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Abstract

From individual galaxies to the largest megaclusters, the universe today shows a very rich
structure at all scales. However, observations of the earliest stages of the Universe show
that it was much smoother than it is now. As a result, understanding the evolution of
large-scale structures like dark matter haloes and clusters of galaxies is of great interest
for modern cosmologists and astrophysicists. In particular, protoclusters of galaxies are an
active line of research as their study can provide us with key insights into cosmological star
formation, galaxy formation and evolution and the working principle of the most energetic
processes in the Universe, like cosmic rays, SN explosions and AGN feedback.

As a consequence of the ever-increasing computational power available to researchers,
the last few decades have seen hydrodynamical simulations emerge as an essential tool for
understanding the physical processes that inßuence the evolution of protoclusters. Sci-
entiÞc consensus has emerged around the inßuence of baryonic processes in protocluster
evolution. Still, many questions remain open about the exact way and the extent to which
energetic processes, like star formation, stellar feedback and AGN feedback, inßuence the
evolution of galaxies and galaxy clusters; and thus, also about the correct implementation
of these processes in the subgrid physics prescriptions of hydrodynamical cosmological sim-
ulations.

In this work, we start by discussing the main search techniques and the characteristic
properties of protoclusters in observations, followed by a detailed overview of the current
state-of-the-art techniques for numerical simulation, including baryonic processes, such as
star formation, stellar evolution, SN driven winds, BH growth and AGN feedback. We
then present a new set of hydrodynamical cosmological zoom simulations, called Compass,
which contains 24 Lagrangian regions, resulting in 73 massive clusters, 24 having Þnal
massesMvir $ 1015M! and 49 clusters with Þnal massesMvir $ 1014M! .

We run the complete sample with a simple subgrid model that has prescriptions for
star-formation, simple cooling and a simple stellar feedback in the form of SN driven winds.
We study the di!erent types of morphologies and formation histories of our clusters, as
well as the correlation between their total masses, stellar masses, SFRs and substructure
content at high and low redshifts. By doing this we are able to show that, contrary to
the common belief, the high redshift total protocluster mass is not a good proxy of Þnal
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cluster masses.

In order to better comprehend the e!ects of SN feedback and AGN feedback on our
protocluster sample, we choose the Lagrangian region g1212639 and rerun it twice. The
Þrst time we run it with a more complete prescription of stellar evolution, including metals,
AGB yields and SN type Ia and II. In the second run we add a prescription for BH seeding,
growth and AGN feedback. By doing this we Þnd that AGN feedback had a strong e!ect
in the gas dynamics inside the cluster, heating it and quenching star formation earlier than
in the rest of the runs. However, even if the AGN run performs better in reproducing
observations of SFRs and baryon fraction masses atz " 0, the stellar fraction and cold
fractions remain too high for our clusters at the high mass end. Although, the Þnal stellar
masses of our clusters and cluster galaxies are in concordance with observations, the high
redshift (z " 4) SFR proÞles are for the three runs lower than the ones observed for the
protocluster SPT2349-56, without any obvious improvement in the AGN run. Based on our
work we end with a discussion of the possible sources of this disagreement and we propose
some possible future studies that could help unravelling the origin of this discrepancy.



Chapter 1

Introduction

Galaxy clusters are the largest and most massive virialized objects in the Universe and
thus a fundamental part of the cosmological large-scale structure (LSS). Given their deep
potential wells, the high number of galaxies they contain, approximately 102 to 103 (see
Sarazin, 1988), and their large extensions of a few Mpc, these structures are an ideal tran-
sition between cosmological and galactic scales. Therefore, the study of galaxy clusters
is vital for the development of pivotal topics in astrophysics and cosmology like galaxy
formation models, or the tracing of the formation of massive dark matter halos and super
massive black holes (SMBHs) (e.g., Springel et al., 2005b; De Lucia, 2007).

The importance of galaxy clusters transfers also to their high redshift progenitors, called
protoclusters. These are featured in many discussions related to cosmological models, dark
matter models and structure formation scenarios (see Zwicky, 1939; Sunyaev and Zeldovich,
1972; Press and Schechter, 1974; White and Rees, 1978; Efstathiou and Eastwood, 1981;
Davis et al., 1985; Pizzuti et al., 2020). However, the exact deÞnition of a protocluster
is far from trivial and an important matter of debate. This will be discussed in detail in
section 1.2 of this work.

The evolution of protoclusters is a phenomenon that involves processes at many di!er-
ent scales. While on cosmological scales the growth of perturbations is driven by the e!ects
of gravity on the dark matter component, when we look into galactic scales, we Þnd also
many other gas dynamical and astrophysical e!ects in addition to gravity. Particularly,
the hot intra-cluster medium (ICM) harbors many fascinating dynamical processes that
interconnect gravity with baryonic physics. Some of them are gravitational shock waves,
gas radiative cooling, star formation (SF), feedback from supernovae (SNe) , gas accre-
tion onto SMBHs and their associated feedback, gas turbulence, ramÐpressure stripping of
galaxies, thermal conduction processes, energetic inputs associated to the populations of
cosmic ray (CR) electrons and protons, and many more.

However, even if we know that these processes take place inside protoclusters, we do not
know precisely to what extent they inßuence the formation and evolution of galaxies and
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the Þnal cluster itself. Phenomena like, SNe and AGN feedback are expected to leave an
imprint in the star formation rates, the stellar to halo mass relations, the baryon, gas and
stellar fractions and many more important quantities in clusters. Throughout this work,
we will study the e!ect of these processes in cluster quantities like the ones mentioned
before, using cosmological simulations with di!erent subgrid physics. Our Þnal objective
will be understanding better the inßuence of these processes in structure evolution in the
protocluster and cluster regime. Moreover, we will also consider what improvements may
be needed in our simulated models in order to reproduce observations better.

Before we embark in this study, we will Þrst navigate brießy through the current un-
derstanding of structure formation and evolution. Chapter 1 touches the topics of to the
evolution of Large-Scale-Structure (LSS) from primordial ßuctuations, the deÞnition of a
cluster and a protocluster, observations of such structures and their importance in astro-
physical and cosmological scales. In chapter 2 we present the state-of-the-art techniques
for numerical simulation, including prescriptions for baryonic physics in unresolved scales.
Here, we also present our cosmological hydrodynamical zoom simulations set, Compass.
In chapter 3, we carry out a study of the formation and evolution of our cluster sample.
Moreover, we analyze the e!ects of stellar evolution, SN feedback, BH growth and AGN
feedback on protocluster properties. Finally, we conclude this work in chapter 4, by sum-
marising and discussing our most outstanding results.

1.1 General Theory of Structure Formation

In the current scenario of structure formation within the spatially ßat "-Cold Dark Mater
model ("CDM; Blumenthal et al., 1984) with cosmological constant, all objects are orig-
inated hierarchically from small instabilities in the initial primordial density Þeld. These
initial perturbations or overdensities grow many orders of magnitude in an expanding Uni-
verse, Þrst increasing in size as they expand with the rest of the Universe, then contracting
due to the e!ect of gravity and Þnally virializing. We characterize these overdensities by
means of the density contrast! (x) = ( " (x)%" )/ " , where" is the mean mass of the Universe.

The primordial properties of this Þeld are determined during the inßationary epoch. In
general, inßationary models predict an homogeneous and isotropic Gaussian random ßuc-
tuation Þeld (e.g. Guth and Pi, 1982). This proposal appears to be conÞrmed by observed
ßuctuations in the electromagnetic radiation remnant from the decoupling of photons in
an early stage of the Universe, the Cosmic Microwave Background (CMB; e.g. Planck Col-
laboration et al., 2014). On the other side, predictions coming from N-body simulations
(e.g. Klypin and Shandarin, 1983) have conÞrmed that the growth of these perturbations
gives rise to the formation of a complex network of cosmic structures interconnected along
walls and Þlaments, as we see in Þgure 1.1.
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Figure 1.1: Formation and evolution of galaxy clusters viewed in a cosmological hydro-
dynamical simulation. Left,central and right columns show, respectively, the evolution of
the dark matter, gas and stellar densities fromz ! 4 (top panels) until z = 0 (bottom
panels). At z = 0, the biggest cluster formed has a virial mass of! 1015M! and a radius of
" 3Mpc. The simulation was performed with the Eulerian AMR cosmological code MAS-
CLET (Quilis, 2004). Each panel is 64 co-moving Mpc length per edge and 5 comoving
Mpc depth (Planelles et al., 2014)

.

The Þrst structures in the Universe are expected to form atz " 10%30 in dark matter
(DM) halos of 105 %108M! (Tegmark et al., 1997; Barkana and Loeb, 2001; Bromm et al.,
2002). These low mass halos are usually called minihalos and are assumed to harbor the
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Þrst primordial stars in the Universe. In the hierarchical context of structure evolution
these minihalos are the Þrst blocks upon subsequent structures will be built. Through con-
tinuous accretion and mergers of these smaller halos, we end up with a cosmic hierarchy in
terms of mass and formation time. On the one side, we have the Þrst galaxies in the early
Universe and on the other side the most massive galaxy clusters that we Þnd at present
day (e.g. Somerville et al., 2012).

The highly non-linear processes that lead to structure formation generated turbulence
during collapse at a wide range of scales, a!ected cooling as well as several feedback pro-
cesses inside galaxies and clusters, thus making the study of these object extremely complex
and multidisciplinary (Silk and Mamon, 2012, for a review on galaxy formation theory).
Indeed, approaching the growth of density perturbations into cosmological size structures
is a colossal task due to the high number of processes involved and their inherent com-
plexities. However, this problem could be tackled Þrst using some assumptions that may
simplify it enough to work it out analytically. Hopefully, this will provide an idea of what
the true solution to the problem is in all its magnitude. The most simple and commonly
used route to understand the development of structures in an analytical way is the so called
top-hat collapse model. An overview of this method will be presented in the following sec-
tion.

1.1.1 The Spherical Top-Hat Collapse Model

The simplest case in which the non-linear evolution of collapsing structures can be pre-
cisely calculated is the one addressed by the simple spherically symmetric collapse model
(e.g. Gunn and Gott III, 1972; Bertschinger, 1985). This model resolves the evolution of a
spherical density perturbation of radius R that evolves under the e!ects of gravity into a
virialized halo.

To exemplify the working principle of this model lets consider that we are dealing with
a background Universe described by the Einstein de Sitter (EdS) model (#m = 1 and
# ! = 0; Einstein and De Sitter, 1932). Now, we assume that we have a spherical pertur-
bation of radius R(t), which behaves in the same as the expansion factor. In the initial
stages, the spherical perturbation has a constant overdensity and, as it is expanding with
the background Universe, the velocity at the border is zero. The density of the pertur-
bation can be expressed in terms of the background Universe as #p = #( ti )(a + ! i ). The
perturbation will grow until it reaches its maximum expansion at a given turn-around time
tta and radiusRta . It is at this exact moment that gravity dominates over the the spherical
perturbation, so that it stops expanding with the background Universe, i.e. it detaches
from the expansion of the background, and initiates the collapse.

Given the spherical symmetry that we imposed in our model, the collapse of such
perturbation is a one-dimensional problem and is fully speciÞed by the top-hat radius
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R(t). Once the perturbation is detached from the background Universe we can treat it
as an isolated Ópseudo-universeÓ with spherical geometry, meaning that we can describe
the perturbation as a FriedmannÐLemaöõtreÐRobertsonÐWalker (FLRW) universe using the
FriedmannÕs equation of cosmology (Lahav et al., 1991). After a given timetvir of collapse,
the overdensity reaches an equilibrium state, at which the virial conditionU = %2K , where
U is the potential and K the kinetic energy, is fulÞlled. At this moment, the formation
process of the overdensity is Þnished, the collapse of matter has come to an end and the
halo is virialized.

