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From Globular Clusters to the Most Massive Haloes

Abstract

In spite of the rapid progress of numerical simulations as tools for studying large-scale struc-

ture formation, there is still a considerable degree of uncertainty regarding the details of the

physical processes governing the dynamics of the baryonic matter in the Universe. In this the-

sis, we explore the impact that specific choices in the modeling of baryonic physics in computer

simulations have on the gas content of haloes spanning more than 10 order of magnitude in mass,

from the size of globular clusters with masses in the 104 − 107M⊙ range, to the most massive

galaxy clusters at 1015M⊙.

We start by examining the assumptions necessary in order to consistently set up the initial

conditions of cosmological simulations following the evolution of both baryons and dark mat-

ter. Using adiabatic high-resolution numerical simulations, we quantify the effect that the non-

negligible relative motion of baryons with respect to dark matter at the time of recombination

has on structure formation and evolution. We find that a non-zero relative velocity has a sizable

impact on the number density of haloes with masses ! few×107M⊙ up to z = 10, the final red-

shift of our simulations. Furthermore, the gas stream velocity induces a suppression of the gas

fraction in haloes, which at z=10 is ∼ 10% for objects with M ∼ 107M⊙, as well as a flattening

of the gas density profiles in the inner regions of haloes. We further identify and study the for-

mation of moderately long lived gas dominated structures at intermediate redshifts 10 < z < 20,
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that recent analytical work has proposed as potential progenitors of globular clusters.

For the remainder of the thesis, we change our focus and investigate the impact on the bary-

onic content of haloes of physical processes which become relevant at later stages of structure

formation. Using the Illustris simulations suite, a high-resolution numerical simulation of a cos-

mological volume of (106.5 Mpc)3, we analyze the distribution of the ICM gas in galaxy clusters

with virial masses in the 1013M⊙ − 2 × 1014M⊙ range. We find a substantial spread in both

structural and observable halo characteristics, particularly for the less massive objects studied,

and pinpoint the source of the scatter to be the radio mode of the AGN feedback implemented.

Our halo sample also indicates that the impact of AGN feedback decreases for the more massive

objects, which motivates us to explore the evolution of clusters with masses above those realized

in Illustris.

We further pursue the investigation of the impact of the specific implementation of AGN

feedback on the properties of galaxy clusters by running and analyzing the iClusters suite, a

series of high resolution zoom-in simulations of 6 galaxy clusters with masses between 2 ×

1013M⊙ and 2 × 1015M⊙. Their evolution is modeled by using five distinct implementations

of relevant physical processes, three of which include different AGN feedback models, recently

used in the literature. We confirm a decreasing trend in the impact of AGN feedback on the

state and observational signatures of intracluster gas with increasing halo mass. Furthermore,

we find an excellent agreement with observations for all of the models of baryonic physics

implemented in the iClusters simulations, which we believe is due to the fact that observations

currently have access to objects with masses above 1014M⊙. Finally, our simulations suggest

that observations of lower mass objects are needed in order to place constraints on the specific

details of the implementation of AGN feedback.
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1
Introduction

While astronomy, as a subject, has preoccupied the human mind for millennia, astrophysics, as

we know it, is one of the youngest fields of science. Ancient civilizations around the Globe,

from Mesopotamia to the Mediterranean Sea, and from Central America to South-East Asia,

have engaged in methodical observations of the night sky, which they used both for practical

purposes, in order to determine seasons and infer the length of the year, as well as a foundation

for answering philosophical questions related to the nature of different celestial bodies and their

relation to the Earth. However, it was only with the discovery of the telescope, during the Re-

naissance, that accurate measurements of the motion of celestial bodies were made, convincing

the scientific community that the Earth is not situated at the center of the Universe. And it was

less than a hundred years ago when Edwin Hubble made the monumental discovery that not only
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is the Sun not the center of the Universe, but neither is our galaxy, and that there are potentially

infinitely many galaxies similar to ours.

In a sense, the twentieth century brought the physics into astrophysics, yet ours is a scientific

field unlike any of the other natural sciences, with no controlled laboratory experiments to be

performed and no objective observers to draw conclusions. The Universe is the only experiment

to ever be run in astrophysics and all we can do is observe its evolution as a biased observer from

within the experiment itself. The discovery of the telescope promoted astronomy to a scientific

field, and the building of larger, more sensitive telescopes, situated both on Earth and aboard

satellites, made astrophysics one of the fastest progressing sciences of the past century. Nev-

ertheless, telescopes allow us to observe and not experiment, and it was in order to fill this gap

that astrophysics started using numerical simulations, almost as soon as computing resources

became available, half a century ago. Like a child building a castle from Lego pieces, numer-

ical simulations attempt to recreate the formation and evolution of cosmic structures, from the

most massive galaxy clusters, down to stars and regions no bigger than our Solar System, by

incorporating our best theories regarding the ingredients that make up the Universe, in terms of

matter and physical processes. The question asked at the end of any simulation is how similar

the toy Universe created on the computer is to the one we observe as we look at the night’s sky.

The hope is that the answer will shed some light onto the nature of some of the key physical

processes involved in the formation and evolution of structure in the Universe, allow to dis-

criminate between competing theoretical models, and help develop tools for better interpreting

observational data. The expectations are high and the field is rich driving innovations, both in

terms of algorithms and in terms of physical processes modeled, at an exhilarating pace.

The past twenty years have been dubbed the ”era of precision cosmology” with larger, more

sensitive telescopes taking a glimpse into the time when the first galaxies and stars formed. With

exquisite measurements of the cosmic microwave background (CMB), the radiation emitted only
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300,000 years after the Big Bang, at the time of hydrogen recombination, experiments such as

WMAP (Hinshaw et al., 2013) and Planck (Planck Collaboration et al., 2015) have placed tight

constraints on the values of cosmological parameters, promoting the emergence of a ”Standard

Model” of cosmology. In this framework, matter density makes up only ∼ 30% of the total

energy density of the Universe, the remaining ∼ 70% being associated with the vacuum energy

density, given by a cosmological constant (Λ).

Over the years, numerical simulations have come to incorporate all of the different ingredi-

ents of the concordance model established by observations, together with many of the physical

processes responsible for their evolution. Due to the elusive nature of the vacuum energy den-

sity, also called the dark energy, its contribution is taken into account only in the evolution of

the rate of expansion of the universe. Of the remaining matter density of the Universe, ∼ 83%

is comprised of dark matter (DM), a type of substance transparent to electromagnetic radiation,

believed to interact only via gravity. Accounting for five sixths of the total matter, dark matter

forms the backbone of all structure we observe in the Universe, while the relative simplicity of

the processes governing its evolution has made it the ideal candidate to be included in the early

stages of cosmological numerical simulations.

The evolution of a system of collisionless particles interacting solely via gravity reduces to the

N-body problem, which formally prescribes that, for a system of N objects, one needs to calcu-

late the interaction between every possible pair (a total of N(N−1)) in order to infer the evolution

of the system. The pioneering work of Press & Schechter (1974) and Frenk et al. (1983) used

numerical evolution of systems of 1000 gravitationally-interacting particles in order to study the

filamentary collapse of large scale structure. Nevertheless, the brute force approach with compu-

tational complexity of order O(N2) becomes quickly prohibitively expensive. The development

of tree algorithms and particle-mesh techniques, in the 1980’s (Barnes & Hut, 1986; Hockney &

Eastwood, 1981), reduced the computational complexity of the N-body problem to O(N log N),
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which, in conjunction with an almost exponential increase in the speed of CPUs, made possible

numerical simulations of up to 106 particles. In the 1990s these improved numerical algorithms

facilitated the exploration of the cold dark matter hypothesis (Davis et al., 1985) and the study

of the universal density profiles in dark matter haloes (Navarro et al., 1997). Up to this point,

all cosmological simulations were performed on a single powerful computer, however, around

the mid 1990s, it was realized that improvement in performance of single CPUs had reached a

barrier, and that the only way to speed up computations was by harvesting the power of multiple

processors connected in a cluster. As such, the development of algorithms used in astrophysical

simulations changed focus to adapting to the parallel, distributed architecture of the increasingly

more available computer clusters. To date, the largest numerical simulation following the evo-

lution of dark matter contains 1012 particles in a cosmological volume comparable in size to the

observable universe (Skillman et al., 2014).

While the development of the N-body simulation method in the past four decades has brought

about a robust understanding of the formation and characteristics of the DM haloes, numerical

simulations of structure formations accounting only for the dark matter component of the Uni-

verse have their limitations, not the least of which being a high uncertainty in the comparison

with observational data. While baryonic matter accounts for only 5% of the total energy density,

it is, nonetheless, the only directly observable part of the Universe and it is through the process-

ing of baryonic signals that one can infer the state of the remaining 95%. However, modeling

the evolution of baryons is a significantly more subtle matter, even when accounting only for

gravity and adiabatic processes.

Simultaneous with the tree and particle-mesh algorithms reducing the computational com-

plexity of the N-body problem, two independent methods for modeling gas dynamics arose.

The first one, developed originally in the field of computational fluid dynamics, uses adaptive

mesh refinement (AMR) (Colella & Woodward, 1984), dividing the simulated volume into cells
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on which the hydrodynamic equations are solved. Each cell keeps track of its own matter con-

tent and mass is allowed to advect across the boundaries of cells, while the cells themselves are

free to split and merge (refine/derefine) according to the local value of the density (e.g. the Enzo

code, Bryan et al., 2014). This implementation is particularly well suited to handle the pres-

ence of discontinuous shocks, while generally being plagued by a lack of Galilean invariance.

The alternative to this algorithm, perhaps even more widely used in cosmological simulations

than AMR, is a method which focuses on discretizing not space, but the mass of the fluid itself,

which it samples using a finite number of gas particles, following their evolution through space.

Smoothed particle hydrodynamics (SPH) was first used in the late 1980s, in conjunction with a

tree algorithm for solving gravity, and has since been incorporated into a number of widely used

simulation platforms (e.g. the Gadget code, Springel, 2005). The strength of the SPH method

lies within its ability to follow the flow of gas with naturally increased resolution in regions

of higher density, while explicitly conserving energy and momentum. However, unlike AMR

algorithms, it is known to artificially suppress fluid instabilities and inaccurately capture phase

boundaries.

Recently, a hybrid method was developed and implemented in the AREPO code (Springel,

2010). Using an unstructured Voronoi mesh capable of deforming itself and moving with the

flow of the fluid, AREPO seeks to combine the shock rendering accuracy of the AMR method

with the Lagrangian nature of the SPH algorithms. All of the simulations performed and ana-

lyzed in this thesis have used the AREPO code, specifically studying the performance of various

physical models as implemented in this hybrid numerical scheme (see for example Section 3.2).

The simplest type of numerical simulations that model the evolution of both baryons and

dark matter account for gravitational processes for all matter components and allow the gas to be

adiabatically heated to the virial temperature of the halo via accretion shocks. These simulations

follow to a high degree the predictions of the self-similar structure formation model proposed by
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Kaiser (1986), which assumes that all haloes form in a single collapse event and matter evolves

under the influence of gravity alone. The most attractive feature of this model, which keeps it

as a standard for comparison among astrophysical simulations, is the fact that it predicts exact

scaling relations between halo characteristics. Nevertheless, the predictions of the self-similar

model and of the numerical simulations only accounting for gravity and adiabatic gas dynamics

are now at odds with observations, predicting a shallower dependence of X-ray luminosity on

halo temperature (Pratt et al., 2009; Osmond & Ponman, 2004; Arnaud & Evrard, 1999) and a

lower level of gas entropy, particularly in low mass systems (Pratt et al., 2010; Ponman et al.,

2003).

These discrepancies observed between the predictions of the self-similar model and observa-

tions led to the idea that additional physical processes play an important role in determining the

evolution and properties of baryonic matter. It has become the norm for numerical simulations

to now incorporate radiative cooling processes, star formation and stellar feedback, and black

hole formation and AGN feedback. Simulations of individual galaxies have shown that the de-

tails of the specific implementation of all of the aforementioned processes have a significant

impact on the mass and morphology of the resulting objects (Scannapieco et al., 2012), yet all

models used are only loosely constrained by observations.

The main goal of this thesis is to explore the impact that the implementation details of baryonic

physics in cosmological simulations have on the gas content and distribution of the resulting

objects. We will be considering both physical processes occurring long before the start of the

numerical simulation, which impact the distribution of matter reflected in the initial conditions,

as well as physical precesses which become relevant much later in the history of the Universe.

In Chapter 2 we start by analyzing the accuracy of the initial conditions commonly used

in numerical simulations. The exquisite measurements of the fluctuations in the CMB back-

ground by WMAP and Planck give us a glimpse into the state of the Universe around the time
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of hydrogen recombination. Between this time and the redshift at which numerical simulations

are initialized, the evolution of the primordial density fluctuations is well described by linear

perturbation theory, with the further assumption that dark and visible components of matter ex-

actly trace each other throughout the history of the Universe. However, recent theoretical work

by Tseliakhovich & Hirata (2010) has pointed out that the relative velocity of the two matter

components at the time of recombination, though formally a second order term in perturbation

theory, has a non-negligible effect on the density distributions of the baryons and dark matter.

Using high-resolution adiabatic numerical simulation of small cosmological boxes, accounting

for a minimum of physical processes impacting the evolution of the dark and visible matter in

the Universe, we quantify the impact that a non-zero relative velocity between the two matter

components at the time of recombination has on the assembly history of large scale structure, as

well as on the baryonic content of dark matter haloes around the time of reionization.

In Chapters 3 and 4, we move on to studying the sensitivity of structural and observable halo

characteristics on physical processes which become important only at low redshift and late stages

of structure evolution. In Chapter 3 we analyze the results of the Illustris suite (Vogelsberger

et al., 2014b), a series of high-resolution cosmological simulations performed using two different

implementations of baryonic physics, one in which only gravity and adiabatic gas dynamics are

taken into account, and another which additionally accounts for gas cooling, star and black

hole formation and evolution, together with stellar and AGN feedback processes. We focus

on the differences between the adiabatic and the full-physics implementations, as exhibited by

objects which, at redshift 0, have virial masses greater than 1013M⊙. We compare our findings

with available X-ray and Sunyaev-Zeldovich observations as well as with the predictions of

a simplified theory of structure evolution, which models halo formation as originating from

a single past collapse event, under the influence of gravity alone. Finally, in Chapter 4 we

introduce the iClusters suite, a series of high-resolution zoom-in simulations of 6 galaxy clusters
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spanning two orders of magnitude in mass, implementing five different variations of physical

processes, four of which include a baryonic component, in addition to dark matter. We focus

on analyzing the impact that the specifics of the implementation of AGN feedback has on the

baryonic content of clusters of galaxies, as well as on their observable properties. We conclude

with a summary of the main results of these studies and a discussion of future research directions

in Chapter 5.
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Not all those who wander are lost.

J.R.R. Tolkien, The Lord of the Rings

2
Gas-Rich and Gas-Poor Haloes through

the Stream Velocity Effect*

The standard model of cosmology describes the evolution of matter density fluctuations in an

expanding Universe, taking into account contributions from a cosmological constant (Λ), a cold

dark matter (CDM) component, and baryons. The origin of the primordial matter density fluc-

tuations is yet unknown, however the prevalent theory states that they were seeded by quantum

fluctuation at the time of the Big Bang, and were subsequently evolved to macroscopic levels
*The material in this chapter was adapted from Popa et al. (2015). The material has been expanded

to include a more detailed introduction and a thorough description of the theoretical foundations of the
stream velocity effect, as presented in Appendix A.
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during a period of inflation. These primordial fluctuations grow due to gravitational instability

throughout the history of the Universe, collapsing to form small haloes, which later merge into

larger objects to form the large scale structure we currently observe, in a hierarchical manner.

The topic of structure formation has been at the forefront of scientific research for the past

40 years, fueled by advances in both numerical techniques as well as observations. One of the

main predictions of inflation is that matter density fluctuations are Gaussian in nature and, hence,

their distribution can be fully described by their 2-point correlation function. High accuracy

measurements of the cosmic microwave background (CMB) provide a snapshot of the matter

fluctuations existent at the time of Hydrogen recombination, and both theoretical and numerical

efforts have been made in order to infer the present day distribution of large scale structure

starting from the measured CMB power spectrum.

The amplitude of the matter density fluctuations measured in the cosmic microwave back-

ground is on the order of 10−5, justifying the use of linear perturbation theory to model their

evolution at this stage. As the density perturbations grow and become on the order of the mean

matter density of the universe, higher order terms in perturbation theory need to be accounted for

by analytical models and numerical simulations become necessary in order to further study the

evolution of structure formation. Broadly speaking, all numerical simulations have two main

ingredients: the initial conditions as given by a concrete realization of the matter density power

spectrum as predicted by linear perturbation theory for the initial redshift of the simulations, and

the details of the physical processes accounted for in the simulation.

Previous studies have shown that numerical simulations are particularly sensitive to the choice

of the starting redshift (Reed et al., 2013; Heitmann et al., 2010), the order in Lagrangian pertur-

bation theory (Jenkins, 2010; Crocce et al., 2010), and the initial distributions of particles, either

on a grid or a glass configuration, prior to displacement (Wang & White, 2007). In this chapter

we study yet a different aspect of the generation of initial conditions, calling into question the
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validity of one of the original assumptions of perturbation theory, namely that the perturbations

in velocity of both dark matter and baryons are sufficiently small to be treated only to first order,

and the implication that baryonic density fluctuation exactly trace those of dark matter at the

initial redshift of simulations.

2.1 Introduction

Prior to recombination (z ∼ 1100) baryons and photons were tightly coupled and the growth

of baryonic over-densities was suppressed. On the other hand, since dark matter is decoupled

from the radiation, perturbations that entered the horizon could grow linearly with the scale

factor since z " 3000. The differences in the history of the evolution of the dark matter and the

baryons during this time effectively generated a relative velocity between the two components.

This effect was first mentioned in Sunyaev & Zeldovich (1970) and its impact on the evolution

of the baryonic density fluctuations was studied in a few theoretical works (Press & Vishniac,

1980; Hu & Sugiyama, 1996). However, since its contribution comes as a second order term in

the equations governing the evolution of matter over-densities, it has generally been neglected

in both numerical and theoretical studies.

Recent work by Tseliakhovich & Hirata (2010) showed that, at the time of recombination,

baryons were moving in a coherent manner (on scales of ! 3 Mpc comoving) with respect to

the dark matter and had an rms velocity of ∼ 30 km s−1. Since, on small scales, the baryons ef-

fectively displayed a streaming motion with respect to the dark matter component, their relative

velocity is usually referred to as a ”stream velocity” in the literature, and we adopt this conven-

tion throughout this work. Tseliakhovich & Hirata (2010) also argued that, since shortly after

recombination the temperature of the baryons (and hence the sound speed) drops precipitously,

the streaming motion of the baryons becomes supersonic and it can potentially have a dramatic
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impact on structure formation. Subsequent studies, both theoretical and numerical, showed that

the large stream velocity of baryons has profound implications on the total number density of

haloes (Asaba et al., 2015; Tanaka et al., 2013; Tanaka & Li, 2013; Bovy & Dvorkin, 2013;

O’Leary & McQuinn, 2012; Naoz et al., 2012; Fialkov et al., 2012; Tseliakhovich & Hirata,

2010; Tseliakhovich et al., 2011; Maio et al., 2011; Stacy et al., 2010), the size of the haloes that

are able to retain gas at a given redshift (Naoz et al., 2013), the overall gas fraction in haloes

(Asaba et al., 2015; Richardson et al., 2013; Maio et al., 2011; O’Leary & McQuinn, 2012; Naoz

et al., 2013; Greif et al., 2011; Fialkov et al., 2012; Naoz et al., 2012; Tseliakhovich et al., 2011;

Dalal et al., 2010), the gas density and temperature profiles (Richardson et al., 2013; O’Leary

& McQuinn, 2012; Fialkov et al., 2012; Greif et al., 2011; Liu & Wang, 2011), the halo mass

threshold in which star formation occurs (Bovy & Dvorkin, 2013; O’Leary & McQuinn, 2012;

Fialkov et al., 2012; Greif et al., 2011; Maio et al., 2011; Liu & Wang, 2011), as well as black hole

evolution (Latif et al., 2014; Tanaka & Li, 2013; Tanaka et al., 2013) and magnetic fields (Naoz

& Narayan, 2013). A thorough review of the implications of the stream velocity on structure

formation is presented in Fialkov (2014).

A consensus of previous studies accounting for the relative motion of the baryons with respect

to the dark matter is that a non-zero stream velocity correlates with a decrease in the number

density of small haloes with masses M ! 107M⊙, as well as with a decrease in the gas fraction

contained in these objects. However, since the baryonic fraction is roughly constant when com-

puted over large portions of space, a natural question which arises is, therefore, what happened

to the gas which did not end up inside dark matter haloes. Naoz & Narayan (2014) suggested

that, a non-zero stream velocity correlates with a physical offset between the centers of the dark

matter and the baryon over-densities. Therefore, the baryon and dark matter over-densities are

expected to collapse at slightly different locations, potentially forming distinct dark matter dom-

inated and baryon dominated objects. Furthermore, Naoz & Narayan (2014) suggest that, while

12



in many cases the collapsed baryon over-densities will either be absorbed into a nearby dark

matter halo or evaporate, some objects with gas masses 105M⊙ < Mgas < few ×106M⊙ may

survive outside dark matter haloes and become the progenitors of globular clusters observed to-

day. Their dark matter counterpart would, in turn, be gas-poor and might become a dark satellite

or an ultra-faint galaxy.

In this chapter, we present the results of a suite of high-resolution numerical simulations and

study the effect of the stream velocity on structure formation, focusing on the evolution of bary-

onic structures. We consider three distinct scenarios in which the relative velocity of the baryons

with respect to the dark matter component at the time of recombination is 0 (the baseline com-

monly used in the literature), equal to the value of its root mean squared σvbc (moderate velocity),

and equal to 2×σvbc (high velocity), and evolve them adiabatically from redshift 200 to redshift

10. We aim to systematically quantify the impact of the stream velocity on objects with masses

up to 109M⊙ as well as investigate the probability of forming long lived, gas dominated objects,

as predicted by Naoz & Narayan (2014). We take particular care in self-consistently incorporat-

ing the effect of the stream velocity in the initial conditions, the importance of which has been

pointed out in O’Leary & McQuinn (2012). Furthermore, the combination of mass resolution,

cosmological volume studied, increased statistical power, and final redshift available, place our

numerical simulations in a unique position for studying the impact of the stream velocity as a

function of redshift over a wide range of halo masses.

The rest of the chapter is structured as follows. In Section 2.2 we explain the theoretical

foundation of the setup of the initial conditions for our simulation, followed by a description of

the parameters of the simulations performed and the structure definitions used in interpreting our

results. In Section 2.3 we discuss the impact of the stream velocity on the number density and

the gas content of the dark matter haloes recovered in our simulations, as well as the properties

of the gas-rich objects identifies. We conclude with a discussion in Section 2.4.
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2.2 Simulation Setup

2.2.1 Initial Conditions

The initial conditions used in numerical simulations can have a significant impact on the for-

mation of the first structures, as well as on the properties of haloes at formation (such as their

abundance, gas fraction and, implicitly, on the onset of reionization e.g. Naoz et al. 2006; Naoz

& Barkana 2007; Yoshida et al. 2003; Naoz et al. 2011). Following the work of Tseliakhovich

& Hirata (2010) and Naoz & Barkana (2005), in Appendix A we derive from first principles the

equations governing the evolution of dark matter and baryon over-densities, appropriately ac-

counting for the non-negligible relative velocity between the two components. Equations A.11

describe the evolution of dark mater density (δc), baryon density (δb) and temperature (δT) per-

turbations which, for completeness, we repeat below:

δ̈c + 2Hδ̇c −
2i
a

vbc · kδ̇c =
3
2

H2
0Ωm(fbδb + fcδc) +

(
vbc · k

a

)2
δc (2.1)

δ̈b + 2Hδ̇b =
3
2

H2
0Ωm(fbδb + fcδc)−

k2

a2
kBT̄
μ

(δb + δT) (2.2)

δ̇T =
2
3

δ̇b +
xe(t)

tγ

[
δγ

(
T̄γ

T̄
− 1

)
+

T̄γ

T̄
(δTγ − δT)

]
a−4 (2.3)

where Ωm is the present day matter density, H0 is the present day value of the Hubble constant

H, fb and fc are the cosmic baryon and dark matter fractions, respectively, δb, δc, δγ, δT and

δTγ are the fluctuations of the dark matter density, baryon density, photon density, mean baryon

temperature T̄ and mean photon temperature Tγ, xe(t) is the electron fraction out of the total

number density of gas particles, k is the comoving wavenumber, a is the scale factor, μ is the

mean molecular weight, t−1
γ = 8.55×10−13 yr−1 and vbc is the average relative velocity between

the baryons and the dark matter in a given region of space. Note that in order to solve the above
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equations for the evolution of the density and temperature fluctuations one needs to assume a

value for the stream velocity as well as an angle with respect to the k vector. Therefore, any

such solutions are only valid in a region of space of the order of the coherence scale of the

relative velocity of the baryons and the dark matter, roughly ! 3 Mpc comoving (Tseliakhovich

& Hirata, 2010; Tseliakhovich et al., 2011).

Following Naoz et al. (2011), using Equations 2.1, 2.2, and 2.3, we generate two separate

transfer functions for dark matter and baryons, ensuring that the streaming velocities are realized

in a self-consistent way with the transfer functions. We use a modified version of the CMBFAST

code (Seljak & Zaldarriaga, 1996) to solve the coupled second order equations (2.1) and (2.2),

accounting for the stream velocity vbc and the inhomogeneous speed of sound (see Naoz &

Barkana 2005, for the implementation of this term) and create separate transfer functions for

the baryonic and the dark matter components at the initial redshift 200. Furthermore, assuming

that the relative velocity of the baryons and the dark matter can be approximated with a stream

velocity for all of our simulations, in setting up our initial conditions, we impart on the baryons

a constant velocity boost in the x direction equivalent to the vbc used to generate the transfer

function for the initial density fluctuations.

2.2.2 Run parameters

We run a suite of AREPO (Springel, 2010) simulations starting at redshift 200 and evolve them

adiabatically to redshift 10. The details of the simulation runs together with their dark matter

and gas mass resolution are shown in Table 2.1.

We are investigating zero-stream velocity (vbc = 0) and high-stream velocity (vbc = 2 ×

σvbc) scenarios at four different resolution levels, as well as an intermediate-stream velocity case

(vbc = σvbc) in our highest resolution runs. Throughout the chapter, we express the value of the

stream velocity in units of its rms (σvbc), in order to avoid any confusion regarding its value.
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Table 2.1: Details of the different physics scenarios and resolutions of the simulations run. The zero-
stream velocity and the high stream velocity scenarios are explored at all resolution levels, while the
moderate stream velocity case is only explored in the 700 h−1 kpc, highest resolution run.

Box size vbc[ km s−1] vbc No of mDM mgas
[h−1 Mpc] (at z = 200) [σvbc ] particles [M⊙] [M⊙]

0.70
0 0 × σvbc

2 × 5123 230 465.8 1 × σvbc

11.8 2 × σvbc

1.12 0 0 × σvbc 2 × 5123 950 186
11.8 2 × σvbc

1.40 0 0 × σvbc 2 × 5123 1.9 × 103 360
11.8 2 × σvbc

2.80 0 0 × σvbc 2 × 7683 4.4 × 103 843
11.8 2 × σvbc

At recombination σvbc ∼ 30 km s−1, as discussed in Tseliakhovich & Hirata (2010), and at

the beginning of our numerical simulations, at redshift 200, σvbc ∼ 5.8 km s−1. For our three

highest resolution simulations, the box sizes used (700 h−1 kpc, 1.12 h−1 Mpc and 1.4 h−1 Mpc)

lie well below the coherence length of the relative velocity of baryons and dark matter and the

relative motion can be approximated with a stream velocity. However, the smaller the size of

the simulation box, the less massive the haloes that will form at the final redshift. Hence, in

order to access a larger halo mass range we chose to perform a 2.8 h−1 Mpc simulation as well.

The size of this box lies at the very edge of the coherence length for the relative velocity and,

as we discuss later in the chapter, this leads to an overestimation of the vbc effect particularly

for small haloes. Yet, since properties of intermediate to large mass haloes in this simulation

converge to those recovered in our finer resolution runs, we do find the predictions of the 2.8

h−1 Mpc simulations for the high halo mass region to be reliable.

For all simulations we are considering a ΛCDM cosmology with ΩΛ = 0.73,Ωm = 0.27,ΩB =

0.044 and h = 0.71. Since the box sizes of our simulations are limited by the coherence length

of the stream velocity of baryons, we artificially increase the gravitational clustering in the simu-
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lations by setting σ8 = 1.7, in order to compensate for the missing large-scale power. As shown

in Naoz et al. (2012), changing the value of σ8 has the effect of increasing the normalization of

the halo mass functions recovered in numerical simulations, regardless of the value of the stream

velocity used. This is useful for circumventing issues related to small number statistics which

plague simulations of small cosmological boxes such as the ones used in this work. On the other

hand, by increasing the value of σ8 we cannot make predictions related to halo abundances, and

can only infer relations between the relative halo number densities in simulations with different

values of vbc.

We choose these parameters in order to be able to resolve with at least 300 gas particles haloes

with Mgas > 1.4×104M⊙ for the 700 h−1 kpc runs, Mgas > 5.6×104M⊙ for the 1.12 h−1 Mpc

runs, Mgas > 1.1 × 105M⊙ for the 1.4 h−1 Mpc runs and Mgas > 2.6 × 105M⊙ for the 2.8

h−1 Mpc runs. This will allow us to accurately measure the gas fraction in gas-rich regions

(Naoz et al., 2009) and potentially identify the gas-dominated structures predicted by Naoz &

Narayan (2014), which might form due to the presence of a non-zero stream velocity.

For all the runs, glass-like adiabatic initial conditions were generated using the Zel’dovich

approximation, with the transfer functions computed as described in Section 2.2.1. For the

baryons, we used a glass file with positions shifted by a random vector, thus removing all artifi-

cial coupling between DM and gas (Yoshida et al., 2003). We set the initial temperature of the

gas to be 422 K, as derived from linear theory, and we use throughout a softening length of 30

h−1 pc for both the gas and dark matter.

2.2.3 Structure definition

The halo definitions used in our analysis are motivated by the scope of this work. On the one

hand, we are interested in understanding the impact of a non-zero stream velocity on the growth

of dark matter over-densities and, on the other hand, we want to study the evolution of gas
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over-densities independent of their dark matter component. The most commonly used tech-

nique to identify structure in N-body simulations is the friends-of-friends (FOF) halo finding

algorithm. Given a collection of particles, it assigns any two particles with a separation smaller

than a specified linking length b as belonging to the same group. By running a FOF halo finding

algorithm on the dark matter component of our simulations we identify Dark Matter-Primary

objects and by running the same algorithm using solely the information regarding the baryonic

component, we identify Gas-Primary objects. Finally, we also use the FOF finding algorithm to

identify Dark Matter-Primary, Gas-Secondary structures by constructing dark matter objects to

which we attach gas cells in a secondary linking stage (Dolag et al., 2009). Note that the names

DM-Primary, Gas-Primary and DM-Primary, Gas-Secondary refer to the particle type used as

primary linking particle or attached in a secondary stage by the FOF halo finding algorithm, and

we expect all identified objects to contain both dark matter and gas. Throughout our analysis,

we use a linking length of 0.03 times the mean particle separation in selecting FOF groups.

We use the information about the DM-Primary structures identified to understand the impact

of a non-zero stream velocity on the formation and evolution of dark matter haloes, regardless

of their gas content. There is a direct correspondence between DM-Primary structures and DM-

Primary, Gas-Secondary structures and we use the latter to study the impact of the stream veloc-

ity on the gas content of the dark matter haloes. For the rest of the analysis, we assume spherical

symmetry for both the DM-Primary structures, as well as the DM-Primary, Gas-Secondary struc-

tures and we identify the virial radius of these haloes as the radius of a sphere centered on the

center of mass of the objects, enclosing a density 200 times the critical matter density of the

Universe.

Finally, we identify Gas-Primary structures by running the FOF halo finding algorithm using

gas cells as primary linking particles. These objects are centered on the gas over-densities in our

simulations and, unlike the haloes identified based on the dark matter particle information, they
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Figure 2.1: The gas content of two Gas-Primary objects identified in the high stream velocity, 2.8
h−1 Mpc simulation at redshift 20. Many of the Gas-Primary structures identified have a filamentary
shape and, in studying their properties, spherical symmetry is not a valid assumption anymore. The red
surfaces represent tightly fitting ellipsoids which we use in order to define the boundaries of these gas-
abundant structures, so as to exclude sparsely populated regions of the FOF groups, such as the upward
streaming tail of the object in the left panel. Because we fit these surfaces to mold closely to the gas
dominated region, the gas fraction inside the ellipsoids will be biased high. The green arrow in the left
panel represents the direction of the flow of particles into a nearby dark matter halo. The axes in both
plots are in h−1 kpc and they indicate the position of the Gas-Primary objects inside the simulation box.

often have filamentary shapes, as shown in Figure 2.1. Therefore, in studying their properties

we relax the assumption of spherical symmetry to ellipsoidal symmetry. Using all of the gas

cells in the FOF group, we identify an ellipsoidal surface enclosing them. However, since these

structures can be potentially very sparse, we proceed to identifying a ”tightly fitting ellipsoid”

using the following iterative procedure. By progressively shrinking the lengths of the axes of

the original ellipsoid enclosing all of the gas cells in the Gas-Primary object, in decrements of

0.5% of their initial value, we stop when the ratio of the lengths of the axes of the small ellipsoid

to those of the original ellipsoid is greater than the ratio of the number of gas cells enclosed in

the small ellipsoid to the number of gas cells in the original ellipsoid. In this way, we make

sure not to artificially remove gas cells from high density regions of the group. In addition, we

require to eliminate no more than 20% of the total number of gas cells present in the original
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FOF group. In our analysis below, it is the matter content of this tightly fitting ellipsoid that we

study when analyzing Gas-Primary objects. We note that even though the Gas-Primary objects

are defined by running the FOF halo finding algorithm only using the information related to the

gas cells, the ellipsoidal surfaces will generally contain both dark matter and baryons. Also,

many of the Gas-Primary structures are, in fact, simply the gas components of the DM-Primary,

Gas-Secondary haloes. However, since in one case we analyze the matter content of the object

using tightly fitting ellipsoids centered on the center of mass of the gas and in the other case we

use a sphere of viral radius centered on the center of mass of the dark matter + gas object, the

gas fraction found for the former will naturally be biased higher than the latter.

For all the different structure definitions mentioned above – DM-Primary, Gas-Primary and

DM-Primary, Gas-Secondary – we only consider FOF groups that contain more than 300 dark

matter particles and/or 300 gas particles. This, criterion, on the one hand excludes objects that

are not very massive, and, on the other hand, ensures that the gas and dark matter mass com-

putations have an accuracy of the order of 10 − 20% (Naoz et al., 2009). Furthermore, since

the runs of different box sizes feature different mass resolutions for both dark matter and gas

(see Table 2.1), imposing a constraint on the minimum number of particles in the FOF groups

analyzed translates into a lower mass cutoff for the objects identified, which increases with de-

creasing mass resolution. On the other hand, since the size of the cosmological volume analyzed

correlates with both the largest halo mass realized, as well as with the number of haloes identi-

fied at a given mass, this means that each simulation box size will access a different halo mass

range. The legend in the bottom panels of Figure 2.3 shows the halo mass ranges available in

the different resolution runs at redshifts 20 (left) and 10 (right).
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2.3 Results

We investigate the impact of the streaming motion of the baryons with respect to dark matter

on structure formation and evolution at intermediate redshifts between z = 20 and z = 10.

We are interested in quantifying the effect that the stream velocity has on the number density

of haloes of different masses, as well as its redshift dependence. We explore these issues in

Section 2.3.1. We continue our study of the impact of the stream velocity on dark matter haloes

by studying the gas fraction as a function of halo mass in Section 2.3.2. Furthermore, since the

numerical simulations of different box sizes effectively access different halo mass ranges, we

use this analysis to study the convergence of the 4 different resolution levels. Finally, in Section

2.3.3 we investigate the potential for long lived gas rich objects to form and evolve outside dark

matter haloes, as predicted by Naoz & Narayan (2014).

2.3.1 Suppression of the halo mass function

Understanding the halo abundance in the early Universe is of crucial importance to linking ob-

servations of the properties of cosmic structure to a specific set of cosmological parameters.

Previous semi-analytical studies (Tseliakhovich & Hirata, 2010; Fialkov et al., 2012; Bovy &

Dvorkin, 2013; Tseliakhovich et al., 2011; Tanaka et al., 2013; Tanaka & Li, 2013) as well as

numerical simulations (Maio et al., 2011; O’Leary & McQuinn, 2012; Naoz et al., 2012) have

found that a non-zero stream velocity correlates with a decrease of the halo mass function, partic-

ularly for small haloes (M ! 107M⊙) at high redshifts (z > 20). Tseliakhovich & Hirata (2010),

using an argument based on the Press-Schecter formalism, showed that the number density of

haloes with mass M ∼ 106M⊙ is suppressed by 60% at redshift 40 in regions with vbc ∼ σvbc ,

compared to regions with no stream velocity. These results are consistent with numerical sim-

ulations. Naoz et al. (2012) found that vbc = 3.4σvbc simulations exhibit a 50% suppression
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Figure 2.2: Top panels: Cumulative halo mass functions of the DM-Primary objects for the vbc = 0
(dashed line) and vbc = 2 × σvbc (solid line) simulations at redshifts 20 (left) and 10 (right) for the
different resolutions considered. Bottom panels: Fractional difference in the number density of haloes
(δN = (N2σ − N0)/N0) as a function of halo mass.

and vbc = σvbc simulations exhibit a 15% suppression in the number density of haloes with

M ≃ 105M⊙, at z = 19.

Our simulations are consistent with these results and, furthermore, show that the suppression

of the halo mass function persists up to redshift 10. This observation holds true for both DM-

primary objects, as well as DM-primary, Gas-secondary objects. Figure 2.2 shows the halo mass

function computed at different resolutions for the simulations with vbc = 2 × σvbc (solid lines)

and vbc = 0 (dashed lines) at z = 20 (left) and z=10 (right). The suppression in the halo number

density for the vbc = 2 × σvbc case is largest at higher redshift with only 60% as many haloes

with masses MDM > 105M⊙ at redshift 20 as in the zero-stream velocity run. With decreasing

redshift, the suppression of the mass function also decreases, however remaining considerable

at z = 10, with 25% fewer DM-primary objects with masses MDM > 105M⊙ identified in

the vbc = 2 × σvbc simulation. The suppression of the halo number density decreases with

increasing halo mass and it is only on the order of 8% for DM-primary objects with MDM >

107M⊙, at redshift 10. These estimates are computed from the 1.4 h−1 Mpc simulation, but the
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results from the 700 h−1 kpc and the 1.12 h−1 Mpc are very similar. Notice that the 2.8 h−1 Mpc

simulation overestimates the suppression due to the stream velocity effect. Since this simulation

is performed at the coherence boundary of the stream velocity effect, the results obtained from

these simulations regarding the smallest haloes cannot be fully trusted. Yet, we find that the

halo mass function does converge at higher halo masses with those obtained from the higher

resolution runs and, hence, we can safely use the 2.8 h−1 Mpc runs to infer the properties of

haloes with masses larger than 107 − 108M⊙.

2.3.2 Suppression of gas fraction in haloes

In addition to the suppression of the halo abundance, previous studies have shown that account-

ing for a non-zero stream velocity also impacts the gas content of dark matter haloes, with strong

implications for the onset of reionization and the formation of the first stars (Maio et al., 2011;

Greif et al., 2011; O’Leary & McQuinn, 2012; Fialkov et al., 2012; Naoz et al., 2012, 2013;

Tseliakhovich et al., 2011; Dalal et al., 2010; Richardson et al., 2013). The non-zero stream

velocity acts as an additional pressure term, increasing the minimum mass required for a dark

matter halo to be able to accrete and retain gas. Furthermore, the gas density and temperature

profiles are also affected, exhibiting a suppression of a factor of a few in the central parts of the

halo (O’Leary & McQuinn, 2012). Compared to numerical simulations consistently accounting

for the impact of the non-zero stream velocity of the baryons that have been run in the past,

here we systematically explore the impact of stream velocity on the gas content of haloes up to

109M⊙, finding that the gas depletion is still considerable in haloes up to M < few × 107M⊙.

