num-
Cosmo and CCL. They were developed so we can test every model present in the Vera Rubin
Observatory. From the background cosmological model, to the statistical relations between ob-
servable and the clusters properties or systematics in the measurement process. We could only
test these libraries by comparing their results with each other since they were built indepen-
dently. Our test were focused on their cluster counts prediction and the halo bias in unbinned
and binned cases given by equations 3.29, 3.33, 3.31, 3.34. We initially found that the CCL
cluster counts prediction did not agree within our required precision. This happened due to
lack of precision in CCL splines to prepare the mass function. To solve this we implemented
the set_high_precision function to match the precision used in NumCosmo. With that option
both libraries were consistent. However we measured the efficiency for the calculations of
these quantities and CCL, using the maximum precision option, were significantly slower than
NumCosmo. However CCL has approximate calculations which reduced the time needed to
calculate the cluster counts but it loses precision. When we compared the results of the mean
halo bias the agreement has decreased to the 1071%. The reason to this is still under investi-
gation but it is still a good agreement but significantly lower than what was obtained for the
mass function. Finally, we presented NumCosmo new implementation to calculate the halo
bias with proxies. In particular, we use the richness 3.26.

After the consistency test performed in these modules of NumCosmo and CCL, we turned
to the test in the statistical tools developed in NumCosmo to analyze clusters catalogs. The
first test was done in a Mock catalog to highlight the increase in the variance of the parameters
fitted in different scenarios. First we compared the results of the MCMC using the unbinned
likelihood 3.32 for the cases where we have the true table and the richness proxy with and
without the self-calibration. Then with that difference known, we compared the constraints
from the unbinned and binned likelihoods for the true table case and proxy case with self-
calibration and quantified the increase of the posterior volume. Finally, we used these tools to
run the MCMC on the skysim5000_v1.1.1 catalog in the DC2 simulation. In the first analyses
we could not find the correct parameters used in the simulation. But we found a difference
between the fitted mass function and the data for higher redshifts. Repeating the analyses in
a smaller redshift we retrieved the parameters in the 20 region and the one made in higher
redshift was worse than the original as expected. The possible causes to this disagreement in
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high redshift is still under investigation. We believe that some important part comes from the
sample variance effect which is not taken into account, or the choice of the multiplicity function.

Also could be the case of an error in the simulation itself.

Naturally there still much to be done in a future work to improve the tools to be used by
LSST-DESC collaboration. The main topic to study in a future project is the effects of sample
variance in the cluster counts likelihoods. With that new implementation, it will also be crucial
to repeat the cross-check between CCL and NumCosmo to test their consistency at all levels to
make them best tools possible to be used by the collaboration.
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