 

Figure 1.2: Schematic representation of a spherical overdensity decoupled from the back-
ground universe.

1.1.2 Non-linear Evolution of Real Overdensities

The spherical collapse model explored in the previous section provides a useful guideline
for the approximate time scale of halo collapse and has proven to be useful in statistical
models for the study of formation and evolution of halo populations. This simple model
and its extensions (e.g., ellipsoidal collapse model) do unfortunately miss many important
details of the collapse of real overdensity peaks. Such complexities can only be explored us-
ing three-dimensional numerical cosmological simulations (Bertschinger, 1998; Dolag et al.,
2008; Norman, 2010; Borgani and Kravtsov, 2011a).

As an example the left sequence of images in Þgure 1.1 shows the evolution of the DM
density Þeld fromz = 4.67 to z = 0. The overall picture is far from an spherical top-hat
collapse. At early epochs, collapsed objects with low masses populate the proto-cluster
region. As the evolution proceeds, these objects merge into larger structures that will
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accrete matter from the Þlaments in the surroundings. Thus, the collapse departs severely
from spherical symmetry and constant density edges. Rather, we encounter a Þlamentary
matter accretion, and small overdensities within larger overdense collapsing regions.

Due to the fact that di!erent overdense regions have also di!erent spatial extensions
and time evolutions, the collapse of a cluster-scale overdensity is a processes that does not
have a single collapse epoch but is prolonged in time and embedded in merging processes.
Indeed, the peaks in the density Þeld are not isolated, but are surrounded by other peaks.
These will su!er tidal forces from their density peak neighbours forming a Þlamentary web
that connects them, establishing a preferable matter accretion direction (Bond et al., 1996;
Pogosyan et al., 1998).

Besides, the density distribution within the peaks in the actual density Þeld is not
smooth, as in the smoothed Þeld! R(x) of the spherical collapse model, but contains ßuc-
tuations on all scales. As a consequence, we encounter merging events and interactions
between overdensities at di!erent scales, leading to energy exchange, relaxation processes,
and an important matter redistribution within the considered regions. Thus, the distribu-
tion of matter around the collapsed peak can smoothly extend to several virial radii for
late epochs and small masses (Prada et al., 2006; Cuesta et al., 2008). This hinders a clear
deÞnition of halo boundaries and total masses and results in a variety of mass deÞnitions
adopted in practice, as we will discuss in the next section.

1.2 What is a (Proto)cluster of Galaxies?

The study of clusters and protocluster of galaxies has been plagued by the fact that those
terms are used di!erently in di!erent studies. The term ÓclusterÓ is reserved by many
authors for the most virialized systems with masses around 1014M! , while systems over
1013M! are referred just as ÓgroupsÓ. In reality this distinction is rather arbitrary as there
is no profound physical distinction between both types of structures. Thus, other studies
refer to both equally as ÓgroupÓ or ÓclusterÓ.

Even more relevant is the concept ofvirialization in galaxy clusters. The virialized
state of galaxy clusters is an approximation used in order to extract data from observa-
tions. The possible missleading e!ects of this approximation are still a matter of debate.
The truth is that clusters are structures in continuous evolution, where merging events
and shocks happen even at the lower redshifts. A good example of how virialization is an
approximation for galaxy clusters, are the core regions of some of our nearby clusters, like
Virgo (Ferrarese et al., 2020) and Coma (Bonafede et al., 2021). The Þrst one contains a
chain of galaxies falling into the center of the cluster potential well, showing that even at
low redshifts, matter is still infalling and collapsing (see Þgure 1.3a). The Coma cluster
contains two BCGs in its center, which are expected to merge in the future (see Þgure 1.3b).
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In this work we will follow the popular convention that clusters are virialized objects
with masses around 1014M! or higher (e.g., see Bower et al., 2004), but without forgetting
that their virialization is in reality true only as a Þrst order approximation. Adopting
this deÞnition of a cluster, the term ÓprotoclusterÓ is from a semantics straightforward:
a protocluster is a structure that will eventually collapse and form a virialized object of
1014M! or higher.

 

Figure 1.3: Left: Optical image of the central region of the Virgo cluster taken by the
Palomar Observatory on Mount Palomar in California (Credit: NASA, ESA, and the Dig-
itized Sky Survey; acknowledgment: Z. Levay (STScI) and D. De Martin (ESA/Hubble)).
Right: Coma cluster observation performed with the Spitzer Space Telescope in long-
wavelength infrared (red), short-wavelength infrared (green), and visible light. The many
faint green smudges are dwarf galaxies in the cluster (Credit: NASA/JPL-Caltech/L. Jenk-
ins (GSFC)).

Even if that deÞnition seems very simple, other deÞnitions could be as valid. For ex-
ample, if we call a massive high redshift structure a cluster only when it meets a set of
conditions typical of clusters, like detection of thermal ICM in the X-rays or a well-deÞned
cluster red sequence, then a protocluster would be any massive structure that does not
meet these requirements yet. Other deÞnitions could be constructed based on the redshift
at which half of the present-day mass of a cluster is assembled, or on the redshift where en-
vironmental e!ects from a dense gaseous medium or galaxy interactions, like ram-pressure
stripping, dynamical friction or quenching, begin to alter signiÞcantly the properties of the
infalling and orbiting cluster galaxies.
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A big advantage of using the Þrst deÞnition that we proposed Þrst, is that the com-
bined space number density of clusters and protoclusters is, at any redshift, equal to the
abundance of clusters today. This deÞnition turns out to be very useful in simulations, as
we can track back any galaxy cluster from redshift 0 to the protocluster stage at higher
redshifts.

We should keep in mind that strict deÞnitions of what a protocluster is, are truly valid
only in theory and simulations. When it comes to observations, it is di$cult to decide
with certainty if what we are observing is indeed a protocluster. As the areas covered
by protoclusters are of the orders of tens of Mpc, observations usually are only able to
capture the cores of such structures. Thus, in order to classify an object in the sky as a
protocluster, observational information about the object itself is insu$cient, we also need
information about its descendant at present day. The latter is a serious challenge that
cannot be done on an object-by-object bases but only statistically.

For lower redshift galaxy clusters the situation is less di$cult, as there is a larger va-
riety of data that can be extracted from observations and used for their identiÞcation:
the presence of the cluster red sequence, gravitational lensing mass proÞles, the velocity
dispersion of the galaxies, or the X-ray or the SunyaevÐZelÕdovich (SZ) e!ect. These mea-
surements usually provide constrains which are accurate enough to infer the system mass
and evolutionary stage.

When it comes to observations, authors usually refer to a protocluster candidate as
a structure that is overdense enough compared to its surroundings such that it can be
recognized observationally. In principle, this deÞnition is reasonably compatible with the
deÞnition that we proposed above for all cluster progenitors. Nevertheless, as observations
only detect the cores of protoclusters, they are prone to miss structures with less developed
cores. The number of protoclusters with non-developed cores is expected to increase with
redshift, making high redshift detections more di$cult. Thus, it is highly probable that
for every cluster detected, there are many others with a lower density contrast, that have
not been detected.

In reality, cluster formation is a process that is taking place at all redshifts. Many
ÕvirializedÕ clusters are surrounded by other material that will eventually fall or merge,
becoming part of the cluster (Chiang et al., 2013; Muldrew et al., 2015). Thus, we could
argue that the cluster encompasses a much larger region that includes the entire structure,
i.e. also the part that has yet to fall into the cluster. However, we will leave this subtlety
aside and follow the current literature convention calling a collapsed object of 1014M! a
cluster and call structures where that massive core is not yet present a protocluster.
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1.3 Protoclusters as Laboratories for Cosmology and Astrophysics

The relevance of clusters and protoclusters of galaxies in cosmology and astrophysics dates
back to the 1920s, when Edwin Hubble proved that spiral and elliptical nebulae were
bona-Þde galaxies like the Milky Way but located at large distances form us (Hubble,
1925, 1926). This implied that clusters of galaxies where systems of immense size. A
decade later, thanks to measurements of galaxy velocities in regions of clusters and by as-
suming virial equilibrium, it was discovered that the total gravitating cluster masses for the
Coma (Zwicky, 1933, 1937) and Virgo clusters (Smith, 1936) were so high that exceeded
the combined mass of all stars in clusters by factors of 200 - 400. This fact encouraged
the postulation of large amounts of Ódark matterÓ. After decades of debate dark matter
was Þnally conÞrmed by the discovery of the hot plasma in clusters, the ICM, emitting
at XÐray energies. Measurements of the hot plasma temperature provided conÞrmation
that the depth of the gravitational potential of clusters could only be explained by the
existence of an additional non radiative component (Cavaliere et al., 1971; Forman et al.,
1972; Gursky et al., 1971; Meekins et al., 1971).

A good example of how clusters of galaxies are a pillar in the discovery and the con-
secutive study of dark matter is given by the bullet cluster (see Þgure 1.4). The bullet
cluster is in reality composed of a pair of colliding clusters of galaxies. The major com-
ponents of the cluster pair, which are stars, gas and the dark matter, behave di!erently
during collision, allowing us to study them separately. The stars, observable in visible light,
where not greatly a!ected by the collision and passed through only slightly slowed down by
gravitation. The hot gas of the two colliding clusters (colored in red) was detected by its
X-ray emission. Di!erent to the stars, the gas interacts electromagnetically causing shocks
and a drag that makes it slow much more than the rest of the components. Meanwhile,
DM (detected with gravitational lensing of the background objects and colored in blue)
does not feel this drag and thus bypassed the gas region during collision. Studies of the
bullet cluster-pair provide one of the best evidence to date for the existence of dark matter.
And even more, simulations of the bullet cluster have been used to discard ideas about
the nature of dark matter and some versions of ModiÞed Newtonian Dynamics ( MOND;
Robertson et al., 2016).

The level of evolution of large scale structures like galaxy clusters detected observa-
tionally provides signiÞcant constrains on cosmological models and parameters. If our
Universe would be a ßat matter-dominated Einstein-de-Sitter universe, cosmic expansion
and gravitational instability would proceed at the same rate. However, in a universe with
# m < 1 as ours, there is an epoch, when the cosmological constant begins to be signiÞcant
and the cosmic expansion progresses faster than gravitational collapse, quenching structure
collapse at lower redshifts (e.g. Borgani and Guzzo, 2001).



10 1. Introduction

Figure 1.4: Composite image of the galaxy cluster 1E 0657-56, fondly known as the
Óbullet clusterÓ. The optical image from the Magellan and the Hubble Space Telescope
shows galaxies in orange and white in the background (credit: NASA/STScI; Magel-
lan/U.Arizona/D.Clowe et al.) . Hot gas, which contains the bulk of the normal matter
in the cluster, is shown by the Chandra X-ray image, which shows the hot intracluster
gas (pink; credit: NASA/CXC/CfA/ M.Markevitch et al.). Gravitational lensing reveals
the dark matter (blue; credit: NASA/STScI; ESO WFI; Magellan/U.Arizona/ D.Clowe et
al.), which represents the dominant mass component of the structure.

(Proto)clusters of galaxies are also the perfect place to study some of the most ener-
getic phenomena in out Universe. A complete representation of the formation of clusters
of galaxies needs the inclusion of an accurate description of the dissipative baryon physics.
Inside clusters the gas is heated to high temperatures due to shocks and adiabatic com-
pression occurring throughout the collapse. At some point, the gas reaches hydrostatic
equilibrium inside the cluster gravitational potential well, it gets dense and cools. This
process invigorates star formation and the accretion of matter onto SMBHs, which in turn
results in a boost of SN feedback and AGN feedback, which inject heat into the hot plasma
component spreading heavy elements through the cluster. Thus, galaxy clusters are the



1.4 The Interior of Galaxy (Proto)clusters 11

perfect laboratory to study the formation of stars, the evolution of massive black holes and
the spread of heavy elements though the cosmos.