The top panels in Figure 2.3 show the gas fraction as a function of the total mass of the halo,

for the DM-Primary, Gas-Secondary objects identified in our 700 h−1 kpc runs. At redshift 20,

in the high stream velocity case, a good fraction of the low mass haloes are virtually devoid of

baryons, and, while this effect decreases with redshift, at z = 10, the suppression of the gas
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Figure 2.3: Top: Scatter plots of the gas fraction as a function of total mass for the DM-primary, Gas-
secondary objects identified in the 700 h−1 kpc simulation. Superimposed on the results from the
vbc = 0 run are the average gas fraction (white circles) together with 3σ error bars on this mean value.
See Figure 2.4 for similar scatter plots from the 1.12 h−1 Mpc 1.4 h−1 Mpc and 2.8 h−1 Mpc runs.
Bottom: Histograms normalized to unity of the gas fraction in DM-primary, Gas-secondary objects
identified in the vbc = 0 (dashed lines) and the vbc = 2 × σvbc (solid lines) runs, at different resolu-
tions. The different resolution runs effectively access different total mass ranges for the DM-primary,
Gas-secondary objects, as indicated in the legend.

fraction in haloes is still significant. The average gas fraction at redshift 20 inside haloes of

M ∼ 106M⊙(107M⊙) is ∼ 40%(15%) lower in the vbc = 2 × σvbc case than in the zero stream

velocity case, while at redshift 10 the suppression in the gas fraction remains at ∼ 30%(10%)
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Figure 2.4: Scatter plots of the gas fraction as a function of the total mass of the DM-primary, Gas-
secondary objects identified at redshift 20, at the four different resolutions explored by our simulations.
Superimposed on the data from the vbc = 0 runs (blue) we show the mean gas fraction as a function of
mass as computed from the zero stream velocity simulations, together with 3σ error bars around these
values. At redshift 20, the majority of the haloes identified in the non-zero stream velocity runs are well
outside the 3σ confidence interval of the vbc = 0 baseline.

level. Note that our selection criterion for these objects imposes a minimum of 300 dark matter

particles which effectively translates into a mass range of 2 × 104M⊙ < M < 4 × 107M⊙

for haloes identified in our highest resolution run, at redshift 20. The larger box simulations

explore haloes with masses up to few×109M⊙ and, as shown in Figure 2.4, they, too, exhibit
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similar qualitative trends. Superimposed on the results from the vbc = 0 simulation (blue) are the

mean gas fraction recovered in the zero stream velocity runs as a function of halo mass together

with their associated 3σ error bars. At redshift 20, 83% (98%) of the haloes identified in the

vbc = 1σvbc(2σvbc) 700 h−1 kpc runs lie outside the 3σ confidence interval of the baseline zero

stream velocity simulation. With decreasing redshift, the difference in the gas fraction identified

in the DM-primary, Gas-secondary objects at different values of the stream velocity decreases

and, while the average gas fraction identified in haloes within a certain mass bin still exhibits

a strong correlation with the value of vbc considered, the gas fraction distributions approach

each other, such that at the final redshift of our simulations, 80% of the haloes identified in

the vbc = 1σvbc run now lie within 3σ of the average gas fraction identified in the zero-stream

velocity run.

A comparison between the fraction of haloes with a given gas fraction identified in the dif-

ferent runs shows that, in the case of zero stream velocity, the four different resolution runs are

fairly well converged, indicating that already at M ∼ few×104M⊙ haloes are sufficiently mas-

sive to successfully accrete and retain gas (see bottom panels in Figure 2.3). On the other hand,

the vbc = 2×σvbc runs do not exhibit such a convergence, indicating a much stronger dependence

of gas fraction on halo mass. The highest resolution run, accessing lower mass objects, shows

an abundance of haloes devoid of gas, while simulations testing the gas content of larger objects

display a trend for the gas fraction distribution to approach the zero-stream velocity values. At

smaller redshifts, these differences decrease significantly, with the gas fraction distribution for

the zero stream velocity case broadening, and the distribution for the non-zero stream velocity

runs narrowing and shifting toward high gas fractions. This is partly due to the fact that, with

decreasing redshift, larger haloes have time to form, while smaller haloes, in turn, have more

time to accrete gas.

Small dark matter haloes have a suppressed gas fraction, regardless of the value of the stream
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Figure 2.5: Top: Average gas fraction inside DM-primary, Gas-secondary objects of a given total mass,
together with the best fit functional form from Eq 2.4. Circles represent data points from the vbc = 0
runs, diamonds from the vbc = σvbc run and stars from the vbc = 2 × σvbc runs. Bottom: Best fit
parameters for the curves shown in top panels. Left column show results from the 700 h−1 kpc runs,
while the right column shows results for the 2.8 h−1 Mpc runs.

velocity considered and only haloes with masses above a critical mass scale MC will have con-

verged gas fraction distributions (e.g. Gnedin & Hui 1998; Gnedin 2000; Naoz & Barkana 2007;

Naoz et al. 2009, 2011). Naoz et al. (2013) showed that that the functional dependence of the
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gas fraction on the mass of the halo, M is given by:

fgas = fb,0

[
1 +

(
2α/3 − 1

)(
MC
M

)β
]−3/α

(2.4)

where β and α are the slopes governing the steepness of the dependence of the gas fraction on the

halo mass in the low-mass regime and the sharpness of the transition from the high-mass end to

the low-mass end of the spectrum, respectively. Both of these parameters, as well as the critical

mass scale MC are fit from simulation results. fb,0 is the gas fraction in the high-mass end of

the spectrum and it is defined as the gas fraction in the heaviest 5% of the haloes realized (Naoz

et al., 2013). This definition of fb,0 is based on the observation that haloes with masses above

a certain threshold will have a similar gas fraction, in which case, as long as the most massive

haloes in a simulation have masses above this threshold, their gas fraction will be ∼ fb,0. For

our vbc = 0 runs, the distribution of gas fraction in haloes is well converged between the four

different resolution runs even though they access different halo mass ranges, indicating that the

gas fractions in the heaviest haloes are ∼ fb,0 regardless of the box size of the run. However,

as shown in the bottom panels of Figure 2.3, for the runs with vbc = 2 × σvbc the gas fraction

distributions are not converged between the different resolutions, indicating that gas fraction

in the haloes analyzed is still very strongly dependent on the mass of the object. Therefore, it

is likely that the heaviest haloes realized in at least some of these simulations are, in fact, not

massive enough and contain a gas fraction significantly below fb,0.

This fact is confirmed by inspecting the best fit of the dependence of the gas fraction on halo

mass, as given by Equation 2.4. As shown in Figure 2.5, the data from both the zero stream

velocity and high stream velocity runs with box size 2.8 h−1 Mpc is well fitted by Equation 2.4,

indicating that the functional form captures well the shape of the dependence and the computed

fb,0 is a good estimate of the asymptotic value of the gas fraction in the high-mass limit. The
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characteristic mass scale, given by MC, below which the gas fraction in haloes is significantly

suppressed, is much lower in the zero stream velocity case, while for vbc = 2σvbc it is on the order

of few×105M⊙ at all redshifts in the 20 > z > 10 range. The value fb,0 to which the gas fraction

asymptotes in the high mass limit is, however, independent of the value of the stream velocity,

in agreement with previous studies which showed that the suppression in the gas fraction due to

a non-zero stream velocity is present for haloes with masses M ! 107 − 108M⊙ (see also Maio

et al. 2011; Greif et al. 2011; O’Leary & McQuinn 2012; Fialkov et al. 2012; Naoz et al. 2012,

2013; Tseliakhovich et al. 2011; Dalal et al. 2010; Richardson et al. 2013).

In the case of the simulations with non-zero stream velocity and a box size less than 2.8

h−1 Mpc , Equation 2.4 provides a significantly worse fit for the gas fraction as a function of halo

mass, particularly in the high mass region, where the fitted function asymptotes at a significantly

lower gas fraction than that observed in the simulation. The most striking example of this misfit

of the high-mass end of the spectrum is realized for the 700 h−1 kpc simulations and is shown

in Figure 2.5. This discrepancy is due to the fact that fb,0 is not a fitted parameter, but rather it is

given as input to the function, and computed as the gas fraction in the top 5% heaviest haloes.

However, in the smaller boxes, the 5% heaviest haloes are still too light to reproduce the true

high mass limit of the gas fraction distribution for the non-zero stream velocity case. Therefore,

in order to produce a meaningful fit of the distribution, fb,0 should either be considered as another

free parameter to fit together with α, β and MC or it should be computed from a simulation in

which the high mass limit is, in fact, realized. Here we opt for the latter solution, and adopt

the value for fb,0 computed from the 2.8 h−1 Mpc box. The new best fit functional form for the

700 h−1 kpc data is shown in Figure 2.6. The fit of the non-zero stream velocity simulation is

much improved and now the behavior in the high mass region of the spectrum is appropriately

captured.

We should note that the values of fb,0 computed from the different resolution runs for the
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Figure 2.6: Left: Average gas fraction inside DM-primary, Gas-secondary objects of a given total
mass, together with the best fit functional form from Eq 2.4, where fb,0 has been computed using the
information from the 2.8 h−1 Mpc runs. Circles represent data points from the vbc = 0 runs, and stars
from the vbc = 2 × σvbc runs. Right: Best fit parameters for the curves shown in the panels on the left.
This figure shows results from the 700 h−1 kpc , 1.12 h−1 Mpc , and 1.4 h−1 Mpc runs. The results for
the 2.8 h−1 Mpc runs are, naturally, the same as in figure 2.5.
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vbc = 0 case are, in fact, well converged and, hence, for the zero-stream velocity runs the quality

of the fit of Equation 2.4 is roughly independent of the box size of the run used to compute the

high-mass limit of the gas fraction. This observation is in agreement with the fact that, for the

vbc = 0 runs, the best fit characteristic mass (Figures 2.5 and 2.6) below which the gas fraction

in haloes is significantly suppressed is more than 3 orders of magnitude lower than the highest

halo mass realized even in the simulation with the smallest box size. Finally, we find that the

average gas fraction in haloes with masses M ! 106M⊙ is systematically higher in our high

stream velocity 2.8 h−1 Mpc simulation, than that recovered in similar mass haloes realized in

our non-zero stream velocity runs of smaller boxes. We attribute this discrepancy to the fact

that the 2.8 h−1 Mpc box size lies at the edge of the coherence scale of the stream velocity and,

as discussed in the context of the halo mass functions, it does not accurately recover the low

halo mass behavior displayed in the other runs. However, the largest simulation does converge

to the expected results in the high-mass end of the spectrum and, therefore, we can rely on the

fb,0 value computed from this run. Furthermore, as shown in Figure 2.6 we find that the average

gas fractions as a function of halo mass recovered from the 700 h−1 kpc , 1.12 h−1 Mpc , and

1.4 h−1 Mpc runs agree well over a large range of masses. We note that fb,0 is lower than fb

even in the zero-stream velocity case because the baryon over-densities have smoother initial

conditions than the dark matter component and, therefore, it takes the gas a timescale longer

than that explored in our simulation to fully sink into the DM potential wells, in agreement with

the analytical predictions in Naoz & Barkana (2007).

In order to get a better understanding of the size of the effect that a non-zero stream velocity

has on the gas fraction recovered inside DM-primary, Gas-secondary objects, Figure 2.7 com-

pares the average gas fraction as a function of mass in haloes at redshifts 20 (left) and 10 (right),

for the vbc = 0 (circles) and vbc = 2σvbc (stars) runs at the four different resolutions explored

in this work. The shaded areas in the plots represent the 3σ regions around the average gas
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Figure 2.7: Top Panels: Average gas fraction inside DM-primary, Gas-secondary objects of a given
total mass, together with the best fit functional form from Eq 2.4, where fb,0 has been computed using
the information from the 2.8 h−1 Mpc runs. Circles represent data points from the vbc = 0 runs, and
stars from the vbc = 2 × σvbc runs. The shaded area represents the region within 3σ deviation from
average gas fraction computed in the vbc = 0 runs. Bottom panels: Percentage of the total DM-primary,
Gas-secondary objects recovered in the vbc = 2 × σvbc runs within a given mass bin, with a gas fraction
outside of the 3σ region around the average gas fraction recovered in the vbc = 0 runs. The different
colors represent the 4 different box sizes studied, while the left-hand plots show the results at redshift
20 and the right-hand plots, those at redshift 10.

fraction recovered in the zero-stream velocity runs. At redshift 20, the average gas fraction in

DM-primary, Gas-secondary objects is independent of resolution for a given value of the stream

velocity, while at the end of our simulations, at redshift 10, the coarsest resolution run tends to

recover a slightly smaller gas fraction than the higher resolution runs, particularly at the lower

end of the accessible mass range. However, the 3σ regions recovered from the different reso-

lutions are in good agreement with each other at all redshifts. The bottom panels in Figure 2.7

show the percentage of haloes identified in the vbc = 2σvbc runs which lie outside of the 3σ con-

fidence region around the zero-stream velocity baseline, as a function of halo mass. At redshift

20, virtually all haloes identified in the vbc = 2σvbc run with masses M200 < 107M⊙ and ∼ 50%

of haloes with M200 ∈ [107, 108]M⊙ are well outside the 3σ confidence interval around the

vbc = 0 run. At redshift 10, the distributions of the gas fraction as a function of mass identified
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Figure 2.8: Average gas density profiles for the DM-primary, Gas-secondary objects identified in the
1.4 h−1 Mpc simulations with vbc = 0 (dashed lines) and vbc = 2 × σvbc (solid lines), at redshift 10. The
bottom panel shows the average value of the over-density identified in the high stream velocity case(

δρgas
= (ρgas,2σ − ρgas,0)/ρgas,0

)
.

in the vbc = 0 and vbc = 2σvbc approach each other, yet the level of convergence is resolution

dependent. Of the the 45 objects with masses above 107M⊙ realized in the vbc = 2σvbc run of

the 700 h−1 kpc simulations, approximately 40% have a gas fraction outside of the 3σ error bars

around the zero-stream velocity baseline, however this is the case for only 6% of the ∼ 2000

such objects realized in the 2.8 h−1 Mpc simulation. Since the number of objects with masses

above 107M⊙ realized in the lowest resolution run is overwhelmingly larger than in the 700

h−1 kpc box, we conservatively estimate that at least 6% of all haloes M200 ∈ [107, 108]M⊙ lie

outside of the 3σ confidence level associated with the zero-stream velocity runs.

Interestingly, the non-zero stream velocity impacts not only the overall gas fraction inside

haloes, but also the shape of the distribution of the gas density inside the dark matter haloes.

Figure 2.8 shows the average gas density profiles computed for DM-primary, Gas-secondary

objects with total masses split into mass bins as indicated in the legend. As expected from

our analysis of the total gas fraction, for smaller objects, the average gas density inside the
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virial radius of the DM haloes identified in the high stream velocity simulations plateaus to a

fraction of that recovered inside the DM haloes from the vbc = 0 simulations. On the other hand,

for larger haloes, the gas fraction is virtually independent of the value of the stream velocity.

However, for all haloes, regardless of how the total gas fraction compares to that recovered

in the vbc = 0 simulations, the gas density in the center region of the objects is substantially

lower in the high stream velocity case. For haloes as massive as ∼ 109M⊙ at redshifts as

low as 10, the suppression in the gas density in the inner regions of the halo is on the order

of 25%, indicating that for a non-zero stream velocity the accreted gas tends to linger in the

outer regions of the haloes, in agreement with the qualitative results of O’Leary & McQuinn

(2012). This observation may be partially due to the fact that our simulations do not account for

radiative cooling processes and only follow the gas evolution adiabatically. For that reason, the

gas that has collapsed into dark matter haloes cannot efficiently cool and the density inside the

inner parts of the halo asymptotes to a value determined by the equilibrium between pressure

and gravity. Since a non-zero stream velocity effectively acts as an additional pressure term,

the expected density inside dark matter haloes is naturally lower than that recovered in the zero

stream velocity case.

2.3.3 Gas-Primary objects

The analysis of the abundance and gas content of dark matter haloes in our simulations has shown

that an increase in the stream velocity correlates with a suppression in the halo mass function,

as well as with a decrease in the gas fraction of dark matter haloes with masses < 107M⊙.

Given that all runs contain the same cosmic baryonic fraction, a natural question that arises is,

then, what happened to the gas that did not end up inside dark matter haloes. In a recent work,

Naoz & Narayan (2014) showed that a non-zero relative velocity induces an offset between the

baryonic over-densities and the DM ones. For baryonic modes with Mb ! few ×106 M⊙, the
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baryon over-densities can reach non-linearity well outside the DM halo virial radius. Naoz &

Narayan (2014) show that this process may link these gas rich structures with the progenitors

of globular clusters. Furthermore, the gas deficient haloes, discussed in Section 2.3.2 may be

observed today as dark satellites.

In order to identify and analyze the properties of gas-dominated objects which might form

and survive outside dark matter haloes, we have defined a Gas-primary object, as described in

Section 2.2.3. In our analysis, we consider only FOF groups with more than 100 gas cells†, but

place no constraints on the number of particles inside the best fit ellipsoid. However, due to

the fact that the best fit ellipsoid is required to contain at least 80% of the number of particles

in the FOF group, this effectively places a lower mass bound on the mass of the Gas-Primary

structures identified of Mgas ≥ 3.5 × 103M⊙, 9.5 × 103M⊙, 2.9 × 104M⊙, 6.9 × 104M⊙ for

the 700 h−1 kpc , 1.12 h−1 Mpc , 1.4 h−1 Mpc and 2.8 h−1 Mpc simulations, respectively.

We find that a large fraction of the Gas-primary objects identified in our simulations are sim-

ply the gas component of the DM-primary, Gas-secondary objects discussed in Section 2.3.2.

However we remind that the DM-primary, Gas-secondary objects are centered on the center

of mass of the dark matter + gas system, for which spherical symmetry is assumed, and their

properties are studied inside of the virial radius of the halo. Gas-primary objects are, on the

other hand, centered on the center of mass of the gas, spherical symmetry is not required and

their properties are studied inside a tightly fitting ellipsoid surrounding the gas particles. For

that reason, the gas-primary objects which are also part of a DM-primary, Gas-secondary object

are generally displaced with respect to the center of mass of the latter and exhibit, on average,

a larger gas fraction than the one found for the the corresponding DM-primary, Gas-secondary

object, discussed in Section 2.3.2.
†We chose to lower the default number of required particles in the analyzed FOF groups from 300 to

100 in order to access a wider mass range of Gas-Primary objects.
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Figure 2.9: Top: Gas fraction as a function of the distance to the closest dark matter halo for the Gas-
primary objects identified in the 700 h−1 kpc simulations. All quantities are computed inside the op-
timal ellipsoid, as defined in Section 2.2.3. Bottom: Halo mass function for the gas-abundant gas-
primary structures sitting outside the virial radius of the closest dark matter halo. The solid lines are
computed from the high-stream velocity runs, while the dashed lines, from the zero-vbc simulations (see
Figure 2.10 for results from the other simulation boxes).

In addition to the Gas-primary objects which can be identified as belonging to a dark matter

halo, we also recover a number of objects which appear to reside outside of the virial radius of

any DM-primary halo. For all Gas-primary objects constructed in our simulations, we identify

a closest DM-primary object containing more than 300 dark matter particles and we show in the

top panels of Figure 2.9 the gas fraction contained in the Gas-primary objects as a function of
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their distance to the closest dark matter halo for our highest resolution runs. Note that, as men-

tioned in Section 2.2.3, while we use just the gas particle information to identify Gas-primary

objects, the best fit ellipsoidal surfaces surrounding the object will generally enclose both gas as

well as dark matter particles. Therefore, the gas fraction associated with a Gas-primary object

is computed as the gas mass divided by the total mass contained inside the best fit ellipsoids

around the center of mass of the object.

As mentioned, a good fraction of all the objects identified lie inside the virial radius of the

closest dark matter halo and have a gas fraction smaller than the cosmic baryonic fraction. These

are the objects we assume to be the gas components of the DM-primary, Gas-secondary objects

discussed in Section 2.3.2. However, there are also many gas-primary objects located outside

the virial radius of the closest dark matter halo. In the case of the zero-stream velocity runs the

vast majority of them still have gas fractions lower than the cosmic baryonic fraction, but in the

non-zero stream velocity cases we identify a substantial number of objects virtually devoid of

dark matter, particularly at high redshift. In the 700 h−1 kpc run with vbc = 2 × σvbc , approxi-

mately 10%(1%) of all identified Gas-Primary objects have a gas fraction above 0.8 at redshift

20(10). As shown in Figure 2.10, the other resolutions explored produce qualitatively similar

results, albeit, the number of Gas-Primary objects virtually devoid of dark matter decreases with

decreasing resolution, with only ∼ 3%(0.3%) of them having a gas fraction greater than 0.8 at

redshift 20(10) in the 2.8 h−1 Mpc simulation. The slight discrepancy in the number of ob-

jects with high gas fractions is, in part, due to the fact that in the highest resolution run we can

access significantly lighter structures than the other simulations and, when residing outside of

dark matter haloes, these low mass objects tend to have a higher gas fraction than their heavier

counterparts.

With decreasing redshift, the number of gas-abundant objects identified in the simulations

also decreases regardless of the value of the stream velocity used. Furthermore, at any given

37



Figure 2.10: Left panels: Gas fraction as a function of the distance to the closest dark matter halo for
the Gas-primary objects identified at redshift 20, in the 1.12 h−1 Mpc 1.4 h−1 Mpc and 2.8 h−1 Mpc
simulations. Right panels: Halo mass function for the gas-abundant gas-primary structures residing
outside the virial radius of the closest dark matter halo identified in the lower 3 resolution runs. The
solid lines are computed from the high-stream velocity runs, while the dashed lines, from the zero-vbc
simulations. All quantities are computed inside of the optimal ellipsoid, as defined in Section 2.2.3.
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redshift, the smaller the stream velocity implemented, the smaller the number of gas-abundant

objects identified. The bottom panels of Figure 2.9 show the number density distributions of

gas-abundant Gas-primary objects residing outside of the virial radius of the closest dark matter

halo for a variety of different redshifts. Interestingly, the difference between the abundance of

such objects in the zero-stream velocity and non-zero stream velocity simulations decreases with

decreasing redshift. This is due to the fact that the gas-abundant objects identified in our simu-

lations have inherently two different origins and competing creation and depletion mechanisms

play a role in determining the object abundance. At lower redshift, more and more gaseous

clumps are torn out of large haloes by dynamical processes. This production mechanism is

present in all simulations, regardless of the value of the stream velocity, and creates short-lived,

gas-abundant structures which generally get reabsorbed into larger dark matter haloes soon after

they were created. In our simulations, we observe this to be the dominant mechanism for pro-

duction of gas-abundant Gas-Primary structures in the zero-vbc simulations, accounting for the

increase with decreasing redshift in number density of such objects in the vbc = 0 runs (see Fig-

ure 2.9). On the other hand, in the non-zero stream velocity runs, a population of gas-abundant

objects which were never part of a larger object and which formed directly outside of dark matter

haloes is present. The number density of these Gas-Primary objects is larger at high z and, while

they do get absorbed by larger haloes with decreasing redshift, this process happens on much

longer time scales, accounting for the steady decrease in the number densities of gas-abundant

objects shown in Figure 2.9 for the non-zero stream velocity runs. Qualitatively similar trends

are observed in all of our simulations, regardless of the box size used (Figure 2.10, right panels).

A more in-depth analysis of the matter content of the gas-abundant objects located outside of

dark matter haloes in our simulations, shows relatively high gas column densities (in excess of

1021 cm−2, Figure 2.11), suggesting that under the right circumstances these objects might sur-

vive to low redshifts. Furthermore, the average matter density inside of the best fit ellipsoids is
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Figure 2.11: Gas density projections for three Gas-Primary objects identified in the high stream veloc-
ity, 1.4 h−1 Mpc simulation at redshift 10. The objects are centered at coordinates (0, 0) in the figures
above, contain a gas fraction larger than the cosmic baryonic fraction inside the tightly fitted ellipsoids
(not shown) and are located outside the virial radius of the closest DM halo.

Figure 2.12: Left: Number density of Gas-Primary objects identified in the 1.4 h−1 Mpc simulations as
a function of over-density δρtotal

= (ρtotal − ρ̄)/ρ̄. Right: Total matter over-density δρtotal
as a function

of gas over-density δρgas
= (ρgas − ρ̄)/ρ̄ (top panel) and gas mass as a function of gas over-density

(bottom panel) for Gas-Primary objects identified at redshifts 20 (circles) and 10 (stars). In both plots
we only consider Gas-Primary objects located outside the virial radius of the nearest dark matter halo
and which have a gas fraction above the cosmic baryonic fraction.

generally well in excess of the mean matter density of the Universe, indicating that some of these

Gas-Primary objects might collapse and evolve outside of dark matter haloes, just as Naoz &
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Narayan (2014) predicted. We find that, while the non-zero stream velocity simulations produce

more gas-abundant objects located outside of dark matter haloes, they generally have a smaller

over-density than their zero-stream velocity counterparts (Figure 2.12, left panel). Furthermore,

it seems that it is these objects with lower over-density that end up having a higher gas fraction

than the objects identified in the vbc = 0 simulations. The right panel in Figure 2.12 shows the

total matter over-density as a function of the gas over-density identified at redshifts 20 (circles)

and 10 (stars) in the gas-abundant Gas-Primary objects located outside of dark matter haloes.

Both the total over-density and the gas over-density are computed with respect to the mean total

matter density in the Universe, for the regions of the Gas-Primary objects enclosed by the best

fit ellipsoid as defined in Section 2.2.3. Objects identified in high stream velocity simulations

exhibiting a lower matter over-density tend to have a significantly larger gas over-density than

those identified in the zero-stream velocity simulations, while objects with a high matter over-

density generally have a similar gas content, independent of the value of the stream velocity.

Furthermore, we find that the gas mass contained in these gas-abundant objects increases with

gas over-density up to what seems to be a large-over-density limit of ≈ 105M⊙. Similar results

are inferred from all simulations, regardless of resolution.

We note that, there is a qualitative difference between the gas-primary objects identified in

the vbc = 0 and the vbc = 2 × σvbc scenarios. All of the gas-abundant objects identified in

the zero-stream velocity runs, regardless of the resolution of the simulation, are short lived.

They generally have been torn out of larger haloes by dynamical processes and fall back into

another DM halo shortly thereafter. Therefore, while there may be, at any given time, a handful

of gas-abundant objects in the zero-stream velocity simulations, they do not survive for very

long. However, as suggested by Figures 2.11-2.12, these high density systems may lead to

small scale structure formation (as their over density exceeds unity) and they may harbor dark

matter deprived stellar systems, should their life-time be longer than typical star formation time
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Table 2.2: History of the evolution of the gas mass (Mgas), gas fraction (fgas) and distance to the closest
DM-primary object quoted as a fraction of the virial radius of the DM halo (ΔR/R200,DM) for one of the
Gas-Primary objects identified in the 700 h−1 kpc run with vbc = 2 × σvbc , together with the evolution
of the virial mass of the companion DM halo (M200,DM). After redshift 12, the object get fully accreted
into the larger halo.

z Mgas(M⊙) fgas
ΔR

R200,DM
M200,DM(M⊙)

20 6.52 × 104 38% 1.43 1.06 × 106

19 4.24 × 104 29% 1.67 1.24 × 106

18 4.71 × 104 35% 1.37 2.04 × 106

17 9.23 × 104 36% 1.19 2.54 × 106

16 7.02 × 103 43% 1.19 2.98 × 106

15.8 1.18 × 104 49% 1.19 3.02 × 106

15 2.48 × 104 16% 1.22 3.34 × 106

14 1.25 × 104 38% 0.87 3.53 × 106

13 7.39 × 103 27% 0.92 4.16 × 106

12.6 2.55 × 104 28% 0.86 4.19 × 106

scales and the local over-density be high enough to support radiative cooling.

In the vbc = 2× σvbc runs, the evolution of the gas-primary objects is slightly more complex.

While virtually all of the gas-abundant objects found in these simulations at redshift 10 have also

been torn out of larger haloes by dynamical processes and we expect them to have a similar fate

as the objects found in the zero-vbc simulations, at intermediate and large redshifts we do find a

handful of objects which have survived and evolved outside dark haloes for a significant period

of time. Table 2.2 shows an example of the history of such an object. We first identify the Gas-

primary object at redshift 20, when it is residing outside of a dark matter halo 30 times its mass.

As it evolves towards lower redshifts, it is slowly approaching the dark matter halo and, while

the mass of the DM halo is steadily increasing, that of the Gas-primary object exhibits some

stochasticity. This is partly due to fact that, being a smaller object, the Gas-primary halo has a

harder time accreting or even holding on to the gas it already has. At redshift 15, the companion
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dark matter halo merges with a smaller dark matter halo and this event sends the Gas-primary

object on a spiral towards the resulting halo. By redshift 12, it is completely accreted.

Nevertheless, objects like the one in Table 2.2 are rare in our high stream velocity simulations

and the gas-abundant structures which are located outside of dark matter haloes at high redshift

tend to get accreted into a nearby halo on much shorter time scales. The fact that we do identify

a few such longer lived objects does indicate that some of them could survive up to the present

time, as predicted by Naoz & Narayan (2014), though they do not appear to account for the

primary formation mechanism of globular clusters.

2.4 Discussion

In this chapter we have investigated the impact of the streaming motion of baryons with respect

to dark matter on the formation and gas content of dark matter haloes. Using high-resolution

numerical simulations we have studied the potential to form long lived, baryon dominated struc-

tures in the context of different values of the stream velocity. We account for gravitational forces,

hydrodynamic fluxes and adiabatic gas processes to evolve dark matter and baryons from red-

shift 200 to redshift 10, inside cosmological boxes of up to 2.8 h−1 Mpc on a side. In this way,

we systematically quantify the impact of a non-zero stream velocity on the formation and gas

content of dark matter haloes spanning more than 4 orders of magnitude in mass.

Our major results are as follows:

1. Halo abundance. We show that a non-zero stream velocity suppresses the formation of

dark matter haloes of masses M200 < few×107M⊙, consistently with previous theoretical

and numerical studies. We quantify this suppression for M200 > 105M⊙, to be about 60%

at z=20 in our vbc = 2 × σvbc simulations. Furthermore, we show that this suppression

persists to lower redshifts and at z = 10 it is on the order of 25% (see Figure 2.2).
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2. Gas fraction in dark matter haloes. The baryon stream velocity has an impact not

only on the halo number density, but also on the gas fraction identified inside dark matter

haloes, as shown in Maio et al. (2011); Greif et al. (2011); O’Leary & McQuinn (2012);

Fialkov et al. (2012); Naoz et al. (2012, 2013); Tseliakhovich et al. (2011); Dalal et al.

(2010); Richardson et al. (2013). Expanding on previous studies we find that the stream

velocity suppresses the gas fraction inside haloes with masses up to ∼ 108M⊙, whereas

haloes with masses above this scale contain a gas fraction insensitive to the value of the

stream velocity (see Figures 2.3-2.6).

3. Gas density in dark matter dominated haloes. The baryonic stream velocity also sup-

presses the gas density recovered in the inner regions of the dark matter haloes (see Figure

2.8). This is, in part, due to the fact that we do not follow radiative processes in our sim-

ulations and, hence, the gas density in the inner regions of the halo is determined by the

equilibrium of pressure and gravity. Since the non-zero stream velocity acts as an addi-

tional pressure term, it is plausible that the gas densities recovered in this case are lower

than in the zero-stream velocity regions.

4. Gas rich structures. We identify a population of gas rich structures (fgas > fb) located

outside of the virial radius of dark matter haloes (see Figure 2.9), as predicted by Naoz

& Narayan (2014). Unlike dark matter dominated haloes, these gas rich objects have

a filamentary structure (see Figures 2.1 and 2.11). For the zero stream velocity case,

generally these are clumps which have been torn out of dark matter haloes by dynamical

processes and which get reabsorbed into dark matter haloes soon thereafter. On the other

hand, for the non-zero stream velocity case many of these gas-rich objects are much longer

lived and, even though none of the ones we identified in our simulations survive until the

final redshift, we do expect that, allowing for star formation, some might. A fraction of
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these surviving haloes may potentially become the progenitors of globular clusters, as

suggested in Naoz & Narayan (2014).

5. Gas rich high densities. The gas-abundant objects we identified residing outside of the

virial radius of dark matter haloes do, in fact, reach high densities, suggesting that they are

non-linear structures (Figures 2.11-2.12). Moreover, we speculate that allowing for star

formation, these high-density structures may be the sites of early star formation becoming

dark matter deprived stellar systems, as hypothesized by Naoz & Narayan (2014), and

potentially having a significant impact on the process of reionization.
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’What  makes  the  desert  beautiful,’ said  the  little

prince, ’is that somewhere it hides a well...’

Antoine de Saint-Exupéry, The Little Prince

3
The Impact of Baryonic Physics on

Observable Scaling Relations

Galaxy clusters are the most massive gravitationally bound objects in the Universe and an impor-

tant tool for cosmological studies. Their spatial distribution and number density bear the imprint

of the underlying spectrum of primordial fluctuations, as well as that of the cosmological param-

eters determining the growth of the initial matter overdensities. In order to use galaxy cluster

number counts to constrain cosmological parameters, an accurate knowledge of their mass is

necessary. While the mass of clusters can be directly determined using gravitational lensing

or by studying the velocity dispersion of the galaxies they contain, both of these methods are

46



observationally expensive and data is available only for a limited number of objects.

With a typical mass of around 1014M⊙ and a radius on the order of a few Mpc, galaxy clusters

are filled with a hot ionized gas. The free electrons inside the intracluster medium (ICM) emit

X-ray radiation via Bremsstrahlung, and they interact with the cosmic microwave background

(CMB) photons via inverse Compton scattering, producing a distortion in the CMB spectrum

known as the thermal Sunyaev-Zeldovich effect. These two observational signatures of galaxy

clusters have been used by the numerous X-ray and Sunyaev-Zeldovich experiments, such as

Chandra (Vikhlinin et al., 2006), ROSAT (Mantz et al., 2010), Planck (Tauber et al., 2006), SPT

(Carlstrom et al., 2011), ACT (Hincks et al., 2010), APEX-SZ (Schwan et al., 2012), to detect

hundreds of objects, over the past two decades. In order to make better use of the plethora of

data available, it is necessary to be able to determine the physical properties of clusters directly

from X-ray or Sunyaev-Zeldovich measurements, without the use of ancillary observations.

For that purpose, a significant effort has been invested in calibrating simple scaling relations

between observational signals and cluster properties, from both observations and numerical sim-

ulations. Such scaling relations are theoretically motivated by simple models of structure forma-

tions such as the self-similar model of Kaiser (1986), whose predictions have been corroborated

by numerical simulations incorporating only non-radiative processes. Nevertheless, observa-

tionally calibrated scaling relations are at odds with the predictions of the self-similar model

( e.g. Anderson et al., 2015; Maughan et al., 2012) and numerical simulations incorporating

physical processes beyond gravity and hydrodynamics indicate that both the slope and the scat-

ter around the best fit scaling relations are impacted by the thermodynamical state of the ICM

(e.g. Bonaldi et al., 2007; Planelles et al., 2014).

In this work, we use the Illustris simulation suite (Vogelsberger et al., 2014b), a series of

large-scale cosmological simulations which follow the joint evolution of baryons and dark mat-

ter inside a volume of (106.5 Mpc)3, accounting, in addition to gravity, for gas cooling, star
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formation and radiative feedback processes (both stellar and AGN). We investigate the impact

that the physical model implemented in Illustris has on the structural and observable proper-

ties of haloes with virial masses above 1013M⊙ at redshift 0, on the scaling relations describing

their correlation with each other, and on the redshift evolution of these scaling relations. Further-

more, we quantify the predictive power of the galaxy formation model implemented in Illustris

by comparing the properties of the clusters realized at redshift 0 with observations.

The rest of this chapter is structured as follows. In Section 3.1 we present a brief description

of the Illustris simulation suite, followed by a detailed overview of the physical processes im-

plemented in Section 3.2. We continue describing the halo selection criteria used in this study

and the definitions of the halo parameters of interest in Sections 3.3 and 3.4. The analysis of the

scaling relations between properties of haloes identified at redshift 0 in the Ilustris simulations,

as well as the redshift evolution of these correlations is presented in Section 3.5. We conclude

with a discussion in Section 3.6.

3.1 The Illustris Simulation Suite

The Illustris simulation suite, first introduced in Vogelsberger et al. (2014b), follows the evo-

lution of a volume of (106.5 Mpc)3 in a cosmology with Ωm = 0.2726, ΩΛ = 0.7274, Ωb =

0.0456, σ8 = 0.809, ns = 0.963, H0 = 100h kms−1 Mpc−1 and h = 0.704, consistent with the

WMAP-9 measurements (Hinshaw et al., 2013). The simulations were run using the moving-

mesh code AREPO (Springel, 2010) and follow the evolution of matter using three distinct phys-

ical models. The details of the runs in the Illustris project are presented in Table 3.1. Illustris-

1,2,3 represent a series of full-physics cosmological simulations following the joint evolution of

baryons and dark matter including, in addition to gravity and hydrodynamics, a comprehensive

physics and feedback model which allows for radiative gas cooling, star formation, stellar feed-

48



Table 3.1: Details of the Illustris simulation suite. Illustris-1,2,3 are a series of full-physics simulations
realized at three baseline resolutions. Illustris-Dark-1,2,3 are simulations following only the dark mat-
ter component and Illustris-NR-2,3 follow both dark matter and gas using only non-radiative processes.
All simulations are initialized with the same initial conditions.

Name Volume Number of εbaryon/εDM mbaryon mDM
[(Mpc)3] particles [pc] [105M⊙] [105M⊙]

Illustris-1 106.53 3 × 18203 710/1420 12.6 62.6
Illustris-2 106.53 3 × 9103 1420/2840 100.7 501.0
Illustris-3 106.53 3 × 4553 2840/5680 805.2 4008.2
Illustris-Dark-1 106.53 1 × 18203 710/1420 − 75.2
Illustris-Dark-2 106.53 1 × 9103 1420/2840 − 601.7
Illustris-Dark-3 106.53 1 × 4553 2840/5680 − 4813.3
Illustris-NR-2 106.53 2 × 9103 1420/2840 100.7 501.0
Illustris-NR-3 106.53 2 × 4553 2840/5680 805.2 4008.2

back and chemical enrichment, black hole formation, and AGN feedback (Vogelsberger et al.,

2013). A detailed description of the implementation of these physical processes is presented in

Section 3.2. In addition to the full-physics runs, the Illustris suite also includes dark matter-only

simulations (Illustris-Dark-1,2,3), accounting only for the dark matter component as it evolves

under the influence of gravity, and non-radiative simulations (Illustris-NR-2,3), following the

evolution of both DM and baryons while accounting only for gravity and hydrodynamics.

The full-physics and DM-only simulations are realized at three different resolution levels.

Level 1 are the highest resolution runs, which populate the cosmological volume with 3×18203

total dark matter particles, hydro cells and tracer particles. Level 2 follows a factor of 8 fewer

particles in each component, and level 3 an additional factor of 8 fewer particles compared

to level 2. The non-radiative realization of the runs, Illustris-NR-2,3, are only performed at

resolution levels 2 and 3, respectively. In our analysis of the Illustris suite we use the different

resolution levels to separate resolution effects from those due to the physical processes accounted

for in the simulations. Furthermore, we use the non-radiative runs as a baseline that can be

easily compared to previous hydrodynamic simulation, the theoretical predictions of the self-
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similar model of cluster formation (Kaiser, 1986), and observations. Discrepancies between the

predictions from the non-radiative runs and observations highlight cluster properties which are

particularly sensitive to physical processes beyond gravity. All of the simulations employ a fixed

comoving softening length for the dark matter particles (εDM), a softening length for baryonic

collisionless particles (stars and black holes) limited to a maximum physical scale
(
εbaryon

)
, and

an adaptive softening scheme for hydro cells, where the softening length is proportional to the

cell size. Furthermore, the refinement/derefinement scheme used keeps the hydro cell size within

a factor of 2 of mbaryon target mass. Note that the softening length used effectively provides a

minimum physical scale and mDM/mbaryon a minimum mass scale below which the simulations

will not resolve substructures.