Certainly, galaxy clusters and protoclusters are genuine crossroads of astrophysics and
cosmology. Thus, it comes as no surprise that the evolution of protoclusters and clusters
of galaxies has become a paramount research area in both Þelds over the past decades.

1.4 The Interior of Galaxy (Proto)clusters

1.4.1 Galaxy Evolution in Protoclusters

It is well established that galaxies do not evolve as isolated systems but are inßuenced
signiÞcantly by the environment they grow in, meaning that galaxies growing in dense en-
vironments may diverge from those galaxies growing in less dense regions of the Universe.
For example, galaxies growing in dense and gas-rich regions like protoclusters, are expected
to form earlier than those in the Þeld and to su!er more mergers that stimulate star for-
mation and AGN activity, which a!ect galactic morphology and kinematics, enhancing
outßow patterns of warm gas and redistributing metals on large scales (Gottl¬ober et al.,
2001; Thomas et al., 2005; Fakhouri and Ma, 2009).

Among the galaxies residing inside clusters there is one type which is particularly re-
markable, the Brightest Cluster Galaxies (BCGs). These galaxies reside close to the center
of the cluster and their mass is tightly related to the cluster mass, being more massive in
clusters with higher masses. BCGs have several structural and chemical properties that
distinguishes them from other cluster galaxies and galaxies in the Þeld. For example, hav-
ing evolved in a dense environment they are known to accumulate a high percentage of
their mass through mergers, so that they often contain secondary nuclei (Tonry, 1987).
Thus, BCG formation in protoclusters is though to be accompanied by high merging rates,
high star formation rates and abundant AGN activity enhanced by merging events (Von
Der Linden et al., 2007; Best et al., 2007). High redshift radio galaxies found in protoclus-
ter regions have many properties that suggest them as progenitors of local BCGs (Best
et al., 2007; Zirm et al., 2005; Hatch et al., 2009; Overzier et al., 2009; Collet et al., 2015)

While the contribution of clusters of galaxies to the present cosmic star formation rate
in the local universe is very low (Madau and Dickinson, 2014), the contribution of proto-
clusters might represent up to" 25% at z " 4 and " 50% at z " 10. Dusty Star Forming
Galaxies (DSFG) residing in protocluster regions contribute in a high percentage to this
total SFR. They represent the most intense starburst in the Universe with infrared lumi-
nosities of 1013L ! , implying SFRs of thousands of solar masses per year (Casey et al., 2014).
Moreover, the fraction of cosmic volume occupied by protoclusters is three times higher at
z " 7 than it is for clusters at z " 0 (Oteo et al., 2018). The central role of BCGs and
DSFGs in protoclusters makes the comparative study of simulated (proto)cluster galaxies
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and observations an appealing route for studying the process of star formation, galaxy
assembly and large-scale cluster assembly through cosmic history (De Lucia and Blaizot,
2007; Lin et al., 2013; Zhao et al., 2015).

1.4.2 Non-Gravitational Processes

We have already mentioned in previous sections that our physical description of protoclus-
ters would be ßawed without the addition of baryons to the equation. We tend to forget
about baryons when we talk about structure growth mainly because we know that they
fall already at early epochs in the potential wells of DM, so that the gas distribution of
the cosmic web follows closely the DM distribution (see Þgure 1.1).

If we would zoom in into clusters we would see that, baryons in clusters are not only
concentrated in galaxies, but can also be found in the intermediate regions between galax-
ies. Indeed, in the region between galaxies inside clusters resides the hot and di!use
plasma, the ICM, where thermal plasma coexists with magnetic Þelds and relativistic
particles, holding the major part of the baryonic matter in clusters. The ICM has tem-
peratures of T " 107 % 108K and is quite tenuous, with electron number densities of
ne " 10" 4 % 10" 2cm" 3. Although it is formed mainly of hydrogen and helium, it also
holds a mean abundance of heavier elements of about 1/ 3 of the solar abundance. This
intra-cluster plasma emits strong X-ray radiation causing luminosities ofLX " 1043 - 1045

ergs/s that can be detected observationally.

Major mergers are common events in the hierarchical process of structure formation.
These collisions of protoclusters at velocities of several thousands of kilometers per second,
are one of the most energetic phenomena in the Universe (Sarazin, 1988). They generate
ÔGravitational feedbackÕ, composed by shocks and compression waves in the ICM, releasing
important amounts of energy (" 1062 1065 ergs) and increasing its entropy (Quilis et al.,
1998; Miniati et al., 2000; Ricker and Sarazin, 2001; Nagai et al., 2003; Dolag et al., 2005).
This translates also to smaller scales within the already collapsed structure, where subhalo
mergers and random gas ßows produce weaker shocks, that contribute to the virialization
of halos via thermalization of the intra-cluster gas. (McCarthy et al., 2007).

If only gravitational feedback was present, we could explain the evolution of proto-
clusters as a self-similar process. However, observational data drifts away the self-similar
model strongly enough to make us suspicious that other non-gravitationally induced cool-
ing and heating processes are also having a strong inßuence in the behaviour and evolution
of galaxy clusters. Certainly, on galactic scales gravity operates in connection with a num-
ber of gas dynamical and astrophysical phenomena, some of which will be reviewed in the
following sections.
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1.4.2.1 Gas Radiative Cooling

The cooling of gas through radiation plays an important role in gas dynamics in clusters,
ICM emissivity and self-similarity breaking. The cooling time of gas can be expressed in a
Þrst approximation in terms of its entropy and temperature in the Bremssstrahlung regime
as follows:

tcool ! 17
! K

130keV cm" 2

" 3/ 2 #
kB T
2keV

$ " 1

Gyrs (1.1)

Following equation 1.1, if we have a galaxy cluster withkB T " 2.5 keV, the correspond-
ing cooling time for regions with entropiesK " 130 keV or lower, is less than the Hubble
time, which means that gas in these regions will cool and be evacuated earlier from the hot
gas in the cluster core (Voit and Bryan, 2001). This low entropy gas will be substituted
by higher entropy gas coming from outer regions, and thus the average gas entropy inside
the cluster will increase.

This prediction has been conÞrmed repeatedly by hydrodynamical simulations. Non-
radiative simulations fail reproducing the ICM proÞles observed, while simulations includ-
ing radiative cooling produce a better match specially outside cluster core regions (see e.g.
Pearce et al., 2000; Muanwong et al., 2001; Dave et al., 2002; Kay et al., 2004; Nagai et al.,
2007). Unfortunately, simulations considering only radiative cooling have some undesirable
e!ects in the cluster centric regions, like an unobserved increase of temperature towards
the cluster core or overcooling leading to a too large star production (see e.g. Balogh et al.,
2001; Lin et al., 2003; Diaferio, 2004; Gonzalez et al., 2007).

These two ßaws of radiative cooling hint towards the need of a gas heating mechanism
that counteracts cooling and controls star formation. Discovering all the processes capable
of doing this is a complicated matter, and poses a challenge in numerical prescriptions. In
the following we will discuss the two mechanisms that are undoubtedly involved in coun-
terbalancing the deÞciencies of radiative cooling, and in the regulation of star formation.

1.4.2.2 Supernova Feedback

Supernova (SN) explosions and SN-driven winds are a direct product of the star formation
process and are thought to help producing a self-regulated cosmic star formation rate (e.g.
Springel and Hernquist, 2003). SNe not only do heat the surrounding medium but also
enrich the inter-galactic medium (IGM) by distributing metals from star-forming regions
to the rest of the galaxy.

As cosmological simulations cannot resolve stellar physics, the physics of the interstellar
medium (ISM) like star formation and SN feedback is implemented via phenomenological
prescriptions (e.g. Braun and Schmidt, 2012). Doing so, it has been shown that SN feed-
back helps reducing stellar mass fractions produced by radiative cooling in simulations and
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ßattens the temperature proÞle matching it better to observations (Borgani and Kravtsov,
2011b). However, SN feedback alone with radiative cooling cannot reproduce the ther-
mal structure of galaxy clusters or the correct core entropy level reported by observations.
Moreover, in simulations with radiative cooling and SN feedback, BCGs tend to have larger
stellar masses than the ones observed, even if at high redshifts their star formation is lower
than the one inferred from observations (Bassini et al., 2020). This will be further explored
in section 3 of this work.

1.4.2.3 AGN Feedback

It is impossible to make an accurate model of protocluster evolution without the inclusion
of AGN feedback. We know that a great part of the heating of the ICM plasma is due
to BH feedback. Furthermore, observations suggest a correlation between the BH masses
and the halo and bulge properties of the galaxies they are hosted in (e.g. Ferrarese and
Merritt, 2000; McNamara and Nulsen, 2007; Chandran et al., 2009). In fact, almost all
dynamically relaxed cool core clusters have an active central radio emitting source (e.g.
Burns, 1990; Ball et al., 1993; Böõrzan et al., 2004; Sanderson et al., 2006).

BHs heat the ICM by the generation of relativistic jets that shock the ICM. This
feedback is proportional to the rate at which the BH accretes mass from the surround-
ing intracluster gas. Through radiative cooling, gas cools and falls into the center of the
cluster. The BH accretes the gas and in turn produces the jets that inject energy into
the ICM, compensating radiative cooling and slowing down the accretion rate. When the
accretion rate slows down, the injection of energy due to feedback decreases and thus the
cooling of gas increases again, creating a self regulated cycle (e.g. Rosner and Tucker, 1989).

AGN feedback in cosmological simulations has proven to be able to reduce star for-
mation in BCGs, matching better current observations. Nevertheless, implementing AGN
feedback in simulations is a challenging task and thus many di!erent subgrid-physics im-
plementations have been tried out during the last years (e.g. Springel et al., 2005; Sijacki
et al., 2007; Puchwein et al., 2008; McCarthy et al., 2010; Puchwein et al., 2010; Martizzi
et al., 2012; Ragone-Figueroa et al., 2013; Battaglia et al., 2013).

Even if there is no consensus in which implementation describes better the e!ect of
AGNs in (proto)clusters of galaxies, results from simulations show that AGN feedback is
e$cient in reducing star formation, in lowering the amount of hot gas in small clusters and
groups, and also in spreading heavy elements through the ICM, thus reproducing better
observational results (Sijacki et al., 2007; Puchwein et al., 2008; Fabjan et al., 2010a; Mar-
tizzi et al., 2012; Planelles et al., 2013; Le Brun et al., 2015).

Current simulations suggest that in order to describe observational properties better,
AGN and SN feedback may be complemented by additional physical processes. Some pos-
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sible candidates are cosmic rays (CRs), thermal conduction, heating induced by galaxy
motions or AGN-induced bubbles (e.g. Zakamska and Narayan, 2003; Kim et al., 2005;
Sijacki et al., 2008). What is clear is, that further research is needed if we want to under-
stand the sources of discrepancies between observations and simulations and to Þnd the
correct interplay between the di!erent baryonic processes.

1.5 Detection Methods for Clusters and Protoclusters of Galax-
ies

1.5.1 Searching for Galaxy Clusters

Surveys focused on the search for galaxy clusters and their progenitors have developed
into a multi-faceted and multi-wavelength discipline, with success in detecting clusters at
increasingly high redshifts. Generally, observational studies of clusters search for concen-
trations of massive galaxies, like red sequence galaxies, or for distinctive features of the
hot ICM in the X-ray emission or by using the SunyaevÐZeldovich e!ect.

An example of multiwavelength observations of clusters can be seen in Þgure 1.5. In
this example it is easy to discern the di!erent components of a cluster. In the optical we
see the luminous stars that reside inside galaxies and also those stars outside galaxies that
conform the intracluster light (ICL). In X-rays (colored in purple) we can see the hot gas
belonging to galaxies and also di!use plasma, that not being directly associated to galaxies
contains the bulk of baryonic matter in clusters and conforms the ICM. Dark matter can
be detected via gravitational lensing of the galaxies lying in the background of the cluster,
as seen in the right panel of the image.

Performing the kind of detections shown in Þgure 1.5 is a complicated matter in con-
tinuous development. As clusters are composed of galaxies, one could think that Þnding
those clusters is as simple as searching for the galaxies that compose them. Even if this
is a valid approach, the reader needs to take into account that galaxies turn faint rapidly
with redshift, making their detection more di$cult at higher redshifts. As an example,
galaxies atz ! 2 are approximately 2 magnitudes fainter than those atz ! 1, so to detect
them we need imaging depths that pose a signiÞcant challenge (Muzzin et al., 2013). This
has led to the exploration of other methods for cluster detection.

We know that galaxy clusters have a hot gaseous component that emits largely in X-
rays. CMB photons transversing the ICM su!er an inverse Compton scattering by the
high-energy electrons inside this gaseous component, receiving an energy boost during col-
lision. This process, called SunyaevÐZeldovich e!ect (SZ e!ect), causes spectral distortions
in the CMB spectrum, which together with X-ray surveys can be used to identify clusters
of galaxies. As an example, Bleem et al. (2015) found hundreds of new cluster candidates
in the 2500 deg2 South Pole Telescope SZ survey (SPT-SZ) with a median redshift of
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z ! 0.55 and a tail extending toz ! 1.478. However, even this detection method has
a limited sensitivity that lies at z ! 1.5 making it a complementary but not substitute
approach to the galaxy detection method.

Figure 1.5: Left panel: the composite X-ray/optical image (556 kpc on a side) of the
galaxy cluster Abell 1689 at redshift z = 0.18. The purple haze shows X-ray emission of
the T " 108K gas, obtained by the Chandra X-ray Observatory. Images of galaxies in the
optical band, colored in yellow, are from observations performed with the Hubble Space
Telescope. The long arcs in the optical image are caused by the gravitational lensing
of background galaxies by matter in the galaxy cluster, the largest system of such arcs
ever found (Credit:X-ray: NASA/CXC/MIT; Optical: NASA/STScI). Right panel: the
galaxy cluster SPT-CL J2106-5844 atz = 1.133, the most massive cluster known atz >
1 discovered via its SunyaevÐSelÕdovich (SZ) signal (M200 1.3! 1015 M). The color
image shows the Magellan/LDSS3 optical and Spitzer/IRAC mid-infrared measurements
(corresponding to the blue-green-red color channels). The frame subtends 4.8! 4.8 arcmin,
which corresponds to 2.4 # 2.4 Mpc at the redshift of the cluster. The white contours
correspond to the South Pole Telescope SZ signiÞcance values, as labeled, where dashed
contours are used for the negative signiÞcance values (Foley et al., 2011).

A more exhaustive discovery of high redshift clusters may be done by turning to the
fundamental cosmological deÞnition of a cluster and thus searching for overdensities in
redshift space. The advantage of this approach is that it does not depend on the type of
stellar population present in the galaxies conforming the cluster, which varies with redshift.
An example of the use of this technique was presented by Strazzullo et al. (2015), where
the authors where able to Þnd promising cluster candidates in the range 1.5 < z < 2.5.
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Hopefully the rapid development of observational techniques and instruments will enable
the discovery of many more clusters at increasing redshifts.

1.5.2 Searching for High Redshift Protoclusters

In the protocluster realm we lack a well-deÞned red sequence or a hot ICM, which makes
the unambiguous detection of these structures exponentially di$cult with increasing red-
shift. The most clear hint towards the presence of a protocluster is a high concentration of
galaxies and gas clustered together in angular and redshift space in comparison to the Þeld.
Thus, the main techniques for Þnding protocluster candidates are constructed around this
observational signature.

Protoclusters lie in the nodes of the Þlamentary cosmic web, therefore surveys that trace
the formation of this cosmic web are directly surveys of cluster formation. Unfortunately,
the detection of protoclusters with standard galaxy surveys is extraordinarily di$cult be-
cause of two main reasons. First, clusters of galaxies are already found rarely, which means
that large cosmic volumes have to be covered if we want to Þnd the progenitors of this
uncommon structures. Second, the higher we go in redshift the less time did the structures
have to collapse, and thus the smaller is the density contrast. Highly sensitive surveys and
good spectroscopic coverage are indispensable if we want to di!erentiate real structures
from projection e!ects and conÞrm candidates with reasonable conÞdence.

Despite the di$culties surrounding the detection of protoclusters some of them have
been detected incidentally as by-product of large spectroscopic surveys. Some examples are
the protoclusters discovered by Steidel et al. (1998, 2000, 2005) atz = 2.30 andz = 3.09,
which were found in a survey using rest-frame UV spectroscopy of candidate high redshift
galaxies.

Even though this kind of accidental Þndings may happen, the truth is that the size
of the cosmological volumes that can be covered at high redshifts using rest-frame UV
spectroscopy alone are relatively small, thus other authors have chosen to perform Þrst a
preselection of the most overdense regions from a wide Þeld photometric survey and then
followed up those regions spectroscopically. Doing so Toshikawa et al. (2016) performed
a protocluster survey in the CanadaÐFranceÐHawaii Telescope Legacy Survey (CFHTLS)
deep Þelds, Þnding several new systems in the redshift range atz " 3 %6. This two step
approach is signiÞcantly faster than performing a spectroscopically complete survey. The
disadvantage is that there is no complete spectroscopic sampling of the cosmic web and
one is inevitably most sensitive to structures that are relatively compact in the sky plane.

Another way of bypassing the drawbacks of performing a very deep and wide galaxy sur-
vey is to target directly the surroundings of previously identiÞed galaxies that are though
to be tracers of massive forming systems. A meaningful amount of protoclusters have been
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found by targeting the environment of previously known high redshift radio galaxies that
have many properties that indicate they may be progenitors of the brightest local galaxies
(e.g. Kurk et al., 2000, 2004; Miley and De Breuck, 2008; Mawatari et al., 2012; Wylezalek
et al., 2013; Collet et al., 2015).

Figure 1.6: DRC from large to small scales Ð the core of an extreme proto-cluster of
galaxies at zspec = 4.002. The left panel shows a wide-Þeld LABOCA map at 870m of
the environment of DRC, smoothed to a resolution of 27. The eight DSFGs suggest an
2 times over-dense region compared ot the Þeld (Geach et al., 2017). The middle panel
shows the ultra-deep ALMA 2 mm continuum map of DRC. Green and orange contours
(from 5) represent the radio continuum emission observed by the Jansky VLA and ATCA,
respectively. DRC is resolved into at least 11 components, which is also a signiÞcant over-
density of DSFGs according to the most recent ALMA number counts (Oteo et al. 2016b;
Aravena et al. 2016; Dunlop et al. 2017). The right panel shows a high-resolution ALMA
continuum map at 870 m of the brightest DSFG in the proto-cluster, referred to here as
DRC-1. This component is resolved into at least three star-forming clumps (Oteo et al.,
2018).

DSFGs are also believed to be good tracers of protoclusters. Even if many of them
are completely optically obscured, they can be detected at far-infrared and submillimeter
wavelengths due to the dust heated by ultraviolet radiation of newly forming stars?. DS-
FGs are though to be the progenitors of present-day ellipticals and thus an overdensity of
these galaxies could indicate the presence of a protocluster at an early stage where future
elliptical galaxies are still going through their formation phase (Oteo et al., 2018). The
main problem of targeting protoclusters in this way is that we can expect our sample to be
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biased towards the most bright sources, which may lead us to wrong conclusions about the
history of star formation in clusters and the evolution of the ICM. An observation DSFGs
in a protocluster region is presented in Þgure 1.6.

Albeit all the obstacles surrounding the detection of protoclusters, the techniques de-
scribed above have made possible the gathering of a considerable number of structures
that point out distinct features of (proto)cluster evolution. A compilation of most of the
objects conÞrmed as protoclusters found to date is displayed in Þgure 1.7. Looking at this
Þgure we see that protoclusters have been detected in a wide range of redshifts. About
half of the protoclusters detected lie in the epoch betweenz = 2 and z = 3, while the other
half is aroundz = 3 and z = 8. Even so, the diversity in the available protocluster sample
makes it currently di$cult to establish a complete picture of protocluster formation and
evolution with observational data alone.

Figure 1.7: The distribution of redshifts of protoclusters selected from the literature (large
blue symbols). The data for clusters belowz = 1.5 were taken from the compilation of
clusters detected in X-ray and SZ surveys of Bleem et al. (2015). Large red symbols are
high redshift clusters atz > 1.6 . The polar axis holds no information and is used for
visibility purposes only. Redshifts and ages (in Gyr) are indicated along the radial axes
(Overzier, 2016).

1.6 Objective of This Work

In our hope of understanding structure formation in the Universe, we try to overcome
current di$culties encountered in theory and observations by developing new technologies
and carrying out new theoretical models. As we have seen, an analytical approach to the
problem is unsatisfactory as it misses many of the complex but fundamental processes
a!ecting structure growth. Also, observations face many uncertainties and possibly also
signiÞcant biases.



20 1. Introduction

Luckily, the recent improvements of high performance computers and the establishment
of supercomputing centers like the Leibniz Supercomputing Centre (LRZ) enables us the
modelling of these complex non-linear processes in a consistent way. Using hydrodynamic
codes applied to cosmological dark matter simulations, we are capable of reproducing
structure growth at di!erent scales with increasing resolutions. Simulations also allow us
varying the physical processes involved in the evolution of structures, which helps us un-
derstand better the relevance of each of the added phenomena at di!erent redshifts. Even
if simulations can not be considered substitutes of observations, they are a powerful tool
to understand cosmological structures beyond what observation can capture today.

With the aim of understanding better the e!ects of baryonic physics in the evolution of
massive galaxy clusters, we perform hydrodynamical cosmological simulations of massive
galaxy clusters with varying subgrid prescriptions. We study important protocluster prop-
erties like stellar and gas mass contents, temperature histories and temperature vs density
relations, SFRs at high and low redshifts of the galaxies inside the protocluster and of the
complete protocluster region and SHMRs for sattelite and central galaxies. Finally, we dis-
cuss the possible sources of generalized disagreement between observations and simulations
and propose future studies for the improvement in the consensus between observations and
simulations.
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Methods

As has been extensively discussed previously, observing clusters and extracting data from
observations is a complicated task that may be subject to strong constraints and biases.
Therefore, confronting observational data with theoretical models, and in particular with
numerical simulations, has been a key factor enabling the accelerated progress of recent
cosmological research. Indeed, simulations are the method of choice to predict the full
non-linear development of the initial conditions in the standard "CDM cosmology. With
them we can also link initial conditions of Cold Dark Matter (CDM) cosmologies to ob-
servations of galaxies at the present day. Without simulations we would have not arrived
at the current structure formation paradigm, which as technology advances and simula-
tions improve, is being subject to further and more detailed scrutiny. Simulations enable
astronomers to test hypotheses, much as experimental physicists do in the laboratory. By
doing so, they help with the interpretation of observations and also guide the design of
new observational campaigns and instruments.

As dark matter is the dominant mass component, the primary route to understanding
how galaxies form and evolve in their cosmological context, is to comprehend the prop-
erties of their dark matter haloes over a wide range of physical scales and across all of
cosmic history. Dark matter is assumed to consist of elementary particles that interact
only gravitationally. To reproduce the properties of DM, simulations use a set of discrete
point particles that represent a discrete lump of the collisionless dark matter ßuid. This
representation as an N-body system is obviously only an approximation, that improves the
more particles we use. This is, in turn, limited by the available computational power.