3.2 Galaxy Formation Model

The galaxy formation model used in the Illustris simulations (Vogelsberger et al., 2013) takes

into account all of the primary physical processes that are known to impact the observable prop-

erties of galaxies, and in this section we provide a detailed description of their implementation.

We start with a presentation of the gas cooling model used, followed by a discussion of the sub-

resolution implementation for star formation and stellar evolution. Next we describe the stellar

feedback processes accounted for. We end this section with a discussion of the implementation

of black hole formation and AGN feedback.

3.2.1 Gas Cooling and Heating

It has long been established that radiative processes have a significant impact on gas dynam-

ics, and that failing to properly account for baryonic physics generates a much too shallow gas

density profile inside galaxy clusters, preventing the gas from cooling efficiently. The Illustris
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simulations account for cooling due to a mixture of hydrogen and helium, including collisional

excitation, collisional ionization, recombination, Bremsstrahlung emission and inverse Comp-

ton scattering off the CMB, as well as metal line cooling and collisional ionization effects due

to a uniform, time-dependent ultraviolet radiation background (UVB). The total net cooling rate

evaluated in the simulations has the following form:

Λ(T, ρ, z, Z) = Λp(T, ρ, z) +
Z

Z⊙
Λm(T, ρ, z, Z⊙) + ΛC(T, ρ, z) (3.1)

where Λp(T, ρ, z) is the net cooling rate due to primordial species (H, H+, He, He+, He++),

Λm(T, ρ, z, Z⊙) is the metal line cooling rate for a gas of solar composition, and ΛC(T, ρ, z) is the

cooling rate due to the inverse Compton scattering off the CMB. Illustris uses the UVB intensity

of Faucher-Giguere et al. (2009) together with the advected H and He mass fractions, to compute

the chemical abundances and gas temperature, which are then used as input for the ionization

equations of Cen (1992) and Katz et al. (1996) to compute the primordial cooling/heating rates

Λp(T, ρ, z). The metal line cooling rates Λm(T, ρ, z, Z⊙) for a gas of solar composition are

computed using the photoionization code CLOUDY (Ferland et al., 1998), prior to the start of the

simulation, and tabulated as a function of log(T/K), log(nH/cm−2) and z. During the simulation,

the appropriate value for the metal line cooling is looked up in this table and it is assumed that

the rates scale linearly with metallicity, Z. Finally, the cooling rates computed above apply to gas

that is optically thin to radiation, however, for gas densities ρgas ≥ 10−3cm−3 gas self-shielding

is taken into account and the primordial cooling rate, as well as the normalization of the input

radiation to CLOUDY are dampened by:

(1 − f)

[
1 +

(
nH
n0

)β
]α1

+ f
[

1 +
nH
n0

]α2

(3.2)
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where n0 is the self shielding density threshold, nH is the hydrogen number density, and the

values used for the free parameters f, n0,α1,α2, and β are obtained by interpolating linearly

with redshift the best-fit results of Rahmati et al. (2013). At z > 6 no shelf-shielding is assumed.

3.2.2 Star Formation, Stellar Evolution and Chemical Enrichment

The star formation model implemented in Illustris follows closely the scheme first presented in

Springel & Hernquist (2003) in which star-forming gas is modeled using an effective equation

of state and stars form stochastically from cold gas with a density above ρsfr = 0.13 cm−3,

over a time scale of tsfr = 2.2 Gyr. The specific values of these parameters are set such that the

relation between the disc surface gas density in disk galaxies at redshift z = 0 and star formation

density agrees with the observations (Kennicutt, 1998). Each star particles is a single age stellar

population with a mass

M∗(t) =
∫ ∞

0
mΦ(m)dm (3.3)

where Φ(m) is the initial mass function (IMF) for the stellar population given by (Chabrier,

2003):

Φ(m) =

⎧
⎪⎪⎨

⎪⎪⎩

Am−1 exp
(
− log(m/mc)2

2σ2

)
, if m # 1M⊙

Bm−2.3, if m > 1M⊙
(3.4)

In the above equation mc = 0.079, σ = 0.69,A = 0.8524064 and B = 0.237912 are nor-

malization factors chosen to ensure a smooth transition between the different mass scales. The

post main sequence evolution of stars is assumed to be instantaneous. Hence, each star particle

has a well defined lifetime, after which it returns part of its mass back to interstellar medium

(ISM). The main mechanisms through which stellar populations return baryonic material to the

ISM are core collapse supernovae explosion and stellar winds from asymptotic giant branch

stars (AGB) and Illustris accounts for both of these baryon recycling mechanisms. In addition,
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the simulations also account for Type Ia supernovae activity which, in spite of having only a

small contribution to gas recycling back into the ISM, is an important source of iron production,

playing a crucial role in cosmological studies.

Once a choice has been made for the initial mass function and the lifetime function, determin-

ing the number and rate of AGB stars and core collapse supernovae is relatively straightforward

(Leitner & Kravtsov, 2011). It is assumed that all stars within a stellar population with masses

M > 6M⊙ will return most of their material in core collapse supernovae, while the less massive

stars will do so via AGB winds. At any given time step, the amount of mass recycled back into

the ISM is given by:

ΔMrec(t,Δt, Z) =
∫ M(t)

M(t+Δt)
mfrec(m, Z)Φ(m)dm (3.5)

and it depends on the IMF and the stellar recycling fraction frec(m, Z). In addition to the to-

tal baryonic mass recycled back into the ISM, the simulations also track the specific chemical

composition of the ejected material:

ΔMi(t,Δt, Z) =
∫ M(t)

M(t+Δt)
(yi + Zimfrec(m, Z))Φ(m)dm (3.6)

where Zi is the initial mass fraction of a chemical element i (
∑

Zi = 1) and yi(m, Z) is an

elemental mass yield specifying the amount created or destroyed of each element, as a function

of stellar mass m and initial metallicity Z. For AGB stars, the elemental mass yields adopted are

those of Karakas (2010), while for core collapse supernovae are those of Portinari et al. (1998).

Illustris tracks the abundance of 9 chemical elements: H, He, C, N, O, Ne, Mg, Si and Fe.

Unlike the evolution of AGB stars and core collapse supernovae which are well understood

from a theoretical standpoint, Type Ia supernovae rates are significantly harder to model, since
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it is currently uncertain what the progenitors of such events are. For that reason, a first principle

approach to determining the rate of Type Ia supernovae events is not possible. In order to cir-

cumvent this issue, it is assumed that the Type Ia supernovae rate is given by the convolution of

the star formation rate with a delay time distribution (DTD) of Type Ia events:

ṄIa =

∫ t

0
Ψ(t′)g(t − t′)dt′ (3.7)

where Ψ(t′) is the star formation rate at a given time t′ and g(t − t′) is the DTD. However,

since star formation is modeled as an instantaneous event at time t0, the supernovae rate is

ṄIa = g(t − t0), where g(t) is assumed to have the following form:

g(t) =

⎧
⎪⎪⎨

⎪⎪⎩

0, if t # τ8M⊙

N0

(
t

τ8M⊙

)−s
s−1

τ8M⊙
, if τ8 > τ8M⊙

(3.8)

with the power law index s = 1.12, the offset time between the birth of the star particle and the

first supernova event τ8M⊙ = 40 Myr and the normalization N0 = 1.3×10−3 [SN M−1
⊙ ] (Maoz

et al., 2012; Dahlen et al., 2004). Finally, once the Type Ia supernovae rates are determined, the

amount of mass recycling and metal production is determined according to the yield calculations

in Thielemann et al. (2003) and Travaglio et al. (2004).

3.2.3 Stellar Feedback

The mass recycling and metal enrichment scheme implemented in the context of star formation,

while critical from the point of view of correctly modeling stellar evolution, has otherwise no

impact on the thermal history of the ISM. Implementing baryonic radiative processes in numeri-

cal simulations has originally been motivated by the need to reproduce the high gas density in the
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inner regions of galaxy clusters. However, it has been shown (Springel & Hernquist, 2003) that

radiative processes alone are, in fact, too efficient at cooling the ISM, which, in turn, determines

a star formation rate significantly higher than observed. Therefore, accounting for additional

processes which heat the ISM, such as thermal feedback from stellar winds and AGN feedback,

is crucial for recovering a realistic stellar population.

Since Illustris already implements a scheme for stellar winds from core collapse supernovae

which distribute mass and material to the surrounding ISM, it is easy to ensure that the winds

also distribute energy. At each time step, gas cells keep track of how much energy they receive

from stellar particles (ΔESNII) and they are assigned a probability with which they are converted

into wind particles, p = ΔESNII/(0.5Mv2
W) where M is the mass of the gas cell and vW = kWσ

is the wind velocity assigned to this particle, with kW = 3.7 being a model parameter and σ the

local one-dimensional DM velocity dispersion. Each wind particle is assigned a mass equal to

the mass of the gas cell if mcell < 2mtarget and equal to mtarget
* otherwise. Additionally, wind

particles are also assigned a fraction of the metal content of the parent gas cell, independent

of the mass fraction adopted. At each time step, the ratio of the probability for a gas cell to be

converted into a wind particle versus undergoing start formation is computed, as a function of the

wind mass loading factor (ηw). Once a cell is transformed into a wind particle, it is temporarily

decoupled from the hydrodynamic calculation and interacts with the surrounding matter solely

gravitationally. For choosing the wind direction, a bipolar scheme is implemented where the

direction of each wind particle is selected with a random sign parallel to v × ∇φ in the rest

frame of the FOF group, ensuring that momentum conservation is observed. Once the particle

reaches a certain density threshold or maximum travel time, it is dissolved into the gas cell in

which it is currently located, depositing its mass, momentum, thermal energy, and metal content.
*mtarget is the target mass of a gas cell
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3.2.4 Black Hole Formation and Evolution, and AGN feedback

In addition to forming star particles, dense cold gas also seeds black holes in the center of mas-

sive haloes. Since the length scales resolved at even the highest resolution of cosmological

simulations is many orders of magnitude larger than the Schwarzschild radius of these black

holes, sub-resolution models are employed in treating black hole formation and evolution.

In Illustris, black hole formation is modeled by assigning black hole seeds to all FOF groups

with masses larger than 5×1010h−1M⊙, which do not already contain a BH. Once a FOF group

is selected to receive a black hole seed, the gas cell with the lowest potential energy in the group

is transformed into a black hole sink particle with a mass of 105h−1M⊙. At each time step, the

black hole is repositioned to the minimum of the gravitational potential in its parent FOF group

and its mass is increased according to the Bondi-Hoyle-Lyttleton based Eddington-limited rate:

ṀBH = min
[

4παG2M2
BHρ

(c2
s + v2

BH)
3/2 , ṀEdd

]
(3.9)

where ρ is the density of the gas surrounding the black hole, cs is the sound speed in that spatial

region, vBH is the velocity of the black hole with respect to its surrounding gas, and ṀEdd is the

Eddington accretion rate of the black hole. All of these quantity are computed inside a sphere

around the BH which encloses a predefined number of neighbors. Since the BH particle is con-

stantly repositioned, its velocity with respect to the surrounding gas is not meaningful and, hence,

disregarded in the above computation. The black hole sink particle primarily uses the gas cell in

which it currently resides to draw, at each time step, and additional mass ΔM = (1− εr)ṀBHΔt,

where εr is the radiative efficiency. Generally, ΔM is much smaller than the mass of the gas cell

in which the black hole is residing, however, in the rare event when this is not the case, a safety

mechanism is employed in which the black hole is limited to accreting at most 90% of the mass

of any particular gas cell. Also, the definition of ṀBH above tends to overestimate the black hole
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accretion rate for massive black holes located in gas poor environments which could artificially

create gas depleted bubbles around the BH. In order to safeguard against such a behaviour, an

additional gas pressure criterion is imposed such that, if the gas pressure surrounding the back

hole falls below a reference pressure Pref = (1 − γ)ρsfrueq, the accretion rate is lowered by a

factor of (Pgas/Pref)2. In turn the lower black hole accretion rate will lower the temperature of

the gas by a factor of Pgas/Pref, increasing its density in proportion. The reference temperature

specified above is determined by the assumption that such bubbles forming around the black

hole are quasi-stationary, with the energy losses via radiation being compensated by the heat-

ing from the quasar mode of the black hole. This, in turn, uniquely determines an equilibrium

temperature and, hence, and equilibrium energy ueq of the gas.

As hinted above, the black hole model implemented in Illustris accounts for both mass accre-

tion as well as thermal and radiative feedback. Thermal feedback is implemented similarly to

previous studies (Sijacki et al., 2007; Springel et al., 2005b), by accounting for a quasar (high-

accretion) mode and a radio (low-accretion) mode. If the black hole accretion rate is above

a χradio fraction of the Eddington rate, feedback operates in quasar mode, and it distributes a

fraction εf of the radiative† energy of the accreted gas isotropically to the same gas cells which

inform the black hole accretion rate. For low accretion rates, the black hole feedback operates

in radio mode and AGN bubbles are inflated by hot jets from the black hole. Such bubbles are

inflated every time the black hole mass increases by a factor of δBH and their size and energy

content are given by (Sijacki et al., 2007):

Ebub = εfεrc2ΔMBH (3.10)

Rbub = Rbub,0

(
Ebub/Ebub,0

ρICM/ρICM,0

)1/5

(3.11)

†a radiative efficiency εr ∼ 0.1 − 0.2 is assumed (Shakura & Sunyaev, 1973; Yu & Tremaine, 2002)

57



where Rbub,0 = 50 kpc, Ebub,0 = 1060 erg and ρICM,0 = 104 M⊙ kpc−3 and the bubble injects a

fraction εfεr of the accreted rest mass energy.

In addition to thermal feedback, radiative feedback from AGN activity is also implemented

in Illustris. In the vicinity of active galactic nuclei, the radiation field is no longer dominated

by the uniform UV background discussed above, and receives a substantial contribution from

the back hole itself, having a large impact on the photoionization cooling and heating rates of

nearby gas. Since the AGN radiation feedback is most effective when the accretion rate of the

black hole is close to the Eddington limit, it is reasonable to assume and the radiation from the

black hole can be directly superimposed on the UVB field and that it is characterized by a fixed

AGN spectral energy distribution (SED) (Sazonov et al., 2005) :

fAGN(ν) = ναUV exp
(
− hν

kTBB

)
exp

(
−10−2Ryd

hν

)
+ aναX (3.12)

with the distribution cut off at TBB = 106 K and suppressed exponentially at kTIR = 0.01 Ryd,

and the parameters αX = −1 and αUV = −0.5 describing the distribution in the X-ray and UV

part of the spectrum. In order to ensure conservation of energy, only a fraction (1 − εf) and

(1 − εm) of the accreted energy is allowed to be distributed via radiative feedback. For each

back hole particle, the radius within which the ionization parameters is above 10−3 erg s−1 cm

is computed. Each gas cell within this radius is assigned a bolometric luminosity, which is later

used in conjunction with the UVB luminosity to compute the cooling and heating rates of the

gas. In this implementation, star forming gas is assumed to be optically thin to AGN radiation

and only non-star forming cells are included in the computation.
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Figure 3.1: Cumulative halo mass function for the haloes identified in the Illustris simulations at red-
shift 0 (left) and 3 (right).

3.3 Halo catalog

We identify haloes in the Illustris simulations using a friends-of-friends (FOF) halo finding algo-

rithm. Given a collection of particles, the algorithm assigns any two particles with a separation

smaller than a specified linking length b as belonging to the same group. We run the FOF halo

finding algorithm with a linking length equal to 0.03 times the mean inter-particle separation and

identify DM-halos. To these objects, we assign gas cells in a secondary linking stage (Dolag

et al., 2009) and hence our haloes end up containing both gas cells and dark matter particles.

For the purpose of this analysis, we assume that objects are spherically symmetric and study the

matter content inside a sphere, centered on the center of mass of the halo. We define the virial

radius of a halo to be the radius enclosing a density 200 times the critical density of the Universe

(R200,c). Throughout our analysis we use the notation RΔ,c to be the radius of a sphere enclosing

a matter density Δ times larger than the critical density of the Universe and XΔ,c to be the value

of a given parameter X computed inside a sphere of radius RΔ,c.
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Figure 3.2: The lower mass limit of the haloes analyzed as a function of redshift (bottom panel) and
the total number of haloes above this mass limit (top panel) selected from the Illustris-1 (red solid),
Illustris-2 (blue solid), Illustris-3 (green solid), Illustris-NR-2 (blue dashed) and Illustris-NR-3 (green
dashed) simulations.

Figure 3.1 shows the cumulative halo mass function as realized in the Illustris suite of sim-

ulations at redshifts 0 (left) and 3 (right). At redshift 0, the full-physics simulations tend to

produce significantly fewer large haloes than the non-radiative runs, and considerably more

smaller objects. At the final redshift of the simulations, the Illustris-2 run produced 89000 ob-

jects with masses M200,c > 1010M⊙ of which 128 have masses M200,c > 1013M⊙, while the

non-radiative run at the same mass resolution produced 84000 haloes with M200,c > 1010M⊙

of which 176 have masses M200,c > 1013M⊙.

The central focus of our analysis is investigating the impact of radiative cooling and feedback

processes on the scatter in the scaling relations between structural and observable halo param-

eters, as well as the robustness of observable halo mass proxies to physical processes beyond

gravity and adiabatic gas dynamics. Therefore, in order to be able to compare our results with

observations, we limit our analysis to the large mass end of our halo sample, studying objects
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which, at redshift 0, have a virial mass greater than 1013M⊙. This sample includes 176 objects

in each of the two non-radiative simulations and 124, 128 and 120 haloes in the three full-physics

simulations Illustris-3, Illustris-2 and Illustris-1, respectively. In addition to the objects at red-

shift 0, we also have access to 75 logarithmically spaced snapshots of the status of the simula-

tions between redshifts 3 and 0. We use the information these additional snapshots provide us in

order to follow the redshift evolution of the scaling relations between observable and structural

properties of halos. In selecting the sample of haloes to be studied at each redshift, we take into

account the fact that the halo mass function decreases with increasing redshift (see Figure 3.1).

Therefore, at z > 0, we analyze the properties of all haloes with masses M200,c > Mlim(z) (Fig-

ure 3.2). The lower mass bound Mlim(z) is computed, at each redshift, as the mean mass of the

progenitors of haloes which at redshift 0 have a mass M200,c ∈
[
1 × 1013M⊙, 1.1 × 1013M⊙

]
,

and it increases monotonically with decreasing redshift, from 1.2 × 1012M⊙, at redshift 3, to

1013M⊙, at redshift 0, as shown in Figure 3.2 (bottom panel). The top panels in the same figure

display the total number of haloes with masses above Mlim(z) in the 5 different simulations used

in this work. This number increases with redshift, as expected given the hierarchical nature of

structure formation, and, at redshift 3, we identify between 250 and 300 haloes satisfying our

minimum mass constrain in the five different runs analyzed in this study.

3.4 Bulk Halo Properties

For each of the haloes of interest we compute several bulk properties as detailed in Table 3.2.

Broadly, these quantities can be classified as structural and observable and it is the goal of this

work to study how physical processes beyond gravity and adiabatic gas dynamics impact both

the values of these halo parameters, as well as their intercorrelation. With the exception of

MBH, which represents the mass of the supermassive black hole (SMBH) located at the center
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Table 3.2: Summary of all structural and observable properties tracked for the halo samples in the
Illustris-1, 2, 3 and Illustris-NR-2, 3 simulations, computed inside a sphere of radius RΔ,c. Each prop-
erty is computed both inside R200,c and inside R500,c.

Name Category Units Description
MDM,Δc Structural M⊙ Total dark matter mass
Mg,Δc Structural M⊙ Total gas mass
M∗ Structural M⊙ Stellar mass inside twice the half stellar mass radius

of the central galaxy
MBH Structural M⊙ Mass of the central black hole
Tm,Δc Structural K Mass-weighted gas temperature
Tsl,Δc Observable K Spectroscopic temperature
Ysph,Δc Observable h−2Mpc2 Spherically integrated SZ Compton-Y parameter
Yxy,xz,yz Observable h−2Mpc2 Cylindrically integrated SZ Compton-Y parameter

along the z, y and x-directions, respectively
LX,sph,Δc Observable erg · s−1 Spherically integrated X-ray luminosity
LX,xy,xz,yz Observable erg · s−1 Cylindrically integrated X-ray luminosity measure

along the z, y and x-directions, respectively

of the halo, all of the other parameters are integral quantities computed in either spherical or

cylindrical regions around the center of mass of the object. We spend the remainder of this

section describing in detail the definition of each halo property in Table 3.2.

3.4.1 Structural Halo Properties

Of the halo properties listed in Table 3.2, we classify as structural those parameters which do

not mimic direct observational signals. As such, we study the distribution of mass inside the

object between the dark matter halo, the ICM gas, the stellar component, and the black holes, as

well as the thermodynamical state of the gas in the intracluster medium, as characterized by its

temperature.

The dark matter mass (MDM,Δc) and gas mass (Mg,Δc) are computed by respectively summing

the masses of the dark matter particles and gas cells located inside a sphere of radius RΔ,c. We

approximate the mass of the stellar bulge of the halo (M∗,1/2) to be the sum of the masses of
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all stellar particles located inside a sphere of radius equal to the half stellar mass radius of the

central galaxy, and we compute the total stellar mass associated with the halo (M∗) to be that

enclosed inside a sphere of twice that radius. Finally, while more than one galaxy in the cluster

may have an SMBH at its center, we only keep track of the mass of the black hole located in the

central galaxy (MBH).

In addition to its mass, each gas cell also retains information about its coordinates, veloc-

ity, volume, density, internal energy, electron number density, neutral hydrogen abundance,

star formation rate, and metallicity. Therefore, from the information recorded we can define a

temperature for each gas cell as:

T =
u × (γ − 1)

μkB
(3.13)

where u is the internal energy per unit mass, μ is the mean molecular weight of the gas, γ is the

adiabatic index and kB is the Boltzman constant. With this cell temperature and the information

regarding the mass of each gas cell, we can compute a mass-weighted temperature:

Tm,Δc =

∑
i miTi∑

i mi
(3.14)

The sums above are performed over all non-star forming gas cells which are located inside a

sphere of radius RΔ,c around the center of the halo. The mass-weighted temperature is perhaps

the most widely used gas temperature definition due to its relevant physical meaning, with the

total gas energy being proportional to the mass of the gas multiplied by the mass-weighted

temperature.

Figure 3.3 shows maps of the projected dark matter mass, gas mass and mass-weighted tem-

perature inside the most massive cluster in the Illustris-1 simulation at 4 different redshifts:

z = 0, 0.5, 1 and 2. In this timeframe, the cluster grows from M200,c = 3.76 × 1013M⊙ at

z = 2 to 1.02 × 1014M⊙ at z = 1, 1.8 × 1014M⊙ at z = 0.5, reaching 2.34 × 1014M⊙ at the
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Figure 3.3: Dark matter density (left column), gas density (middle column) and mass-weighted temper-
ature (right column) projections for the most massive cluster in the Illustris-1 simulation at redshifts 0,
0.5, 1 and 2 (from top to bottom). Each projection is for a box of side 10 h−1 Mpc comoving, and the
color scale is kept constant for each column in order to facilitate the comparison of the state of the halo
at the different redshifts.
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final redshift z = 0. Each panel in Figure 3.3 represents the projection of a box of 10 h−1 Mpc

comoving on a side, centered on the center of mass of the halo. While the maps in Figure 3.3 are

for purely illustrative purposes, one can clearly see that, as the DM collapses around the cluster,

the gas distribution traces that of the dark matter. In the temperature maps one can also identify

the multitude of galaxies associated with this cluster as small specs of cold gas superimposed

on the hot gas filling the ICM. Furthermore, as the cluster grows in mass, the temperature of the

ICM gas increases, in agreement with theoretical predictions (see Section 3.5).

3.4.2 Spectroscopic Temperature and X-ray Luminosity

While the mass-weighted temperature has a compelling physical motivation, it has been show

that it does not match the average cluster temperature as measured from X-ray spectroscopy (see

eg. Rasia et al., 2004). This is due partly to the fact that the X-ray emissivity is proportional

to the density squared and, as such, the temperature derived from X-ray observations will be

determined more by regions with high density. Furthermore, X-ray observations generally detect

gas hotter than 0.5 keV, meaning that all clusters observed in X-ray experiments will appear to

have a temperature greater than this threshold. In order to resolve this issue and allow for a

more direct comparison between the gas temperature as computed from numerical simulations

and that measured by observations, a spectroscopic-like temperature was defined by Mazzotta

et al. (2004) as a one-component fit to the temperature derived from the X-ray spectra measured

by Chandra and XMM-Newton:

Tsl =

∫
ρ2Tα−1/2dV∫
ρ2Tα−3/2dV

(3.15)

with α = 0.75. Note that, in this definition, the temperature of each gas cell is not weighted

by mass, as was the case in computing Tm, but rather by ρ2
i T−0.75

i Vi = miρiT
−0.75
i . Hence
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denser and cooler cells are given a higher weight than less dense, hotter regions. In computing

the spectroscopic-like temperature we convert the integrals in the above definitions to sums over

the discrete gas cells of the simulations. As with the mass-weighted temperature, we perform the

sums only over gas cell which are not involved in star formation. Furthermore, in computing the

spectroscopic-like temperature, we only take into consideration gas cells which have a tempera-

ture above 0.5 keV and are located outside of the inner regions of the cluster (r > 0.15R500,c), in

agreement with the restrictions we impose when calculating the X-ray luminosity (see below).

In addition to the spectroscopic-like temperature, which is a good match to the temperature

measured from X-ray observations of galaxy clusters, we also compute the integrated X-ray

luminosity associated with each halo. Starting from the assumption that the dominant process

responsible for X-ray emission is Bremsstrahlung, the specific emissivity as a function of fre-

quency is then:

εff(ν) =
25πe6

3mec3

(
2π

3kBme

)
neniT−1/2Z2 exp(−hν/kBT)ḡff(ν) (3.16)

where ne and ni are the electron and ion number density respectively, Z is the ion charge, T is the

electron temperature and ḡff(ν) is the Gaunt factor averaged over all possible electron velocities.

In CGS units, the above formula becomes:

εff(ν) = 6.8 × 10−38neniT−1/2Z2 exp(−hν/kBT)ḡff(ν)
[
erg cm−3s−1Hz−1] (3.17)

Further, integrating the specific emissivity over all photon frequencies gives us the bolometric

emissivity:

εff = 1.4 × 10−27neniT1/2Z2ḡB
[
erg cm−3s−1] (3.18)

We use this average bolometric emissivity as an approximation of the emissivity measured in X-
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Figure 3.4: X-ray luminosity (left column), spectroscopic-like temperature (middle column) and SZ
effect (right column) projections for the most massive cluster in the Illustris-1 simulation at redshifts 0,
0.5, 1 and 2 (from top to bottom). Each projection is for a box of side 10 h−1 Mpc comoving, and the
color scale is kept constant for each column in order to facilitate the comparison of the state of the halo
at the different redshifts. We note that the color scaled used for the spectroscopic-like temperature is
the same as the one used for the mass-weighted temperature in Figure 3.3.
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ray observations of clusters and compute the total bolometric X-ray luminosity of our clusters:

LX,Δc =

∫
εffdV =

∑

j
εff

j Vj = 1.4 × 10−27ḡB
∑

j
n2

e,jT
1/2
j ZjVj

[
erg s−1] (3.19)

The summation above is computed over all non-star forming gas cells with temperatures T >

0.5 keV inside a sphere of radius RΔ,c, but located outside the inner core of the cluster r >

0.15 R500,c. These restrictions are imposed to better match the computation procedure of the X-

ray luminosity used in observations. Vi is the gas cell volume and εff
i is the bolometric emissivity

corresponding to that cell. In computing εff
i we disregard the gas metallicity and assume the

content of a cell to be a fully ionized hydrogen and helium mix of primordial composition, with

ni = neZ. ḡB is the Gaunt factor averaged over all frequencies which has a value between 1.1

and 1.5 and for which we assume a value of 1.2 (Rybicki & Lightman, 1985). Apart from the

spherically integrated X-ray luminosity around the cluster center, we also compute cylindrically

integrated quantities to explore the robustness of the correlation between LX and structural cluster

properties as a function of the line of sight. For that purpose, we pick mutually perpendicular

directions which, for convenience we call x, y and z. In order to compute, for example, Lxy,Δc

we perform the summation in Equation 3.19 over all gas cells located inside a cylinder along the

z axis, centered on the center of mass of the cluster, with height 10 × R200,c and base of radius

RΔ,c. Note that the height of the cylinder is always taken to be the same, regardless of the size

of the base of the cylinder. As in the case of the spherically integrated X-ray luminosity, we

exclude all gas cells located inside a smaller cylinder with base radius 0.15 R500,c and height

10 × R200,c.

Figure 3.4 shows projections of the X-ray luminosity (left column) and spectroscopic-like

temperature (middle column) for the most massive cluster in the Illustris-1 simulation at redshifts

0, 0.5, 1 and 2, computed inside a box of 10 h−1 Mpc comoving on a side. This is the same
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cluster for which Figure 3.3 shows projections of structural properties. Note that the color scale

used for the spectroscopic-like temperature is the same as the one used for the mass-weighted

temperature in Figure 3.3. Since in the definition of the spectroscopic-like temperature we only

consider gas cells with temperatures above 0.5 keV, the projected volume can effectively be

divided into two regions: one which does not contain any cells satisfying this criterion, which

appears completely empty as shown by the black regions in the figure, and another which does

contain at least one gas cell with temperature above this threshold, shown in hues of orange

and red. Therefore, while the mass-weighted temperature is a measure very much related to the

internal energy of the gas, exhibiting a large contrast between the inner and outer regions of

the halo, the spectroscopic-like temperature has a much narrower range of values in the regions

of space where there are gas cells with temperature above the 0.5 keV threshold. Finally, X-

ray luminosity projections resemble both the gas mass projections in Figure 3.3 as well as the

spectroscopic-like temperature projections in Figure 3.4, providing a snapshot of the smooth

distribution of the intracluster gas.

3.4.3 Sunyaev-Zeldovich Effect

While X-ray observations provide us with a signal of galaxy clusters detected through radiation

emitted in the nm range, clusters also produce a signal detectable with radio waves. As shown

in Figure 3.3, the intra-cluster medium is filled with hot, ionized gas. The free electrons in the

ICM get accelerated and collide with ions, emitting Bremsstrahlung radiation which is detected

through X-rays. At the same time, as the cosmic microwave background (CMB) photons pass

through a galaxy cluster, they interact with the free electrons in the intracluster gas via inverse

Compton scattering. In doing so, the CMB photons acquire additional energy from the electrons

and, hence, the entire CMB spectrum, as observed in the direction of the cluster, is shifted

towards higher frequencies (see Figure 3.5). This spectral distortion of the CMB spectrum is
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Figure 3.5: The Cosmic Microwave Background (CMB) spectrum, undistorted (dashed line) and dis-
torted by the Sunyaev-Zel?dovich effect (SZE) (solid line). Figure from Carlstrom et al. (2002)

known as the Sunyaev-Zeldovich (SZ) effect after the two scientists who theorized it (Sunyaev

& Zeldovich, 1970). Since this signature of the ICM gas is detected through a distortion of

the CMB and not through radiation emitted from the cluster, its magnitude is virtually redshift

independent making the SZ effect an ideal tool for observations of galaxy clusters located at

high redshift, as well as for untargeted detection surveys.

Each inverse Compton scattering event boosts the energy of the CMB photon participating

in it by about kBTe/mec2. Therefore the cumulative effect due to the electrons in the ICM of a

galaxy cluster will be proportional to the Compton-y parameter:

y =

∫
kBTe
mec2 neσTdℓ (3.20)

where kB is the Boltzman constant, Te is the gas temperature, me the electron mass, ne the electron

number density, σT the Thompson scattering cross section, and the integration is performed along

the line of sight (dℓ). Therefore, y is simply the scattering probability multiplied by the amount of
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energy gained from each individual scattering event. For a typical cluster, this amounts to a small

(! 1 mK) distortion in the CMB, shifting the backbody spectrum towards shorter wavelengths

(see Figure 3.5). Thus, the net effect appears as a decrease in the intensity of the CMB at

frequencies of ! 218 GHz and as an increase at higher frequencies. There is a frequency ν0 ≃

218 GHz for which the thermal SZ effect is null and this region provides the ideal testing ground

for second order effects as well as smaller distortions from other sources.

Typically, the spectral distortion due to the SZ effect on the measured cosmic microwave

background is expressed as either a shift in the measured temperature (ΔTSZE) or a shift in the

measured intensity (ΔISZE) of the spectrum. In either case, apart from the dependence on the

Compton-Y parameter described above, it will also exhibit a dependence on the expected value,

measured in the absence of the SZ effect, and the frequency at which the measurements are

performed :
ΔTSZE
TCMB

= f (x) y
ΔISZE

I0
= g (x) y (3.21)

where TCMB = 2.7 K is the temperature of the CMB spectrum, I0 = 2(kBTCMB)
3/(hc)2 is the

expected intensity of the CMB spectrum and x = hν/(kBTCMB) is a dimensionless frequency.

The frequency dependence of the temperature and intensity shifts, respectively, are given by:

f(x) =
(

x
ex + 1
ex − 1

− 4
)
(1 + δSZE(x, Te))

g(x) =
x4ex

(ex − 1)2

(
x

ex + 1
ex − 1

− 4
)
(1 + δSZE(x, Te)) (3.22)

where δSZE(x, Te) is the relativistic correction to the frequency dependence. In the non-relativistic

and Rayleigh-Jeans limits, f(x) → −2 and g(x) → 0. However, in massive galaxy clusters

where the gas temperature is around kBTe ∼ 10 keV, electron velocities become relativistic and

appropriate corrections need to be incorporated in order to accurately account for the Sunyaev-
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Zeldovich effect. These corrections are on the order of a few percent in the RJ portion of the

spectrum, but significantly higher near the null of the SZ effect (Carlstrom et al., 2002).

Equations 3.21 indicate that, for every line of sight which meets a galaxy cluster, there will

be a distortion of the CMB spectrum measured, proportional to the temperature and the mass

of the hot gas in the cluster. However, due to the finite spatial resolution of telescopes, the

signal recorded from any given direction will correspond to a non-zero solid angle on the night

sky. The further the galaxy cluster responsible for the distortion in the CMB, the larger the total

volume of gas responsible for the SZ effect will be. Therefore, in order to consistently interpret

the observational results from clusters located at a variety of distances, it is customary to define

the integrated SZ effect over the solid angle of the cluster, dΩ = dA/d2
A:

∫
ΔTZSEdΩ =

∫
TCMBf(x)ydΩ = TCMBf(x)

∫ ∫
kBTe
mec2 NeσTdℓdΩ (3.23)

Under the assumption that virtually all of the ionized gas responsible for the SZ effect in a

given direction is contained inside the cluster and that the probability for there to be two or more

galaxy clusters located along the line of sight is negligible, this quantity becomes proportional

to the temperature weighted mass of the cluster, and, hence, the total thermal energy of the ICM

gas:
∫

ΔTZSEdΩ = TCMBf(x)
kBσT
mec2

1
d2

A

∫
NeTedV ∼ Mgas ⟨Te⟩ (3.24)

where the last proportionality relation approximates the gas distribution inside the halo to be

isothermal, with temperature ⟨Te⟩, and the integrated electron number density to be a fraction

of the total gas mass inside the volume of interest.

While the measured Sunyaev-Zeldovich effect is generally stated in terms of temperature or

intensity fluctuation of the CMB spectrum, the integrated magnitude of the effect over the solid
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angle spanning the cluster is always proportional to the integrated Compton-Y parameter:

Y =
kBσT
mec2

1
d2

A

∫

V
neTedV (3.25)

where kB is the Boltzman constant, σT is the Thompson scattering cross section, me the electron

mass, ne the electron number density, Te the gas temperature as computed from Equation 3.13,

dA the angular diameter distance, and V is the volume of the cluster. Traditionally, the integral

in Equation 3.25 is performed inside a spherical region around the cluster center and, hence, we

define Ysph,Δc to be the integrated Compton-Y parameter inside a sphere of radius RΔ,c. Addi-

tionally, in the spirit of our definition for the bolometric X-ray luminosities, we also compute

cylindrically integrated Compton-Y parameters Yxy,Δc, Yxz,Δc and Yyx,Δc where the regions are

the same as those used in computing the cylindrically integrated LX,xy,xz,yz.

The right column of Figure 3.4 shows the projection of the Compton-Y parameter along light

of sight, for the most massive cluster in the Illustris-1 simulation. As in the case of the X-

ray luminosity, the integrated Compton-Y parameter traces the gas distribution of the cluster.

However, while the X-ray luminosity is proportional to LX ∼
∑

i ρimi
√

Ti the SZ effect exhibits

a different dependence on the mass and temperature of the gas Y ∼
∑

i miTi. This difference

in their dependence on the physical properties of the cluster makes LX and Y to be independent

observables of cluster properties, ideal tools for studying mass - temperature correlations.

However, the number of haloes for which both X-ray and Sunyaev-Zeldovich observations

are available is relatively small at the moment and, more often than not, observers use one of

the two signals to infer structural properties, such as the total mass or gas temperature, for the

object of interest. For that reason, this work focuses on analyzing the correlation between each

individual observable and the structural cluster parameters discussed in Section 3.4.1.
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3.5 Analysis

The simplest model of structure formation, first proposed in Kaiser (1986), assumes that all

haloes have originated from a single past collapse event and have evolved since under the in-

fluence of gravity. Known as the self-similar model, this theoretical framework predicts that

there are no inherent scales in the properties of the cosmic structure and that all halo parame-

ters are correlated by precise scaling relations. Numerical simulations which only account for

gravity and adiabatic gas dynamics, effectively mimic the assumptions of the self-similar model

and reproduce its predictions with good accuracy.‡ Nevertheless, it is widely accepted that the

self-similar model provides an over-simplified picture of structure formation and its predictions

are at odds with both X-ray and Sunyaev-Zeldovich observations of galaxy clusters. That being

said, while the predicted steepness and normalization of these scaling relations are known to be

incorrect, the basic shape of the correlations is assumed to be accurate and significant effort has

been invested into their calibration over the past few years.

Nowadays, scaling relations represent one of the primary tools used to infer halo parame-

ters, such as total mass or gas fraction, and recent work has shown that observables measuring

the total gas thermal energy, constructed either from the integrated Sunyaev-Zeldovich Effect

(Carlstrom et al., 2002), or via X-ray spectroscopy, exhibit high correlation with cluster mass

with only ∼ 15% scatter (White et al., 2002; Kravtsov et al., 2006; Maughan, 2007; O’Hara

et al., 2007; Zhang et al., 2008; Jeltema et al., 2008). In this work, we focus on investigating

the impact that physical processes beyond gravity and adiabatic gas dynamics have on the nor-

malization and redshift evolution of scaling relations between structural and observable cluster
‡Note that in all cosmological simulations, regardless of the physical processes accounted for in addi-

tion to gravity, structure forms hierarchically, thus violating the assumption of the self-similar model that
haloes originate from a single past collapse event. This discrepancy in the formation history of cosmic
structure accounts for the slight deviation from the theoretical predictions exhibited by the haloes formed
in non-radiative numerical simulations.
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parameters. The bulk of our analysis investigates the scaling relations between observable and

structural cluster properties for the sample of haloes identified at redshift 0. In Section 3.5.1,

we start by comparing the correlations between basic structural parameters of haloes in our full-

physics simulations to both observations, as well as the results from the non-radiative Illustris

runs, in order to better understand the halo sample and identify any particular features which we

might need to keep in mind when analyzing the observable properties of the objects. We con-

tinue to study the impact of radiative physics and feedback processes on the scaling relations

between observable cluster properties, given by the integrated Compton-Y parameter and the

X-ray luminosity. and structural halo parameters in Sections 3.5.2 and 3.5.3. Finally, in Section

3.5.4, we conclude our analysis with an investigation of the redshift evolution between z = 3

and z = 0 of the slopes of the scaling relations discussed in Sections 3.5.1-3.5.3.