Because the accuracy of results in simulations depends so heavily on the particle reso-
lution and cosmological box size, simulation teams try to take advantage of every advance
in numerical algorithms and computer hardware to be able to simulate bigger boxes with
increasing resolution. Doing so, the current generation of cosmological codes has reached
a high degree of accuracy, such that we can resolve without major problems DM clustering
of halos and their internal structure over cosmological volumes of hundreds of cubic cMpc
using billions of DM particles.
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Nowadays, we have reached such a resolution in DM simulations that we believe to
have a very complete picture of the clustering of matter in the non-linear regime from halo
to subhalo scales. (Moore et al., 1999; Springel et al., 2001; De Lucia et al., 2004; Gao
et al., 2004; Kravtsov et al., 2004). We have also a strong consensus related to impor-
tant questions like the shape of the central dark matter density proÞle of collapsed halos
(Navarro et al., 1997; Navarro et al., 2004; Stadel et al., 2009). This advancements have
been possible partly because we treat DM as a collisionless ßuid and we know what are the
key ingredients in order to have high accuracy in colissionles situations, i.e. an accurate
gravitational force calculation, accurate time integration and a large enough number of
particles so that we can resolve smaller scales.

The problem of DM-only simluations is that even if we know how to implement them
correctly to get a detailed description of DM structures, they lack the information on all
the baryonic processes that a!ect the formation and evolution of large scale structures
and their observables at very di!erent scales. Even if DM is believed to be the dominant
component in the mass of the cosmological density Þeld, at the scales of galaxy clusters
the introduction of baryons in forms of gas and stars is completely unavoidable. Many
X-ray and Sunayev-Zeldovich e!ect related observations of the hot ICM are used to place
constrains on the structure of galaxy clusters. Baryons may alter clusters of galaxies in ou-
standing ways, a!ecting their survival, abundance, radial distribution and mas-loss rates.
Thus, ignoring baryons in clusters would be negligent.

2.0.1 Seminanalytical Models and Hydrodynamical Simulations

For many years cosmological hydrodynamical simulations have been unable to reproduce
key observational features related to galaxies, like the shape and normalization of galaxy
mass functions, their compactness and the quenching of star formation (e.g. Scannapieco
et al., 2012, and references therein). Driven in part by this failure, semi-analytical models
have gained a lot of relevance during the past years when performing comparisons between
galaxy surveys and theory (see Cooray and Sheth, 2002; Baugh, 2006).

Semi-analytical models use pre-calculated halo formation histories and put on top of
those simpliÞed models for physical processes such as gas cooling, star formation, supernova
feedback, etc. The principle behind this procedure is that in the hierarchical clustering
paradigm, DM halos build up by successive merging from smaller pieces, so that halos
which have the same mass at some speciÞed time can nontheless have very varied forma-
tion and merging histories. These halo formation histories play a large part in determining
properties, like masses and morphology, of the galaxies they contain. Thus, the Þst key
ingredient in semi-analytical models is the determination of the formation history of the
halos, i.e. the construction of a merger tree. Merger trees can be calculated using a Monte
Carlo method or a DM-only cosmological simulation.
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The Monte Carlo method can construct merger trees for a particular cosmology and
initial conditions describing the build-up of DM halos through merging. The number of
halos of di!erent masses per unit volume can then be calculated using the Press-Schechter
mass function. Then the formation histories for each representative set of halos with cer-
tain mass is calculated. The process of galaxy or cluster formation is followed separately
for each halo merger tree. An example of the application of such a procedure can be found
in Lacey (2001). If a DM-only simulation is used instead, the formation of the halos can
be followed through time by going through the di!erent output-Þles produced at di!erent
redshifts. With the use of a post-processing code (f.e. SUBFIND) Þnal halos and their
high redshift progenitors can be identiÞed and thus a merger tree for each halo can be
directly constructed.

The evolution of the baryons within the DM halos is then calculated using the models
and assumptions set Òab initioÓ about the di!erent baryonic processes and the inßuence
that interactions between halos may have in those. This approach, although ßexible,
presents the inconvenience of possible wrong extrapolations due to poor approximations in
the assumed relations. Even so, we can not deny that semi-analytical models have been
very valuable. Examples of their usefulness include the interpretation of observations of
galaxies within the context of the cold dark matter framework, relating galaxy populations
at di!erent redshifts, the creation of mock galaxy catalogues to investigate selection e!ects
or to translate measurements of galaxy clustering into information concerning the occu-
pation of dark matter haloes by galaxies (Bower et al., 2008; Somerville et al., 2008; Guo
et al., 2011; Bower et al., 2012).

Even if they are more computationally demanding, hydrodynamical simulations have
a number of important advantages over semi-analytical approaches. One of the main
advantages is that even if we have to make some assumptions, the amount of them is no-
ticeably reduced in hydrodynamical simulations when compared to semi-analytical models.
Hydrodynamical models evolve DM and baryons self-consisntently from the initial condi-
tions forward, and thus they automatically include processes related to the interaction of
both components, like the back-reaction of the baryons on the collisionless matter inside
and outside halos. Also, with full cosmological hydrodynamical simulations we can model
galaxies, the corresponding IGM and the interface of both of them simultaneously, which is
critical for understanding feedback cycles and fuelling mechanisms in galaxies. Moreover,
hydrodynamical simulations provide in general higher resolution descriptions of baryons,
which allows comparisons with a wider range of observables.

Recently, the development of hydrodynamical simulations has accelerated dramatically.
Thanks to the higher performance of current computers and the improvement in numerical
codes, cosmological hydrodynamical simulations are capable of modelling increasingly well
processes in galaxies and galaxy clusters such as radiative cooling, star formation, stellar
feedback or AGN feedback (Borgani and Kravtsov, 2011a). Thus, current structure forma-
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tion calculations done with the use of coupled DM and baryonic gas are noticeably more
realistic and far more into the highly non-linear regime than the calculations done with
DM-only simulations. Indeed, to date the agreement between simulations and observations
of galaxies and galaxy clusters is so good that comparisons between theory and observa-
tions can be used to measure cosmological and physical parameters (e.g. Croft et al., 1998;
Viel et al., 2004; McDonald et al., 2005).

However, as we have brießy mentioned before, running, storing and analyzing such
simulations is a challenging task from a technical point of view. The use of HPC facilities
like the LRZ is mandatory if we want to perform cosmological hydrodynamical simulations
that cover a big enough volume with a high resolution. There is a high variety of funda-
mentally quite di!erent numerical hydrodynamical methods in use for baryon modelling,
the most prominent ones being the Lagrangian Smoothed Particle Hydrodynamics (SPH;
Lucy, 1977; Gingold and Monaghan, 1977) and Eulerian Mesh-Based hydrodynamics (e.g.
Stone et al., 1992) with or without Adaptive Mesh ReÞnement (AMR; Berger and Colella,
1989). In the following sections we will start with dark matter simulations and continue
our route exploring the di!erent numerical methods that compose a successful cosmological
hydrodynamical simulation.

2.1 Routemap to a cosmological hydrodynamical simulation

2.1.1 Initial Conditions

The Þrst challenge in the building of a cosmological simulation is the establishment of initial
conditions for the dark matter particles involved. In order to reproduce the homogeneity
and isotropy of the early universe we need an unperturbed initial mass distribution, thus
we lay particles in a Ôglass-likeÕ initial distribution (White, 1994; Baugh et al., 1995). Such
a Ôglass-likeÕ distribution may be formed when a Poisson particle distribution in a periodic
box is evolved with the sign of gravity reversed until any residual forces have dropped
to negligible levels (Springel, 2005). Then an initial displacement Þeld is constructed in
Fourier space using the Zeldovich approximation, with an amplitude of each random phase
mode drawn from a Rayleigh distribution. Simulations start at high redshifts (between
z = 70 and z = 180 depending on resolution) and are evolved to the present day using a
leapfrog integration scheme with individual adaptive timesteps.

2.1.2 Modeling Gravity: Gravitational Softening

The DM component in simulations is represented with a series of particles that conform
a colissionless ßuid that interacts only gravitationally. This means, that we sample the
phase-space distribution functions in our cosmological volume with discrete particles that
conform an N-body system. The main problem with this appears when two particles come
very close together, as the inherent numerical error of computational devices introduces
artiÞcial two-body interactions between these particles that violate the premise of colli-
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sionless dynamics.

To prevent this inconvenience, a softened gravitational force replaces the Newtonian
force below a certain softening scale#, so that the potential at zero lag becomes%Gm/#.
Strong reductions of the force occurs only at distances" #. At distances above 2.8# the
force is already fully Newtonian. In practice, we are limiting the maximum amount of
acceleration a particle can exert on another. By doing this, we are capable of reproducing
colissionless dynamics and at the same time we manage to avoid the formation of bound
particle pairs and simplify the integration of particle movement.

2.1.3 Modeling Gravity: Gravitational Forces and the Tree-Particle-Mesh Ap-
proach

If we aimed to calculate the interaction of each particle that composes the ßuid with each
other over the complete box, cosmological simulations would take an una!ordable amount
of time and resources to get completed.To alleviate this problem we have to take a less di-
rect but more intelligent approach, called the Tree-Particle-Mesh (Tree-PM) scheme. This
scheme combines the best of two di!erent algorithms for calculating gravitational forces, the
hierarchical multiple expansionwith an oct-tree algorithm and theparticle-mesh algorithm.

In the hierarchical multiple expansion procedure, we calculate the interaction between
particles in a hierarchical way. That is, if we have a particle x, the forces exerted on this
particle from particles nearby is calculated accurately, while the forces of faraway particles
are calculated in an averaged way using a multipole expansion. Let us say we have a group
of dark matter particles in our box. The tree construction starts with an enclosing cubical
root node in which the particles are inserted sequentially one by one. Each cube contains
eight siblings, each with half the side-length of the parent cube. These cubes form the
nodes of an oct-tree structure. The tree is constructed such that each cube contains either
exactly one particle, or is progenitor to further nodes, in which case the node carries the
monopole and quadrupole moments of all the particles that lie inside its cube. A schematic
illustration of a tree construction is shown in Þgure 2.1. After computing the corresponding
multiple moments of each node recursively, these are used to approximate the gravitational
forces. This tree is walked for each particle starting at the root node. If the multipole
expansion is considered su$ciently accurate (following a previously established criterion),
it is evaluated and added to the cumulative force. If not, the node is opened and the
subnodes are considered in turn.
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!

Figure 2.1: Schematic illustration of a tree construction, multipole-moment calculation,
and force evaluation of one individual particle in an oct-tree algorithm (a quad-tree in the
sketched 2D case). The upper panels show the insertion of particles and the consequent
hierarchical splitting of the tree volume into sub-nodes. The lower left and central panels
illustrate the calculation of multipole moments for all nodes, with the di!erent colors
denoting di!erent depths of the tree hierarchy. The lower right panel represents the force
evaluation between a single particle and the appropriate nodes. The goal of this algorithm
is the reduction of this last evaluation with respect to an evaluation with all simulation
particles (Weinberger et al., 2020).

In the Particle-Mesh approach, rather than working directly with forces, we work with
the gravitational potential instead. Binning the mass distribution on a Cartesian regular
grid via a cloud-in-cell (CIC) assignment, we can solve for the gravitational potential on
the grid, then Þnite-di!erence it to get the force and interpolate the force Þeld to the
particle positions.A conceptually simple mathematical example application is considering
the Fourier Transform of the Poisson Equation:

%k2$k = 4%G"k ' $k = %4%G"k/k 2, (2.1)

where$k is the gravitational potential in Fourier space," k the density, k the wavenumber
and G the gravitational constant. Having an expression for the transformed gravitational
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Þeld, we can perform an inverse transform to get the potential Þeld, which can be di!eren-
tiated and interpolated to the particle position, giving as a result the forces exerted over
each of the particles.

Both methods, the oct-tree and the particle mesh method, have strong and weak points.
The Particle-Mesh algorithm is fast, conceptually simple and easily scalable to a large num-
ber of passing interface (MPI) tasks. However, it is bound to a cartesian mesh, which limits
importantly the dynamic range of the calculation and poses an arduous deterrent for cos-
mological simulations. On the other hand, the oct-tree algorithm is e$cient at handling
large dynamic ranges in spatial scales, allowing high spatial force resolutions, but the scal-
ing to a large number of MPI tasks is more di$cult, especially when the clustering of the
particle distribution is high (as it is usually in simulations at lower redshifts), as this means
more work when establishing the subnodes.

The tree-PM algorithm has been designed to take the best of both worlds, just by
splitting forces into short-range and long-range components. The short-range forces are
computed using the tree algorithm while long-range forces are treated with the particle-
mesh approach.The ability to discard far away mass distributions except for a local neigh-
bourhood accelerates the tree force calculation signiÞcantly, making the complete Tree-PM
scheme very fast, accurate and ßexible.

2.1.4 Modeling Baryons: Adding the Gaseous Component

We know that if we want to model the complete picture we cannot forget about the gaseous
component of large scale structures. The problem is that the interactions of gas are much
more intricate than those of dark matter.Baryons can be described using several hydro-
dynamical methods, that can be mainly divided into two groups: Lagrangian Smoothed
Particle Hydrodynamics (SPH) and Eulerian mesh-based hydrodynamics with or without
mesh reÞnement.

SPH is a powerful Lagrangian technique to solve hydrodynamical problems, that was
originally developed by the astrophysics community, but by now has found uses and appli-
cations in a wide range of Þelds. In this approach the ßow is considered as a discrete phase
of particles moving in space and carrying with them speciÞc computational information,
i.e. the ßuid equations that govern the gaseous component evolve in a co-moving frame.
Hydrodynamic properties are then evaluated at the particle positions, and are calculated
from a weighted average of the values on other local particles. For example, the value of
the function (or property) f in particle i can be calculated using:

f (xi ) =
N%

j =1

mj

" j
f (xj )W(xi %xj , h)1, (2.2)

1see appendix A
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wheremj and " j correspond to the mass density of particlej and N to the total number
of the particles that are in the Þeld of inßuence of particlei . The function W is the Kernel
function and determines the weight given to each particle. The choice of Kernel is not
unique and remains one of the main topics of debate in theoretical computational ßuid
dynamics research. The parameterh contained in the Kernel function speciÞes the e$-
cacy range of the Kernel function. We say that the particles are ÒsmoothedÓ over a Þnite
volume or a Þxes mass, where h is the smoothing length, which implies that SPH codes
are naturally adaptive with density and geometry. An example of an SPH code used in
cosmological simulations is GADGET2 (and its posterior updates3; Springel et al., 2001b;
Springel, 2005) .

Eulerian methods on the other hand, use geometrical grids, either Þxed or adaptive (the
so called AMR or Adaptive Mesh ReÞnement codes), and evaluate the ßuid parameters
over the grid cells, by solving the Navier-Stokes equations for the ßow Þeld. In order to do
that they use methods like the Þnite volume scheme (FVM), where volume integrals in a
partial di!erential equation containing divergence terms are converted to surface integrals
using the divergence theorem. These terms are then evaluated as ßuxes at the surfaces of
each Þnite volume. Because the ßux entering a given volume is identical to that leaving the
adjacent volume, these methods are inherently conservative. Some Eulerian codes used in
cosmology are for example AREPO (Springel, 2010; Weinberger et al., 2020) or RAMSES
(Teyssier, 2002).

It would be unreasonable to state that SPH or grid codes are ÓbetterÓ than the other.
Each of them has its advantages and disadvanatges. For example, Eulerian AMR codes
have a higher resolution for a given number of cells than SPH codes with an equal number
of particles, and even if not easily they can be adapted to any previously chosen parameter,
while SPH adapts to density only. However, as SPH is a Lagrangian method, advection
of ßow properties is inherent, while in AMR reproducing advection processes represents
an important problem that entails unphysical increases of entropy. Also, SPH codes can
be implemented so that in the absence of shocks they are inherently conservative of mass,
momentum, energy and entropy. Shocks, however, represent a problem in SPH codes and
by now they can only be treated correctly with grid codes.

It is clear that no approach is better than the other in absolute terms. The reality is
that we need to choose the most appropriate method for the system we want to study and
most importantly, we need to be aware of the limitations of the chosen approach, in order
to interpret results correctly.

2https://wwwmpa.mpa-garching.mpg.de/gadget/
3https://wwwmpa.mpa-garching.mpg.de/gadget4/

https://wwwmpa.mpa-garching.mpg.de/gadget/
https://wwwmpa.mpa-garching.mpg.de/gadget4/


2.1 Routemap to a cosmological hydrodynamical simulation 29

2.1.5 Modeling Baryons: Subgrid Physics

The question that remains now is related to the treatment of the physics that is unresolved.
As we mentioned in the beginning of the section, the formation of large scale structure and
more speciÞcally of clusters of galaxies is a process with an enormous dynamic range, where
phenomena at very di!erent scales have an impact in the Þnal result. Obviously, resolving
all scales in detail is completely impossible. However, we cannot simply ignore processes
like star formation, supernova feedback and AGN feedback, as they have an important role
in cluster dynamics and in the IGM composition. In order to account for those processes
that fall under our resolution-limited simulations, we use Ôsubgrid modelsÕ.

Subgrid models are tuned so that some aspects of observational data are well-reproduced
by the simulations. The implementation of the subgrid model can vary profoundly depend-
ing on the team, the cosmological simulation suite and the observables against which the
subgrid model was calibrated. Describing all the di!erent subgrid models for the di!erent
cosmological simulations in the Þeld is out of the scope of this work. Nevertheless, it is
possible to give a general sense on how such a subgrid model can be implemented when
describing star formation, stellar and AGN feedback.

One of the Þrst and more fundamental models applied to gas physics has to do with
the radiative cooling of hot plasma. We know that this cooling has a crucial role in the
formation and evolution of galaxies, by cooling low entropy gas and allowing the formation
of stars. This cooling is captured in cluster observables related to the ICM, like in the
self-similarity breaking of the LX % T scaling relation (Borgani and Kravtsov, 2011a).
Typically, radiative cooling in cosmological hydrodynamic codes is handled with a scheme
of the form:

ui (t + %t) = ui (t) + % t # "( ui (t + %t)), (2.3)

whereui is the internal energy of particlei , %t the integration timestep and " the cooling
rate of particles with internal energyui at time t + %t (Zhu et al., 2017).

Stars form thanks to the cooling of gas and the creation of denser environments. In
cosmological simulations we apply this by enforcing that stars are formed when the gas
in a certain location exceeds a density threshold, that would cause it to become Jeans
unstable. In the SPH formalism the local gas ßow converges at a gas particle and from
this gas particle a new star particle is created that represents a complete stellar population.

Real stellar winds are mimicked by averaging over the Þctitious stellar population in-
cluded in each simulated stellar particle. The main feedback processes that compose this
wind come from Type II supernovae (SNII), Type Ia supernovae (SNIa), and asymptotic
giant branch (AGB) stars, which are considered to be the most important drivers of stellar
outßows and thus one of the principal sources of metal enrichment in the ICM. Each stellar
population is characterized by an initial mass function (IMF), which describes the num-
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ber of stars of a given mass per unit logarithmic mass interval in the stellar population.
Consequently, the IMF also deÞnes the ratio between SNII and SNIa, and thus the relative
abundance of&-elements and Fe-peak elements for each stellar population.

The ßow produced by the stellar feedback ejects masses of the di!erent metal species
produced by the stars. These masses are called stellar yields, and depend mainly on the
metallicity with which the star originally formed and the type of outßow that the star
ejects. There are some models and predictions that are usually used, however all prescrip-
tions for the three sources of ICM enrichment su!er from profound uncertainties, and thus
have to be treated with care (see e.g. Karakas and Lattanzio, 2007; Nomoto et al., 2013;
Bi$ et al., 2018).

Blach Holes (BHs) are, like stars, also created with a density criterion. They are estab-
lished with an initial seed in areas where the gas density is larger than a certain threshold.
This ÔseedingÕ helps avoiding the formation of multiple BHs in the same galaxy, as they are
not allowed to be seeded in a distance lower than a certain minimum. The BH accretion
rate usually follows the well known BondiÐHoyleÐLyttleton rate and is artiÞcially capped
at the Eddington accretion rate. Depending on the simulation project, AGN feedback may
act in one or two separate modes. In the bimodal approach we encounter a ÔradioÕ mode
that operates at low accretion rates and a ÔquasarÕ mode operating at high accretion rates
(Dubois et al., 2014). During the radio mode the AGN deposits the feedback energy into
a bipolar outßow modeled as a cylinder. The quasar mode instead, consists rather in an
isotropic injection of thermal energy into the gas, modeled with a sphere of a certain radius.

The modeling of gas physics, star formation and feedback processes like supernovae
and AGN feedback is critical in clusters of galaxies to create correct early type galaxies,
to provide morphological diversity in galaxies and to regulate star formation. The current
problem with subgrid models is that we do not have a uniÞed prescription of those, partly
because of the incomplete picture provided by observational data. Moreover, many physi-
cal aspects of galaxy clusters are sensitive to small changes in subgrid models, for example,
the growth of BHs can be very reactive to the accretion model adopted.

In addition, technical aspects like the resolution of our simulations are aspects to con-
sider when redesigning and readjusting parameters in the subgrid physics in use, so that we
get results close to observational data. Indeed, the same feedback processes may give as a
result very di!erent galaxy morphologies at di!erent resolutions. Naturally, this raises the
question whether we have really understood the morphological evolution of galaxies and
their quenching or the growth of BHs inside them. How much of what we think we under-
stand is due to a good physical prescription and how much has to do with the consequence
of artiÞcial subgrid physics resolution artifacts? Answering these questions is fundamental
if we seek to build cosmological simulations that help us understand real astrophysical and
cosmological processes. Thus, studying cosmological simulations with di!erent physics and
resolutions is essential to help us improve the use of our subgrid models and thus bring
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us to a deeper understanding of the evolution of (proto)clusters of galaxies and their sub-
structures inside.

2.2 Searching Protoclusters in Simulations

Now that we know how to let structures evolve in a successful cosmological hydrodynamical
simulation starting from some initial perturbations in a homogeneous Þeld, we want to be
able to identify the structures that we are interested in. For example, we want to identify
clusters of galaxies at low redshift and be able to track them back to their protocluster
stage.

As has been extensively discussed in the introduction, the formation of a halo has many
complexities inherent to the non-linear nature of the process. Unfortunately, the deÞnition
of a DM halo is not a trivial task, as there is not such a thing as a density contrast delineat-
ing a halo boundary. In turn, what we Þnd is a continuous, smooth outer density proÞle.
Although one can identify a radial range, outside of which a signiÞcant fraction of mass
is still infalling, this range is fairly wide and does not correspond to a single well-deÞned
radius (Cuesta et al., 2008; Eke et al., 2001)

This has resulted in a number of various halo Þnding algorithms based on di!erent
mass deÞnitions and halo boundaries (Knebe et al., 2011, 2013; Onions et al., 2013, show
comparisons with di!erent halo Þnders). Among the wide variety of used halo deÞnitions
the most widely used ones may be those based on the Friends-of-Friends (Davis et al.,
1985) and the Spherical Overdensity (Lacey and Cole, 1994) algorithms.

2.2.1 The Friend-of-Friends Algorithm

Originally, the FoF algorithm was used to deÞne groups and clusters of galaxies in observa-
tions (Davis et al., 1982; Huchra and Geller, 1982; Einasto et al., 1984) and was adopted to
deÞne collapsed objects in simulations of structure formation (Davis et al., 1985; Einasto
et al., 1984).