3.5.1 Structural cluster properties

The self-similar model of structure formation predicts that all haloes are merely scaled versions

of each other, and that all halo parameters can be uniquely determined as a function of the total

mass of the object. Since baryonic matter is assumed to be distributed uniformly in space, and

the primordial density fluctuations of dark and visible matter to trace each other precisely, the

baryon fraction inside a halo is predicted to be constant and equal to the cosmic baryonic fraction,

thus independent of redshift and the size of the object. Therefore, the baryonic mass inside a

halo is related to the total mass of the object by a simple proportionality factor:

Mbaryon = AMtotal (3.26)

where A corresponds, by definition, to the baryon fraction fbaryon inside the halo. We point out

that the self-similar model does not consider star-forming processes, therefore, in this frame-
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Figure 3.6: The baryonic mass (gas+stars) as a function of the total mass enclosed inside a radius of
R200,c(left) and R500,c(right). For the non-radiative runs, the total baryonic mass is equal to the total
gas mass, since star formation is not modeled. In the non-radiative runs the baryonic mass is highly
correlated with the total halo mass as predicted by the self-similar model. However, star formation and
processes associated with black hole feedback introduce a significant degree of stochasticity, lowering
the baryonic mass associated with a halo and increasing the scatter and steepening the slope of the
relation.

work, baryon mass and gas mass refer to the same quantity.

It is now known that the underlying assumptions of the self-similar model are on oversimpli-

fication of the processes involved in cosmic structure formation. Nevertheless, this theoretical

framework serves as a good baseline for understanding correlations between physical character-

istics of clusters and we will continue to refer to it throughout this discussion. Mimicking some

of the underlying assumption of the self-similar model are non-radiative numerical simulations,

which follow the formation of structure under the influence of gravity and adiabatic processes

alone. Therefore, throughout our analysis we expect the results form the two non-radiative

simulations, Illustris-NR-2,3, to closely follow the predictions of the self-similar model.

Figure 3.6 shows the correlation between the baryonic mass and the total mass for the pop-

ulation of clusters identified at the final redshift in the three full-physics and two non-radiative
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Table 3.3: Slope estimates for scaling relations between structural cluster parameters computed within
a sphere of radius R200,c or R500,c, as indicated in subscript.

Scaling relation Illustris-1 Illustris-2 Illustris-3 Illustris-NR-2 Illustris-NR-3
Mb,200c ∼ Mα

200,c 1.08 ± 0.03 1.20 ± 0.03 1.29 ± 0.03 1.00 ± 0.00 1.00 ± 0.00
Mb,500c ∼ Mα

500,c 0.95 ± 0.04 1.10 ± 0.03 1.15 ± 0.03 1.00 ± 0.00 1.01 ± 0.00
Mg,200c ∼ Mα

200,c 1.70 ± 0.08 1.66 ± 0.08 1.70 ± 0.09 1.00 ± 0.00 1.00 ± 0.00
Mg,500c ∼ Mα

500,c 1.71 ± 0.10 1.67 ± 0.10 1.61 ± 0.11 1.00 ± 0.00 1.01 ± 0.01
Tm,200c ∼ Mα

200,c 1.10 ± 0.12 0.79 ± 0.09 0.78 ± 0.07 0.64 ± 0.01 0.64 ± 0.01
Tm,500c ∼ Mα

500,c 1.11 ± 0.12 0.85 ± 0.09 0.95 ± 0.08 0.65 ± 0.01 0.65 ± 0.01
Tsl,200c ∼ Mα

200,c 0.41 ± 0.03 0.33 ± 0.03 0.35 ± 0.03 0.34 ± 0.01 0.34 ± 0.01
Tsl,500c ∼ Mα

500,c 0.48 ± 0.03 0.39 ± 0.03 0.45 ± 0.03 0.35 ± 0.01 0.36 ± 0.01
M∗ ∼ Mα

500,c 0.71 ± 0.04 0.72 ± 0.04 0.69 ± 0.04 — —
MBH ∼ Mα

∗,1/2 1.13 ± 0.07 1.19 ± 0.07 1.18 ± 0.05 — —

simulations. Throughout this chapter, we represent data from the non-radiative Illustris runs

using empty circles, while data from the full-physics simulations is represented by full circles.

Furthermore, the resolution level of the simulations is color coded, such that resolution level

3 is depicted using green symbols, resolution level 2, using blue symbols, and resolution level

1, using red symbols. Finally, when comparing our results with observations, the latter will

be depicted using gray symbols. As expected from our understanding of the relation between

the assumptions of the non-radiative simulations and those of the self-similar model, the two

are in excellent agreement with each other. However, the baryonic fractions identified in the

galaxy clusters in the full-physics implementations are significantly lower than those in the non-

radiative runs, both inside a sphere with radius R200,c, as well as in the more central regions of

clusters, inside a sphere of radius R500,c. This observation is in agreement with previous similar

studies in the literature (e.g. Battaglia et al., 2012; Kravtsov et al., 2005) and it is indicative

of the profound effect that baryonic physics and, especially, gas outflows from AGN feedback

have on the gas content of galaxy clusters.

To compare the predictions of the Illustris simulations with those of the self-similar model, we
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fit a power low functional form for the dependance of the baryonic mass on the total halo mass

Mb = A × Mα
total. We note that this equation can be rewritten as log(Mb) = α × log(Mtotal) +

log(A) and therefore the exponent α can also be interpreted as a slope in log(Mb)− log(Mtotal)

space. We frequently analyze power law relations between different observable and structural

properties of galaxy clusters and, throughout this chapter, we use the terms best-fit exponent and

best-fit slope interchangeably, since the relations can be analyzed in linear or logarithmic space.

As expected, the data in the non-radiative simulations follows the self-similar prediction with

great accuracy, recovering a slope of 1, and, hence, the theoretical prediction that the baryonic

mass is simply proportional to the total mass of the halo. Table 3.3 shows the best-fit slopes and

standard deviations for the scaling relations investigated in this subsection. The scatter in the

Mb,Δc ∼ Mα
Δ,c recovered in the non-radiative runs is less than 1%, for either value of Δ = 200

or Δ = 500. The full-physics simulations, on the other hand, predict a steeper best-fit slope

with scatter of about 3-4%, indicating that the baryon fraction inside more massive haloes is

larger than the one identified inside less massive objects. Furthermore, the best-fit exponents

identified using the definitions of the masses inside a sphere enclosing a matter density 500 times

the critical density of the Universe, are smaller than those identified inside a sphere of radius

R200,c, which seems to indicate that the gas depletion is more significant at the outskirts of less

massive haloes than it is in the central regions. Finally, while baryonic masses and total masses

identified for the haloes in the non-radiative runs agree to a high degree between the two different

resolutions studied, in the case of the full-physics simulations the resolution convergence is not

as precise and the best-fit slope decreases with increasing resolution. This trend indicates that,

while gravitational and hydrodynamic processes are very well converged and exhibit virtually

no resolution dependence, radiative processes, star formation and black hole feedback do, in

fact, show a mild resolution dependence.

In the left panel of Figure 3.6 we compare the baryonic fractions recovered in the haloes at red-

78



shift 0 in the Illustris simulations with observational results from X-ray experiments (Gonzalez

et al., 2013; Sanderson et al., 2013; Lin et al., 2012). Gonzalez et al. (2013) and Sanderson et al.

(2013) use the XMM-Newton observations of 12 and 5 galaxy clusters, respectively, located

at redshift z ∼ 0.1, while the analysis in Lin et al. (2012) uses 94 clusters located at redshifts

below z < 0.6, observed with the Chandra telescope. The references use different methods for

inferring total mass and baryonic mass. In order to estimate the total mass of the clusters, Lin

et al. (2012) employ empirically calibrated scaling relations of X-ray luminosity as a function of

total mass, Gonzalez et al. (2013) employ spectral fitting methods and Sanderson et al. (2013)

fit temperature and density profiles with a phenomenological cluster model. In order to deter-

mine the baryon fraction in clusters, all references assume that the gas is fully ionized and in

hydrostatic equilibrium inside the potential well created by the dark matter. Compared to the

relation between baryonic mass and total mass identified in the Illustris simulations, the obser-

vational results lie somewhere in between the non-radiative and the full-physics runs. While

the observed baryonic fraction inside galaxy clusters is larger than that realized in the Illustris

full-physics simulations, the best-fit slopes of relation are very similar with the observed slopes

from all three different datasets (αobs ∼ 1.15).

In addition to analyzing the total baryonic mass inside galaxy clusters, we also consider the

stellar and ICM gas components individually (see Figure 3.7). Since the simulations accounting

only for gravity and non-radiative baryonic processes do not, by construction, account for star

formation, the entire baryonic content of the cluster is modeled as ICM gas and, hence, the

distribution of the clusters realized in the Illustris-NR-2 and Illustris-NR-3 runs and shown in

the right panel of Figure 3.7 is the same as that shown in the right panel of Figure 3.6, concluding

that the mass of the ICM gas inside clusters is proportional to the total mass.

The full-physics Illustris simulations incorporate, on the other hand, both star formation and

feedback processes, as described in Section 3.2. The star formation model employed has been
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Figure 3.7: Left: The stellar mass comprised inside twice the stellar half mass radius of the central
galaxy as a function of the total mass of the halo. Right: The gas mass as a function of the total mass.
In both panels, the total mass is computed inside a sphere of radius R500,c.

fine tuned to reproduce the observed stellar mass - halo mass relation (Vogelsberger et al., 2014a),

shown in the left panel of Figure 3.7. Similarly to our analysis of the relation between the

baryonic mass and the total mass of galaxy clusters, we fit a power law relation M∗ = A×Mα
total.

The highest two resolution runs are well converged, both in terms of the normalization A of the

relation, as well as the best-fit exponent α which, for our simulations, has a value α ∼ 0.71.

Illustris-3, the lowest resolution run, has a slightly lower overall normalization of the relation,

with fewer gas cells being converted into stars at all mass scales. The results from Illustris-1

and Illustris-2 are in good agreement with the observations studied in Lin et al. (2012), both in

terms of overall normalization of the relation as well as the slope of the scaling relation, where

αLin+2012 = 0.75. The other two observational results shown in Figure 3.7 predict a higher

stellar fraction for given cluster mass, as well as shallower slope of the scaling relation with

αGonzalez+2013 = 0.49 and αSanderson+2013 = 0.53. We note, however that their cluster sample is

significantly smaller (12 and 5 clusters respectively) compared to the sample used in Lin et al.
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(2012) (96 clusters) and the error bars on some of their data points are substantial.

The other baryonic component is, of course, the intracluster gas and the relation between gas

mass and total mass inside R500,c for the clusters in our simulations is shown in the right panel

of Figure 3.7. Since the relation between the baryonic mass and the total mass of the clusters is

well converged between the three different full-physics resolutions explored but the stellar mass

recovered in the lower resolution run is significantly lower than that in the higher two resolution

runs, it is the case that the gas mass inside the clusters identified in Illustris-3 is overall higher

than that in Illustris-1 and Illustris-2. However, when comparing the relation between the gas

mass and the total mass of galaxy clusters with that of the baryonic mass and total mass depicted

in Figure 3.6, the most striking feature is the significantly increased scatter in the gas fraction of

clusters. The scatter is more pronounced for lower mass systems, but there seems to be an upper

mass limit of M500,c ∼ 6 × 1013M⊙, above which the scatter decreases and the gas fraction

inside the haloes approaches that recovered from observations. Nevertheless, as shown in the

left panel of Figure 3.7, Illustris-1, which is our highest resolution run, produces galaxy clusters

containg significantly less gas than similarly massive objects observed in X-ray experiments

(Gonzalez et al., 2013; Sanderson et al., 2013; Sun et al., 2009). Fitting a power law scaling

relation to the Mg,500c − Mtotal,500c distribution, we recover best-fit slopes for that full-physics

simulations at all three different resolutions (αIllustris−1 = 1.71,αIllustris−2 = 1.67,αIllustris−3 =

1.61) which are significantly steeper compared to the slope predicted by the self-similar model

(αself-similar = 1) and those recovered from observations (αSun+2009 = 1.13,αGonzalez+2013 =

1.29,αSanderson+2013 = 1.05). However, we point out that in processing observational data

hydrostatic equilibrium is assumed, which biases the Mg,500c − Mtotal,500c relation towards the

prediction of the self-similar model.

The self-similar model assumes that the ICM gas is in hydrostatic equilibrium inside the dark

matter halo, that the cluster is relaxed (it has not experienced any recent mergers), and that the
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gas and galaxies are virialized. This means necessarily that the kinetic and potential energies

are related via 2K.E = −P.E. For a monoatomic gas of temperature T, the mean kinetic energy

per particle is 3kBT/2, while the potential energy is simply the gravitational potential energy

experienced by the particle. Therefore, for the ICM gas inside a cluster is K.E. ∼ Mg,ΔckBT ∼

MΔ,ckBT while the gravitational potential energy is P.E. ∼ M2
Δ,c/RΔ,c, where we used the fact

that the self-similar model predicts that the distribution of the ICM gas is isothermal and that

the gas mass and the total mass are proportional to each other. Finally, MΔ,c and RΔ,c are related

by definition:

MΔ,c =
4π
3

R3
Δ,cΔρc(z) =

4π
3

R3
Δ,cΔ

3H(z)2

8πG
∼ R3

Δ,cE(z)2 (3.27)

where we have used the fact that H(z) = H0E(z), with E(z) =
√

ΩM(1 + z)3 + ΩK(1 + z)2 + ΩΛ,

ΩM,ΩK, and ΩΛ being the ratios between the energy density due to matter, curvature, and cos-

mological constant, respectively, and the critical density of the universe. Putting everything

together, the self-similar model predicts that there is a power law relation between the total

mass of a galaxy cluster and the temperature of the ICM gas:

T ∼
MΔ,c

R3
Δ,c

∼ M2/3
Δ,cE(z)2/3 (3.28)

The above relation is derived assuming that the ICM gas is isothermal and in hydrostatic

equilibrium. However, in observed galaxy clusters neither assumption is true. For that reason,

in order to determine a temperature measure to describe the state of the ICM gas inside a sphere

of radius RΔ,c an averaging procedure has to be adopted. As described in Section 3.4, in this

work we adopt a mass-weighted measure of temperature Tm,Δc, motivated by its close connection

to the internal energy of the gas, and a spectroscopic-like temperature Tsl,Δc, a measure more

directly comparable with the observed temperature from X-ray experiments. Apart from the

different weights employed in defining Tm and Tsl, the two temperature measures also differ in
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Figure 3.8: Mass-weighted temperature (left) and spectroscopic-like temperature (right) as a function
of total mass (M500,c).

the selection of the gas cells used to calculate their respective values. We use all of the non-

star-forming gas cells within a sphere of radius RΔ,c to compute the mass-weighted temperature

Tm,Δc. However, in computing the spectroscopic-like temperature, we further disregard all gas

cells cooler than 0.5 keV and located inside the innermost regions (r < 0.15R500,c) of the haloes.

This additional constrain utilized in computing Tsl, artificially increases the spectroscopic-like

temperature to above 0.5 keV for all haloes, regardless of their mass-weighted temperature.

Figure 3.8 shows the correlation between the two different temperature measures studied in this

work and the total mass, in the 5 simulations of the Illustris suite. In order to better compare

our results with observations, we show the temperature weighted by the redshift dependence of

the relation E(z)−2/3 and point out that, since we are analyzing the simulated clusters at redshift

0, E(0) = 1. We note that, in the non-radiative runs, the mass-weighted temperature scales

with total cluster mass in exactly the manner predicted by the self-similar model, while the full-

physics runs show significantly higher scatter and steeper slopes. We note that in the case of the

full-physics simulations, the scatter decreases at larger halo masses, as it was observed in the
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Mgas − Mtotal relation, indicating that the stochasticity introduced by radiative processes, star

formation and black hole feedback have a more dramatic impact on smaller haloes, rather than

more massive objects.

The right panels in Figure 3.8 show the correlation between the spectroscopic-like tempera-

ture with the total halo mass, scaled by the appropriate redshift dependence. As expected from

the definition of Tsl this temperature measure is always above 0.5 keV. In non-radiative simu-

lations, while the distribution of the intracluster gas is not exactly isothermal, the temperature

of each gas cell is situated within a narrow range of the mass weighted temperature of the halo.

Therefore, for clusters massive enough to exhibit a mass-weighted temperature above the 0.5

keV threshold, virtually all of the gas cells associated with the object will enter the computation

of the spectroscopic-like temperature. Conversely, in the case of less massive clusters, in which

the mass-weighted temperature is below 0.5 keV, most gas cells will not contribute to the com-

putation of the spectroscopic-like temperature, and those that do, have a temperature only barely

above the threshold. This feature of non-radiative simulations creates a temperature plateau at

the lower end of the halo mass range considered in this study. Since we believe this feature is an

artifact of our definition of the spectroscopic-like temperature, we fit the scaling relation using

only haloes with Tsl > 0.6 keV. We point out that no such feature is developed in the full-physics

simulations. We believe this is due to the fact that the deviation from isothermality of the ICM

gas distribution in the full-physics runs is substantial and, hence, regardless of the mass-weighted

temperature of the halo, there will alway be gas cells with significantly lower and significantly

higher temperatures, allowing for a smoother transition in the spectroscopic-like temperature

between more massive, hotter, haloes, and less massive, cooler, haloes. Interestingly, both the

mass-weighted temperature, as well as the spectroscopic-like temperature for the haloes in our

full-physics simulations agree well with the observationally measured temperatures of haloes

with masses in similar ranges. The slopes of the Tm −Mtotal and Tsl −Mtotal relations recovered
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Figure 3.9: Black hole mass as a function of the total stellar mass inside the half stellar mass radius
of the central galaxy. While the higher two resolution runs are well converged, Illustris-3 has evolved
significantly most massive black holes at the center of clusters. The color coding is similar to that used
in all previous figures in this section, with Illustris-1,2 and 3 being represented by red, blue and green
points respectively.

in our simulations are, on the other hand, very different for each other, with the mass-weighted

temperature exhibiting a much stronger correlation with total halo mass, while the scatter in both

cases is around ∼ 10%.

The last piece of baryonic component modeled in the Illustris simulations is black hole for-

mation, evolution and feedback. Black holes are seeded inside haloes more massive than ∼

1010M⊙ and evolve by accreting mass from surrounding gas cells. In return, they give back

thermal and kinetic energy to the ICM, heating up and driving out intracluster gas. Therefore,

intuitively, the black hole feedback will correlate with a decreased star formation rate, prevent-

ing the gas cells from cooling down sufficiently as to become star forming. Furthermore, if the

kinetic feedback of the AGN is sufficiently aggressive, it will also correlate with a decreased

gas fraction inside the galaxy cluster. Figure 3.9 shows the correlation between the mass of
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the central black hole and the total stellar mass inside the stellar half mass radius in the galaxy

clusters analyzed at redshift 0. While the slopes of the scaling relation log(MBH) − log(M∗)

recovered from the three different resolution runs are in relatively good agreement with each

other as well as with the observed scaling relations, the lowest resolution run produces signifi-

cantly more massive back holes than Illustris-1 and Illustris-2. This indicates a severe resolution

dependence of the black hole growth model implemented, which seems to be reliably converged

only for the finer resolutions of Illustris-1 and Illustris-2. We also show the observational sam-

ple analyzed by Kormendy & Ho (2013) consisting of supermassive black holes identified by

dynamical modeling of spatially resolved kinematics, together with their best-fit relation de-

scribing the correlation of the central black hole mass and the stellar bulge mass. In this work,

we compute the stellar bulge mass as the total stellar mass inside the half stellar mass radius.

Furthermore, the best-fit relation identified by Kormendy & Ho (2013) is for a sample of black

holes with masses greater than few × 105M⊙, whereas for the cluster sample of interest to this

work the smallest black hole has a mass of few × 108M⊙. Nevertheless, there is a good agree-

ment between the observed best-fit relation between central black hole mass and bulge mass

and that computed from the highest two resolutions of the Illustris simulations, both in terms

of normalization and slope. Moreover, there is a large scatter in the observational data which

ends up overlapping with the results from all three different resolution runs. We also compare

our results to the best-fit relation inferred by McConnell & Ma (2013) from observations of 72

black holes identified at the center of nearby galaxies. Overall, their relation has slightly smaller

normalization and shallower slope than those identified in our simulations and by Kormendy &

Ho (2013), but well within the range of our sample.

By analyzing the scaling relations between the structural halo parameters presented in this

section, an interesting trend has emerged. We find that the gas fraction inside smaller mass

haloes is significantly lower than the gas fraction in the higher mass haloes, as computed from
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the full-physics simulations. Furthermore, the haloes in Illustris-1 exhibit a smaller gas fraction

than that recovered from the other two resolutions, while the haloes in Illustris-3 display, overall,

the highest gas fraction. Furthermore, the lowest resolution run also exhibits a much larger

black hole mass for all haloes. Together, these observations point to a correlation between the

black hole mass and the gas fraction inside haloes, with objects with smaller black holes also

displaying a lower gas fraction. As described in Section 3.2.4, the radio mode of the AGN

feedback implemented in Illustris couples more strongly to the surrounding gas, and a black

hole with lower mass is more likely to radiate in this mode than a higher mass BH. Therefore,

we believe that the implemented radio feedback mode in Illustris is slightly too aggressive,

depleting objects with M500,c ! 5 × 1013M⊙ of the intracluster gas. Nevertheless, as we have

already pointed out, larger mass objects exhibit a much higher gas mass. In order to investigate

whether the physical model implemented in Illustris ultimately matches the observations of the

gas fraction in clusters with masses above ∼ 1014M⊙, simulations of more massive haloes are

needed. We pursue this study in Chapter 4.

3.5.2 X-ray Scaling Relations

X-ray observations of galaxy clusters have been used, starting in mid twentieth century, as a

tool to understanding the structure and physical characteristics of the local Universe. The past

three decades have seen a significant increase in the sensitivity of X-ray telescopes, making it

possible to study more distant, and less massive clusters. Motivated by the predictions of the self-

similar model which hypothesizes that different physical characteristics of clusters are related

to each other via power law scaling relations, many studies have attempted to use numerical

simulations and empirical studies to calibrate scaling relations between X-ray observables and

physical cluster properties.

As elaborated in Section 3.4.2, under the assumption that the main source of X-ray emission
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is bremsstrahlung radiation, the total luminosity observed from the direction of a cluster is given

by:

LX,Δc = 1.4 × 10−27ḡB
∑

j
n2

e,jT
1/2
j ZjVj (3.29)

By further assuming that the gas is isothermal and that it has a uniform chemical composition,

such that ne ∼ ρgas, and utilizing equations 3.27 and 3.28 relating mass, temperature, and radius,

we can express the total X-ray luminosity emitted from the gas inside RΔ,c as a function of the

total mass MΔ,c, the gas mass Mg,Δc, or the temperature of the ICM as:

LX,Δc ∼ T1/2ρgasMg,Δc

∼ M4/3
Δ,cE(z)7/3 (3.30)

∼ M4/3
g,ΔcE(z)7/3 (3.31)

∼ T2E(z) (3.32)

In the above equations, the proportionality symbol ∼ conceals a constant factor, presumed to be

independent of redshift and of the mass and temperature of the cluster. Note that this factor is,

in fact, dependent on the gas fraction inside the halo, however, under the assumptions of self-

similarity, this gas fraction is presumed to be equal to the cosmic baryonic fraction and, hence,

a constant for all structures.

Figure 3.10 shows the correlations between the X-ray luminosity and the total mass, gas mass,

mass-weighted temperature, and spectroscopic-like temperature recovered for the haloes at red-

shift 0, in the five different simulations considered in this work. All quantities shown in Fig-

ure 3.10 have been computed inside R500,c around the cluster center. The correlations between

LX,500c and the different structural parameters of the clusters, recovered from the non-radiative

runs, exhibit a steep drop in X-ray luminosity for haloes with mass-weighted temperatures of a
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Figure 3.10: Correlation between the X-ray luminosity and the gas mass (top left), total mass (top
right), mass-weighted temperature (bottom left) and spectroscopic-like temperature (bottom right). All
quantities are computed inside a radius of R500,c around the cluster center. Results from X-ray observa-
tions are superimposed on the graphs as gray symbols.

few tenths of a keV, Mg,500c < few×1012M⊙, and M500,c < 2 × 1013M⊙.

Since cooling processes are not taken into account in the non-radiative runs, the gas tem-

perature is highly correlated with the halo mass and, by choosing to analyze only haloes with

masses M200,c > 1013M⊙ and M500,c > 4× 1012M⊙, we essentially restrict our sample of non-

radiative clusters to those for which the mass-weighted temperature is always above 0.2 keV.
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Furthermore, the ICM gas inside the haloes is in relatively good thermal equilibrium, meaning

that, while not completely isothermal, the difference in temperature between the gas cells in

the halo is relatively small. On the other hand, in calculating the total X-ray luminosity, we

only take into account gas cells with temperatures above 0.5 keV located outside the innermost

(r < 0.15R500,c) regions of the halo. This means that for haloes with mass-weighted tempera-

tures below 0.5 keV, the lower the mass-weighted temperature of the halo, the lower the temper-

ature of each individual gas cell and, hence, the fewer gas cells above the minimum temperature

threshold imposed in the computation of the X-ray luminosity. Given that the mass-weighted

temperature is tightly correlated to the total mass (see Figure 3.8) and the total mass is tightly

correlated to the gas mass (see Figure 3.7), the correlation between the X-ray luminosity and

the mass-weighted temperature, total mass and gas mass differ from each other only in slope

but not in their main features. Moreover, since, the spectroscopic-like temperature is simply

a flattened out version of the mass-weighted temperature, as discussed in Section 3.5.1, iden-

tical to the latter in the high mass(temperature) region and cut off to values above 0.5 keV in

the low mass(temperature) regions, the X-ray luminosity exhibits the same steep drop in haloes

with spectroscopic-like temperature below 0.6 keV, corresponding roughly to the same haloes

which have mass-weighted temperature less than 0.5 keV. Therefore, since we recognize this

drop in X-ray luminosity as an artifact of the manner in which we set up the analysis of the non-

radiative simulations, we only fit the various scaling relations for haloes with mass-weighted

temperature greater than 0.5 keV for the data from Illustris-NR-2 and Illustris-NR-3 runs. In the

full-physics simulations, Illustris-1, Illustris-2, and Illustris-3, gas cooling, star formation and

feedback processes are implemented, and the deviation from isothermality of the gas in these

haloes is significantly greater. Hence, there are always gas cells with temperatures much above

and much below the mass-weighted temperature of the cluster and the X-ray luminosity has a

much smoother transition from higher mass to lower mass haloes. Therefore, we choose to fit
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Table 3.4: Slope estimates for X-ray luminosity scaling relations. Both the X-ray luminosity, as well as
the gas mass, total mass, mass-weighted temperature and spectroscopic-like temperature are computed
within a sphere of radius R200,c or R500,c, as indicated in subscript.

Scaling relation Illustris-1 Illustris-2 Illustris-3 Illustris-NR-2 Illustris-NR-3
LX,500c ∼ Mα

500,c 4.38 ± 0.29 3.82 ± 0.27 3.69 ± 0.28 1.30 ± 0.06 1.31 ± 0.07
LX,200c ∼ Mα

200,c 4.26 ± 0.27 3.69 ± 0.24 3.81 ± 0.26 1.21 ± 0.08 1.22 ± 0.08
LX,500c ∼ Mα

g,500c 2.30 ± 0.12 2.17 ± 0.10 2.18 ± 0.10 1.33 ± 0.06 1.34 ± 0.06
LX,200c ∼ Mα

g,200c 2.36 ± 0.13 2.18 ± 0.09 2.23 ± 0.09 1.23 ± 0.07 1.24 ± 0.08
LX,500c ∼ Tα

m,500c 2.39 ± 0.19 2.58 ± 0.22 2.83 ± 0.24 2.06 ± 0.08 2.09 ± 0.09
LX,200c ∼ Tα

m,200c 2.41 ± 0.18 2.82 ± 0.20 3.27 ± 0.26 2.09 ± 0.08 2.13 ± 0.09
LX,500c ∼ Tα

sl,500c 7.38 ± 0.50 6.38 ± 0.56 6.41 ± 0.58 2.36 ± 0.10 2.42 ± 0.11
LX,200c ∼ Tα

sl,200c 7.74 ± 0.55 7.07 ± 0.60 6.89 ± 0.73 2.46 ± 0.10 2.53 ± 0.11

the different scaling relations using the data from all the selected haloes for the full-physics runs.

Just as in the case of the scaling relations between the structural properties of galaxy clusters

discussed in Section 3.5.1, the non-radiative runs reproduce best-fit slopes consistent with the

predictions from the self-similar model, while the scatter around the best-fit relation is minimal.

The full-physics runs, on the other hand, exhibit significantly steeper slopes and increased scatter.

Of the 4 scaling relations for the X-ray luminosity shown in in Figure 3.10, the tightest, most

consistent across resolutions is the LX −Mgas relation, for which the slopes recovered in Illustris

1, 2, and 3 are 2.30, 2.17, and 2.18, respectively, exhibiting only ∼ 5% scatter, as shown in

Table 3.4. Furthermore, for larger mass systems the LX − Mgas scaling relation is very tight

for all three different resolutions explored, while for haloes with Mg,500c < 1012M⊙ the scatter

increases but the general trend of the relation is preserved. The scatter recovered in the other

three scaling relations investigated for the full-physics simulations is significantly higher. The

best-fit slopes of the LX,500c − M500,c relation for the three different resolutions lie in the range

[3.7 − 4.4], significantly higher than the predicted α = 4/3 from the self-similar model. Since

the LX − Mgas relation is more or less consistent with the one produced by the non-radiative

runs, we can infer that the significantly steeper slope in the LX,500c − M500,c relation is due to
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fact that lower mass haloes have a significantly lower gas fraction than higher mass haloes for

the full-physics simulations (see also Figure 3.7). Finally, the scaling relations of the X-ray

luminosity with the two different temperatures defined for the clusters are the least constrained

of the correlations shown in Figure 3.10, exhibiting the most amount of scatter, which makes it

virtually impossible to predict the temperature of a cluster if one knew only the associated X-ray

luminosity.

The data shown in Figure 3.10 for both the non-radiative as well as the full-physics simula-

tions use only the galaxy clusters at redshift 0, however observations generally recover data from

haloes located at a variety of different redshifts. Therefore, in order to consistently compare our

results to those from X-ray experiments, we need to correlate not the X-ray luminosity, but the

X-ray luminosity scaled by the appropriate factor corresponding to the redshift of the halo, as

prescribed by equation 3.30. That is the reason for which the scaling relations shown in Figure

3.10 correlate LXE(z)−7/3 with the total mass and the gas mass of the halo, and LXE(z)−1 with

the mass-weighted and the spectroscopic-like temperatures. Note that E(0) = 1 and, hence,

for the haloes identified in the Illustris simulations and shown in Figure 3.10 the relations truly

correlate LX with the different structural cluster parameters.

While there are a large number of literature sources discussing the correlation between X-

ray luminosity and cluster parameters as inferred from observations, we choose to show only

three, for demonstrative purposes, in Figure 3.10: Pratt et al. (2009); Vikhlinin et al. (2006),

and Mahdavi et al. (2013). Pratt et al. (2009) study 31 clusters observed with XMM-Newton at

redshifts smaller than 0.2. In order to infer M500,c and R500,c, they use a pre-calibrated scaling

relation between YX = TXMgas and the total halo mass, while the gas mass is recovered by

fitting a gas density model to the observed X-ray luminosity. Vikhlinin et al. (2006) fit a gas

density profile to the observed X-ray surface brightness as well as a temperature profile to the 2D

projected temperature measured and, in this way, assuming hydrostatic equilibrium, they are able
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to determine the gas mass, total mass and the deprojected temperature associate with the clusters.

Finally, Mahdavi et al. (2013) use Chandra and XMM-Newton X-ray observations of 50 galaxy

clusters located at redshifts below 0.6. The total masses associated with their cluster sample

have been determined using weak lensing measurements made with the Canada-France-Hawaii

Telescope, as have the corresponding overdensity radii, while the gas mass is determined by

fitting a specific ICM density model, assuming spherical symmetry and hydrostatic equilibrium,

to the observed X-ray luminosity.

Interestingly, in spite of the different methods used in determining cluster properties by the

different observational papers, they are generally in very good agreement with each other. The

correlation between the X-ray luminosity and the cluster gas mass, which is the tightest scaling

relation recovered in the full-physics simulations is, in fact, also in very good agreement with the

observations (Figure 3.10, top left). The slope recovered from observations is similar to the one

from the non-radiative runs, but this is partly due to the fact that Mahdavi et al. (2013) assume

hydrostatic equilibrium and spherical symmetry as part of the gas density model they use in

order to determine the total gas mass. Furthermore, in spite of the fact that the cluster masses

explored in Illustris are smaller than the ones of the haloes studied in observations, extrapolating

our scaling relations to higher masses indicates a good agreement between our numerical results

and the observations.

The numerically determined scaling relations of the X-ray luminosity and the total mass,

mass-weighted temperature and the spectroscopic-like temperature are in significantly poorer

agreement with observations, both in terms of recovered slope as well as normalization, partic-

ularly for the LX − Tm and LX − Tsl relations. In the case of the correlation between the LX and

the total mass, while the X-ray luminosity recovered for the highest mass haloes in our simula-

tion agrees roughly with the trend predicted by observations, our best-fit slopes are significantly

steeper. This issue relates back to the fact that the gas fraction inside smaller mass haloes is
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Table 3.5: Slope estimates for X-ray luminosity scaling relations. The gas mass, total mass, mass-
weighted temperature and spectroscopic-like temperature are computed within a sphere of radius R200,c
or R500,c, as indicated in subscript. The X-ray luminosity, on the other hand, is computed integrating
a cylindrical volume, centered on the halo, with height 10 × R200,c and base radius R500,c or R200,c, as
indicated in subscript. In all cases, gas cells located inside an inner cylinder of height 10 × R200,c and
base radius 0.15R500,c are excluded from the computation of the X-ray luminosity.

Scaling relation Illustris-1 Illustris-2 Illustris-3 Illustris-NR-2 Illustris-NR-3
LX,500c ∼ Mα

500,c 4.17 ± 0.27 3.58 ± 0.23 3.54 ± 0.21 1.37 ± 0.06 1.38 ± 0.06
LX,200c ∼ Mα

200,c 3.97 ± 0.25 3.47 ± 0.21 3.45 ± 0.18 1.26 ± 0.07 1.26 ± 0.08
LX,500c ∼ Mα

g,500c 2.09 ± 0.13 1.86 ± 0.10 1.90 ± 0.08 1.40 ± 0.05 1.41 ± 0.06
LX,200c ∼ Mα

g,200c 2.15 ± 0.13 1.93 ± 0.10 1.87 ± 0.07 1.28 ± 0.06 1.28 ± 0.07
LX,500c ∼ Tα

m,500c 2.36 ± 0.16 2.49 ± 0.18 2.54 ± 0.19 2.15 ± 0.07 2.18 ± 0.08
LX,200c ∼ Tα

m,200c 2.37 ± 0.15 2.75 ± 0.17 2.76 ± 0.21 2.15 ± 0.07 2.19 ± 0.08
LX,500c ∼ Tα

sl,500c 7.32 ± 0.42 6.49 ± 0.43 6.13 ± 0.43 2.47 ± 0.10 2.52 ± 0.10
LX,200c ∼ Tα

sl,200c 7.61 ± 0.47 7.10 ± 0.49 6.54 ± 0.53 2.52 ± 0.11 2.58 ± 0.10

significantly smaller than that recovered inside the larger mass haloes, which, as discussed in

Section 3.5.1, we attribute to a rather aggressive radio mode of the AGN feedback. We be-

lieve that the impact of the black hole feedback on the intracluster gas decreases with increasing

mass, such that, for sufficiently massive haloes, observations and simulations converge, and we

explore this hypothesis further in Chapter 4.

Figure 3.10 shows the correlation between halo properties integrated inside a sphere of radius

R500,c. The same analysis can be repeated using spherically integrated parameters inside a larger

sphere, of radius R200,c. A summary of the best-fit slopes together with their 1σ deviations for

the five different runs analyzed (3 full-physics resolutions and 2 non-radiative resolutions) are

shown in Table 3.4. Interestingly, both the best-fit slopes, as well as the intrinsic scatter as quan-

tified by the standard deviation of the slope seem to be relatively insensitive to the overdensity

radius inside which we compute the observable and structural quantities. Similarly, motivated

by the fact that observations measure 2D quantities which they deproject in post processing in

order to recover spherically integrated observables, we study the correlation between the cylin-
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drically integrated X-ray luminosity and the spherically integrated structural properties of the

cluster. Table 3.5 shows a summary of the best-fit parameters obtained for the correlations of

the cylindrically integrated X-ray luminosity and, while the slopes recovered for the full-physics

simulations are slightly smaller than those shown in Table 3.4, both the scatter about this best-fit

relation, as well as the rough value of the best-fit slope are in good agreement with each other.

3.5.3 Sunyaev-Zeldovich Scaling Relations

Sunyaev-Zeldovich observations of galaxy clusters provide a tool, complementary to X-ray ex-

periments, for studying the morphology and gas content of haloes. Similar to the total X-ray

luminosity studied in Section 3.5.2 the correlation between the integrated SZ effect and vari-

ous structural parameters of a cluster can be investigated in the context of power law scaling

relations. Under the assumption of the self-similar model of cluster formation, the integrated

Compton-Y parameter can be expressed as a function of the gas mass, total mass, or temperature

of the cluster:

Y =
kBσT
mec2

1
d2

A

∫

V
neTedV

∼ 1
d2

A
MgasT

∼ 1
d2

A
M5/3

gas E(z)2/3 (3.33)

∼ 1
d2

A
M5/3

totalE(z)
2/3 (3.34)

∼ 1
d2

A
T5/2E(z)−3/2 (3.35)

In the above equations, the ICM gas was assumed to be isothermal and completely ionized,

while the gas fraction is considered to be constant, independent of the cluster parameters. Also,

we note that in the original definition of the Compton-Y parameter, YSZ, the angular diameter
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Table 3.6: Slope estimates for integrated Compton-Y parameter scaling relations. Both the integrated
Compton-Y, as well as the gas mass, total mass, mass-weighted temperature and spectroscopic-like
temperature are computed within a sphere of radius R200,c or R500,c, as indicated in subscript.

Scaling relation Illustris-1 Illustris-2 Illustris-3 Illustris-NR-2 Illustris-NR-3
Ysph,500c ∼ Mα

500,c 2.80 ± 0.14 2.52 ± 0.13 2.56 ± 0.13 1.62 ± 0.02 1.62 ± 0.02
Ysph,200c ∼ Mα

200,c 2.78 ± 0.13 2.45 ± 0.12 2.48 ± 0.11 1.58 ± 0.03 1.58 ± 0.03
Ysph,500c ∼ Mα

g,500 1.39 ± 0.07 1.31 ± 0.05 1.34 ± 0.05 1.64 ± 0.02 1.64 ± 0.01
Ysph,200c ∼ Mα

g,200 1.47 ± 0.07 1.37 ± 0.05 1.33 ± 0.04 1.59 ± 0.02 1.59 ± 0.02
Ysph,500c ∼ Tα

m,500 1.55 ± 0.09 1.69 ± 0.12 1.86 ± 0.12 2.51 ± 0.04 2.53 ± 0.03
Ysph,200c ∼ Tα

m,200 1.62 ± 0.09 1.83 ± 0.11 2.06 ± 0.13 2.59 ± 0.06 2.61 ± 0.06
Ysph,500c ∼ Tα

sl,500 4.72 ± 0.25 4.39 ± 0.27 4.37 ± 0.28 2.87 ± 0.09 2.89 ± 0.08
Ysph,200c ∼ Tα

sl,200 5.04 ± 0.28 4.93 ± 0.30 4.71 ± 0.35 2.97 ± 0.13 2.98 ± 0.13

distance is redshift dependent, with

dA =
c

H0q2
0

zq0 + (q0 − 1)(
√

2q0z + 1 − 1)
(1 + z)2 ; q0 = 0.5 (3.36)

and, hence, it cannot be absorbed in the constant of proportionality hidden behind the ∼ sign.

Furthermore, while in this analysis we only study the scaling of the Compton-Y parameter with

the structural cluster properties for the haloes identified at redshift 0, in order to consistently

compare our results with observations, we choose to relate the redshift independent quantities

YSZ d2
A E(z)−2/3 with the total mass and gas mass, and YSZ d2

A E(z)3/2 with the mass-weighted

and spectroscopic-like temperatures.