The FoF algorithm considers particles to be members of the same group (i.e. ÔfriendsÓ),
if they are separated by a distance that is less than a given linking length. Friends of friends
are also considered to be members of the same group. The linking length is the only free
parameter of the method and is usually deÞned in units of the mean interparticle separa-
tion: b = l/ l . Where l is the linking length in physical units andl = n" 1/ 3 is the mean
interparticle separation of particles with mean number density ofn. In cosmological sim-
ulations this procedure is followed only by the DM component, as the general structure of
the halo is established by the gravitational interaction of dark matter. The FoF algorithm
is conceptually and mathematically simple, as it only has one free parameter, and assumes
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no center for the halo or any type of preferred geometry or shape. Thus, it is capable of
matching well the mass distribution of halos forming in the hierarchical structure formation
models.

The two main disadvantages of the FoF algorithm are, on the one side the drawing of
a theoretical interpretation of the FoF mass, and on the other side the sensitivity of the
method to numerical resolution and to the presence of substructures. In a hierarchical
paradigm the concentration depends on mass, redshift and cosmology, which means that
the FoF halos will also vary with these parameters. At high redshifts the concentration of
mass approaches its minimum, the number of particles in the FoF group is small and thus
halos becomes ÔfuzzierÕ and are more resolution dependent. The presence of substructure
is an additional di$culty when it comes to the resolution and mass dependence of the
FoF-identiÞed halos (More et al., 2011). Besides, a common error caused by the working
principle of the FoF algorithm is the joining of two neighboring distinct halos with over-
lapping volumes into a single group. Although this can happen at any time, the fraction
of ÔbridgedÕ halos usually increases with increasing redshift or in between merging and
crossing events.

2.2.2 The Spherical Overdensity Mass

The spherical overdensity algorithm deÞnes the boundary of a halo as a sphere of radius
r enclosing a given density contrast with respect to the reference density. Di!erent than
in the FoF algorithm, the deÞnition of an SO halo requires the deÞnition of a halo center.
The common choices for the center of the halo in theoretical analysis are the minimum of
the potential, the position of the most bound particle or the peak of density of the center
of mass, although the latter is rarely used. To Þnd simultaneously the center and the
boundary of the halo, the SO method uses an iterative scheme. The overdensity radiusRc,
is deÞned by solving the implicit equation:

M (< r ) = 4 %%" (z)r 3, (2.4)

where M (< r ) represents the total mass proÞle," (z) is the reference physical density at
redshift z and r is the radius in physical units. The choice of density contrast and back-
ground density may be theoretically or observationally motivated. Common choices are
deÞning the enclosed overdensity to be equal to the ÔvirialÕ overdensity at collapse predicted
by the spherical collapse model, %" = %vir,c " crit or 200 (500) times the background density
(the reference density may be the critical or mean density).

The fundamental divergence between the FoF and SO methods is that the latter im-
poses a geometry, as it sets a center for the halo and a spherical boundary on the generally
non-spherical mass distribution. Another inconvenience that may arise is the overlapping
of spheres corresponding to di!erent halos, causing a double counting of a certain fraction
of mass (generally small; a discussion on the topic can be found in section 2.2 of Tinker
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et al., 2008).

The enormous advantage of the SO algorithm is that the SO-deÞned mass can be mea-
sured in simulations as well as in observations. The only inconvenient di!erence is that
the deÞnition of the overdensity center may not be identical in both cases. Usually in
observations the cluster center is deÞned at the position of the peak or the centroid of the
X-ray emission or SZ signal, or at the position of the BCG, while in simulations we are
dealing mainly with the DM component when deÞning halos.

2.2.3 Halo Finders

Halo Þnders are an indispensable post-processing tool that mix di!erent methods and al-
gorithms in order to identify structures and calculate their basic quantities like masses and
radii. There is a wide variety of halo Þnders; however, in this work we will present the one
that is used by most projects studying (proto)clusters of galaxies, which is SUBFIND.

SUBFIND identiÞes substructures as locally overdense regions of gravitationally bound
particles by using a combination of the two methods explained above. Doing so, it manages
to take advantage of what each of them does best. First, the FoF algorithm is used to
perform a local density estimate for each particle with adaptive kernel estimation using a
prescribed number of smoothing neighbours, so as to accomplish a Þrst detection of density
peaks. To establish a hierarchy of halos and subhalos the method starts from the isolated
density peaks and adds particles in sequence of decreasing density. Whenever a saddle
point in the global density Þeld is reached that connects two disjoint overdense regions,
the smaller structure is treated as a substructure candidate. To proof if the substructure
candidate is physically bound to the bigger overdensity SUBFIND performs iteratively an
unbinding procedure based on a tree-based calculation of the potential. All bound candi-
dates with more than 20 particles are considered subhalos and are stored in the subhalo
catalogues. The member particles of each subhalo are ranked according to binding energy
and stored in that order. This facilitates the tracking of subhalos across the di!erent out-
puts. Proceeding this way we have two sets of DM structures: FoF halos and subhalos.
After having detected the main FoF groups and their substructures, the corresponding
(virial, 200, 500, etc) radii and masses of these halos are estimated using the SO algorithm
as explained above.

Even if SUBFIND proÞts from all the advantages of both methods, it is not infallible
and also inherits some of the drawbacks mentioned in the previous sections. It is important
to be aware of this, so that we do not take an error in SUBFIND as a physically meaningful
result. Some examples of malfunctions in SUBFIND can be found in section 3.1.2.
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2.2.4 Following a Halo Through Time: The Merger Tree

If we want to study the evolution of protoclusters through redshift we need to be able
to identify the structures and then track them back to higher redshifts, following them
through the di!erent output Þles. To do so we Þrst determine halos and subhalos at all
output times and then we track structures back with a hierarchical merging tree that will
give us a detailed description of how structures build up over cosmic time.

!
Figure 2.2: Schematic representation of the data structure of a general merger tree. At each
output time, FoF groups are identiÞed which contain one or several (sub)halos. The merger
tree connects these overdensities. To facilitate the tree analysis, a number of pointers for
each halo are deÞned. Each halo knows its descendant, and its most massive progenitor,
and all halos in a given FoF group are chained together through the Ônext haloÕ pointer
(Springel et al., 2005a).
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Due to hierarchical merging in CDM universes, a given halo can have several progeni-
tors, although it will probably have only one descendant as the cores of DM structures do
not split into two or more objects. Thus merger tree construction is based on the deter-
mination of a unique descendant for a given halo.

To determine the corresponding descendant, merger trees use the individual IDs that
label each particle and track them between the di!erent outputs in the simulation. For a
selected halo we Þnd all halos in the previous or subsequent output that contain some of
its particles. The particles in each halo are counted in a weighted fashion, so that particles
that are tighter bound in the Þnal halo have a higher weight. By doing this we are capable
of tracking rather the inner parts of the structure, which are less prone to su!er any kind of
stripping when merging or falling into bigger halos, and thus are expected to survive longer.
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Figure 2.3: Example of a merger tree for the most massive cluster (with Þnal mass"
1015M! )in the Compass Lagrangian region g1212639. The merger tree shows how the
protocluster grows in mass through accretion at high redshift and a major merger at lower
redshift.

The weighted counts are determined for each possible descendant and Þnally the one
with the highest count is selected. This gives as a result a tree as shown in the schematic
representation in Þgure 2.2. The FoF groups are represented at di!erent times inside the
grey boxes which may contain one or more subhalos. Each halo has a main descendant and
this is linked to its substructures, which allows the retrieval of all progenitors of a halo,
or of all other halos in the same FoF group. Subhaloes that are never connected to any
z = 0 subhalo and that are never connected to any progenitor of anyz = 0 subhalo are
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not included in the trees.

There are several useful pointers for each tree subhalo. These include pointers to the
dominant subhalo of the subhaloÕs FoF group, the next most massive subhalo in the FoF
group, the progenitor that contains the largest fraction of the subhaloÕs particles, the sub-
haloÕs descendant and the next most massive subhalo that shares the same descendant.
By doing this, each halo knows its descendant, and its most massive progenitor. Possible
further progenitors can be retrieved by following the chain of Ônext progenitorsÕ. Halos in
an FoF group (grey boxes) are linked together in a similar fashion by the pointers. An
example of a real merger tree done for one of our galaxy clusters can be found in Þgure
2.3.

2.3 Cosmological Simulation Suites

As has been exposed along this work, there are various ways to build a working hydro-
dynamical cosmological simulation. For the gaseous component one can choose to use a
Lagrangian method or an Eulerian code with or without AMR. On top of that the de-
sign and Þne tuning of the subgrid physics can vary signiÞcantly. Also the resolution and
the volume of the box is an issue when studying rare and massive object like galaxy clusters.

On the following we will present a short overview of the state of the art of current
cosmological simulation projects. This does not intend to be a detailed description of their
code implementation and subgrid physics as such an analysis would be out of the scope of
this work. Rather, we try to give an idea of what simulations are available and where do
our simulations lie with respect to their counterparts. Nevertheless, along this section the
reader will be pointed to references with more detailed descriptions of each simulation suite.

2.3.1 Millenium Simulation Project

When published in 2005, the Millenium Run was the largest simulation of structure forma-
tion in a ßat "CDM cosmology ever made. It used the a modiÞed version of the publicly
available Tree-PM code GADGET-2 (Springel, 2005), assuming #m = 0.25, #b = 0.045,
h = 0.73, #! = 0.75, n = 1 and ' 8 = 0.9 and used 1010 particles to follow the dark matter
distribution starting from z = 127 to the present day, within a comoving box of 500h" 1

Mpc3 and a spatial resolution of 5h" 1kpc. Around 107 galaxies more luminous than the
Small Magellanic Cloud were identiÞed using SUBFIND, which conformed the Þrst statis-
tically relevant sample o galaxies formed in a cosmological simulation. A picture of the
Millenium Run is shown in Þgure 2.4

In 2008 a second simulation Millennium-II was completed with the same cosmology
and same number of particles but in a 5 times smaller box and thus with 125 times better
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mass resolution. The idea behind this run was that multiple simulations of di!ering mass
resolution may allow to represent observed galaxy populations with high Þdelity over a
substantially broader range of galaxy mass and redshift.

Figure 2.4: Poster of the Millenium Run taken from the Millenium Project. website
Source:https://wwwmpa.mpa-garching.mpg.de/galform/virgo/millennium/

https://wwwmpa.mpa-garching.mpg.de/galform/virgo/millennium/%20
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By 2012 a new simulation was presented, the Millenium XXL with 303# 1010 parti-
cles to represent the formation of dark matter structures throughout a 4.1Gpc3 box in a
"CDM cosmology. The simulated volume of the MXXL is equivalent to that of the whole
observable Universe up to redshiftz = 0.72. It is more than 200 times that of the original
Millennium Simulation (Angulo et al., 2012) and the particle mass (mp = 8.456# 109) was
seven times that of MS.

2.3.2 The Eagle Project

Eagle is a cosmological simulation performed also with a modiÞed version of the N-Body
Tree-PM smoothed particle hydrodynamics (SPH) code GADGET-3, which was last de-
scribed in (Springel et al., 2005a). The main modiÞcations are the formulation of SPH, the
time stepping and, most importantly, the subgrid physics, which is based on that developed
for OWLS (Schaye et al. 2010), and used also in GIMIC (Crain et al. 2009) and cosmo-
OWLS (Le Brun et al. 2014). Detailed information of the subgrid physics implemented
is presented by (Schaye et al., 2015). The biggest box in EAGLE is 100 Mpc3 large while
the rest are 50 and 25Mpc3 in size. Table 2.1 lists box sizes and resolutions of the main
simulations that ran till redshift z = 0.

Table 2.1: Box sized and resolutions of the main EAGLE simulations. The colums show
from left to right: simulation box name; comoving box size; number of dark matter par-
ticles (equal to the initial number of baryons); initial baryonic particle mass; dark matter
particle mass; comoving, Plummer-equivalent gravitational softening length; maximum
proper softening length. Note that contrary to convention, box sizes, particles masses and
gravitational softening lengths are not quoted in units ofh" 1

.