Figure 3.11 shows the scaling of the Compton-Y parameter integrated inside a sphere of radius

R500,c with the gas mass (top left panel), total mass (top right panel), mass-weighted temperature

(bottom left panel), and spectroscopic-like temperature (bottom right panel) for the five differ-

ent simulations studied in this work. We point out that, in the case of the integrated Compton-Y

parameter, the scalings obtained from the non-radiative runs are fully consistent over the entire

mass and temperature range of the clusters studied, unlike in the case of the X-ray luminosity.
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Figure 3.11: Correlation between the integrated Compton-Y parameter and the gas mass (top left), total
mass (top right), mass-weighted temperature (bottom left) and spectroscopic-like temperature (bottom
right). All quantities are computed inside a radius of R200,c around the cluster center. In all cases, the
SZ-Y parameter computed from the non-radiative runs exhibits a strong correlation with the other
structural properties of halos. In the full-physics runs, on the other hand, there is significant scatter in
all scaling relations, particularly at the low mass end of the spectrum.

This is due to the definition used in computing Ysph in which all gas cells inside a given vol-

ume, regardless of their temperature, are used. With the exception of the correlation with the

spectroscopic-like temperature, the relations between the integrated Compton-Y parameter and
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the other structural parameters recovered by the non-radiative runs and shown in Figure 3.11 are

in excellent agreement with the self-similar expectations. Furthermore, the uncertainty in the

best-fit slope is on the order of ∼ 1% (see Table 3.6), indicating that the integrated Compton-Y

parameter can be used as a reliable proxy for gas mass, total mass and mass-weighted temper-

ature. In the case of the correlation with the spectroscopic-like temperature, the scatter around

the best-fit relation for the non-radiative runs is larger and the low temperature end exhibits a

steep drop in the Compton-Y parameter with decreasing Tsl. As discussed in Section 3.5.1, this

feature is due to the fact that the measured spectroscopic-like temperature is artificially enhanced

to be above 0.5 keV, regardless of the mass-weighted temperature of the cluster.

In the case of the correlations recovered from the full-physics runs, the slopes are generally

inconsistent with the self-similar predictions and the scatter is much greater than in the case of

the non-radiative runs. Interestingly, just as in the case of the correlation of the X-ray luminos-

ity with the gas mass, the scatter around the best-fit relation between Ysph and Mgas drastically

decreases at gas masses greater than few× 1011M⊙, and the slope becomes shallower, decreas-

ing from 1.39, which is the best-fit slope for the Illustris-1 simulation using the entire cluster

sample, to 1.26, if using just the clusters with Mg,500c > 7 × 1011M⊙. Both of these slopes

lie in reasonable agreement with the slopes recovered from observations. We compare our re-

sults with the set of Planck clusters presented in Planck Collaboration et al. (2011) and the set

of clusters observed with the South Pole Telescope (SPT) discussed in Andersson et al. (2011).

We chose these two references as the clusters presented in them also have X-ray observations

with Chandra and XMM-Newton, as well as reliable estimates of total mass, gas mass and tem-

perature. Unfortunately, the haloes for which observational data is available are just above the

mass and temperature range available in our simulations and, hence, a direct comparison be-

tween observations and numerical simulations is not possible and we need to extrapolate the

best-fit relations outside of the mass and temperature range in which they are defined. With this
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caveat in mind, it seems that the correlation between the integrated Compton-Y parameter and

the total gas mass identified in out full-physics simulations is in good agreement both in terms

of normalization as well as the best-fit slope with the relations inferred from the Planck, as well

as the SPT data.

The agreement between the full-physics simulations and the YSZ−Mtotal relation inferred from

observations is, unfortunately, much poorer. The recovered slopes for the YSZ − Mtotal relation

from the Illustris-1, Illustris-2, and Illustris-3 simulations are significantly steeper than those

predicted by the self-similar model as well as those identified from observations. As discussed

in the context of the LX − Mtotal scaling relation, in Section 3.5.2, this is due to the fact that the

gas fraction inside smaller haloes is significantly lower than that inside more massive haloes,

determining a steeper correlation between the measured Ysph and the total mass. On the other

hand, the scaling relations identified from the Planck and SPT cluster sample are in very good

agreement with the results from the non-radiative runs. To a certain extent, this is due to the

fact that, in inferring the total cluster mass from X-ray observations finely tuned scaling relations

under the assumptions of hydrostatic equilibrium and isothermality of the ICM gas are assumed,

which artificially shape the observational results to resemble self-similar predictions.

The only scaling relation for which observations use two directly measured quantities relates

the integrated Compton-Y parameter, as observed by the Planck and SPT telescopes respec-

tively, and the gas temperature, as measured by the Chandra and XMM-Newton experiments.

Again, just as in the case of the scaling relations presented in the top panels of Figure 3.11,

the temperatures of the clusters studied from observations are significantly larger than those of

the clusters in the Illustris simulations, and, hence, a direct comparison with our results is not

possible. Furthermore, the scatter in the scaling relations from our full-physics simulations, par-

ticularly the Ysph − Tm relation, is very large such that it is difficult to determine how consistent

our results are with observations. However, one particularly interesting feature in the Ysph − Tm
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Table 3.7: Slope estimates for integrated Compton-Y parameter scaling relations. The gas mass, total
mass, mass-weighted temperature and spectroscopic-like temperature are computed within a sphere
of radius R200,c or R500,c, as indicated in subscript. The integrated Compton-Y parameter, on the other
hand, is computed integrating a cylindrical volume, centered on the halo, with height 10 × R200,c and
base radius R500,c or R200,c, as indicated in subscript.

Scaling relation Illustris-1 Illustris-2 Illustris-3 Illustris-NR-2 Illustris-NR-3
Ycyl,500c ∼ Mα

500,c 2.50 ± 0.13 2.22 ± 0.11 2.27 ± 0.09 1.64 ± 0.02 1.63 ± 0.02
Ycyl,200c ∼ Mα

200,c 2.41 ± 0.12 2.15 ± 0.10 2.16 ± 0.08 1.58 ± 0.03 1.57 ± 0.03
Ycyl,500c ∼ Mα

g,500 1.17 ± 0.08 1.04 ± 0.06 1.07 ± 0.06 1.65 ± 0.02 1.64 ± 0.02
Ycyl,200c ∼ Mα

g,200 1.22 ± 0.07 1.11 ± 0.06 1.06 ± 0.05 1.59 ± 0.02 1.58 ± 0.02
Ycyl,500c ∼ Tα

m,500 1.42 ± 0.08 1.50 ± 0.10 1.60 ± 0.10 2.52 ± 0.04 2.52 ± 0.04
Ycyl,200c ∼ Tα

m,200 1.44 ± 0.07 1.63 ± 0.09 1.75 ± 0.11 2.58 ± 0.06 2.59 ± 0.06
Ycyl,500c ∼ Tα

sl,500 4.48 ± 0.19 4.07 ± 0.20 4.05 ± 0.20 2.87 ± 0.10 2.87 ± 0.09
Ycyl,200c ∼ Tα

sl,200 4.59 ± 0.23 4.45 ± 0.24 4.26 ± 0.26 2.94 ± 0.14 2.95 ± 0.14

relation from the Illustris-1 and Illustris-2 simulations is the formation of a distinct branch of

haloes with mass-weighted temperature greater than ∼ 2 keV, exhibiting a steeper slope, more

in line with both observations as well as the predictions of the self-similar model. However, in

order to draw reliable conclusions about this separate trend appearing at larger temperatures, we

would need to have access to more massive, hotter haloes.

By visually inspecting Figures 3.11 and 3.10 it is apparent that the integrated Compton-Y

parameter is more closely correlated to the structural parameters studied, than the total X-ray

luminosity. Table 3.6 shows the specific values of the best-fit slopes together with their 1σ un-

certainty, quantifying the claim made from the visual inspection. The integrated Compton-Y

parameter seems most tightly correlated with the gas mass and the mass-weighted tempera-

tures, whereas the Ysph − Tsl relation exhibits the most amount of scatter and a best-fit slope

almost twice that predicted by the self-similar model. Figure 3.11 show the correlation between

quantities computed inside a sphere of radius R500,c, however, just as in the case of the X-ray lu-

minosity, we also study the same scaling relations between cluster parameters computed inside

a sphere of radius R200,c (see Table 3.6), as well as relations between the cylindrically integrated
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Compton-Y parameter and structural cluster properties (see Table 3.7). Overall, the best-fit

slopes of the scaling relations between Ysph,200c and structural cluster parameters computed in-

side R200,c are slightly larger than the equivalent relations between parameters computed inside

R500,c, whereas the slopes of relations between cylindrically integrated Compton-Y parameter

and structural parameters are smaller that those computed for the spherically SZ effect, for both

radii considered. In all cases, the amount of scatter around the best-fit relation is similar.

3.5.4 Redshift evolution

So far, in the analyses presented in Sections 3.5.1, 3.5.2, and 3.5.3 we have used only proper-

ties of the haloes identified in our simulations at redshift 0. This choice was motivated by the

prediction of the self-similar model that the redshift dependence of the relations can be fully

incorporated in the normalization, via a power of the dimensionless Hubble constant E(z):

Mgas ∼ Mtotal

LX ∼ M4/3
totalE(z)

7/3 ∼ M4/3
gas E(z)7/3 ∼ T2E(z)

YSZ ∼ 1
d2

A
M5/3

totalE(z)
2/3 ∼ 1

d2
A

M5/3
gas E(z)2/3 ∼ 1

d2
A

T5/2E(z)−3/2

This particular type of parametrization allows one to place on the same scaling relation haloes

residing at a variety of redshifts. Virtually all analyses of observations of galaxy clusters em-

ploy the scaling with redshift predicted by the self-similar model and, so far, only a handful of

numerical studies have attempted at quantifying it in a more rigorous way (e.g. Battaglia et al.,

2012; Stanek et al., 2010).

Broadly speaking, the scaling relations we have investigated in this work are all of the form

y = Axα, where y is an observable such as the X-ray luminosity or the integrated Compton-Y

parameter, x is a structural cluster parameter, A is the normalization of the scaling relation, and
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Figure 3.12: Redshift evolution of the slope of the Mgas−Mtotal scaling relation. The self-similar model
predicts a redshift independent slope of 1. which is consistently recovered by the non-radiative runs.

α is the slope when visualizing the relation on a log− log scale. The self-similar model predicts

that only the normalization of the relation will have a redshift dependence, however, one could,

in principle, assume that both the slope α and the overall constant A exhibit a redshift evolution.

In this work we have focused primarily on analyzing the slope of the scaling relations recovered

from our simulations, with little regard for the overall normalization of the relation. We made

this choice because, as we are studying the degree to which the haloes identified in the Illustris

simulations match the scaling identified from observations, comparing the normalizations of the

observed and simulated scaling relations only makes sense so long as the slopes are in good

agreement with each other. Since it is generally the case that the slopes recovered from the

full-physics simulations do not match those identified in observations, we restrict the purpose

of this study to understanding the source of this discrepancy and postpone the analysis of the

normalizations of the scaling relations to future work.
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As discussed in Section 3.3, we have selected from the Illustris suite of simulations a set of 75

logarithmically spaced snapshots between redshifts 3 and 0, and, from each of the snapshots we

analyze all haloes with a virial mass greater than a threshold mass Mlim(z), as shown in Figure

3.2. As we are studying the evolution of various scaling relations with redshift, we treat the

clusters identified at different redshifts as independent sets, and we fit, at each redshift, a scaling

relation of the form y = Axα. This method ensures that we consistently recover the value of the

best-fit slope α at each different redshift and can, hence, construct the redshift evolution α(z).

In analyzing the full-physics simulations at redshift 0, comparing the best-fit slopes of the

scaling relations of the X-ray luminosity, integrated Compton-Y parameter, and gas mass as a

function of the total cluster mass, we reached the conclusion that the steeper slope than that pre-

dicted by the self-similar model and that recovered from observations was due to the fact that

the gas fraction inside less massive haloes is smaller than the gas fraction inside more massive

haloes. In trying to identify the source of this asymmetry, understanding the redshift evolution

of the relations between gas mass and total mass is crucial. Figure 3.12 shows the redshift evo-

lution of the best-fit slope α of the Mgas ∼ Mα
total relation for the 5 different Illustris simulations

analyzed in this work. The slope predicted by the self-similar model is α = 1, independent

of redshift and shown on the graph as a black dashed line. Following the convention used in

the rest of the chapter, empty circles represent the data from the non-radiative runs, while full

circles that from the full-physics runs. The shaded region around the data points from any given

simulation marks the 1σ deviation in the computed slopes. It is interesting to note that the slopes

computed for the non-radiative runs at redshifts between 3 and 0 are in good agreement with

the prediction of the self-similar model, varying from ∼ 0.9 at high redshift, to ∼ 1.0 at redshift

0. On the other hand, the slopes recovered from the full-physics simulations, at all the three dif-

ferent resolutions studied, exhibit a much stronger redshift dependence, particularly at redshifts

less than 1, when the deviation from the self-similar prediction becomes considerable. Interest-
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ingly, redshift 1 also corresponds to an intensifying of the AGN activity, which seems to expel

a significant fraction of the gas inside haloes. For clusters with M200,c < few × 1013M⊙ this

mechanical feedback due to the inflation of AGN bubbles translates into a drastic reduction of

the total gas mass (and, hence, gas fraction) inside their virial radius, while gas in more massive

haloes is able to better withstand these bursts of black hole feedback by virtue of residing into a

deeper potential well.

Redshift 1 seems to also correspond to the threshold below which the difference between

the best-fit slope of the Ysph ∼ Mα
total relation identified in the full-physics simulations and the

self-similar prediction starts increasing (see top right panel in Figure 3.13). While the slope

of the relation between the integrated Compton-Y parameter and the total mass inside galaxy

clusters as derived from the full-physics simulations is never in agreement with the self-similar

prediction of 5/3, between redshifts 3 and 2 it remaines at a roughly constant value of ∼ 2.

However, below redshift 1, the slope increases dramatically indicating that the total integrated

Compton-Y parameter for less massive haloes is significantly smaller in proportion to the total

halo mass, as compared to the Ysph identified for larger haloes. Since the Compton-Y parameter

is computed taking into account only the gas composition of the halo, it is reasonable to assume

the steepening of the Ysph−Mtotal relation is related to the steepening of the Mgas−Mtotal relation.

Figure 3.13 also shows the redshift evolution of the slope of the scaling of the integrated

Compton-Y parameter with the gas mass (top left), mass-weighted temperature (bottom left),

and spectroscopic-like temperature (bottom right). We note that the non-radiative runs predict

best-fit slopes that are relatively redshift independent and in agreement with the predictions of

the self-similar model for the Ysph − Mgas, Ysph − Mtotal, and Ysph − Tm relations. As noted in

analyzing the scalings of the integrated Compton-Y parameter at redshift 0, the non-radiative

runs do not reproduce the self-similar predictions regarding the Ysph−Tsl relation at any redshift,

due to the fact that, in computing the spectroscopic-like temperature only gas cells which have

104



Figure 3.13: Redshift evolution of the slopes of the YSZ − Mgas (top left), YSZ − Mtotal (top right),
YSZ − Tm (bottom left), and YSZ − Tsl (bottom right) scaling relations. The slopes predicted by the
self-similar model are shown as black dashed lines in each panel. With the exception of the YSZ − Tsl
relation, the self-similar slopes for all other scalings are accurately reproduced by the non-radiative
runs.

a temperature above 0.5 keV are considered, implying that all haloes, regardless of their mass

or mass-weighted temperature, will have a measured spectroscopic-like temperature above 0.5

keV. On the other hand, the integrated Compton-Y parameter decreases monotonically with

cluster gas mass and mass-weighted temperature, meaning that the Ysph−Tsl will exhibit a rapid

105



drop in Ysph at the low temperature end of the spectrum, similar to the one shown in Figure

3.11. At higher redshift the proportion of small haloes increases and, hence the low temperature

tail of the distribution is more heavily weighted than at lower redshifts, justifying the drastic

decrease with decreasing redshift of the best-fit slope of the Ysph − Tsl relation identified from

the non-radiative runs.

In the case of the full-physics simulations, the best-fit slopes identified for the Ysph−Mgas and

Ysph−Tm relations exhibit a much weaker redshift evolution than that of the Ysph−Mtotal scaling.

The integrated Compton-Y parameter is computed using the properties of the ICM gas and, in

an isothermal approximation, it is proportional to the internal energy of the gas Y ∼ MgasT.

This means that, regardless of the inherent amount of gas inside of the clusters, the Sunyaev-

Zeldovich effect will scale in a redshift independent manner with both the gas mass and the

gas temperature, so long as the Mgas − T relation does not, itself, exhibit a redshift evolution.

Interestingly, unlike in the case of the Ysph − Mtotal scaling in which the best-fit slope showed a

strong redshift evolution at low redshifts but not at high redshifts, the slope of the Ysph − Mgas

relation decreases from ∼ 2 at redshift 3 to ∼ 1.4 at redshift 1.5, below which it stabilizes within

1.4 ± 0.1 for the three different resolutions studied. The scaling of the integrated Compton-Y

parameter and the two different temperature measures, on the other hand, does not exhibit a

reliable trend which is likely due to the high scatter in the relations, similar to that shown in the

bottom panels of Figure 3.11.

Finally the evolution with redshift of the best-fit slopes relating the X-ray luminosity with

the different structural cluster parameters explored in this work (Figure 3.14) is much harder to

interpret. On the one hand, the values of the slopes recovered from the non-radiative runs are

in relatively poor agreement with the predictions of the self-similar model at all redshift. As

discussed in Section 3.5.2, this discrepancy is due to the definition of the total X-ray luminosity

which only takes into account the gas cells hotter than 0.5 keV sitting outside the central region
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Figure 3.14: Redshift evolution of the slopes of the LX −Mgas (top left), LX −Mtotal (top right), LX − Tm
(bottom left), and LX − Tsl (bottom right) scaling relations. The slopes predicted by the self-similar
model are shown as black dashed lines in each panel. Due to the peculiarities in the definition of the
X-ray luminosity, neither the full-physics runs, nor the non-radiative runs recover the self-similar pre-
dictions at any redshift.

of the cluster. Since the non-radiative runs produce a close to isothermal gas distribution, this

means that the X-ray luminosity associated with the less massive, cooler clusters will be very

small. This, in turn justifies much steeper slopes than those predicted by the self-similar model

and even than those recovered in the full-physics runs, in which the distribution is much less uni-
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form. With decreasing redshift, the slopes recovered in the non-radiative runs slowly approach

the self-similar predictions, as the mean mass – and hence temperature – of the clusters studied

increases.

In the case of the scaling relations constructed from the full-physics simulations, correlating

the X-ray luminosity with the total mass, gas mass, mass-weighted temperature and spectroscopic-

like temperature, the best-fit slopes also decrease with decreasing redshift and they are generally

smaller than the slopes identified in the non-radiative runs. This is due to the fact that the ICM

gas inside the clusters identified in the full-physics simulations is allowed to cool and therefore

has a much less uniform temperature distribution, which, in turn, correlates with a smoother

decrease with cluster mass of the total X-ray luminosity.

3.6 Discussion and conclusions

In this study, we investigate the impact that physical processes beyond gravity and hydrody-

namics have on integral halo properties and their intercorrelation at redshift 0, as well as the

evolution of their scaling relations between redshifts 3 and 0. For this purpose, we make use

of the Illustris simulation suite, a series of cosmological simulations following the evolution

of a volume of (106.5 Mpc)3, with runs at three different resolution levels, which implement

three distinct physical models: a DM-only model which follows the evolution of the dark matter

component under the influence of gravity, a non-radiative model which follows both baryons

and dark matter and accounts for gravity and adiabatic gas dynamics, and a full-physics model

which, in addition to the processes implemented in the non-radiative runs, also accounts for

radiative cooling, star formation and evolution, stellar feedback and chemical enrichment, black

hole formation, and AGN feedback. Since this study is aimed at understanding the impact of

the baryonic physical processes on the properties and evolution of the ICM gas, we only make
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use of the non-radiative and the full-physics simulations.

In our analysis of the state of the intracluster gas inside haloes located at redshift 0, we choose

to investigate the properties of all objects with virial masses above 1013M⊙ identified in the

full-physics and the non-radiative Illustris runs, for which we define a number of structural and

observable parameters of interest. The structural parameters are halo characteristics with no

direct observational signal, such as the total halo mass, the total baryonic mass enclosed in the

intracluster gas, stars, and the central black hole, as well as the mass-weighted temperature of

the ICM. The observable halo properties, on the other hand, are those which experiments can

measure directly, such as the X-ray luminosity, the spectroscopic-like temperature, and the in-

tegrated Compton-Y parameter. These definitions naturally break down our analysis into two

parts. We start off by investigating the scaling relations between structural halo properties, which

we compare with the equivalent observationally derived correlations in order set the ground for

understanding how the many physical processes implemented influence the mass distribution

of matter inside the haloes identified in the full-physics simulations. Then we move on to in-

vestigate the correlation between the observable X-ray luminosity and integrated Compton-Y

parameter with structural halo properties, which, when compared to observations, should give

us a sense of whether the haloes in the Illustris simulations represent a realistic sample.

We start off by pointing out that the scaling relations of the structural halo parameters for the

halo sample identified in the non-radiative Illustris simulations, like those obtained from many

other non-radiative runs performed in the literature (e.g. Nagai, 2006), exhibit only slight de-

viations from the predictions of the self-similar model, with minimal scatter at all halo masses

studied. The agreement with the self-similar predictions is, of course, expected, since gravity

and adiabatic gas dynamics are exactly the underlying assumptions of self-similarity. On the

other hand, for the halo sample identified in the full-physics Illustris simulations, the correla-

tions between baryonic mass, and gas mass with the total halo mass have much steeper slopes
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than those predicted by the self-similar model. This indicates that there is a strong evolution

of the gas fraction with halo mass in the full-physics Illustris simulations, such that lower mass

haloes contain a significantly lower baryon fraction than larger haloes. We find that the scaling

relations between the baryonic mass, the stellar mass, and the gas mass with total halo mass,

generally exhibit a lower normalization than predicted by observations. However, objects with

virial masses above ∼ 8 × 1013M⊙ are situated within the observed scatter for all scaling rela-

tions, which indicates that the discrepancy in slope and normalization between the full-physics

runs and observations, is likely caused by the fact that the less massive objects contain a low

baryonic fraction.

We find that the galaxy formation model implemented in the full-physics Illustris simulations

does exhibit a resolution dependence, with Illustris-3 producing significantly more massive cen-

tral black holes, lower stellar masses and higher gas masses than the other two resolution runs.

This observation helps to shed some light onto the reason for which the gas fraction in less

massive haloes is lower than that in the more massive objects. Illustris implements two distinct

feedback modes for AGN activity: a less-efficient quasar mode and a more efficient radio mode.

The decision as to which feedback mode operates at any given time is related to the accretion

rate of the black hole, such that it is more likely for higher mass black holes to radiate in quasar

mode than for lower mass ones. Since it is precisely the haloes with less massive central black

holes that exhibit a lower gas fraction, it seems that the radio mode implemented is too strong,

thus heating and driving out the intracluster gas. For larger mass objects, the gas fraction is

significantly higher because, on the one hand, their central black holes likely operate in the less

efficient quasar mode more often than those in the less massive haloes, and, on the other hand,

the potential well in which the objects reside is deeper, and, hence, the ICM gas is better able to

withstand the AGN activity.

The low gas fraction identified in the less massive clusters formed in the Illustris full-physics
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simulations also impacts the scaling relations of observable cluster properties, such as the X-ray

luminosity and the integrated Compton-Y parameter, with structural halo properties. Of the two

observables studied, the Compton-Y parameter exhibits the more constrained scaling relations,

with overall less scatter than the equivalent X-ray luminosity relations, for all five different Il-

lustris runs. The non-radiative simulations reliably reproduce the slopes of the scaling relations

predicted by the self-similar model, particularly for the correlation of either observable with the

total and gas mass of the halo. We note that the requirement to only include gas cells with tem-

peratures above 0.5 keV in the computation of the X-ray luminosity and the spectroscopic-like

temperature of the haloes, is responsible for a steep drop in X-ray luminosity and a flattening

of the spectroscopic-like temperature for the objects with mass-weighted temperature below 0.5

keV. We discuss this feature in detail in Sections 3.5.1 and 3.5.2, and, for the non-radiative simu-

lations, we only fit the scaling relation involving the X-ray luminosity and the spectroscopic-like

temperature for objects with mass-weighted temperatures above 0.5 keV. For the halo sample

selected from the full-physics simulations, the correlation between the integrated Compton-Y

parameter and the gas mass is the most tightly constrained. Furthermore, the relation shows a

drastic decrease in scatter for haloes with Mg,500c > 7 × 1011M⊙, indicating that there exists a

mass threshold above which the impact of AGN feedback on the intracluster gas diminishes. The

scaling of either observable with the total halo mass is significantly steeper in the full-physics

simulations than the in the non-radiative runs, due to the low gas fraction recovered in the less

massive haloes.

Finally, we find that the best-fit slopes of all scaling relations studied in the non-radiative

runs, with the exception of the ones involving the spectroscopic-like temperature, exhibit only

a mild redshift dependance, thus corroborating the prediction of the self-similar model. On the

other hand, the best fit slopes for the halo sample identified in the full-physics simulations exhibit

a strong redshift dependance, which we believe is due to a change in the strength of the AGN
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feedback in the redshift range analyzed, between z = 3 and z = 0. Furthermore, we find that the

redshift evolution of the slopes identified in the full-physics runs qualitatively changes between

redshifts 1.5 and 1, either by steepening as in the case of the Mgas − Mtotal or Ysph − Mtotal

relations, or stabilizing around a constant value, like in the case of the Ysph − Mgas relation.

In conclusion, we find that, while the physical model used in the Illustris simulations repro-

duces with great accuracy properties of galaxy populations (as discussed in Genel et al., 2014;

Sales et al., 2015; Torrey et al., 2015), it falls short of matching the observationally derived scal-

ing relations of many structural and observable halo parameters. We find that lower mass haloes

exhibit a significantly lower gas fraction than objects with virial masses above ∼ 8 × 1013M⊙.

We believe this feature is due to the specific implementation of AGN feedback used in Illustris,

in which lower mass black holes tend to radiate in a radio feedback mode that couples very ef-

fectively to the surrounding gas, heating it and driving it towards the outskirts of the halo. In

contrast, more massive haloes posses more massive black holes which, radiating predominantly

in the less efficient quasar mode, have a less aggressive impact on the ICM gas. This effect, cou-

pled with the fact that more massive objects are located in deeper potential wells, contributes

to preserving a larger gas fraction inside higher mass haloes. Finally we note that the inherent

difference between the gas content of lower mass and higher mass haloes seems to translate

into a self-regulating trend in the scaling relations observed at higher masses. The few haloes

in Illustris with masses above ∼ 8 × 1013M⊙ and which are also located in the mass range

probed by X-ray and Sunyaev-Zeldovich experiments are, in fact, within the scatter predicted

by observations, indicating that objects with masses above those in the Illustris halo sample are

needed in order to explore a thorough comparison with observations.
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There is no perfection, only life.

Milan Kundera, The Unbearable Lightness Of Being

4
The Impact of AGN Feedback on the

Properties of the Intra-Cluster Medium

Numerical simulations of structure formation have made substantial progress over the past three

decades, both in terms of their spatial and mass resolution, as well as in the nature and detail of

the physical processes implemented. Early cosmological simulations, following the evolution

of dark matter and baryons under the influence of gravity alone, produced clusters with an over-

heated intracluster medium, particularly in the inner regions of the haloes (Ettori et al., 2002;

Allen et al., 2001). Subsequent studies implementing gas cooling processes, while managing to

form multiple galaxies within a cluster, ran into an overcooling problem, in which the baryons
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inside haloes cooled too efficiently, leading to the formation of much too massive central galax-

ies. In order to resolve this issue it seemed that additional sources of heating of the ICM gas

needed to be included into the simulations, in order to balance the efficient radiative cooling.

Stellar feedback via supernovae explosions was the clear candidate solution, yet the frequency

and strength of these events were not sufficient to fully remedy the galaxy mass issue (Kravtsov

& Yepes, 2000). It wasn’t until black hole formation and AGN feedback were included in nu-

merical simulations that the cooling rate of the ICM gas could be better regulated. In fact, recent

simulations including AGN feedback show an improved morphology of the central galaxies in

clusters (Martizzi et al., 2012), an improved scaling of ICM properties with halo mass (Planelles

et al., 2014; Brun et al., 2014), and the formation of both cool-core and non-cool-core popula-

tions of clusters (Hahn et al., 2015).

While the inclusion of AGN feedback is undoubtedly critical for the formation of realistic

galaxy populations in numerical simulations, there are only few and indirect constraints on both

the nature and the strength of black hole feedback. This in turn leaves a lot of freedom in the

choices of AGN feedback model, as well as its particular parameters, which simulations gener-

ally tune in order to satisfy a handful of relevant observational constraints related to the scaling

of black hole mass and stellar mass, as well as the formation of realistic galaxy morphologies.

Yet, the impact of AGN feedback goes beyond the physical characteristics of the galaxies formed

in simulations, affecting the thermodynamical properties of the ICM, and consequently the ob-

servational signals of galaxy clusters detected through X-rays or the Sunyaev-Zeldovich effect.

It is the goal of this work to compare the effect on the state of the ICM and on the signals observ-

able from the intracluster gas of three different AGN feedback implementations used in recent

cosmological studies: the Illustris model, used to run the Illustris cosmological simulation suite

(Vogelsberger et al., 2014b) analyzed in Chapter 3, the Auriga model, used in running the set of

Auriga Milky-Way-sized galaxies (Grand et al., 2015), and the Illustris-The-Next-Generation
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(Illustris-TNG) model currently being used in running the Illustris-TNG cosmological simu-

lation suite (Pillepich et.al., 2016). We emphasize that all of these models have been tuned

to produce realistic populations of galaxies which, in effect, does not provide any guarantees

related to the state of the ICM gas inside clusters, the objects’ X-ray and Sunyaev-Zeldovich

signals, or the correlation between any observable and structural parameters of clusters.

The Illustris cosmological simulations presented in Vogelsberger et al. (2014b), for which we

analyzed the correlations between structural and observable halo parameters in Chapter 3, are a

suite of simulations of a cosmological box (106.5Mpc)3 in volume following the formation of

galaxies, groups of galaxies, and clusters with masses up to 2× 1014M⊙, modeling, in addition

to gravity, also radiative cooling processes, star formation and evolution, stellar feedback in the

form of supernovae exposition and winds, as well as black hole formation and AGN feedback.

One of the main results of the analysis of the Illustris simulation was the fact that the inclusion

of AGN feedback has a profound effect on the state of the ICM in haloes with virial masses

below ∼ 8 × 1013M⊙, much stronger than it does for more massive objects. This observation,

together with the fact that X-ray and Sunyaev-Zeldovich experiments generally have access to

objects more massive than ∼ 1014M⊙, points to the fact that, in order to accurately compare

the predictions of numerical simulations incorporating AGN feedback with observations one

needs to have access to simulations of objects spanning multiple orders of magnitude in mass.

However, in order to study the formation of a cluster with virial mass on the order of 1015M⊙,

one would need to simulate a cosmological box 100 times larger in volume than the one used

in Illustis. Furthermore, as discussed in Chapter 3, the accurate modeling of AGN feedback

requires a minimum mass resolution equivalent to the Level 2 studied in Illustris, with gas cells

and dark matter particles having a target mass of 107M⊙ and 5 × 107M⊙, respectively. These

two requirements combined make the simulation of the formation of haloes with virial masses on

the other of 1015M⊙ inside cosmological boxes prohibitively expensive in terms of computing
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power required.

A popular approach to mitigate the computational costs of simulating a high mass object with

high resolution is via the so-called ”zoom-in” technique (Katz et al., 1994; Navarro & White,

1994) in which the formation history of only a selected number of objects is followed with high

resolution elements, while the rest of the large scale environment in which they evolve and with

which they interact purely via gravity is studied at much lower resolution. The clear drawback

of zoom-in simulations is that, unlike simulations of cosmological boxes, they do not produce

populations of objects of a given mass, but rather follow the evolution of individual objects

alone. A priori, there is no guarantee that the objects simulated in this fashion are representative

for their mass range and particular care must be exercised in selecting which objects to simulate

in a zoom-in run.

In this Chapter, we present the iClusters suite, a set of 6 galaxy clusters with masses spanning

two orders of magnitude, from 2 × 1013M⊙ to 2 × 1015M⊙, simulated using the zoom-in tech-

nique at two resolution levels. For each object, and each resolution level, we analyze DM-only

runs, in which the baryonic content of the objects is unaccounted for, Non-Radiative runs in

which both baryons and dark matter are present, but only gravity and adiabatic gas dynamics

are modeled, and three full-physics simulations which implement the Illustris, Illustris-TNG,

and Auriga physics models accounting, in addition to the processes implemented in the Non-

Radiative runs, for radiative cooling, a sub-resolution ISM model, star formation and stellar

evolution, chemical enrichment, stellar feedback in the form of supernovae activity, as well

as black hole formation, evolution and feedback. The focus of this work is to systematically

quantify the impact of the specifics of the implementation of AGN feedback on observable and

structural cluster properties at a variety of mass scales in order to facilitate the comparison of

previous literature results, as well as investigate the constraints that the observed correlations

between different cluster parameters impose on the three AGN models.
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The remainder of this chapter, is structured as follows. In Section 4.1 we present an overview

of the numerical simulations run, the technique used in selecting and simulating the haloes, as

well as a detailed description of the implementations of the different physical processes ac-

counted for in the full-physics simulations. In Section 4.2 we describe the physical properties

of the galaxy clusters simulated in this study, including the mass distribution of dark matter,

gas, stars, and black holes and the thermodynamical properties of ICM gas, and discuss the im-

pact that the details of the AGN feedback implementation have on the distribution of baryons

inside dark matter haloes, as well as on the correlation between different integral properties of

the cluster. In Section 4.3 we compare the relations between X-ray luminosity and observable

Sunyaev-Zeldovich effect with structural halo properties as inferred from the analysis of the

iClusters suite with those calibrated from observations in order to analyze whether and how one

could use observations of galaxy clusters in order to discriminate between different models of

AGN feedback. We conclude with a discussion in Section 4.4

4.1 Numerical Simulations

The iClusters simulations suite includes a series of high resolution hydrodynamical zoom-in

simulation of 6 galaxy clusters selected from the Millennium-XXL simulation (Angulo et al.,

2012), a dark matter only N-body cosmological simulation, following the growth of structure

in a volume of (4.11Gpc)3. The 6 objects in the iClusters simulation suite, have been selected

to span two orders of magnitude in mass, between 2.3 × 1013M⊙ and 2.7 × 1015M⊙. While

our selection criterion offers no guarantee as to how representative these clusters are for their

mass range, the analysis presented in Appendix B in which the iClusters runs using the Illustris

physics model are compared to the Illustris cosmological simulation, shows them to be a fairly

typical 6-halo sample and, hence, we place a high degree of confidence on the results obtained
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from the zoom-in simulations presented in this chapter.

Our analysis of the Illustris cosmological simulations in Chapter 3 has proven that the struc-

tural and observable properties of the clusters realized in the Level 1 and Level 2 resolution

runs are well converged for the Illustris physical model and, since increasing the resolution of

the runs from Level 2 to Level 1 effectively amounts to a factor of 16 increase in CPU hours

needed, we choose to perform the simulations of the iClusters objects only at resolution levels

equivalent to the Level 2 and Level 3 of the Illustris cosmological runs. Furthermore, in order to

preserve a level of consistency between the nomenclature used in Chapters 3 and 4, we choose

to refer to the high resolution runs of the iClusters suite as Level 2, and to the low resolution runs

as Level 3. Finally, since resolution convergence studies require the availability of populations

of objects at a wide range of masses, which can only be formed using cosmological simulations,

one can only perform such a study for the Illustris physical model, which has already been ex-

plored at length in Chapter 3. The rest of the analysis in this Chapter is based on the Level 2

resolution runs.

Details regarding the selection technique, as well as the generation of initial conditions, and

the parameters of the simulations of the iClusters suite are presented in Section 4.1.1, followed

by a detailed description and comparison of the physical models implemented in the Illustris,

Illustris-TNG, and Auriga runs in Section 4.1.2 and a description of cluster properties in Section

4.2. All simulations are performed using the moving-mesh code AREPO (Springel, 2010) and

are based on a ΛCDM cosmology compatible with the WMAP-9 measurements (Hinshaw et al.,

2013), with: Ωm = 0.2726,ΩΛ = 0.7274,Ωb = 0.0456, σ8 = 0.809, ns = 0.963,H0 =

100hkms−1Mpc−1, and h = 0.704.
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Table 4.1: Number of high, medium, and low resolution dark matter particles used for each of the 6
haloes in the iClusters suite. An equal number of gas cells have been generated in the initial conditions.

Halo
MXXL
M200,c
[1013M⊙]

Number of particles (in millions)
Resolution Level 2 Resolution Level 3

High-Res Mid-Res Low-Res High-Res Mid-Res Low-Res
Halo 1 2.2 1.6 0.5 2.6 0.2 0.5 2.6
Halo 2 2.8 8.4 1.2 2.7 1.0 1.2 2.7
Halo 3 9.6 6.3 1.1 2.7 0.8 1.1 2.7
Halo 4 10.5 10.3 1.4 2.8 1.3 1.4 2.8
Halo 5 41.8 26.0 2.5 2.9 3.2 2.5 2.9
Halo 6 182.9 108.7 6.9 3.5 13.6 6.9 3.5

4.1.1 Initial Conditions and General Approach

The initial conditions used in the iClusters runs have been obtained from the Millennium-XXL

simulation, using the zoomed initial conditions technique presented in Tormen et al. (1997). The

6 clusters have been selected according to a target mass as detailed in Table 4.1. For each of

the clusters selected, the dark matter particles located inside a sphere of radius 5 times larger

than the virial radius of the object have been identified, and traced back to initial conditions of

the parent simulation, at redshift 127. The volume enclosing the initial locations of the dark

matter particles comprises the Lagrangian region which is subsequently resampled with higher

resolution dark matter particles. The rest of the volume of the (4.11Gpc)3 box has been sampled

with medium and low resolution dark matter particles, with masses increasing with the distance

from the center of the halo. If a low resolution particle ends up inside the high resolution region

it acts as a sink to the high resolution particles creating an artificial overdensity. We safeguard

against such unphysical artifacts by adopting a Lagrangian region large enough such that there is

no contamination in a region 5 times the virial radius of the halo at redshift 0. At the beginning

of the simulation, AREPO uses the initial conditions containing only dark matter particles, to

also construct the baryonic component. Each DM particle is used to create a gas cell and part
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Table 4.2: Details of the 2 resolution levels explored for each of the 6 iClusters.

Resolution εbaryon εDM mbaryon mDM
[pc] [pc] [105M⊙] [105M⊙]

Level 2 1420 2840 97.1 580.6
Level 3 2840 5680 805.2 4644.8

of its mass is reassigned to the gas cell such that the dark matter and baryonic components have

masses in the (Ωm − Ωb) : Ωb proportion.

All simulations employ a fixed comoving softening length for the high resolution dark matter

particles (εDM), a softening length for baryonic collisionless particles (stars and black holes)

limited to a maximum physical scale
(
εbaryon

)
, and an adaptive softening scheme for hydro

cells, where the softening length is proportional to the cell size. Furthermore, the refinement/

derefinement scheme used keeps the hydro cells located in the high resolution region of the

simulation within a factor of 2 of the mbaryon target mass, while the mass of the high-res dark

matter particles is fixed to mDM. The values of these parameters used for the Level 2 and Level 3

resolution runs are specified in Table 4.2. The medium-resolution dark matter particles used in

both the Level 2 and Level 3 runs are set to have a mass of 5.3×109M⊙, while the low resolution

dark matter particles, located in the outskirts of the simulation box, are each assigned a mass in

the 1010M⊙−1014M⊙ range. The hydro cells located in the medium and low resolution regions

are assigned a mass of up to few× 1010M⊙ at the beginning of the simulation, and they are not

refined/derefined throughout the run. Nevertheless, gas cells are allowed to migrate between

high and low resolution regions, and they will be treated according to their current location and

not to their original assignment in the initial conditions. For the reference, Table 4.1 details the

number of high, medium, and low resolution dark matter particles used for the 6 different haloes,

as well as the clusters’ original masses in the Millennium-XXL simulation.
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4.1.2 Modeling of physical processes

For each of the 6 haloes in the iClusters suite, we perform 5 different simulations at two res-

olution levels, accounting for a variety of different physical processes. The Dark Matter-Only

simulations evolve the dark matter component of the haloes under the influence of gravity alone,

the Non-Radiative runs model, in addition to dark matter, the evolution of the baryonic com-

ponent of clusters, including gravity and adiabatic gas dynamics, while Illustris, Illustris-TNG,

and Auriga are 3 full-physics simulations in which we model gas cooling, star formation and

stellar evolution, chemical enrichment, stellar feedback, magnetic fields, as well as black hole

formation, evolution and feedback. The three different physical models implemented have been

previously used in running the Illustris simulation suite (Vogelsberger et al., 2014b), the set

of Auriga Milky-Way-sized galaxies (Grand et al., 2015), and the Illustris-TNG simulations

(Pillepich et.al., 2016). We spend the remainder of this section presenting in detail the specifics

of the Illustris, Illustris-TNG, and Auriga implementations.

Radiative Processes. Radiative cooling and heating processes are implemented in all simu-

lations, keeping track of cooling due to a mixture of hydrogen and helium, including collisional

excitation, collisional ionization, recombination, Bremstahlung emission and inverse Comp-

ton scattering off the CMB, as well as metal line cooling and photoionization effects due to

a uniform, time-dependent ultraviolet radiation background (UVB). The total net cooling rate

evaluated in the simulations has the following form:

Λ(T, ρ, z, Z) = Λp(T, ρ, z) +
Z

Z⊙
Λm(T, ρ, z, Z⊙) + ΛC(T, ρ, z) (4.1)

where Λp(T, ρ, z) is the net cooling rate due to the primordial species (H,H+,He,He+,He++)

(Cen, 1992; Katz et al., 1996), Λm(T, ρ, z, Z⊙) is the net cooling rate due to metals for a gas

of solar composition (Asplund et al., 2006) as computed using the CLOUDY code (Ferland
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et al., 1998), and ΛC(T, ρ, z) represents cooling off the CMB. Photoionization rates are computed

using a time-dependent UV background (Faucher-Giguere et al., 2009), which takes into account

contributions from both quasars and star-forming galaxies and is calibrated to reproduce the

measured transmission of the Lyman-α forest (Faucher-Giguere et al., 2008), published HeII

and HI relative column densities, HeII reionization by redshift z ∼ 3 (McQuinn et al., 2009),

and HI reionization at redshift 6. For gas densities ρgas ≥ 10−3cm−3 gas self-shielding is taken

into account and the primordial cooling rate, as well as the normalization of the input radiation

to CLOUDY are dampened by:

(1 − f)

[
1 +

(
nH
n0

)β
]α1

+ f
[

1 +
nH
n0

]α2

(4.2)

where n0 is the self shielding density threshold, nH is the hydrogen number density, and the

values used for the free parameters f, n0,α1,α2, and β are obtained by interpolating linearly

with redshift the best fit results of Rahmati et al. (2013). At z > 6 no shelf-shielding is assumed.

Star Formation. In all simulation sets, star formation is implemented using the scheme pre-

sented in Springel & Hernquist (2003). The gas inside hydro cells is modeled using an effective

equation of state, and if a cell contains cold gas with a density above ρsfr = 0.13cm−3, it is per-

mitted to participate in star formation or be transformed in a wind particle, as described below.

Note that the decision as to which process the gas cell participates in is made at the beginning of

the timestep and it is based on the amount of energy is has received from supernova feedback,

as described in the paragraph on the implementation of Galactic winds. If a gas cell is selected

to participate in star formation, it will create a new star particle with probability:

psfr =
mcell
m∗

[
1 − exp

(
−Ṁ∗ × Δt

mcell

)]
(4.3)
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where mcell is the mass of the gas cell, m∗ is the mass of a stellar particle, Ṁ∗ is the star formation

rate and Δt is the current time step. Each stellar particle is modeled as a collisionless baryonic

particle and represents a single aged stellar population with a mass distribution following the

Chabrier Initial Mass Function (Chabrier, 2003). The post-main sequence evolution is assumed

to be instantaneous, hence each star particle has a well defined lifetime, after which it returns

part of its mass and metals to the ISM.

Mass Recycling and Metal Enrichment. All simulation implement stellar evolution to-

gether with mass recycling and metal enrichment. The dominant sources of mass recycling are

AGB winds and core collapse supernovae, but Type Ia supernovae are also accounted for, as

they are an important source of iron. To determine the mass returned to the ISM, we define a

stellar recycling function frec(m, Z) depending on the initial stellar mass and initial metallicity.

This stellar recycling function incorporates both AGB winds and supernova events, with the

minimum Type II supernova mass set to 6M⊙ in the Illustris implementation and 8M⊙ in the

Auriga and Illustris-TNG runs. The total mass recycled per time step is computed as:

ΔMrec(t,Δt, Z) =
∫ M(t)

M(t+Δt)
mfrec(m, Z)Φ(m) (4.4)

where t is the time elapsed since the creation of the star particles, Δt is the time step, Φ(m) is the

Chabrier IMF, and M(t) is the mass of the stars that are moving off the main sequence at time

t. In addition to the total mass returned, the amount of each of 9 chemical elements is tracked

individually:

ΔMi(t,Δt, Z) =
∫ M(t)

M(t+Δt)
(yi + mZifrec(m, Z))Φ(m) (4.5)

where the elemental mass yields yi(m, Z) (Karakas, 2010; Portinari et al., 1998) specifies the

amount of mass created or destroyed for each element i, initial stellar mass m and initial metal-

licity Z. Note that in the Illustris-TNG and Auriga implementations a tenth field is tracked,
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accounting for all other chemical elements in addition to the 9 explicitly followed. For each star

particle the total mass and chemical composition are calculated at each time step and they are

distributed to the nearby gas cells using a top hat kernel enclosing a mass ∼ Nenrich × mtarget,

where mtarget is the target mass of a gas cell and Nenrich = 32. Momentum and energy are

explicitly conserved.

Galactic Winds. In addition to mass recycling and metal enrichment, all simulations im-

plement a non-local stellar feedback prescription in the form of galactic winds. At each time

step, star-forming gas cells keep track of the amount of energy they receive from stellar particles

(ΔESNII) and they are assigned a probability with which they are to participate in star formation

or be converted into wind particles. The velocity of the wind particle is determined by the local

dark matter velocity dispersion vw = kwσDM, where kw = 3.7, and the mass of the wind particle

is equal to the mass of the gas cell if mcell < 2mtarget and equal to mtarget
* otherwise. Once the

velocity of the wind particle is determined, the ratio of the probability for a gas cell to be con-

verted into a wind particle versus undergoing start formation, which is given by the wind mass

loading factor (ηw), is computed. In the Illustris and Auriga models ηw is proportional to the en-

ergy injected into the gas cell by stellar feedback ΔESNII and inversely proportional to the square

of the velocity the gas cell would acquire should it be converted into a wind particle, while in the

Illustris-TNG simulations, an additional redshift dependence is taken into account. In addition

to mass, all wind particles are assigned a fraction of the metal content of the parent gas cell,

independent of the mass fraction adopted. Of the total energy deposited inside the cell by stellar

feedback, a fraction α is assigned into kinetic energy (Illustris) or a combination of kinetic and

thermal energy (Auriga and Illustris-TNG). The calculation of the velocity of the wind particles

is independent of the metallicity of the gas cell in all physical models implemented, however

the total energy distributed to wind particles in the Illustris-TNG run is metallicity dependent.
*mtarget is the target mass of a gas cell
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Once a gas cell is selected to be converted into a wind particle, it is temporarily decoupled from

the hydrodynamic calculation and interacts with the surrounding matter solely gravitationally.

When the particle reaches a certain density threshold or maximum travel time, it is dissolved

into the gas cell in which it is currently located, depositing its mass, momentum, thermal en-

ergy, and metal content. In the Illustris simulation, the stelar winds are bipolar and the direction

of each wind particle is selected to be parallel to v × ∇Φ in the rest frame of the FOF group,

with a random sign, while in the Auriga and Illustris-TNG runs stellar winds are assumed to be

isotropic.

Magnetic Fields. Magnetic fields are only modeled in the Auriga simulations following the

method described in Pakmor & Springel (2013). A homogeneous magnetic field of comoving

strength 10−14 Gauss is seeded at z = 127. The orientation of the magnetic field bears little

importance on the evolution of the gas (Marinacci et al., 2015) and, in our simulations, it is

chosen to be in the z direction. Throughout the simulation the divergence of the magnetic field

is kept at reasonable levels using the divergence cleaning scheme of Powell et al. (1999).

Black Hole Formation. In all three different physics implementations, black holes (BH) are

modeled as collisionless sink particles. They are seeded at high redshift, such that all FOF groups

with masses greater than 5×1010h−1M⊙, which do not already contain a black hole, are assigned

a BH seed of mass 105h−1M⊙ centered on the gas cell with the smallest gravitational potential

of the halo. In the Illustris runs the black hole particle is artificially repositioned on the minimum

at the gravitational potential at every time step, while in the Auriga and Illustris-TNG runs its

position is allowed to evolve under the influence of the mass accretion and feedback processes,

and it undergoes only small oscillations around the bottom of the halo potential well. Black hole

growth is modeled in all simulations, as well as thermal and mechanical feedback processes,

through which the BH returns to the surrounding gas a fraction of the accreted energy. Although

collisionless, black hole particles are allowed to merge if the separation becomes smaller than
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the maximum physical softening length in the simulations, and in the process, mass, momentum,

and energy are conserved.

Black Hole Growth. In all simulations performed in this work, black hole growth and feed-

back are implemented. All models relate the black hole accretion rate and the energy released

back to the surrounding gas via:
δE
δt

= εfεrṀBHc2 (4.6)

where ṀBH is the accretion rate (amount of gas mass accreted by the black hole per unit time),

εr = 0.2 is the radiative efficiency (the fraction of the accreted energy returned as thermal

or kinetic feedback), and εf is the fraction of the radiated energy which couples with the ICM

gas. Motivated by the observation of X-ray binaries (Fender et al., 1999; Gallo et al., 2003) all

three models implement black hole accretion and feedback as a two step process, distinguish-

ing between a high accretion (quasar) mode and a low accretion (radio) mode, differing only in

the specific black hole accretion rates and the implementation of black hole feedback. Further-

more, all simulations assume that black holes radiate energy at most at the Eddington luminosity

(LEdd = εrṀEddc2) and, hence, the black hole accretion rate is always bounded by the Eddington

limit:

ṀEdd =
4πGMBHmp

εrσTc
(4.7)

where MBH is the black hole mass, mp is the proton mass, σT is the Thompson scattering cross

section and εr is the radiative efficiency of the black hole.

The rate of accretion of a black hole is traditionally modeled using the Bondi-Hoyle-Lyttleton

formula (Hoyle & Lyttleton, 1941; Bondi, 1952; Bondi & Hoyle, 1944):

ṀBondi =
4πG2M2

BHρ
(c2

s + v2
BH)

3/2 (4.8)
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where MBH is the mass of the black hole, ρ is the density of the surrounding gas, cs is the speed of

sound and vBH is the speed of the black hole. However, in order for the Bondi (1952) solution to

be applicable, the black hole must be embedded inside a fluid that is in hydrostatic equilibrium at

infinity. In practice, the dark matter haloes are ∼ 103 − 104 times more massive than the central

black holes, and, if the ICM gas is at the virial temperature, it can be approximated with a fluid

in hydrostatic equilibrium ”far” away from the black hole. However, at high redshifts, when

the dark matter haloes are gas rich and the black holes have only just been formed, the ICM gas

undergoes rapid cooling, collapsing to the center of the halo, forming stars and feeding a high

accretion phase for the black hole. In this case, the gas cannot be assumed to be in hydrostatic

equilibrium, and the Bondi rate does not apply anymore, Equation 4.8 grossly underestimating

the real accretion rate of the black hole. In order to correctly implement an appropriately high

accretion rate for young, less massive black holes, each of the three models investigated in this

work adopt a different approach.

In the Illustris implementation, similar to Di Matteo et al. (2005), the Bondi accretion rate

is multiplied by a boost factor α = 100 in order to account for the unresolved ISM model and,

hence, the accretion rate is given by:

ṀILL = min
[

4παG2M2
BHρ

c3
s

, ṀEdd

]
(4.9)

where the black hole velocity is ignored, since its repositioning at the bottom of the potential

well at every time step, removes any meaning from any measure of BH velocity. If the black hole

accretion is larger than 0.05ṀEdd, then the black hole is assumed to be in a high accretion mode,

while, if ṀILL is below this threshold a low-accretion regime is implemented. This distinction

is only relevant in deciding the type of black hole feedback implemented and not the actual

accretion rate which is always given by Equation 4.9. Finally, we should point out that Equation
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4.9 tends to overestimate the black hole accretion rate for massive black holes located in gas poor

environments which could artificially create gas depleted bubbles around the BH. In order to

safeguard against such a behaviour, an additional gas pressure criterion is imposed. If the cooling

rate of the gas (Λ(t)ρMgas) exactly balances the heating rate due to BH feedback (εfεrṀILLc2),

the gas is in a quasi-stationary state with an equilibrium temperature Teq and an equilibrium

energy per unit mass ueq. Using this equilibrium energy, a reference pressure is defined as:

Pref = (γ− 1)ρsfrueq and the black hole is permitted to accrete at the rate specified by Equation

4.9 if the pressure of the surounding gas is above this threshold. On the other hand, if the gas

pressure is below Pref, the accretion rate is lowered to ṀILL (Pgas/Pref)
2 which, in turn, will

lower the surrounding gas temperature by a factor of Pgas/Pref, and increase its density by the

inverse of this factor.

Similar to the Illustris simulations, in the Illustris-TNG model, the Bondi rate from Equation

4.8 is used to discriminate between a low-accretion state and a high accretion state. Hence, if

ṀBondi ≤ 0.01ṀEdd then the black hole is assumed to be in a low accretion (radio) state and,

otherwise it is considered to be in a high accretion (quasar) mode. In quasar mode, the black

holes are generally accreting at the Eddington limit. However, in order to avoid a scenario where

the BH is over-accreting in a gas poor environment a reference pressure Pref is defined as in the

case of the Illustris simulations (with α = 1 ) and, if the pressure of the surrounding gas drops

below this threshold, the black hole accretion rate becomes ṀBondi (Pgas/Pref)
2. If the black hole

is in a low-accretion mode, the Bondi rate is boosted by a factor proportional to the square of

the back hole mass. In summary, the black hole accretion rate in the Illustris-TNG simulations
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is given by:

ṀTNG =

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

ṀBondi max
[
1,
(

MBH
Mpivot

)]2
, if ṀBondi ≤ 0.01ṀEdd

ṀEdd, if ṀBondi > 0.01ṀEdd and Pgas ≥ Pref

ṀBondi

(
Pgas
Pref

)2
, if ṀBondi > 0.01ṀEdd and Pgas < Pref

(4.10)

where Mpivot = 2.5 × 107M⊙. Note that for black holes more massive than this threshold

mass, the accretion rate calculated on the first branch of Equation 4.10 can potentially exceed

the 0.01ṀEdd threshold used to determine whether the black hole operates in radio mode or

in quasar mode. In order to prevent the radio mode of the AGN feedback from driving un-

physically large gas outflows from the inner regions of the halo, if ṀBondi < 0.01ṀEdd and

ṀBondi max
[

1,
(

MBH
Mpivot

)]2
> 0.01ṀEdd, the feedback mode is switched to the less efficient

quasar state, while the value of the accretion rate remains the one calculated using Equation

4.10.

While the Illustris and Illustris-TNG simulations make use of some variation of the Bondi-

Hoyle-Lyttleton formula in Equation 4.8, in the Auriga implementation the black hole accretion

rate is also informed by the state of the gas by means of the measured X-ray luminosity of the

host halo, together with a series of observational scaling relations. In the Auriga simulations, the

radio and quasar black hole feedback modes are implemented concurrently and the specific rates

assumed for each of them ensure that, generally, one of them will be subdominant. Therefore, the

black hole accretion rate is also modeled as a two-piece accretion, one determined by the Bondi

rate which is small in the radio mode and only becomes important in the high BH accretion state,

and an additional piece informed by the X-ray luminosity of the surrounding ICM gas, which

is meant to boost the accretion rate of the radio mode and will become negligible in the quasar

mode of the black hole. The key assumption behind the second piece determining the black hole
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accretion rate is that the amount of heating provided by AGN feedback to the surrounding gas

will be radiated away via X-ray emission, such that the ICM surrounding the black hole is in

thermodynamic equilibrium. Therefore the luminosity due to black hole feedback is related to

the X-ray luminosity via: Lradio = εfεrṀBHc2 = R(T, z)LX−ray, where the proportionality factor

R(T, z) is only dependent on the gas temperature and redshift, the black hole accretion rate in

the Auriga implementation is given by :

ṀAUR = min
[
ṀBondi, ṀEdd

]
+ min

[
R(Tvir, z)LX−ray/(εfεrc2), ṀEdd

]
(4.11)

where εf and εr = 0.2 have the same definitions as before, while the X-ray luminosity is de-

termined on the fly on a halo by halo basis and, in conjunction with the proportionality factor

R(T, z), it is used to determine the accretion rate of the central black hole in the halo. The value

of R(T, z) is determined as R(T, z) = εfεrṀBHc2/LX−ray where the black hole accretion rate is

estimated using the best fit relation of Nulsen & Fabian (2000) which takes into account the state

of the gas at large distances form the BH, the black hole mass is assumed to scale as the fourth

power of the velocity dispersion Kormendy & Ho (2013) and the X-ray luminosity is assumed

to depend on the gas temperature according to the observational scaling relation found by Pratt

et al. (2009) using REXESS data:

ṀBH =
2πQ(γ − 1)kBTvir

μmHΛ(Tvir)
GMBH

[
ρ2

nenH

]
M3/2 (4.12)

MBH = M0

(
σ
σ0

)4
(4.13)

LX−ray =
H(z)
H0

× C
(

T
T0

)2.7
(4.14)

where Q ≃ 2.5 is a roughly constant factor, γ = 5/3 is the adiabatic index of the gas, Tvir is

the gas temperature, which stays approximately equal to the virial temperature, M is the Mach
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number of the gas flow far away from the black hole, σ is the velocity dispersion of the stars in

the galactic bulge, C = 6.0× 1044 ergs/s, and T0 = 5 keV. Using equations 4.12, 4.13, and 4.14

together with the observation that Tvir = 35.9K[
√

2σ/(km · s−1)]2, one can determine R(T, z)

for a given value of the Mach number. In the Auriga simulations, we take M = 0.0075 as

it lies in the range of values for which, this feedback model, coupled with the star formation

and feedback implemented, appropriately reproduces the black hole mass-stellar mass relation

in cosmological simulations. We further note that one cannot directly use Eqaution 4.12 to

determine the accretion rate of the back hole since the temperature of the gas never deviates too

much from the virial temperature and, hence, Equation 4.12 doesn’t carry information about the

actual state of the gas and cannot describe a self-regulating accretion process.

Black Hole Feedback - Quasar Mode. The feedback mode implemented in the high accre-

tion state of the back hole is identical in all three simulations (Springel et al., 2005a) and only

differs in the value of ṀBH considered in the Illustris, Auriga and Illustris-TNG runs. In this

state, the black holes are assumed to power luminous quasars, with only a small fraction (εf)

of their released energy coupling thermally to the ICM gas. The amount of energy returned to

the surrounding gas by a black hole accreting in quasar mode is purely thermal, it is given by

Ė = εfεrṀBHc2, and it is distributed isotropically to the same gas cells which inform the black

hole accretion rate. The value of εf is 0.05, 0.07, and 0.1 in the Illustris, Auriga, and Illustris-

TNG runs respectively, and it is optimized to reproduce the observed MBH − σ∗ relation. The

quasar feedback mode is implemented when the black hole accretion rate exceeds 0.01ṀEdd and

0.05ṀEdd in the Illustris and Illustris-TNG runs respectively, while in the Auriga run it is con-

stantly active. Furthermore, because in the Auriga implementation the quasar and radio modes

happen simultaneously, the black hole accretion rate used to determine the strength of the feed-

back in quasar mode is given by the Eddington limited Bondi rate only (first term of Equation

4.11).

131



Black Hole Feedback - Radio Mode. For low accretion rates, the amount of energy returned

to the ICM gas is still given by Ė = εfεrṀBHc2 where εf = 0.35, 0.07, 0.1 in the Illustris, Auriga,

and Illustris-TNG runs respectively, but the manner in which this energy is injected is different in

each simulation. The Illustris and Auriga simulations both implement a type of thermal feedback

in which the accretion periodically produces an AGN jet which inflates bubbles of hot gas around

the black hole every time the BH has increased its mass by a factor δBH = δMBH/MBH (Illustris)

or the energy reservoir associated with black hole accretion is above a certain value (Auriga).

In the Illustris implementation, the size of the bubbles and the energy that they carry are related

to the black hole accretion rate as well as the state of the ICM surrounding the black hole:

Rbub−ILL = Rbub,0

(
Ebub−ILL/Ebub,0

ρICM/ρICM,0

)1/5

Ebub−ILL = εfεrc2δMBH (4.15)

where Rbub,0 = 50kpc, Ebub,0 = 1060erg, ρICM,0 = 104M⊙kpc−3, and εf = 0.35. The bubbles

are placed at random inside a sphere of radius 100 kpc centered on the black hole. On the other

hand, in the Auriga simulations, the properties of the bubbles are determined uniquely by the

state of the ICM and only the frequency with which they deploy is determined by the accretion

rate of the black hole:

Rbub−AUR = 0.1Rvir Ebub−AUR =
∑

i
0.05miūICM (4.16)

Hence, all radio bubbles in the Auriga simulations have a radius equal to 10% the virial radius

of the halo they are part of, they are placed at random around the black hole following a profile

of n(r) ∼ 1/r2 up to a maximum radius of 0.8Rvir, and the energy per unit mass injected into the

bubble is equal to 5% the mean thermal energy (ūICM) of the gas inside the halo. This mechanism

of energy injection safeguards agains overheating the bubbles and the energy injected into a
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bubble is subtracted from the energy reservoir associated with the black hole. Furthermore,

since radio and quasar black hole feedback are implemented simultaneously in the Auriga runs,

the black hole accretion rate used in determining the strength of the radio mode is given only by

min(R(Tvirr, z)LX−ray/(εfεrc2), ṀEdd) (second term in Equation 4.11).

In the Illustris-TNG run, the black hole feedback in the low-accretion state is implemented as

purely kinetic, with momentum being imprinted isotropically onto the same gas cells affected

by the quasar mode feedback. All momentum is directed radially away from the black hole to a

prescribed number of neighboring gas cells. To ensure momentum conservation, the momentum

injected to a given gas cell is oriented away from the center of mass of the affected hydro cells,

while its magnitude is such that the total kinetic energy distributed to the gas is exactly equal to

εfεrc2δMBH.

4.2 Cluster properties

The initial conditions of the iClusters simulations have been set up in such a way so that there

is no contamination from low resolution particles in a region within 5 times the virial radius

of the target cluster. Even though this means that in each simulation we can identify multiple

haloes located in the high-resolution region with no contamination within their virial radii, we

choose to only analyze the most massive halo in each run. We identify haloes within each

simulation run using a friends-of-friends (FOF) halo finding algorithm, which assigns any two

dark matter particles with a separation smaller than a linking length equal to 0.03 times the

mean inter-particle separation as belonging to the same group. In a secondary linking stage,

the dark matter objects identified using the FOF halo finding algorithm are assigned gas cells

(Dolag et al., 2009). Throughout our analysis we assume spherical symmetry for the haloes

and we generally compute integral quantities within a sphere of radius specified in terms of the
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Table 4.3: Total mass, gas mass, dark matter mass and gas fraction enclosed inside a sphere of radius
R200,c for the 6 different haloes at redshift 0 in the different physics implementations studied. In the in-
terest of space, we use the following abbreviations: DM-Only (DMO), Non-Radiative (NRD), Illustris
(ILL), Illustris-TNG (TNG), and Auriga (AUR).

Halo Mtotal,200c[1013M⊙] fgas,200c
DMO NRD ILL TNG AUR NRD ILL TNG AUR

Halo 1 1.61 2.33 1.74 1.98 1.90 15.9% 0.3% 6.3% 5.6%
Halo 2 2.59 3.85 2.89 3.31 3.23 16.3% 1.9% 10.0% 8.0%
Halo 3 9.36 13.38 10.56 12.48 12.31 15.8% 6.0% 11.7% 11.6%
Halo 4 11.63 16.79 15.30 16.72 15.29 15.7% 9.2% 14.3% 10.8%
Halo 5 45.60 66.47 63.98 65.76 63.85 16.8% 14.1% 16.0% 14.3%
Halo 6 194.97 282.79 280.32 282.86 277.48 16.3% 14.8% 15.7% 14.8%

MDM,200c[1013M⊙] Mgas,200c[1012M⊙]
DMO NRD ILL TNG AUR NRD ILL TNG AUR

Halo 1 1.61 1.96 1.69 1.82 1.75 3.70 0.06 1.24 1.05
Halo 2 2.59 3.22 2.76 2.94 2.91 6.28 0.54 3.29 2.55
Halo 3 9.36 11.26 9.73 10.87 10.70 21.20 6.30 14.63 14.22
Halo 4 11.63 14.14 13.59 14.15 13.40 26.41 14.06 23.95 16.47
Halo 5 45.60 55.27 54.05 54.70 54.02 112.02 90.20 105.35 90.97
Halo 6 194.97 236.53 234.84 236.23 233.35 462.57 414.50 443.53 411.40

enclosed overdensity computed in relation to the critical density of the Universe†. Furthermore,

we define the virial mass of haloes as the total mass (dark matter + baryons) enclosed inside a

sphere of radius R200,c

Table 4.3 shows the total mass, dark matter mass, gas mass and gas fraction computed inside

the virial radius of the six haloes identified at redshift 0. The different physical implementations

display a hierarchy in the integral characteristics of the clusters, prevailing throughout the 2

orders of magnitude in mass explored in the iClusters simulations. All haloes have smaller

dark matter masses in the DM-Only simulations than in any of the simulations accounting for

baryonic matter, due to the fact that the presence of baryons inside dark matter haloes further
†e.g. Mgas,200c is the total gas mass inside a sphere enclosing a density 200 times the critical density

of the Universe.
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deepens the potential well of the cluster, which, in turn, attracts more dark matter particles.

In terms of the baryonic content of haloes, in the Non-Radiative simulations, the gas fraction

recovered at redshift 0 is consistently close to the cosmic baryonic fraction (16.7%) for all haloes,

displaying a self similar scaling across the halo mass range explored. In stark contrast is the

Illustris implementation, for which lower mass haloes are virtually devoid of ICM gas. This, in

itself, is indicative of the fact that the form of AGN feedback implemented in the Illustris runs is

very effective at imprinting high velocities on the ICM gas, driving it outside of the virial radius

of the halo. For more massive haloes, due to a deepening of the potential well, the feedback

becomes more regulated, and the objects are able to keep more gas inside of their virial radii.

Haloes 5 and 6 in our sample, with virial masses of 6×1014M⊙ and 2.8×1015M⊙, respectively,

display dark matter and gas masses, as well as gas fractions relatively consistent between the

four implementations accounting for baryonic physics. Among the three different full-physics

implementations, the Illustris-TNG runs recover consistently higher total masses for the haloes,

as well as higher DM masses, gas masses and gas fractions, followed by the Auriga simulations,

and, lastly, by the Illustris implementations. The differences between the three implementations

decrease with increasing halo mass, and stabilize at the percent level for the two most massive

haloes.

Figures 4.1, 4.2, and 4.3 show projections of the dark matter, gas, and stellar densities in-

side boxes of 5 virial radii on a side, centered on the center or mass of the 6 haloes. All four

different implementations of baryonic physics are shown for each halo, with the exception of

the stellar density projections for which only the Illustris, Illustris-TNG, and Auriga runs are

shown‡. The white circles in all figures denote the region around the cluster centers enclosing

a matter density 200 times the critical density of the universe and, while the color scales used

for different haloes vary as shown by the color bars in the left column, they are kept constant
‡The Non-Radiative run does not model star formation.
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Figure 4.1: Dark matter density projections for the 6 different haloes at redshift 0 in the Non-
Radiative, Illustris, Illustris-TNG, and Auriga implementations (from left to right). The color scheme
is the same for each halo across different physics implementations, but it varies between the differ-
ent haloes as shown in the color bar in the left column. Each projection is for a box of side 5 times the
virial radius of the halo, centered on the center of mass of the object and the white circle denotes the
region enclosing a density 200 times the critical density of the Universe.
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Figure 4.2: Gas density projections for the 6 different haloes at redshift 0 in the Non-Radiative, Illus-
tris, Illustris-TNG, and Auriga implementations (from left to right). The color scheme is the same for
each halo across different physics implementations, but it varies between the different haloes as shown
in the color bar in the left column. Each projection is for a box of side 5 times the virial radius of the
halo, centered on the center of mass of the object and the white circle denotes the region enclosing a
density 200 times the critical density of the Universe.
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Figure 4.3: Stellar density projections for the 6 different haloes at redshift 0 in the Illustris, Illustris-
TNG, and Auriga implementations (from left to right). The color scheme is the same for each halo
across different physics implementations, but it varies between the different haloes as shown in the
color bar in the left column. Each projection is for a box of side 5 times the virial radius of the halo,
centered on the center of mass of the object and the white circle denotes the region enclosing a density
200 times the critical density of the Universe.

138



across different realizations of the same object in order to facilitate the comparison between the

different physical models. Of the three matter density projections shown, the ones depicting the

dark matter content of haloes are by far the most similar among the different physics models,

with the large scale structure being easily identifiable between the different implementations

and only the size and location of small substructures exhibiting some variation. For the most

massive halo evolved using the Illustris-TNG model, the dark matter mass seems to be more

concentrated than in the other implementations, with a significantly lower dark matter density

residing outside the virial radius of the halo, yet the structure inside the virial region of the halo

is in good agreement with that of the Non-Radiative, Illustris, and Auriga runs. At the opposite

end of the spectrum, the gas density projections show the highest variability between the differ-

ent physics implementations. The inclusion of stellar and black hole feedback processes appears

to produce more spread out gas distributions than those of the Non-Radiative runs, particularly

for the lower mass objects, while all three full-physics implementations exhibiting a decrease in

the gas dispersion with increasing halo mass. The Illustris implementation appears to have the

most aggressive impact on ICM gas, with the two least massive haloes practically devoid of gas,

as illustrated by the 0.3% and 1.9% gas fractions computed in Table 4.3 for Halo 1 and Halo

2, respectively. With increasing halo mass, the gas distribution in the Illustris implementation

appears to become more concentrated towards the inner regions of the haloes and, for the most

massive object, it is very similar to the distributions generated by the Non-Radiative and Auriga

implementations. At the opposite side of the spectrum is the Illustris-TNG model which, for

the most massive halo, shows an ICM gas distribution mostly contained within the virial radius

of the cluster, also in agreement with the more compact distribution of dark matter. Note that

many of the substructures appearing in the gas projections from the Non-Radiative runs have

disappeared in the full-physics simulations, indicating that the inclusion of AGN feedback con-

tributes to smoothing out inhomogeneities in the ICM gas. Interestingly, while the low mass
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Figure 4.4: Dark matter (solid lines), gas (dashed lines), and stellar (dotted lines) density profiles of
the 6 clusters in the Non-Radiative, Illustris, Illustris-TNG, and Auriga runs at resolution level 2, at
redshift 0. The profiles are color coded according to the physics implementation.

haloes are virtually devoid of gas in the Illustris simulations, the stellar density distribution re-

semble well the ones in the Illustris-TNG and Auriga runs and the major substructure is easily

identified between the three different implementations. For the two largest mass haloes, on the

other hand, while the ICM gas projections are very similar, the Illustris run produces signifi-

cantly more stars, and the location at which they are found is significantly more spread out than

in the two other models.

In order to quantify the qualitative statements made by studying the matter density projec-

tions in Figures 4.1, 4.2, and 4.3, we further investigate and compare density profiles of the 6

individual haloes, as realized in the four different implementations of baryonic physics. Figure
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4.4 shows the dark matter (solid lines), gas (dashed lines), and stellar (dotted lines) density pro-

files for the 6 haloes in the iClusters suite. The color coding is based on the particular physical

model implemented in the simulation, and we point out that there are no stellar density profiles

for the Non-Radiative runs, since that model does not implement star formation. The dark mat-

ter density profiles trace each other with great accuracy for all 6 haloes, particularly outside a

sphere of radius 2−3% of the virial radius of the cluster. Furthermore, while not directly shown

in Figure 4.4, the dark matter density profiles of all 6 haloes are in good agreement with each

other and their shape shows no evolution with halo mass. Similarly, the gas density profiles re-

alized in the Non-Radiative runs also have a consistent shape and normalization for all 6 haloes.

The full-physics implementations, on the other hand show a gas density profile evolving with

halo mass, which for low mass objects exhibits a high degree of irregularity, while at the high

mass end the Illustris and Illustris-TNG implementations converge to a common shape for the

profiles, which ends up matching the prediction of the Non-Radiative run for Halo 6. We further

point out that the Auriga implementation shows a higher gas density in the inner regions of the

halo for all cluster masses, and only converges with the other two full-physics implementations

for the most massive halo. Finally, the stellar density profiles of the 6 haloes simulated with the

three full-physics implementations display a clear hierarchy between the different models. The

Illustris-TNG implementation, uniformly produces a lower stellar density, for all haloes, and at

all distances from the halo center, while the Illustris and Auriga models are very well converged

particularly for halos more massive than Halo 3, which has a virial mass ∼ 1014M⊙. Since both

the Illustris and Auriga models implement a bubble heating AGN feedback scheme, while the

Illustris-TNG runs adopt a kinetic wind approach, we can ascribe the source of the discrepancy

in stellar density between the different simulations to the specifics of the AGN feedback model

implemented.

The mass dependence of the gas density profiles in Figure 4.4, compared to the universal
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Figure 4.5: Correlation between the gas fraction and total mass of the halo. Both quantities are com-
puted inside a sphere of radius R500,c, at redshift 0, in the Level 2 resolution runs. The dashed black line
represents the cosmic barionic fraction fb, while the gray markers are results from X-ray observations
(Gonzalez et al., 2013; Sanderson et al., 2013; Sun et al., 2009).

dark matter density profile shared by all haloes, translates into a mass dependence of the total

gas mass, and, hence, gas fraction, enclosed within the halo boundaries. Figure 4.5 shows the

correlation between the gas fraction and the total mass computed inside a sphere of radius R500,c

around the halo center, approximately 65% of the virial radius. As expected from the analysis of

the density projections, density profiles, and the total halo mass and gas fraction enclosed inside

the virial radius shown in Table 4.3, the Non-Radiative runs produce haloes with a gas fraction

close to the cosmic baryonic fraction, illustrated through a horizontal, dashed line in Figure 4.5.

However, both the full-physics runs, as well as results from X-ray observations (Gonzalez et al.,

2013; Sanderson et al., 2013; Sun et al., 2009), show a clear trend with total mass of the gas

fraction inside haloes, from a lower gas fraction in less massive haloes to a gas fraction around

the cosmic baryonic fraction for the most massive objects. Interestingly, we notice that for the
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2 most massive haloes produced in the iClusters suite, all physics implementations converge

to producing similarly massive halos, with similar gas fractions. This result is, of course, not

unexpected, in light of the convergence seen in the gas and dark matter density profiles explored

in Figure 4.4. For lower mass haloes, both the Illustris-TNG and Auriga implementations are in

good agreement with each other, as well as with observations, while, the Illustris runs, as shown

in the gas projections and gas density profiles, produce haloes with a much smaller gas fraction

than that predicted by the other simulations, as well as by the X-ray observations.

In order to better quantify the dependance of the gas fraction on the total halo mass, we fit a

power law relation between fgas,500c −Mα
500,c. The expectation from a simple self similar model

of structure formations is that the gas fraction inside haloes is independent of mass (αself−similar =

0), which is accurately recovered in the Non-Radiative run. The Illustris-TNG and Auriga runs

find a mild dependence with a slope of 0.25 − 0.34, while the correlation shown in the Illustris

runs is much steeper, with a slope of 0.71. The agreement between the predicted correlation

between gas fraction and total halo mass recovered in the Illustris-TNG and Auriga runs is both

surprising and interesting, since the two simulations implement very different forms of AGN

feedback, which, as we have seen from studying the stellar density profiles do, in fact, produce

haloes with very distinct matter distributions. This observation, in itself, indicates that in order

to distinguish between different AGN feedback models, one needs to adopt a holistic approach

and carefully investigate a wide range of cluster properties.

Apart from ICM gas, the Illustris, Illustris-TNG, and Auriga simulations also model two

additional baryonic components: stellar populations and black holes. As discussed at length in

Section 4.1, the three implementations differ in the specifics of the modeling of stellar and AGN

feedback processes, and it is the goal of this work to study the impact that the different feedback

models have on the baryonic content of haloes. So far, we concluded that the impact on the ICM

gas in terms of matter density and mass distribution is greatest for lower mass haloes, while
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Table 4.4: The mass of the central black hole in the halo and the stellar mass enclosed inside twice the
stellar half mass radius of the central galaxy in the halo. In the interest of space, we use the following
abbreviations: Illustris (ILL), Illustris-TNG (TNG), and Auriga (AUR).

Halo MBH[109M⊙] M∗[1011M⊙]
ILL TNG AUR ILL TNG AUR

Halo 1 1.53 1.36 2.20 2.95 2.40 2.86
Halo 2 2.72 2.74 2.98 3.87 2.29 3.39
Halo 3 7.63 6.22 7.84 7.83 5.70 6.47
Halo 4 8.05 9.16 12.20 7.96 5.62 6.99
Halo 5 34.79 43.47 55.24 23.97 17.69 23.04
Halo 6 156.78 196.02 232.00 119.82 87.57 106.24

Figure 4.6: Left: Stellar fraction as a function of virial mass of the halo. Full circles represent stellar
masses computed inside twice the stellar half-mass radius of the central galaxy, while the empty circles
represent stellar masses computed inside R200,c. The solid and dashed lines are the best fit interpolation
between the data points for the different physics implementations, while the gray lines are observation-
ally derived abundance matching results (Moster et al., 2013; Behroozi et al., 2013; Kravtsov et al.,
2014). Right: Correlation between the mass of the central black hole and the stellar mass enclosed in
the stellar half mass radius of the central galaxy, compared to observational black hole mass - stellar
bulge mass relations (Kormendy & Ho, 2013; McConnell & Ma, 2013).

the properties of the largest mass objects seem roughly independent of the specific feedback

mechanism implemented.

Table 4.4 shows the mass of the central black hole of the halo, as well as the stellar mass

enclosed inside twice the stellar half mass radius of the central galaxy of the cluster. Both of
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these quantities display a hierarchy between the different models, with the haloes evolved with

the Auriga model containing the most massive black holes. In terms of stellar mass, as expected

from studying the stellar density profiles in Figure 4.4, the Illustris and Auriga implementations

produce stellar masses much larger than those in the Illustris-TNG model. Unlike in the case of

ICM properties, the differences in the black hole and stellar masses in our simulations do not

diminish with increasing halo mass and remain at the 30-40% level for all 6 haloes. Figure 4.6

shows the correlation between the virial mass of the cluster and the stellar fraction computed

using the stellar mass inside twice the stellar half-mass radius (full circles), and the stellar mass

contained inside the virial radius of the halo (empty circles). We use both measures of stellar

mass as it is unclear which radius observations use when computing the stellar mass in abundance

matching relations. In any case, all of our simulations recover a significantly higher stellar

fraction compared to abundance matching results, with the Illustris-TNG model forming haloes

with the lowest stellar mass fraction of the three full-physics implementation.

Interestingly, when correlating the mass of the central black hole with the stellar mass en-

closed inside the stellar half mass radius, which is our approximation of the stellar bulge, all

three full-physics implementations are in good agreement with observations (see Figure 4.6,

right panel). Furthermore, the Auriga and Illustris-TNG runs are in remarkably good agreement

with each other, particularly in light of the fact that both the strength, as well as the type of

black hole feedback implemented in the two models is very different, and that the total stellar

mass contained in the haloes simulated with the Auriga model is, in fact, much larger in absolute

terms, than the stellar mass of the corresponding Illustris-TNG objects. In contrast, the Illustris

implementation consistently recovers a higher stellar mass for a given black hole mass, which

brings it in better agreement with the mean observed relation. Nevertheless, the scatter in the

observed relation is sufficiently large such that it is not possible to discriminate between the

three different implementations based on the scaling of black hole mass with stellar bulge mass
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alone.

By studying both panels of Figure 4.6 one can conclude that, while the black hole mass -

stellar mass relation recovered in our simulations is consistent with observations, the black hole

mass and, hence, stellar mass, obtained for a given halo mass is significantly above the inferred

abundance matching relations. On the other hand, we point out that while the ICM properties

have not been used to calibrate AGN feedback parameters, and the masses of the central black

holes formed by the three physics implementations are very different from each other, the impact

that the Illustris-TNG and Auriga AGN feedback models have on the ICM gas mass distribution

is, nevertheless, similar, reproducing the observed gas fraction - total mass correlation.

4.2.1 Thermodynamic properties of ICM gas

The type of AGN feedback implemented, as well as its strength, impacts not only the matter

density distribution but also the thermodynamical properties of the intracluster gas. For a virial-

ized object, the energy of the gas in the ICM is uniquely determined by the depth of the potential

well, and, hence, gas mass and gas temperature are inextricably related to each other. However,

since temperature is an intensive property of the gas which exhibits a good amount of inhomo-

geneity between different regions of the cluster, it is customary to define a weighted average

temperature to characterize the state of the ICM. The most intuitive such measure is the mass-

weighted temperature, which is proportional to the gas energy divided by the total gas mass, and

is computed as:

Tm =

∑
i Timi∑

i mi
(4.17)

where Ti and mi are the temperature and mass of a gas cell, and the two sums are performed over

all gas cells enclosed in a given volume. Since the total gas energy is proportional to the mass-

weighted temperature multiplied by the total mass of the gas, Tm is, by definition, complementary
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Figure 4.7: Mass-weighted temperature projections for the 6 different haloes at redshift 0 in the Non-
Radiative, Illustris, Illustris-TNG, and Auriga implementations (from left to right). The color scheme
is the same for each halo across different physics implementations, but it varies between the different
haloes as shown in the color bar in the left column. Each projection is for a box of side 5 times the
virial radius of the halo, centered on the center of mass of the object and the black circle denotes the
region enclosing a density 200 times the critical density of the Universe.
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to the gas density, such that for haloes residing in potential wells of similar depth, the less dense

object will have a higher mass-weighted temperature and vice-versa.

Figure 4.7 shows the mass-weighted temperature projections for the 6 clusters in the iClusters

simulation suite. Since the 2 lowest mass haloes in the Illustris implementation are virtually de-

void of ICM gas, the gas that they do contain has a very high temperature, much higher than the

gas in the Non-Radiative runs, and in agreement with our understanding of the relation between

gas temperature and mass. However, unlike in the case of the gas density projections, the mass-

weighted temperature displays a significantly less regular distribution for the lower mass haloes

in all 4 different physics implementations. While the convergence in the mass-weighted temper-

ature projections between the four different runs implementing baryonic physics improves with

increasing halo mass, even for the most massive halos there are noticeable differences between

the different implementations, more pronounced than those observed in the case of the matter

density projections.

The mass-weighted temperature is, however, not a directly observable quantity and X-ray ex-

periments generally measure a so-called spectroscopic temperature, using the radiation emitted

only from the regions of the ICM hotter than ∼ 0.5 keV. Naturally, the spectroscopic tempera-

ture tends to be biased high, particularly for low mass objects, and it is a less sensitive measure

of the state of the intracluser gas than the mass-weighted temperature, as we discussed in Chap-

ter 3. A thermodynamic measure more attune to the state of the ICM, bearing the imprint of

its evolution under both gravitational as well as non-gravitational processes is the gas entropy

(Voit et al., 2005). The gas entropy is generally defined as Tn−2/3
e and, by definition, it is an

intensive property of the gas. Therefore, in order to evaluate the characteristic entropy of a given

region we must compute a weighted average measure which, traditionally, is chosen to be the

mass-weighted entropy:

K =

∑
miTin

−2/3
e∑

mi
(4.18)
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where mi is the mass of the gas cell, Ti its temperature in keV, and ne the electron number density.

Figure 4.8 shows the mass-weighted entropy projections for the 6 clusters. Accounting for

AGN and stellar feedback increases the entropy of the gas particularly in the outer regions of

the objects, for all six iClusters haloes, while for the lower mass systems it raises the entropy

of the central regions as well. For the highest mass halo explored in our simulations, the en-

tropy projection inside the virial region is very similar in all four implementations of baryonic

physics, however the volume surrounding the halo shows very distinct features depending on

the details of the model implemented. The level of detail of the substructures around the halo

as observed in the Non-Radiative run, shown as entropy depressions in the projections in Fig-

ure 4.8, is only mimicked by the Auriga implementation, whereas the Illustris run exhibits a

much more uniform environment surrounding the cluster, in contrast with the ragged entropy

map displayed in the Illustris-TNG case, which bears the mark of an absence of gas in the clus-

ter outskirts (see also Figure 4.2). For all six objects, the Illustris and Auriga implementations

produce a rather uniform entropy distribution around the central entropy sink, which for the low

mass halos corresponds to the central galaxy, while for the highest mass objects to a region with

a radius ∼ 20−30% of the virial radius. The Illustris-TNG model, on the other hand, evolves the

haloes inside an environment with lower overall entropy, while the central entropy sink seems to

extend over a larger region than that in the other two full-physics implementations, particularly

for Haloes 1-5.

The same qualitative behavior observed in the mass-weighted temperature and mass-weighted

entropy projections is also shown in the radial profiles of these quantities. Figure 4.9 shows

the mass-weighted temperature profiles as a function of the radius scaled by R500,c for the 6

iClusters haloes. The Non-Radiative runs exhibit mass-weighted temperature profiles that are

relatively flat, consistent with an almost isothermal profile, while the full-physics simulations

display much larger variations particularly for the low mass clusters. For higher halo masses,
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Figure 4.8: Mass-weighted entropy projections for the 6 different haloes at redshift 0 in the Non-
Radiative, Illustris, Illustris-TNG, and Auriga implementations (from left to right). The color scheme
is the same for each halo across different physics implementations, but it varies between the differ-
ent haloes as shown in the color bar in the left column. Each projection is for a box of side 5 times the
virial radius of the halo, centered on the center of mass of the object and the white circle denotes the
region enclosing a density 200 times the critical density of the Universe.
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Figure 4.9: Mass-weighted temperature profiles of the 6 clusters in the Dark Matter Only, Non-
Radiative, Illustris, Auriga and Illustris-TNG runs at resolution level 2, at redshift 0. The profiles are
color coded according to the physics implementation, as shown in the legend.

the profiles slowly converge to the shape of the non-radiative run, yet even for Halo 5, there is

a difference of almost a factor of 2 between the mass-weighted temperature of inner regions of

the object as measured in the Illustris and Illustris-TNG runs as compared to the Non-Radiative

and Auriga implementations.

The mass-weighted entropy profiles shown Figure 4.10 also contrast the relative regularity

of the haloes in the Non-Radiative runs with the high variability introduced by the modeling

of AGN feedback. The three lowest mass haloes show disturbed entropy profiles, displaying a

steep drop in entropy in the inner regions of the haloes, corresponding roughly to the location

of the brightest cluster galaxy (BCG), and an entropy level in the cluster outskirts generally
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Figure 4.10: Mass-weighted entropy profiles of the 6 clusters in the Dark Matter Only, Non-Radiative,
Illustris, Auriga and Illustris-TNG runs at resolution level 2, at redshift 0. The profiles are color coded
according to the physics implementation, as indicated in the legend.

larger than that observed for the Non-Radiative run. With increasing mass, the profiles become

more regular, resembling in shape the entropy profiles derived from the Non-Radiative runs.

We compare the entropy profiles derived from the X-ray observations of the REXCESS dataset,

containing 30 clusters with M500,c ∈
[
1014M⊙, 8 × 1014M⊙

]
range, located at z < 0.2 (Pratt

et al., 2010), with those of the different realizations of Halo 5, the only object in the iClusters

suite residing in the observed mass range. In order to compare the profiles obtained from our

simulations, at redshift 0, and the profiles of observed clusters, we have rescaled the value of

the entropy by the redshift dependent factor predicted by the self-similar model, as well as by

the dependence on the value of h, which is slightly different between our analysis and that of
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Pratt et al. (2010). While the scatter in the observed entropy profiles is sufficiently large such

that none of the different models implemented in the iClusters simulations, including the Non-

Radiative runs, is excluded, the steepening of the entropy profiles in our simulations seems to

take place slightly further away from the cluster center than in the REXCESS sample, which

might be due to a selection of AGN feedback parameters that are slightly too strong and drive

the high entropy gas too far into the cluster outskirts.

4.3 X-ray and Sunyaev-Zeldovich Observables

While in the previous section we have compared the physical characteristics, such as total mass,

gas mass, temperature and entropy, of the clusters simulated in the iClusters suite with those de-

rived from observations, neither of these quantities are direct observational signals and, rather,

they are extracted in the post processing of X-ray or Sunyaev-Zeldovich measurements. Nu-

merical simulations and observations coexist as part of a common feedback loop, in so far as

numerical simulations use observational results to compare and constrain physical models, while

observations use scaling relations and profiles derived from numerical simulations in order to

process raw signals and infer physical characteristics of objects such as mass, temperature, or

gas fraction.

Using the iClusters simulations we construct mock Sunyaev-Zeldovich and X-ray observ-

ables which we use to compare with observed profiles in Section 4.3.1, as well as calibrate

scaling relations in Section 4.3.2 . Throughout our analysis, we assume that the main process

contributing to X-ray emissions is Bremsstrahlung radiation and that the medium is optically

thin. As such, for each gas cell we can compute a specific emissivity

εff = 1.4 × 10−27neniT1/2Z2ḡB
[
erg/cm3/s

]
(4.19)
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Figure 4.11: X-ray luminosity projections for the 6 different haloes at redshift 0 in the Non-Radiative,
Illustris, Illustris-TNG, and Auriga implementations (from left to right). The color scheme is the same
for each halo across different physics implementations, but it varies between the different haloes as
shown in the color bar in the left column Each projection is for a box of side 5 times the virial radius of
the halo, centered on the center of mass of the object and the white circle denotes the region enclosing a
density 200 times the critical density of the Universe.
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where ne and ni are the electron and ion number density respectively, Z is the ion charge, T is

the electron temperature, and ḡff(ν) is the Gaunt factor averaged over all possible electron ve-

locities. Subsequently, we use this specific emissivity to define the bolometric X-ray luminosity

originating from a given volume:

LX =

∫
εffdV =

∑

j
εff

j Vj = 1.4 × 10−27ḡB
∑

j
n2

e,jT
1/2
j ZjVj [erg/s] (4.20)

where the ion charge Zj is determined assuming that the gas in each cell is fully ionized, with a

primordial composition of Hydrogen and Helium, and the volume dV over which the integration

(summation) is performed differs depending on the scope of the analysis. For visualization pur-

poses, Figure 4.11 shows the X-ray luminosity projections for the 6 clusters in our simulations,

in a cubic region 5 times the virial radius of the cluster, at redshift 0. Just as we pointed out

when analyzing the projections of the gas density, temperature, and entropy, the specific im-

plementation of AGN feedback seems to have a much larger impact on the lower mass objects,

than on the higher mass ones. For Haloes 1 and 2, there is no identifiable gaseous halo in the

Illustris simulation, with the baryons being dispersed by the strong AGN feedback, as we have

already pointed out in the previous section. These objects would be technically unidentifiable

in X-ray surveys. For the larger mass haloes, on the other hand, all four X-ray luminosity pro-

jections shown are very similar to one another. Just as in the case of the mass-weighted entropy

projections in Figure 4.10, the substructures residing in the outskirts of the Non-radiative re-

alization of Halo 6 are reproduced only in the Auriga implementation, while the Illustris run

exhibits a smooth gas distribution outside R200,c, depicted by the white circle in Figure 4.11, and

the Illustris-TNG model a much lower projected X-ray luminosity outside the virialized region

of the cluster.

In contrast to X-ray observations, which measure the amount of X-ray radiation emitted by the
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Figure 4.12: Projections of the integrated Compton-Y parameter for the 6 different haloes at redshift
0 in the Non-Radiative, Illustris, Illustris-TNG, and Auriga implementations (from left to right). The
color scheme is the same for each halo across different physics implementations, but it varies between
the different haloes as shown in the color bar in the left column. Each projection is for a box of side
5 times the virial radius of the halo, centered on the center of mass of the object and the back circle
denoted the region enclosing a density 200 times the critical density of the Universe.
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electrons in the ICM gas, the Sunyaev-Zeldovich effect is a distortion of the cosmic microwave

background radiation spectrum due to the interaction between CMB photons and the free elec-

trons in the intra-cluster medium. Therefore, its magnitude is virtually redshift independent and

only depends on the mass of the cluster (i.e. the number and the temperature of free electrons

in the ICM). Traditionally the magnitude of the observed Sunyaev-Zeldovich signal is stated in

terms of the integrated Compton-Y parameter YSZ, which is a measure of the energy gain a CMB

photon has after participating in an inverse Compton scattering off an ICM electron, multiplied

by the probability that such an interaction occurs, and summed over the entire volume populated

with ICM electrons:

YSZ =
kBσT
mec2

1
d2

A

∫

V
neTedV (4.21)

where kB is the Boltzman constant, σT is the Thompson scattering cross section, me the electron

mass, ne the electron number density, Te the gas temperature, dA the angular diameter distance,

and V is the volume of the cluster. In order to facilitate the comparison of the Sunyaev-Zeldovch

signal produced by clusters of different masses, it is common to refer to the integrated Compton-

Y parameter as YSZd2
A, and for the rest of this work, we adopt this convention. Figure 4.12 shows

the projected integrated Compton-Y parameter for the 6 haloes in the iClusters simulations. We

point out that, unlike in the case of the X-ray luminosity, the projections of the Compton-Y

parameter show much less detail in the substructure of the halos, such that the virial region

of Haloes 5 and 6 look virtually identical in all implementations. The larger features of the

simulations, such as the dispersed nature of the gas in the Illustris implementation of Haloes 1

and 2, and the scarceness of baryonic material in the outskirts of the Illustris-TNG realization

of Halo 6, are, on the other hand, still present, in agreement with the projections of the different

gas properties we have studied so far. From its definition in Equation 4.20, the X-ray luminosity

is proportional to LX ∼ M2
gas

√
T, while the integrated Compton-Y parameter depends on the
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mass and temperature to the first power: YSZd2
A ∼ MgasT (see Equation 4.21). As such, the

X-ray luminosity is more susceptible to high-density regions than the integrated Compton-Y

parameter, the latter being a better measure of the internal energy of the gas. For virialized

clusters, the internal energy of the gas is uniquely determined by the depth of the potential

well in which the object is residing, indicating that the integrated Compton-Y parameter has

the potential to be a good proxy for the total halo mass. With the exception of the two lowest

mass haloes devoid of gas in the Illustris simulations, the projections of all other objects show

a reasonable degree of spherical symmetry, and a smooth gradient from the inner to the outer

regions of the haloes.

4.3.1 Profiles

A more systematic way of comparing the differences in the projections of the X-ray luminosity

and the integrated Compton-Y parameter is via radial profiles. Qualitatively, the X-ray projec-

tions in Figure 4.11, show a decrease of the measured X-ray luminosity from the center of the

halo towards the outskirts. X-ray luminosity profiles in Figure 4.13 further quantify this ob-

servations. For Haloes 5 and 6, all 4 physics implementations explored in the iClusters suite

converge, and are in good agreement with the predictions of the Non-Radiative runs. However,

for haloes less massive than few × 1014M⊙, the inclusion of AGN feedback in simulations

lowers the temperature of the gas in the central parts of the cluster, and with that, also the X-

ray luminosity detected from these regions. Interestingly, while the Illustris-TNG and Auriga

implementations do not show a particularly good agreement in terms of the gas density and mass-

weighted temperature profiles of the lower mass clusters, for Haloes 1-3 the X-ray luminosity

profiles produced with these models trace each other with high accuracy. The X-ray luminos-

ity profiles of the clusters simulated with the Illustris implementation, on the other hand, while

converging for the high mass haloes to the prediction of the other AGN implementations, show

158



Figure 4.13: X-ray luminosity profiles of the 6 clusters in the Dark Matter Only, Non-Radiative, Il-
lustris, Auriga and Illustris-TNG runs at resolution level 2, at redshift 0. The profiles are color coded
according to the physics implementation.

a much stronger mass dependence, in agreement with the variability shown in the gas density

and gas mass-weighted temperature profiles. We point out that the X-ray luminosity profiles in

Figure 4.13 are only shown for regions outside a sphere of radius equal to 15% ×R500,c, since

observations generally cut out the innermost region of the cluster when analyzing X-ray profiles

or the total X-ray luminosity of the cluster.

In the case of Sunyaev-Zeldovich measurements, observations generally compute pressure

profiles for the ICM gas. The definition of the integrated Compton-Y parameter, can be rewritten

as

YSZ =
σT

mec2
1
d2

A

∫

V
PdV (4.22)
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Figure 4.14: Scaled pressure profiles of the 6 clusters in the Dark Matter Only, Non-Radiative, Illus-
tris, Auriga and Illustris-TNG runs at resolution level 2, at redshift 0. The profiles are color coded
according to the physics implementation.

where we used the ideal gas law relating the gas pressure to the particle temperature and number

density via P = kBneTe. Therefore, the Compton-Y volume density is essentially a rescaled

gas pressure, and since pressure is a fundamental thermodynamical property of gas, it is more

intuitive to analyze than a radial profile of the integrated Compton-Y parameter. Figure 4.14

shows the radial gas pressure profile in each of the 6 haloes in our simulations, compared to the

observed pressure profiles of 62 clusters with masses in the 0.9−15×1014M⊙ range, observed

with the Planck satellite (Planck Collaboration et al., 2013). In order to accurately compare our

profiles with observations, we follow the analysis method used in Planck Collaboration et al.
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(2013) and rescale the radial pressure profiles by a characteristic pressure scale P500, where

P500 = 1.65 × 10−3h(z)8/3
[

M500
3 × 1014h−1M⊙

]2/3
h2 keV cm−2 (4.23)

with h(z) being the ratio of the value of the Hubble constant at redshift z, at which the cluster is

located, to its present value. Finally, in order to account for the difference in mass range between

our clusters and the Planck halo sample, we further rescale the pressure by a mass-dependent

factor f(M) = (M500/3 × 1014h−1M⊙)0.12. Interestingly, due to the scatter in the observational

data, neither of the 4 implementations of baryonic physics explored in this work are excluded.

However, the inclusion of AGN feedback generally lowers the gas pressure, especially in the

inner region of the clusters. This is, of course, expected, since all models of AGN feedback

include a mechanism which drives gas towards the outskirts of the cluster. For the larger mass

haloes, on the other hand, all models converge to the shape predicted by the Non-Radiative

implementation, indicating that for sufficiently massive halos, gravity is, in fact, the dominant

force dictating the state of the ICM gas. Furthermore, for all halo masses, the pressure profiles of

the clusters simulations with the Non-Radiative implementation are, in general, higher than those

observed, meaning that, for the larger mass haloes, this is also the case for the AGN feedback

implementations. In itself, this observation indicates that a stronger feedback mechanism might

be needed, or that, perhaps, the cluster masses estimated by observations are biased high.

4.3.2 Scaling relations

Astrophysical observation commonly make use of scaling relations of cluster observables, such

as X-ray luminosity or integrated Compton-Y parameter with physical properties of haloes in

order to infer measures such as total mass, gas fraction or gas temperature. The expectation that

such scaling relations might be a reliable way to determine structural properties of clusters is
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motivated by the self-similar model of structure formation, in which astrophysical objects are

presumed to evolve from a single past collapse event, under the influence of gravity alone, and

the ICM gas is assumed to be in virial equilibrium, with an isothermal temperature distribu-

tion. These basic assumptions imply a correlation between the total mass of the halo, which

determines the depth of the potential well hosting the baryons, and the temperature of the ICM

gas: T ∼ M2/3
vir E(z)2/3, where E(z) =

√
ΩM(1 + z)3 + ΩK(1 + z)2 + ΩΛ is the dimensionless

Hubble constant accounting for the time varying matter density of the Universe and ΩM,ΩK,

and ΩΛ are, respectively, the ratios between the energy density due to matter, curvature, and

cosmological constant and the critical density of the universe. Further assuming that the total

baryonic mass inside a halo is directly proportional to the total halo mass, the definitions of the

X-ray luminosity and integrated Compton-Y parameter lead to the following scaling relations

with halo mass, gas mass, and gas temperature:

LX = 1.4 × 10−27ḡB
∑

j
n2

e,jT
1/2
j ZjVj ∼ T1/2ρgasMgas

∼ M4/3
totalE(z)

7/3 ∼ M4/3
gas E(z)7/3 ∼ T2E(z) (4.24)

YSZd2
A =

kBσT
mec2

∫

V
neTedV ∼ MgasT

∼ M5/3
gas E(z)2/3 ∼ M5/3

totalE(z)
2/3 ∼ T5/2E(z)−3/2 (4.25)

While the self-similar model is considered to be only a first order approximation for the hierar-

chical formation of structure, and radiative baryonic processes are known to impact the thermo-

dynamical state of the ICM gas, producing deviations from the self-similar scalings in Equations

4.24 and 4.25, it is still considered to be the case that observable and structural properties of clus-

ters are related via power law relations.
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Figure 4.15: Scaling relations of the integrated X-ray luminosity (top) and integrated Compton-Y pa-
rameter (bottom) with total halo mass (left), gas mass (center), and mass-weighted temperature (right).
All quantities are computed within R500,c, at redshift 0, in the Level 2 resolution runs.

Figure 4.15 shows the scaling with total mass (left panels), gas mass (center panels), and gas

temperature (right panels) of the X-ray luminosity (top) and integrated Compton-Y parameter

(bottom). All quantities are computed inside a sphere of radius R500,c centered on the cen-

ter of mass of our clusters. In computing the X-ray luminosity, we excise a region of radius

0.15R500,c, in agreement with the standard procedure used in observations. We compare the

scaling relations of the X-ray luminosity with structural cluster parameters obtained from our

simulations with X-ray observations of clusters from the XMM-Newton (Pratt et al., 2009) and

Chandra (Mahdavi et al., 2013; Vikhlinin et al., 2006) experiments, and the scaling relations of

the integrated Compton-Y parameter with halo mass, gas mass and temperature, with Sunyaev-
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Zeldovich observations of clusters made with the South Pole Telescope (Andersson et al., 2011)

and the Planck satellite (Planck Collaboration et al., 2011). Furthermore, in order to accurately

compare the results of our simulations at redshift 0, with X-ray and SZ observations of clusters

located at a variety of redshifts, we rescale the observables by the appropriate power β of E(z),

as predicted by the self-similar model (see Equations 4.24 and 4.25). Therefore, in Figure 4.15,

we show LXE(z)−7/3 and YSZd2
AE(z)−2/3 in relation to the total mass and gas mass in the clusters,

and LXE(z)−1 and YSZd2
AE(z)3/2 correlated with the mass-weighted temperature of the ICM gas.

Interestingly, the scaling relations of both the X-ray luminosity, as well as the integrated

Compton-Y parameter, with cluster properties are a good match to observations. The SZ signal

seems to exhibit a tighter correlation than the X-ray luminosity, partly due to the fact that it mea-

sures the total energy of the ICM gas, which depends largely on the depth of the potential well

in which the cluster is located. Of the three different implementations of AGN feedback studied

in this work, the Illustris simulations exhibit the largest deviation from the observed scaling re-

lations, as well as from the correlations recovered in the other implementations. This, of course,

was to be expected in light of the fact that the smallest two clusters are virtually devoid of gas in

Illustris. Remarkably, however, for the largest halo simulated in this work, and, to some extent,

for the second to largest halo as well, all three full-physics implementations converge to the

results from the Non-Radiative run. This seems to point to the fact that, for sufficiently massive

haloes, neither of the three implementations of AGN feedback studied in this work are strong

enough in order to disrupt the state of the ICM gas on large scales. Therefore, the difference in

slopes of the scaling relations recovered in our simulations come mostly from variations in the

low mass objects. Furthermore, since the Sunyaev-Zeldovich observations available to date are

of objects more massive than 1014M⊙ and the details of the physical processes governing gas

dynamics seem to have only a small impact on integral quantities computed for larger clusters,

both the Non-Radiative run, as well as with the self-similar predictions are in excellent agree-
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ment with the observed scaling relations. Finally, neither gas physics model used in the iClusters

suite reproduces in a consistent manner the best fit slopes of the scaling relations derived from

observations. However, we point out that the scatter in the observations is relatively high, and

Haloes 5 and 6 in the iClusters suite, which are the only ones with virial masses in the ob-

served range, do match observations extremely well. Therefore, we believe that the discrepancy

between the best fit relations in the iClusters suite and those measures in X-ray and Sunyaev-

Zeldovich experiments is partly due to the inclusion of objects with much lower masses than

observations. Analyzing the projections and profiles of various structural cluster parameters,

we found that the two lowest mass objects had a significantly more diffuse gas distribution than

the more massive clusters, while, from the analysis of the Illustris cosmological simulation in

Chapter 3 we found a significantly increased scatter in the scaling relations between observable

and structural cluster parameters for lower mass haloes. Therefore, it is conceivable that the

discrepancy with observations is partly due to the cluster sampling we adopt in this work.

In Appendix B, we use the 6 haloes in the iClusters suite simulated using the Illustris imple-

mentation of AGN feedback, in conjunction with the halo population with virial masses greater

than 1013M⊙ evolved in the original Illustris cosmological simulation in order to study how the

increased scatter in the correlation of observable and structural halo properties at the low mass

end impacts the inferred scaling relation as obtained by incorporating objects spanning a wide

range of masses. We find the slopes of the scaling relations inferred using 6 objects presented

in this Chapter to be within 10% of the mean slope one would recover if randomly selecting

6 haloes spanning the two order of magnitude in mass explored in the iClusters suite, which

strengthens our belief that the object sample in this analysis is representative for the mass range

and the physical model implemented.
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4.4 Discussion

This chapter introduces the iClusters simulation suite, a series of high-resolution zoom-in nu-

merical simulations following the evolution of 6 galaxy clusters, with virial masses between

2 × 1013M⊙ and 2 × 1015M⊙. For each object, 5 different physical models are implemented

at two resolution levels. Dark Matter-Only simulations follow the evolution of the dark mat-

ter content of the haloes under gravity alone, Non-Radiative simulations follow, in addition to

dark matter, also the evolution of the baryonic content of haloes using adiabatic gas dynamics,

while the Illustris, Illustris-TNG, and Auriga runs implement three different models of stellar

and black hole feedback, which have been recently used in the literature.

The goal of this study has been to quantify the impact that the specifics of the AGN feedback

model implemented in simulations have on structural and observable cluster parameters, focus-

ing on the state of the ICM as quantified by radial profiles and integral cluster properties. We

emphasize that all three AGN feedback models implemented in this study have been tuned to re-

produce meaningful populations of galaxies, in terms of their number density and morphology,

which, in itself, brings no guarantee regarding the distribution of intracluster gas.

We find that the type of AGN feedback implemented has a much stronger impact on lower

mass haloes rather than higher mass objects. Virtually all cluster parameters investigated in

this study converge to the predictions of the Non-Radiative run for our most massive halo, with

M200,c = 2 × 1015M⊙, when computed inside the virialized region of the cluster. In turn, this

indicates that there exists a threshold cluster mass above which gravity becomes the dominant

force dictating the thermodynamic state of the ICM, while the details of the AGN feedback

model implemented will not have a significant impact on the distribution and temperature of

the intracluster gas, and, therefore, on their observational signals as measured in X-ray and

Sunyaev-Zeldovich experiments. That being said, including numerical simulations of massive

166



objects in the calibration of scaling relations of observable quantities such as X-ray luminosity

and integrated Compton-Y parameter is critical, since the scatter in the relation increases with

decreasing mass, as shown in Chapter 3, and failure to take into account the properties of massive

clusters will result in a biased result.

The convergence in the properties of the ICM displayed by the highest mass object in our

simulations, however, is not shared by the distribution of stellar and black hole masses. The

Illustris-TNG model systematically produces a lower stellar mass than the other two AGN mod-

els implemented, while the Auriga implementation forms black holes larger by almost 50%

compared to the other runs, for all 6 halos in the iClusters suite. Interestingly, however, the

correlation between stellar mass and black hole mass obtained in the Illustris-TNG and Auriga

simulations are in excellent agreement with each other, indicating that, while the type of AGN

radio feedback implemented by the two models is different, their overall efficiency at cooling

the ICM gas, as measured by total stellar mass as a function of the black hole mass, is very

similar. On the other hand, the Auriga and Illustris implementations are much more similar

to each other, both of them modeling AGN feedback via bubble heating, and differing mostly

in the strength, frequency, and placement of bubbles. They both recover very similar stellar

masses in all haloes, exhibiting an excellent agreement in the stellar density profiles at all radii.

Nevertheless, as mentioned before, the Auriga runs produce significantly more massive black

holes, indicating that overall efficiency of the AGN feedback implemented is much higher in

the Illustris simulations.

With these observations in mind, the fact the Illustris-TNG and Auriga implementations match

the gas fraction correlation to total halo mass as inferred from X-ray experiments, whereas the

Illustris runs produce a significantly steeper relation, with the lower mass haloes practically

devoid of gas, seems to indicate that the fraction of the ICM gas inside haloes is regulated more

by the efficiency of the radio mode of the AGN feedback, i.e. how aggressively it is heating
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and pushing the baryonic material towards the cluster outskirts, and not by the quasar mode

of the black hole feedback, which is very similar in the three implementations, or by the size

of the black hole. In other words, in order to achieve a better agreement with the observed

correlation between black hole mass and stellar mass, the Illustris implementations exhibits a

larger stellar mass with smaller black holes. The fact that the two quantities are anti-correlated is

not surprising, given that baryonic material participating in star formation cannot be accreted by

the black hole and, hence, a larger stellar mass necessarily keeps in check the size of the central

black hole. However, the feedback from a less massive black will spend more time in radio

mode, which is the more efficient of the two feedback mechanisms, thus heating up and driving

out the surrounding gas. For the lower mass objects, this translated into an a gas fraction on the

order of 1% contained inside the virial radius, while for the higher mass haloes, the potential

well in which the cluster was residing was deep enough to prevent the gas expelled by the AGN

activity from leaving the halo.

Of the thermodynamical properties of the ICM gas that we have studied in this chapter, the

one most sensitive to the details of the AGN feedback implementation is the mass-weighted

entropy which shows a hierarchy between the different models up to the second most massive

halo, particularly inside a region of radius < R200,c/2, where the Illustris model produces higher

overall entropy, followed by the Illustris-TNG, Non-Radiative, and Auriga implementations,

respectively. This observations is consistent with the level of feedback as inferred from the

correlation of the stellar mass with halo mass and black hole mass, discussed above.

Finally, the observable signals of the clusters also display a dependence on the specific AGN

feedback model implemented for the low mass objects. The gas pressure profiles extracted by

analyzing the integrated Compton-Y parameter are in good agreement with the profiles mea-

sured in Sunyaev-Zeldovich experiments, albeit having a normalization on the higher end of

observations. The scaling relations of the X-ray luminosity and integrated Compton-Y parame-
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ter with total mass, gas mass, and gas temperature are in good agreement with observations for

the Non-Radiative, Illustris-TNG, and Auriga implementations. While the values of the best fit

slopes obtained from the iClusters simulations differ from those inferred from observations, the

scatter in the observed relations is sufficiently large so as not to exclude either of the three mod-

els. Furthermore, we point out that the profiles of the various structural and observable quantities

analyzed in this study converge to the prediction of the Non-Radiative model for haloes 5 and

6, indicating that the integral properties of haloes more massive than ∼ 5× 1014M⊙ will likely

also converge to the Non-Radiative expectations, with only the low mass clusters being affected

by the details of the AGN feedback model implemented, manifested as a deviation from the

Non-Radiative prediction. Since observations only have access to objects with masses larger

than ∼ 1014M⊙, it stands to reason that the best fit relation they obtain does not bear the im-

print of the AGN activity the clusters might be experiencing and, hence, it might be more biased

towards the Non-Radiative prediction than it would be should the haloes be spanning a wider

mass range. Due to the fact that the two least massive haloes realized in the Illustris implemen-

tation are virtually devoid of gas, the correlations predicted by this model between observable

and structural halo parameters are generally incompatible with the prediction of the other three

physics implementations, as well as the observed scaling relations. The one notable exception

to this conclusion is the correlation between the integrated Compton-Y parameter and the total

gas mass, which seems to be particularly robust to the details of the physics modeled in the

simulations.

In conclusion, we find that in order to quantify the impact of the specifics of the AGN feedback

model implemented on the baryon contents of galaxy clusters, one needs to consider the state of

the cluster in ensemble, employing a wide variety of diagnostic tools. The Illustris AGN feed-

back model, while producing a black hole mass - stellar mass scaling in better agreement with

observations than the other implementations explored, recovers a much too low gas fraction in
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the haloes with masses below 1014. Conversely, the Illustris-TNG and Auriga implementations,

while modeling AGN feedback through two very distinct methods, are in much better agreement

with each other, both in terms of black hole mass - stellar mass relations, as well as in terms of

X-ray luminosity and pressure profiles, and scaling relations between observable and structural

halo parameters. Nevertheless, all implementations converge to the Non-Radiative predictions

for halo masses larger than ∼ 5×1014M⊙ indicating that the effect of AGN feedback on objects

with masses above this threshold is minimal. Therefore, current X-ray and Sunyaev-Zeldovich

observations of clusters are ill-equipped to differentiate between different AGN feedback mod-

els via scaling relations, and observations of objects at lower masses are needed in order to probe

the effects and nature of AGN feedback.
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5
Conclusions and Future Directions

It would not be an overstatement to say that we are now in the midst of a technological revolution.

Life nowadays is nothing like it used to be a hundred years ago, nor in any way similar to what

people at the beginning of the twentieth century could have dreamed of. Technology virtually

unimaginable then is now seamlessly integrated into our lives, having a deep impact on the way

we explore and understand the world. Over the past one hundred years, the field of astrophysics

has also experienced a revolution of its own, the pace of which is, to a large extent, dictated by

the broader technological progress of our time.

With the development of larger, more sensitive telescopes we are now able to probe deeper

into the visible Universe than ever before, and observe objects up to 13 billion years into the

past. At the same time, the advent of the computer brought about new tools for investigating
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the validity and predictions of theoretical models. In a sense, numerical simulations came about

to bridge the gap between theory and observations and set in motion a rapid feedback loop in

which observational results constrain physical models, and predictions of computational studies

guide the development of observational techniques.

Nevertheless, there is a long road ahead to fully understanding the complex physical processes

which determine the evolution of cosmic structure formation. While cosmological simulations

become larger and more complex, harnessing more computing power than ever before, they are,

and likely always will be, juggling a tradeoff between evolving a larger cosmic volume and

accessing higher mass resolutions. The Illustris suite, discussed in Chapter 3 of this thesis, is

currently the state of the art for cosmological simulations, evolving a volume of (106.5 Mpc)3

with 106M⊙ and 6 × 106M⊙ mass resolution for the baryonic and dark matter components,

respectively. This type of mass resolution means that many of the physical processes impacting

gas dynamics, such as star formation, stellar evolution and feedback, black hole formation, and

AGN feedback are implemented using sub-grid models – approximations which aim to mimic

the average impact of these physical processes on the surrounding matter. The constraints on

these models currently imposed by observations are loose and none of the cosmological simu-

lations run so far are able to match all observational results. It is, therefore, likely that the next

few decades will bring about new ideas regarding the numerical implementation of baryonic

processes as well as new techniques to be used in comparing observations and simulations.

The work presented in this thesis attempts to contribute to the larger effort of improving

the numerical implementations of physical processes impacting the formation and evolution

of cosmic structures by investigating the dependence of the state and distribution of baryons

inside dark matter haloes on the details and nature of the physical processes accounted for in

simulations. Our work has focused on the implementation of two broad categories of physical

processes: those impacting the distribution of baryons prior to the start of numerical simulations
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(Chapter 2), and those which become relevant at a late stage in the evolution of structure in the

Universe (Chapters 3 & 4). We spend the remainder of this section summarizing our major

results and highlighting future research directions.

In Chapter 2 we present a suite of numerical simulations of small cosmological boxes initial-

ized with different distributions of density fluctuations for the dark and visible matter compo-

nents. The starting redshift of numerical simulations is generally between z = 100 and z = 200,

at a time when the evolution of the primordial density fluctuations is still accurately described by

linear perturbation theory. Using the information regarding the state of the density fluctuations at

the time of recombination (z ∼ 1000), as inferred from measurements of the cosmic microwave

background spectrum, numerical simulations rely on theory to predict the state of the matter

distribution at their starting redshift. The prevalent assumption in initializing numerical simu-

lations thus far has been that baryonic and dark matter density fluctuations exactly follow each

other. However, recent theoretical work has pointed out that the relative velocity between the

dark matter and baryons before the time of hydrogen recombination, though formally entering as

a second order term in perturbation theory, is highly supersonic and has a non-negligible effect

on the state and evolution of matter density perturbations. Furthermore, this relative velocity

has a coherence scale of a few Mpc, meaning that in small regions of space it can effectively be

treated as a streaming motion of the baryons with respect to dark matter. Using this observation,

we initialize the numerical simulations in Chapter 2 to account for different local values of the

streaming velocity. Using a minimum of additional physical processes, we evolve the simula-

tions up to redshift 10 and find that accounting for the non-zero value of the relative velocity

between baryons and dark matter at the time of recombination has an impact on both the num-

ber density and the gas fraction inside dark matter haloes. We speculate that it is likely that the

streaming motion of baryons also has an impact on the onset and evolution of reionization, and

that it could be responsible for the formation of long-lived gas-dominated structures, some of
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which could evolve to become the globular clusters we observe today.

In order to further investigate these ideas, numerical simulations incorporating radiative cool-

ing, star formation, and stellar feedback processes will have to be run in the future. In initializing

the numerical simulations presented in Chapter 2, we explicitly required the relative motion of

the two matter components to be coherent. As such, our simulations have been limited to boxes

below 4 Mpc on a side. However, due to the periodic nature of the boundary conditions adopted

in numerical simulations, such small regions of space cannot be evolved much below redshift

10 without running into numerical artifacts. Therefore, in order to fully quantify the impact of

the non-zero relative velocity of the baryons with respect to dark matter at the time of recom-

bination, on the evolution and baryonic content of present-day haloes, a reliable technique to

initialize larger cosmological boxes with a spectrum of relative velocities must be developed.

Finally, we point out that such a technique would be useful not only for studies investigating

the impact of this effect, but, in fact, all numerical simulations would be able to adopt it, since

it would act as a higher order correction to the spectrum of matter density perturbation, with no

impact on the computational costs of the simulations.

Initial conditions have a strong impact on the evolution of structure formation in numerical

simulations, but they are also one of the best understood pieces of the computational process.

While accounting for the relative motion of the two matter components in the initial conditions

is important if one is to consistently model the distribution and gas content of dark matter haloes

at high redshift, its effect on the cosmic structure at redshift 0 is likely to be lost among the

uncertainty surrounding the implementation of physical processes which become relevant at later

stages of structure formation. As such, in Chapters 3 and 4 we quantify the impact of baryonic

physics beyond gravity and adiabatic processes on the matter content and observational signals

of massive haloes.

The Illustris simulation is one of the largest cosmological simulations performed to date, ac-
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counting for a host of baryonic physics processes such as radiative cooling, star formation and

evolution, stellar feedback and chemical enrichment, black hole formation, and AGN feedback.

Multiple studies in the literature have concluded that the physical model implemented in Illus-

tris produces a realistic galaxy population, exhibiting a large variety of morphologies similar to

those identified in observations. In Chapter 3 we investigate the impact that the Illustris physics

model has on structural and observable properties of haloes with virial masses above 1013M⊙

at redshift 0, on the scaling relations describing their correlation with each other, and on the

redshift evolution of these scaling relations. We compare the Illustris simulations implementing

the full-physics model with those accounting only for non-radiative processes, as well as with

observations. We find that, in the full-physics runs, the gas fraction inside haloes with virial

masses below ∼ 8× 1013M⊙ exhibits a high degree of stochasticity, being, on average, signifi-

cantly lower than theoretically expected, and significantly lower than the gas fraction identified

in haloes with masses above this threshold. We attribute the source of this peculiarity to the

radio mode of the AGN feedback implementation which seems to be too effective at heating up

and driving out the intracluster gas. In the galaxy formation model implemented in Illustris, at

each time step, black holes radiate a fraction of the accreted energy in one of two distinct modes:

a less efficient quasar mode and a more efficient radio mode. The switch determining the mode

in which the AGN feedback proceeds depends on the black hole accretion rate and, hence, the

back hole mass, prescribing that lower mass black holes are more likely to radiate in radio mode,

while more massive black holes generally radiate in quasar mode. Lower mass haloes are in-

habited by lower mass black holes, thus being more likely to experience the more aggressive

radio mode of the AGN feedback. Conversely, higher mass haloes contain more massive black

holes, which radiate in the less efficient quasar mode. By this reasoning, a radio mode of the

AGN feedback which is too efficient depletes the ICM gas in the lower mass haloes, while the

more massive objects are largely unaffected. Additionally, we find that the scatter in the gas
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fraction, and in all other halo properties investigated, decreases significantly with increasing

halo mass, which, together with the fact that observations generally have access to haloes with

masses higher than the most massive object in Illustris, motivated the iClusters simulation suite.

The analysis presented in Chapter 4 employs a suite of zoom-in simulations of 6 galaxy clus-

ters spanning two order of magnitude in mass, from 2 × 1013M⊙ to 2 × 1015M⊙, and aims to

compare the effect on the properties of the intracluster gas in the haloes at redshift 0 of three

different AGN feedback models used in recent cosmological studies: the Illustris model, used

to run the Illustris simulation suite analyzed in Chapter 3, the Auriga model, used in running the

set of Auriga Milky-Way-sized galaxies, and the Illustris-TNG model currently being used in

running the Illustris-TNG cosmological simulation suite.The Illustris and Auriga implementa-

tions model the radio mode of AGN feedback using a bubble heating scheme in which thermal

energy is injected into the ICM, while the Illustris-TNG model accounts for a kinetic feedback

mechanism with winds driving out the gas. As a continuation of our analysis in Chapter 3, we

use the Illustris AGN feedback implementation as a benchmark against which we compare the

other two models.

We find that the implementation details of the AGN feedback model impact lower mass haloes

much more than higher mass objects, with the properties of the latter converging to the predic-

tions of the simulations implementing only non-radiative physics. Furthermore, the haloes in the

iCluster suite with masses in the range available to X-ray and Sunyaev-Zeldovich experiments

exhibit correlations between the observational signals and their structural parameters in good

agreement with observations, for all of the physical models implemented. We believe this feature

is due to the fact that observations generally study clusters with masses above few × 1014M⊙,

which are in the range where our simulations predict the impact of AGN feedback to be minimal.

Therefore, we conclude that, in order for observations to be able to place constrains on models

of AGN feedback, data from lower mass objects is required.
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Our simulations in Chapters 3 and 4 indicate that the properties of massive galaxy clusters,

which are currently the most easily observed objects in X-ray and Sunyaev-Zeldovich exper-

iments, are not very sensitive to the specific implementation of baryonic physics. Therefore,

the physical models implemented in numerical simulations remain still largely unconstrained

until either observations of lower mass objects are available, or better strategies for comparing

simulation predictions with astrophysical data are developed. However, we should point out,

that virtually all physical models studied in this thesis ultimately exhibit inconclusive results

when compared with observations. While all of them reproduce at least a few of the correla-

tions between halo parameters inferred from observations and the physical properties of most

haloes evolved by simulations are situated within the observed scatter, none of the AGN feed-

back models studied in Chapter 4 reproduce the correlation between stellar mass and halo mass

inferred from abundance matching.

We note that the procedures used in computing halo properties from numerical simulations

are very different from the ones used by observers in interpreting astrophysical data. While

numerical simulations retain information regard the location and properties of all particles and

gas cells, hence allowing the measurement of halo characteristics such as total mass, virial radius,

or black hole mass, with a high degree of accuracy, this is not the case for observations. The

post processing of astrophysical data involves assuming a particular shape for the density profile

of the halo and deprojecting the 2D observed images into 3D realizations.

In the future, in order to bridge the gap between the observed and the simulated properties of

astrophysical objects a more developed synergy between observations and simulations must be

achieved, by means of employing similar processing techniques and better models of sources

of uncertainty in observations. These are all current areas of research in which progress is con-

stantly being made, promising that the next generation of cosmological simulations will allow

us to have a more complete picture of the formation and evolution of cosmic structure.
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A
Evolution of Primordial Fluctuations:

The Stream Velocity Effect

In the current model of structure formation all cosmic objects as large as clusters of galaxies,

and down to the size of stars and planets, have formed through the gravitational collapse of pri-

mordial fluctuations in the matter density distribution. The origin of these density fluctuations

is currently unknown and one hypothesis is that they have formed from vacuum quantum fluc-

tuations at the time of the Big Bang, and have been expanded to macroscopic scales during an

inflationary period. The observation of the Cosmic Microwave Background, the light emitted at

the time of hydrogen recombination, confirms this hypothesis and offers us a picture of a Uni-
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verse homogeneous on scales greater than ∼ 10 Mpc, with density fluctuations apparent only

on smaller scales.

The fluctuations of the average density of the Universe, and the corresponding deviations

from the global Hubble flow, while infinitesimal to begin with, grow under the influence of

gravity. In a perfectly uniform background, the gravitational force exerted on every particle

is the same. However, in a Universe with small density fluctuations, the particles located in

overdense regions will experience a larger than average gravitational force from the surrounding

matter, effectively decreasing the expansion rate of the space at that location. With matter being

attracted more strongly to regions with high matter density, the local over-density will steadily

increase, and, with it, the rate at which space is expanding at that location will decrease. When

the local over-density has increased sufficiently, the expansion will stop altogether, the region

will decouple from the Hubble flow, and it will collapse under its own gravity to form a bound

object. Conversely, in regions of the universe which are originally underdense, the particles will

experience a lower than average gravitational force, and the matter will tend to be displaced by

the Hubble expansion somewhat further than average, lowering the local matter density even

more.

The early stages of structure formation are generally described using the formalism of linear

perturbation theory (Peebles, 1980), in which the local values of density, velocity, and tempera-

ture are considered to be only infinitesimally different from the average. However, as described

above, density fluctuations grow with time and, after ∼ 15 million years from the Big Bang, they

become on the order of the mean matter density. At that point, linear perturbation theory does not

provide a suitable framework for understanding the evolution of structure formation anymore,

and the subsequent evolution of the matter density fluctuations can only be studied with the help

of numerical simulations. For that purpose, cosmological simulations are generally initialized

before the onset of nonlinearity, such that linear perturbation theory can accurately evolve the

179



distribution of matter density fluctuation from the time of recombination until the beginning of

the numerical simulations.

In the regime where linear perturbation theory is applicable and the distribution of matter in

the Universe is relatively homogenous, the discrete nature of baryons and dark matter can be

disregarded, and the two components can be modeled as continuous fluids, their evolution being

determined by three fluid equations: the continuity equation which ensures mass conservation,

the Euler equations, specifying the sources of the velocity flows in the fluid, and the Poisson

equation, specifying the sources of the gravitational field.

Continuity Equation:
Dρc
Dt

+ ρc∇r · uc = 0
Dρb
Dt

+ ρb∇r · ub = 0

Euler Equation:
Duc
Dt

= −∇rφ
Dub
Dt

= −∇rP
ρb

−∇rφ

Poisson Equation: ∇2
r φ = 4πGρ (A.1)

where r is the proper coordinate, ∂/∂t is the partial time derivative for a fixed r, and D/Dt ≡

∂/∂t+u·∇r is the convective time derivative. Note that the above equations describe 9 relations

for 10 unknowns (ρb, ρc, uc,x, uc,y, uc,z, ub,x, ub,y, ub,z,φ,P) and they need to be supplemented by

the equation of state P = P(ρ) = wρ, which relates the pressure P to the matter density ρ.

The above equations are expressed in terms of the absolute values of density and velocity at a

physical location r. In an ideal, uniform, expanding Universe, only the Hubble flow changes the

spatial coordinates, and since the Hubble expansion is uniform throughout space, its influence

is encoded by a time-dependent expansion factor a(t) such that: r(t) = a(t)x. In this equation,

x is the comoving coordinate with the Hubble expansion, and, in a ideal uniform Universe, its

value does not change. However, once density fluctuations are taken into account, the comoving

coordinate becomes time dependent x(t). Therefore, in order to study more easily the movement

of an object in an expanding background, it is convenient to focus on its comoving position.
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Similarly, a stipulation of the cosmological principle, is that the Universe is homogeneous and

isotropic, and hence, at any location, the matter density can be expressed as a deviation from

the average background density, or, in other words, an over-density: δ ≡ (ρ − ρ̄)/ρ̄. Rewriting

Equations A.1 in the framework of comoving coordinates and matter overdensities, we find:

∂δc
∂t

+
1
a
∇ · [(1 + δc)vc] = 0

∂δb
∂t

+
1
a
∇ · [(1 + δb)vb] = 0

∂vc
∂t

+
ȧ
a

vc +
1
a
(vc ·∇)vc = −∇Φ

a
∂vb
∂t

+
ȧ
a

vb +
1
a
(vb ·∇)vb = − ∇P

aρ̄b(1 + δb)
− ∇Φ

a

∇2Φ = 4πGa2ρ̄δ, Φ ≡ φ + aäx2/2 (A.2)

where we used the fact that: ∇r →
1
a
∇x and ∂/∂t → ∂/∂t − Hu ·∇x. From now on, we will

use the notation ∇x = ∇, where x is the comoving coordinate, r is the proper coordinate, u is

the proper velocity, and v ≡ aẋ is the peculiar velocity, with u = ȧx + v. Using the chain rule

and the fact that we expect to have isentropic initial conditions for which the initial perturbation

is in the density, but not in the specific entropy,

∇P
aρ̄b(1 + δb)

=
1

aρ̄b(1 + δb)

[(
∂P
∂ρb

)

S
∇ρb +

(
∂P
∂S

)

ρb

∇S

]
=

c2
s∇ρb

aρ̄b(1 + δb)
=

c2
s∇δb

a(1 + δb)

(A.3)

where S is the entropy and cs =

(
∂P
∂ρ

)1/2

S
.

Traditionally, the system of equations A.2 and A.3 is now solved in terms of small density

fluctuations for the dark matter and baryons, small temperature fluctuations, and under the as-

sumption that the peculiar velocity of the dark matter and the baryonic components is small.

Tseliakhovich & Hirata (2010) called into question this last assumption. From the moment the

dark matter fell out of thermal equilibrium with the baryons and radiation, it was able to follow

spacetime geodesics, under the influence of gravity. Since baryons, on the other hand, were

still in thermal equilibrium with photons, this difference in evolution between the two matter
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components fueled a local relative velocity, which Tseliakhovich & Hirata (2010) argue to have

an rms on the order of ∼ 30 km s−1 .

Before recombination, since the baryons and the photons are tightly coupled to each other,

they act like a single fluid with ρ = ρb + ργ and P = Pr = ργc2/3. Therefore, the sound speed

in this fluid is:

cs =

(
∂P
∂ρ

)1/2

S
=

c√
3

(
∂ργ

∂ρ

)1/2

=
c√
3

(
3ρ̄b
4ρ̄γ

+ 1

)1/2

∼ c√
3

which, in fact, is much larger than the value of the relative velocity of the two matter components,

justifying the treatment of the peculiar velocities of the baryons and dark matter in Equation A.2

as small perturbations. However, after recombination, as baryons become non-relativistic, their

temperature drops precipitously and, with it, the sound speed inside of the fluid:

cs =

(
γkTb
μmH

)1/2
∼ 10−5c

In the meantime, the relative velocity between the baryons and the dark matter decreases as well,

since the two matter components are now both evolving under the influence of gravity alone.

However, the rate at which their relative velocity diminishes is only inversely proportional to

the scale factor a(t), and therefore much slower than the decrease in the speed of sound. Hence,

the relative peculiar velocity of the baryons and the dark matter becomes highly supersonic, and

treating vb and vc as small perturbation is no longer consistent. It is, in fact, unclear how many

orders in perturbation theory one needs to include for the series to converge, or if it will converge

at all.

In order to circumvent this problem, Tseliakhovich & Hirata (2010) proposed that one ex-

presses the peculiar velocities of the dark matter and the baryons as small spacial velocity per-

182



turbations around a coherent moving background velocity

vb,c(x, t) = vbk
b,c(t) + δvb,c(x, t)

We point out that this approach is valid only locally, in regions smaller than a few Mpc, where

the relative velocity of the baryons and the dark matter is coherent. With this in mind and noting

that {δb, δc, vb, vc,Φ} = {0, 0, vbk
b (t), vbk

c (t), 0} is a solution to the system of equations (A.2),

the evolution of the small perturbations around this background is described by:

∂δc
∂t

+
1
a
(1 + δc)∇ · δvc +

1
a
(∇δc) · (vbk

c + δvc) = 0

∂δb
∂t

+
1
a
(1 + δb)∇ · δvb +

1
a
(∇δb) · (vbk

c + δvb) = 0

∂δvc
∂t

+ Hδvc +
1
a
[(

vbk
c + δvc

)
·∇

]
δvc = −∇Φ

a
∂δvb
∂t

+ Hδvb +
1
a
[(

vbk
b + δvb

)
·∇

]
δvb = − c2

s∇δb
a(1 + δb)

− ∇Φ
a

∇2Φ = 4πGa2ρ̄δ

Keeping only the linear terms in the system above gives us:

∂δc
∂t

+ a−1∇ · δvc + a−1(∇δc) · vbk
c = 0

∂δb
∂t

+ a−1∇ · δvb + a−1(∇δb) · vbk
b = 0

∂δvc
∂t

+ Hδvc + a−1(vbk
c ·∇)δvc = −a−1∇Φ

∂δvb
∂t

+ Hδvb + a−1(vbk
b ·∇)δvb = −a−1c2

s∇δb − a−1∇Φ

∇2Φ = 4πGa2ρ̄(δb + δc)

Note that the above system of equations is still not complete as the speed of sound cs is not
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known. For now, we will keep it as a variable and we will come back to it after we finish

reshaping the above system of equations into a more compact form. For the purpose of solving

for the transfer function that describes the evolution of the matter perturbations, it is convenient

to work in Fourier space. Note that from here to the end of this appendix, the same notation for

velocity, density perturbations and gravitational potential will be reused to represent the Fourier

transforms of these quantities:

∂δc
∂t

+ ia−1k · δvc + ia−1(kδc) · vbk
c = 0

∂δb
∂t

+ ia−1k · δvb + ia−1(kδb) · vbk
b = 0

∂δvc
∂t

+ Hδvc + ia−1(vbk
c · k)δvc = −ia−1kΦ

∂δvb
∂t

+ Hδvb + ia−1(vbk
b · k)δvb = −ia−1c2

s kδb − ia−1kΦ

− k2Φ = 4πGa2ρ̄δ (A.4)

where the well-known properties of the Fourier transform:

F
(
∂f(x)
∂x

)
= ikF(k) F

(
∂2f(x)
∂x2

)
= −k2F(k)

have been used. Making the substitution: δvc,b = −iak−2kθb,c(k) and noting that:

∂δvb,c

∂t
= −i

∂a
∂t

k−2kθb,c − iak−2k
∂θb,c

∂t
∂δvb,c

∂t
= −iaHk−2kθb,c − iak−2k

∂θb,c

∂t

we can use the last equation in system (A.4) to substitute the gravitational potential in the first
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4 equations to get:

∂δc
∂t

+ θc + ia−1(kδc) · vbk
c = 0

∂δb
∂t

+ θb + ia−1(kδb) · vbk
b = 0

− 2iaHk−2kθc − iak−2k
∂θc
∂t

+ (vbk
c · k)(k−2kθc) = i4πGak−2ρ̄δk

− 2iaHk−2kθb − iak−2k
∂θb
∂t

+ (vbk
b · k)(k−2kθb) = −ia−1c2

s kδb + i4πGak−2ρ̄δk

Finally, rearranging the equations, and boosting to the baryon frame of reference (i.e. v(bk)
b = 0

and v(bk)
c = −vbc), using the fact that Ωm =

8πG
3H2

0
ρ̄m and Ωmδm = Ωbδb+Ωcδc, and eliminating

θb,c, we have:

∂2δc
∂t2

+ 2H
∂δc
∂t

− 2ia−1∂δc
∂t

(k · vbc) =
3
2

H2
0Ωm(fbδb + fcδc) + a−2δc(k · vbc)

2

∂2δb
∂t2

+ 2H
∂δb
∂t

=
3
2

H2
0Ωm(fbδb + fcδc)− a−2c2

s k2δb (A.5)

Equations (A.5) now describe the time evolution of the dark matter and baryon overdensities.

However, as noted previously they are a system of 2 equations for 3 unknowns (δb, δc, cs).

Therefore, in order to solve them, we need an additional equation, and this comes from using the

first law of thermodynamics to express the speed of sound in terms of temperature fluctuations,

and the equation of state to relate density and temperature fluctuations.
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By definition, c2
s ≡ dp

dρ
and using the ideal gas law, this becomes:

PV = NkBT =
kBT
μ

(μN) =
kBT
μ

m ⇒ P =
kBT
μ

ρ

P̄(1 + δP) =
kBT̄(1 + δT)

μ
ρ̄(1 + δb)

P̄(1 + δP) =
kBT̄
μ

ρ̄(1 + δb + δT)

c2
s =

dP
dρ

=
P̄δP
ρ̄δρ

=
1

ρ̄δρ

kBT̄
μ

ρ̄(δb + δT)

c2
s =

kBT̄
μ

(1 +
δT
δb

) (A.6)

At this point, we still need a relation between the temperature and the density fluctuations. Start-

ing from the first law of thermodynamics and the equation of state for an ideal gas, we have:

dQ = dU + PdV

dU =
3
2

NkBdT

PV = NkBT ⇒ PdV = NkBT
dV
V

= NkBT(d log V)

PdV = −NkBT(d log ρ)

Therefore, the amount of heat per particle is: dQ =
3
2

kBdT − kBT(d log ρ)

In the post recombination era, before the formation of galaxies, the only external heating arises

from the Thomson scattering of the remaining free electrons with the CMB photons, resulting

in a heating rate per particle of:

dQ
dt

= 4
σTc
me

kB(Tγ − T)ργxe(t) (A.7)

where xe(t) is the fraction of the gas represented by the free electrons. In what follows, we will
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ignore all perturbations in the electron fraction, and we can rewrite the heating rate per particles

as :

3
2

kB
dT
dt

− kBT
d log ρ

dt
= 4

σTc
me

kB(Tγ − T)ργxe(t)

⇒ dT
dt

=
2
3

T
d log ρ

dt
+

8
3

σTc
me

(Tγ − T)ργxe(t)

Starting from the equation above and doing perturbations around the solution {T̄, ρ̄, T̄γ, ρ̄γ} we

have:

d [T̄ (1 + δT)]

dt
=

2
3

T̄(1 + δT)
d log [ρ̄ (1 + δb)]

dt
+

8
3

σTc
me

[
T̄γ

(
1 + δTγ

)

−T̄ (1 + δT)] ρ̄γ(1 + δγ)xe(t)

dT̄
dt

(1 + δT) + T̄
dδT
dt

=
2
3

T̄(1 + δT)
1 − δb

ρ̄

[
−3Hρ̄(1 + δb) + ρ̄

dδb
dt

]

+
8
3

σTc
me

[
T̄γ(1 + δTγ)− T̄(1 + δT)

]
ρ̄γxe(t) +

8
3

σTc
me

(T̄γ − T̄)ρ̄γδγxe(t)

where the relations ρ̄ = ρ̄0/a3 and dρ̄/dt = −3Hρ̄ have been used. The zeroth order of the

above equation is :

dT̄
dt

=− 2HT̄ +
8
3

σTc
me

(T̄γ − T̄)ρ̄γxe(t) (A.8)

And the first order in the perturbation is:

dT̄
dt

δT + T̄
dδT
dt

=
2
3

T̄
dδb
dt

− 2HT̄δT +
8
3

σTc
me

(T̄γδTγ − T̄δT)ρ̄γxe(t) +
8
3

σTc
me

(T̄γ − T̄)ρ̄γδγxe(t)

(A.9)
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Combining equations (A.8) and (A.9) we get:

[
−2HT̄+

8
3

σTc
me

(
T̄γ − T̄

)
ρ̄γxe(t)

]
δT + T̄

dδT
dt

=
2
3

T̄
dδb
dt

− 2HT̄δT

+
8
3

σTc
me

(
T̄γδTγ − T̄δT

)
ρ̄γxe(t) +

8
3

σTc
me

(
T̄γδγ − T̄δγ

)
ρ̄γxe(t)

⇒ dδT
dt

=
2
3

dδb
dt

+
8
3

σTc
me

[
δγ

(
T̄γ

T̄
− 1

)
+

T̄γ

T̄
(
δTγ − δT

)]
ρ̄γxe(t) (A.10)

Finally, making the substitution t−1
γ ≡ 8

3
ρ̄0

γ
σTc
me

= 8.55 × 10−12yr−1, with ρ̄γ = ρ̄0
γ/a4, and

combining equations (A.5) and (A.10) we get a complete system:

∂2δc
∂t2

+ 2H
∂δc
∂t

− 2i
a

vbc · k
∂δc
∂t

=
3
2

H2Ωm (fbδb + fcδc) +

(
vbc · k

a

)2
δc

∂2δb
∂t2

+ 2H
∂δb
∂t

=
3
2

H2Ωm (fbδb + fcδc)−
k2

a2
kBT̄
μ

(δb + δT)

dδT
dt

=
2
3

dδb
dt

+
xe(t)

tγ

[
δγ

(
T̄γ

T̄
− 1

)
+

T̄γ

T̄
(
δTγ − δT

)]
a−4 (A.11)

In Chapter 2, it is Equations A.11 which we solve in order to compute the transfer function

used to generate the initial condition for our simulations. Traditionally, the terms proportional to

vbc have been set to 0, as they are formally second order in perturbation theory. However as we

discuss in Chapter 2, consistently accounting for the non-zero relative velocity between baryons

and dark matter, commonly referred to in the literature as the stream velocity, has important im-

plications, particularly at high redshift (z > 10), for the properties of haloes with masses smaller

108M⊙. Finally, we emphasize that one important assumption made in deriving Equations A.11

is that the relative velocity between baryons and dark matter is spatially uniform. This assump-

tion is only valid on scales below a few Mpc, and the above equations should only be used for

deriving initial conditions for cosmological boxes below this coherence scale.
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B
Statistical validation of the iClusters suite

Both simulations of cosmological boxes and zoom-in simulations of individual objects offer

advantages and disadvantages. On the one hand, when simulating uniformly-sampled cosmo-

logical boxes one can access entire populations of galaxies, groups of galaxies, and clusters and,

in addition to investigating the way in which the physical models implemented affect the state of

the gas within individual objects, one can also perform population studies, and explore how re-

alistic and how typical the objects evolved are for a given volume of the Universe. However, as

discussed in Chapter 3, the number density of objects is a steeply decreasing function of mass,

and, hence, in order to investigate galaxy clusters with masses in the 1014 − 1015M⊙ range,

which is the mass scale currently accessible to X-ray and Sunyaev-Zeldovich observations, one

needs to simulate a cosmological volume of at least (few × 100Mpc)3. On the other hand, the
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computational time required by a hydrodynamic simulation, scales roughly ∼ N log N, where N

is the number of particles, which imposes a hard limit on the resolution one can feasibly explore

for a given size of a cosmological box.

Conversely, zoom-in simulations focus on one or a handful of objects, which they simulate

with a large number of high resolution elements. This technique has the advantage of drasti-

cally decreasing computational costs, such that high mass objects can be simulated with high

resolution. Yet, these objects are generally simulated as individual representatives of their mass

range, and questions about how typical they are for a population of objects their size and whether

studying a collection of objects produced using the zoom-in technique presents a biased view of

the evolution of various physical quantities can only be addressed with complementary cosmo-

logical simulations.

The 6 haloes simulated in the iClusters suite presented in Chapter 4 have been selected from

the Millennium-XXL simulation (Angulo et al., 2012) based on their virial mass and, hence, do

not offer any guarantee as to being representative for other objects of their size. Of the three

different full-physics implementation studied in the iClusters simulations, Illustris, Illustris-

TNG, and Auriga, only for the former has a simulation of a cosmological box been performed so

far (Vogelsberger et al., 2014b). The Auriga model has been used in running a suite of Milky-

Way sized galaxies (Grand et al., 2015), while the Illustris-TNG model is currently being used

in a cosmological simulation expected to finish towards the end of 2016 (Pillepich et.al., 2016).

In this appendix, we are combining the 6 clusters of the iClusters suite simulated using the

Illustris physics model with the clusters realized in the Illustris cosmological simulation with

virial masses greater than 1013M⊙ at redshift 0, which we studied in Chapter 3, in order to

understand how typical the iClusters objects are for their mass ranges and whether we can have

confidence in the scalings of observable and physical parameters explored in Chapter 4.

Since the highest resolution currently available for the iClusters suite is equivalent to the
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Level 2 resolution in the Illustris cosmological simulation, we directly compare only the galaxy

clusters in the two projects simulated at this level, focusing on scaling relations of structural

and observable properties related to the ICM gas. Furthermore, we believe that the information

available for the high mass haloes from the iClusters simulations is crucial for understanding the

correlation between the various structural and observable cluster properties, and, hence, when

investigating whether the predictions of the 6 haloes in the iClusters suite are representative

for the larger population of clusters produced with the Illustris physical model, we sample the

extended Illustris dataset, constructed by merging the objects in the cosmological simulation

with those from the zoom-in studies. Note that, since the iClusters haloes are not extracted

from the Illustris cosmological simulations, there is no overlap between the two datasets and the

samples are, in fact, complementary to each other.

In this appendix, the robustness of the scaling relation between observable and structural halo

parameters is investigated using a common sampling procedure of the extended Illustris dataset,

as described below. The mass range defined between the total mass of the lowest mass (1013M⊙)

and the highest mass (2 × 1015M⊙) haloes in the extended Illustris sample, is divided into 6,

18, and 30 logarithmically spaced mass bins, of which only 6, 12, and 18 are, respectively, non-

empty. This will help us determine whether the 6 clusters simulated in the iClusters suite are

a representative 6-object sample for the larger dataset, and whether increasing sample size will

impact the results of a sample size-limited analysis. Each of the 6, 12, and 18 non-empty mass

bins are then sampled 105 times and, for each subset of haloes the best fit scaling between the

various structural and observable properties is computed. We have explored whether sampling

the data set more than 105 times impacts the statistical distribution of the best fit scaling relations

and we concluded that is not the case. For the reference, when dividing the data set into 6

non-empty mass bins, there are 95 thousand possible unique combinations of haloes, for 12

non-empty mass bins, there are 10 million unique combinations, and for 18 non-empty mass
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Figure B.1: Left: Correlation between the gas fraction and total mass enclosed inside a radius of R500,c
for the 6 haloes in the iClusters suite (blue stars) and the haloes with virial masses greater than 1013M⊙
in the Illustris cosmological simulation (empty blue circles). The solid blue line represents the best bit
scaling computed using the information form the iClusters data, while the dashed blue line represents
the best scaling computed using the haloes from the cosmological simulation. The red lines represent
potential best fit correlations computed using random samplings of 18 haloes of different masses from
the aggregated Illustris + iClusters data. Right: Distribution of the best fit slope of the scaling between
the gas fraction and total mass enclosed inside R500,c when randomly sampling haloes in 6 (blue), 12
(green), and 18 (red) mass bins from the aggregated Illustris+iClusters data. The solid black line and
the dashed black line represent the best fit slopes computed using either the entire iClusters sample,
or the entire sample of haloes from the cosmological simulation, respectively. Note that the predicted
slope according to the self-similar model is 0.

bins, there are 1 trillion possible unique combinations of haloes. Subsequently, we study the

distribution of the best-fit slopes of these 105 scaling relations, and compare it with both the best

fit-slope of the iClusters sample, as well as with the best-fit slope of the halo sample produced

in the Illustris cosmological simulation

A striking result obtained from the analysis of both the Illustris cosmological simulations in

Chapter 3 and the iClusters suite in Chapter 4, is the deviation of the scaling of gas fraction

with total halo mass from both the theoretical predictions of the self-similar model, which ad-

vocated that the two quantities must be independent, as well as the observed scaling from X-ray

experiments, which identify a shallow slope of 0.2 − 0.3. The left panel in Figure B.1 shows
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Table B.1: Best fit slopes and standard deviation of the correlation between gas fraction and the total
halo mass inside R500,c computed by randomly sampling 6-point, 12-point, and 18-point subsamples of
the the extended Illustris dataset.

Scaling Best fit slopes
Relation 6 points 12 points 18 points

fgas,500c ∼ Mα
500,c 0.62 ± 0.13 0.61 ± 0.08 0.60 ± 0.07

the correlation between the gas fraction and the total mass identified in the galaxy clusters from

the iClusers suite (blue stars) and the Illustris cosmological simulations (empty blue circles),

together with the best fit correlations identified from each of these samples, indicated as solid

blue and dashed blue lines, respectively. It is interesting to point out that, by visual inspection,

the data points from the two projects are in good agreement with each other. The numerous

translucent red lines represent the different best fit scaling relations computed by sampling 18

data points as described above. The right panel of the same figure shows the normalized dis-

tribution of the best fit slopes of the 6, 12, and 18 data points subsamples, together with the

best fit slopes as computed using the iClusters suite (solid black like) and the halo sample of the

Illustris cosmological simulation (dashed black line). Table B.1 shows the best-fit slopes, to-

gether with their standard devisions as computed by resampling the extended Illustris suite with

6-point, 12-point, and 18-point subsamples. Neither the slope from the Illustris cosmological

simulation, nor the one from the iClusters suite alone is particularly close to the best fit slopes of

a randomly selected sample of 6, 12, or 18 haloes, however, they are both within one standard

deviation of the mean obtained from the 6-point samples. The best fit slope of the halo sample

from the Illustris cosmological simulation, is closer to the mean of the distributions, indicating

that, the 6 objects selected for the iClusters simulations do not accurately sample the scatter in

the low mass regions exhibited by the haloes in the cosmological Illustris run. By increasing

the subsample size, the standard deviation of the best fit slope distribution decreases and for the

subsamples containing 12 and 18 data points, the most probable best-fit slope converges at a
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Figure B.2: Top: Correlation between the X-ray luminosity and total mass (left), gas mass (center), and
mass-weighted temperature of the ICM gas (right) enclosed inside a radius of R500,c for the 6 haloes
in the iClusters suite (blue stars) and the haloes with virial masses greater than 1013M⊙ in the Illus-
tris cosmological simulation (empty blue circles). The solid blue line represents the best fit scaling
computed using the information form the iClusters data, while the dashed blue line represents the best
scaling computed using the haloes from the cosmological simulation. The red lines represent potential
best fit correlations computed using random samplings of 18 haloes of different masses from the ag-
gregated Illustris + iClusters data. Bottom: Distribution of the best fit slope of the scaling between the
X-ray luminosity and total mass (left), gas mass (center), and mass-weighted temperature of the ICM
gas (right) enclosed inside R500,c when randomly sampling 6 (blue), 12 (green), and 18 (red) haloes of
different masses from the aggregated Illustris+iClusters data. The solid black line and the dashed black
line represent the best fit slopes computed using either the entire iClusters sample, or the entire sample
of haloes from the cosmological simulation, respectively. Note that the predicted slopes according to
the self-similar model are 4/3, 4/3, and 2 for the correlation of the X-ray luminosity with Mtotal,Mgas,
and Tm, respectively.

value of 0.6.

Apart from presenting and computing correlations between structural parameters of clusters,

a significant effort of the analysis of the Illustris cosmological simulation in Chapter 3 and the
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Table B.2: Best fit slopes and standard deviation of the correlation between the X-ray luminosity and
the total halo mass, total gas mass, and mass-weighted temperature inside R500,c computed by randomly
sampling 6-point, 12-point, and 18-point subsamples of the the extended Illustris dataset.

Scaling Best fit slopes
Relation 6 points 12 points 18 points

LX,500c ∼ Mα
500,c 3.06 ± 0.37 3.12 ± 0.34 3.20 ± 0.33

LX,500c ∼ Mα
g,500c 1.90 ± 0.17 1.96 ± 0.14 2.02 ± 0.13

LX,500c ∼ Tα
m,500c 4.34 ± 0.69 4.14 ± 0.52 4.05 ± 0.43

iClusters suite in Chapter 4 has been directed at comparing correlations of observable signals,

such as X-ray luminosity and integrated Compton-Y parameter, with structural cluster param-

eters, with the observed relations, and quantifying whether such scaling relations are a feasible

way in which halo properties such as total mass or gas fraction can be inferred from observations.

The top panels in Figure B.2 show the correlations between X-ray luminosity and total mass

(left), gas mass (center), and the mass-weighted temperature of the ICM gas (right) computed

inside R500,c for the haloes in the iClusters suite (blue stars) and the Illustris cosmological sim-

ulation (blue empty circles). As before, the translucent red lines represent the different best

fit relations for the 18-point datasets resampled from the extended Illustris catalogue. In the

bottom panels, below each scaling relation, is the normalized distribution of best fit slopes for

the various correlations, together with the best fit slope calculated from the iClusters suite and

that computed from the Illustris cosmological simulation shown for reference as solid black and

dashed black lines respectively. Unlike in the case of the correlation of the gas fraction with total

halo mass, the slope computed from the iClusters suite is closer to the mean than the slope com-

puted from the Illustris cosmological simulation, residing within one standard deviation of the

mean best-fit slope, and indicating that the inclusion of higher mass objects is crucial to properly

estimating the slopes of the different correlations. Table B.2 shows the mean and the standard

deviation of the best fit slopes computed for the different scaling relations using the 6-point,
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12-point, and 18-point resampling of the extended Illustris dataset. The standard deviations of

the correlations of the X-ray luminosity with the different cluster parameters, are significantly

higher than in the case of the correlation of the gas fraction with total halo mass, while the mean

values of the best-fit slopes are not particularly well converged. In itself, this observation points

to the large scatter in the correlations between the X-ray luminosity and the structural parame-

ters investigated in Figure B.2 and Table B.2, particularly at the low mass end. As discussed at

length in Chapter 3, the requirement that the gas cells contributing to the total X-ray luminosity

be hotter than 0.5 keV increases the scatter in the relation between this observable and other

cluster parameters, which is reflected in the low convergence between the different sampling

rates of the scaling relations in Table B.2.

As we have pointed out in Chapters 3 and 4, the scaling relations of the integrated Compton-

Y parameter with the total mass, gas mass, and the mass-weighted temperature exhibit a much

tighter correlation than the equivalent scaling relations of the X-ray luminosity. Figure B.3 is

organized in a similar way as Figure B.2, with the top panels showing the correlation of the

integrated Compton-Y parameter with the 3 structural properties, while the bottom panels show

the probability distributions of the best fit slopes recovered after resampling the extended Illus-

tris dataset. Additionally, we also show in gray in the bottom panels the slope predicted by the

self-similar model. For the previous scaling relations studied in this analysis we have refrained

from doing so because the self-similar slopes were situated well outside the 5σ region around the

mean of the distributions. For all scaling relations, the best fit slope from the iClusters suite is

within one standard deviation of the mean slope computed by resampling the extended Illustris

dataset, indicating that the sample of 6 iClusters haloes are representative of the cluster popu-

lation as a whole, and that the inclusion of larger mass objects is critical to fully understanding

the correlations between observable and structural parameters. Table B.3 shows the mean and

the standard deviation of the scaling relations between the integrated Compton-Y parameter and
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Figure B.3: Top: Correlation between the integrated Compton-Y parameter and total mass (left), gas
mass (center), and mass-weighted temperature of the ICM gas (right) enclosed inside a radius of R500,c
for the 6 haloes in the iClusters suite (blue stars) and the haloes with virial masses greater than 1013M⊙
in the Illustris cosmological simulation (empty blue circles). The solid blue line represents the best fit
scaling computed using the information form the iClusters data, while the dashed blue line represents
the best scaling computed using the haloes from the cosmological simulation. The red lines represent
potential best fit correlations computed using random samplings of 18 haloes of different masses from
the aggregated Illustris + iClusters data. Bottom: Distribution of the best fit slope of the scaling be-
tween the integrated Compton-Y parameter and total mass (left), gas mass (center), and mass-weighted
temperature of the ICM gas (right) enclosed inside R500,c when randomly sampling haloes in 6 (blue),
12 (green), and 18 (red) mass bins from the aggregated Illustris+iClusters data. The solid black line and
the dashed black line represent the best fit slopes computed using either the entire iClusters sample, or
the entire sample of haloes from the cosmological simulation, respectively, while the gray line indi-
cates the predicted slopes according to the self-similar model, 5/3, 5/3, and 5/2 for the correlation of
the integrated Compton-Y parameter with Mtotal,Mgas, and Tm, respectively. Note that in the bottom,
right panel the dashed black lines doesn’t appear since it lies outside the 5σ of the slope distributions
computed.
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Table B.3: Best fit slopes and standard deviation of the correlation between the integrated Compton-
Y and the total halo mass, total gas mass, and mass-weighted temperature inside R500,c computed by
randomly sampling 6-point, 12-point, and 18-point subsamples of the the extended Illustris dataset.

Scaling Best fit slopes
Relation 6 points 12 points 18 points

YSZ,500c ∼ Mα
500,c 2.29 ± 0.17 2.27 ± 0.14 2.28 ± 0.12

YSZ,500c ∼ Mα
g,500c 1.41 ± 0.09 1.40 ± 0.06 1.41 ± 0.05

YSZ,500c ∼ Tα
m,500c 3.25 ± 0.47 2.95 ± 0.32 2.79 ± 0.26

the total mass, the gas mass, and the mass-weighted temperature of the ICM as computed within

R500,c. The scaling relations of the integrated Compton-Y parameter with either measure of

mass shows a significantly smaller standard deviations than the equivalent scaling relations of

the X-ray luminosity, indicating that the former correlations are more robust to resampling, as

well as to sample size, and, indeed, show a significantly decreased scatter than the latter. The

correlation of the mass weighted temperature with the two different observables shows, on the

other hand, a similar scatter level for both X-ray luminosity as well as the integrated Compton-Y

parameter, yet the best fit slope of the iClusters simulation suite is in good agreement with the

most likely best-fit slope obtained from a 6-point dataset resampling, indicating that while the

correlations are less constrained, the 6 objects in the iCluster sample are representative for the

larger halo population in the extended Illustris dataset.

While the choice of haloes to include in the iClusters simulation was solely based on the de-

sired mass of the objects, they are, in fact, representative for the larger halo population produced

by the Illustris physics model. For the scaling relations of the X-ray luminosity and integrated

Compton-Y parameter with the total halo mass, gas mass, and mass-weighted temperature, as

well as in the case of the scaling relation of the gas fraction with total halo mass, the best fit

slope computed from the iClusters sample lies within one standard deviation of the most likely

slope for a sample of 6 haloes selected based on mass. The inherent amount of scatter in a given
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scaling relation manifests itself in the width of the probability distribution of the best-fit slope

computed by resampling the extended Illustris dataset and we can conclude that the tightest

scaling relation is that of the integrated Compton-y parameter with gas mass with 3.5% scatter,

followed by the correlations of YSZ,500c and total mass with 5% scatter, while the rest of the scal-

ing relations follow with scatter around 10%. Finally, it is worth pointing out that the scatter in

all scaling relations decreases with increasing halo mass. As discussed in Chapter 4, this is partly

due to the fact that, at the large mass end, gravity becomes the dominating force in determin-

ing the thermodynamic properties of ICM gas. While, in order to fully investigate the tightness

of the correlations between observables and structural cluster properties for large halo masses,

we would need to have access to many more haloes with masses larger than ∼ 5 × 1014M⊙

than currently available, the convergence of the radial profiles of the ICM properties explored in

Chapter 4 seems to point in this direction. Nevertheless, the one certain conclusion we can draw

from our dataset is that inclusion of sufficiently massive objects in order to accurately quantify

each of the scaling relations investigated in this work is critical. Finally, while this appendix

has only investigated whether the Illustris realization of the iCluster haloes is representative for

the greater population of clusters produced by the Illustris physical model, we intend to carry

out a similar analysis for the Illustris-TNG model, once the associated cosmological simulation

reaches redshift 0.
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