Name L N mg mdm #com #prop

[cMpc] [M! ] [M! ] [ckpc] [pkpc]
L025N0376 25 3763 1.81# 106 9.70# 106 2.66 0.70
L025N0752 25 7523 2.26# 105 1.21# 106 1.33 0.35
L050N0752 50 7523 1.81# 106 9.70# 106 2.66 0.70
L100N1504 100 15043 1.81# 106 9.70# 106 2.66 0.70

Although a volume of 100 Mpc can contain many galaxy groups withM200 = 1013 %
1014M! , overdensities of the order of cluster mass (M200 $ 1015), are highly unlikely to be
found in such a small box. Thus, it is di$cult to evaluate the ability of these boxes to
reproduce the physics of galaxies in a full range of environments.

Motivated by the limitations of their boxes, the Eagle team released a set of cosmolog-
ical zoom simulations, called the Virgo Consortium Cluster-Eagle (c-eagle) project. This
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simulation suite consists of zoom simulations centered in the formation of 30 galaxy clus-
ters that lie evenly spaced in the mass range 1014 %1015.4M! . This simulations allow them
to probe environments that are not present in the original periodic EAGLE volumes pre-
sented in (Crain et al., 2015; Schaye et al., 2015).

These zoomed boxes are run using the standard eagle formation model (AGNdT9 cali-
bration) and adopt the same mass resolution (mgas = 1.81# 106M! ) and spatial resolution
(#= 0.7 kpc) as the largest periodic volume of the eagle suite (L100N1504). The resolution
of these zoomed Lagrangian regions allows to resolve the formation of galaxy clusters and
the co-evolution with the ICM, as well as the formation of structures within the ICM and
some of the energetic processes that shape it. To capture possible environmental e!ects
on the clusters, the zoom regions extend around Þve times the virial radius of each object.

2.3.3 Horizon-AGN

Horizon-AGN is a cosmological hydro-dynamical simulation that employs the adaptive
mesh reÞnement Eulerian hydrodynamics code, RAMSES (Teyssier, 2002). The details of
Horizon-AGN , which we only brießy describe here, can be found in Dubois et al. (2012)
and Dubois et al. (2014). The Horizon-AGN simulation is run in aLbox = 100h1 Mpc cube
with a cosmology with total matter density #m = 0.272, dark energy density #! = 0.728,
amplitude of the matter power spectrum' 8 = 0.81, baryon density #b = 0.045, Hubble
constant H0 = 70.4kms" 1 Mpc" 1, and ns = 0.967 compatible with the 7-year Wilkinson
Microwave Anisotropy Probe data (Komatsu et al., 2011). The total volume contains 10243

DM particles, corresponding to a DM mass resolution ofMDM,res = 8 # 107M! , and initial
gas resolution ofMgas,res = 1 # 107M! .

Even if the size of their boxes (" 100 Mpc) is too small to have a valuable statistical
sample of galaxy clusters, Horizon-AGN has interesting proposals specially in the treate-
ment of AGNs, where they recently developed a unimodal model of AGN feedback instead
of the unusually used bimodal approach. They have published various studies on the treat-
ment of the subgrid physics for AGN feedback and how the presence of AGNs changes the
morphology and evolution of galaxies and the ISM (for further information the reader may
check Dubois et al. (2016) and Kaviraj et al. (2017).

2.3.4 IllustrisTNG

The illustrisTNG (Illustris The Next Generation) project is the successor of the original
Illustris simulation (Genel et al., 2014; Sijacki et al., 2015; Vogelsberger et al., 2014) and its
associated galaxy formation model (Vogelsberger et al., 2013; Torrey et al., 2014; Torrey
et al., 2015). It is composed of three simulations run with the AREPO code (Springel,
2010), which employs a tree-PM algorithm to solve PoissonÕs equation for gravity and a
second-order accurate Eulerian Þnite-volume Godunov scheme on a moving, unstructured
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Voronoi-mesh for the equations of ideal magneto-hydrodynamics. The runs start from ini-
tial conditions adjusted to the Planck 2015 results (#! ,0 = 0.6911, # m,0 = 0.3089, # b,0 =
0.0486, ' 8 = 0.8159, ns = 0.9667 andh = 0.67744; at z = 127 till today.

The three simulation volumes TNG50, TNG100, TNG300 were publicly released and
introduced in a series of presentation papers (Marinacci et al., 2018; Naiman et al., 2018;
Pillepich et al., 2018; Springel et al., 2018; Nelson et al., 2019a,b). Updates in the TNG
model with respect to the original Illustris are among others the incorporation of a reno-
vated galaxy formation model, which includes new physics and numerical improvements,
as well as reÞnements to the original model, like the inclusion of a treatment of cosmic
magnetism, following the ampliÞcation and dynamical impact of magnetic Þelds.

The three boxes try to complement each other by enabling studies of various aspects of
galaxy formation. TNG300 covers a volume of 300 Mpc3, and being the largest volume in
the project is targeted to study rare and massive objects such as galaxy clusters. Thanks
to its volume it also provides the largest statistical galaxy sample in IllustrisTNG.

TNG50 covers only 50 Mpc2 but enables a mass resolution a hundred times better than
the one in TNG300 by using 1603 gas cells, with a corresponding baryon mass of 8# 104M! .
It is focused on providing a thorough view of structural properties of galaxies, and small
scale phenomena inside galaxies and their surroundings. Particularly, it is claimed to con-
tain roughly 100 pseudo Milky Way mass-analogs and one massive galaxy cluster with a
mass - 1014M! , a Virgo-like analog, and some group sized halos at 1013M! .

The TNG100 simulation is in the middle of both; it has a volume of 100 Mpc3 and
is targeted to study intermediate mass halos. It uses the same conditions as the original
Illustris simulation (aside from a small shift in the adopted cosmological parameters), and
is supposed to serve as a comparison between the original Illustris (which has been thor-
oughly studied) and the updated TNG model.

For each of the three volumes there are various resolution levels, three for TNG100 and
TNG300 and four for TNG50. The highest resolution realizations, TNG50-1, TNG100-1
and TNG300-1, include 2# 21603, 2# 18203 and 2# 25003 resolution elements, respectively.
As shown in table 2.2, the TNG300 run is performed at a factor of 8 (2) lower in mass
(spatial) resolution when compared to TNG100. These are the typical steps between two
resolution levels in the IllustrisTNG project. Consequently, TNG100-2 is realized at the
same resolution as TNG300, and TNG100-3 corresponds to TNG300-2.

Usually the Illustris team performs renormalizations in their simulations to adjust to
changes supposedly coming from resolution e!ects. However, even with resolution renor-
malizations, each of the volumes has its limitations as well. For example, TNG300 is still

4Data extracted from the IllustrisTNG o!cial webpage: https://www.tng-project.org/about/
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Table 2.2: Box sizes and resolutions for each of the resolution levels of the three ßagship
TNG simulations. The columns show from left to right: simulation box name; comov-
ing box size; number of dark matter particles (equal to the initial number of baryons);
initial baryonic particle mass; dark matter particle mass; comoving, Plummer-equivalent
gravitational softening length; maximum proper softening length.

Name L NDM,GAS mg mdm #z=0
DM,stars #gas,min

[cMpc/h] % [M! /h ] [M! /h ] [kpc] [ckpc/h]
TNG50 (-1) 35 21603 5.7 # 104 3.1 # 105 0.29 0.05
TNG50-2 35 10803 4.6 # 105 2.5 # 106 0.58 0.1
TNG50-3 35 5403 3.7 # 106 2.0 # 107 1.15 0.2
TNG50-4 35 2703 2.9 # 107 1.6 # 108 2.30 0.4
TNG100 (-1) 75 18203 9.4 # 105 5.1 # 106 0.74 0.125
TNG100-2 75 9103 7.6 # 106 4.0 # 107 1.48 0.25
TNG100-3 75 4553 6.0 # 107 3.2 # 108 2.95 0.5
TNG300 (-1) 205 25003 7.6 # 106 4.0 # 107 1.48 0.25
TNG300-2 205 12503 5.9 # 107 3.2 # 108 2.95 0.5
TNG300-3 205 6253 4.8 # 108 2.5 # 109 5.90 1.0

small for studying precision cosmology because it lies below the scale of BAO and also
lacks statistics for halos ofM " 1015M! . At the same time TNG50 is too low in resolution
to resolve ultra faint dwarf galaxies withM! < 105M! , globular clusters, or small-scale
galactic features such as nuclear star clusters.

2.3.5 Our Simulation Suites

2.3.5.1 The Magneticum PathÞnder Project

One of the largest cosmological simulations performed so far belongs to the Magneticum
project (Hirschmann et al., 2014; Steinborn et al., 2016; Dolag et al., 2015; Teklu et al.,
2015; Bocquet et al., 2016; Dolag et al., 2016; Remus et al., 2017; Bellstedt et al., 2018;
De Boni et al., 2018; Ragagnin et al., 2019; Singh et al., 2020; Gal«arraga-Espinosa et al.,
2020; Ragagnin et al., 2021; Bi$ et al., 2021). This simulation set follows the evolution of
up to 2# 1011 particles of dark matter, gas, stars and black holes in a series of cosmological
boxes that range in size from 50Mpc3 to 4Gpc3.

The simulations were performed with an extended version of the N-body/SPH code
GADGET3, which is an update of the aformentioned GADGET-2. GADGET3 uses an
improved Smoothed Particle Hydrodynamics (SPH) solver for the hydrodynamic evolution
of gas particles presented in the paper by Beck et al. (2015). A complete explanation of
the treatment of radiative cooling, heating, ultraviolet (UV) back-ground, star formation
and stellar feedback processes can be found in Springel (2005). An overview of the im-
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plementation of radiative cooling, stellar and AGN feedback is presented in appendix B
. Cooling follows 11 chemical elements (H,He,C,N,O,Ne,Mg,Si,S,Ca,Fe) using the publicly
available CLOUDY photo-ionisation code (Ferland et al., 1998). A detailed description
of BH seeding and growth and some further details on AGN feedback can be found in
Hirschmann et al. (2014).

Galaxy haloes and sub-haloes are identiÞed using a version of SUBFIND Springel et al.
(2001a), adapted by Dolag et al. (2009) to include the baryon component. This SUBFIND
version additionally computes the values ofM200 and M500 that are used in this work. The
boxes belonging to Magneticum assume a cosmological model in agreement with WMAP7
results Komatsu et al. (2011), with parameters, #m,0 = 0.272, H0 = 70.4kms" 1km" 1,
n = 0.963, ' 8 = 0.809 and a baryonic fraction of 16.8%.

An overview of the di!erent Magneticum simulations is presented in table 2.3. In this
work in particular we used Box0/mr to follow the most massive haloes (M $ 1015M! ),
Box2b/hr to follow haloes within an intermediate mass range (1013M! & M & 1015M! ) and
Box4/uhr to follow haloes with masses in the galaxy range (5# 1010M! & M & 1013M! ).
A general overview of the di!erent boxes in the Magneticum simulation is presented in
Þgure 2.5. Figure 2.6 shows a visualisation of the second largest cosmological simulation
(Box2b/hr).

The detailed description of baryon physics in Magneticum simulations is capable of
matching several observed properties of galaxies and their haloes. Some examples are the
speciÞc angular momentum for di!erent morphologies (Teklu et al., 2015); the mass-size
relation (Remus et al., 2017; van de Sande et al., 2018); the dark matter fraction (see
Þgure 3 in the paper by Remus et al., 2017); the baryon conversion e$ciency; kinematical
observations of early-type galaxies (Schulze et al., 2018); the inner slope of the total mat-
ter density proÞle (see Þgure 7 in the paper by Bellstedt et al., 2018), the ellipticity and
velocity over velocity dispersion ratio (van de Sande et al., 2018), among many others.

The Magneticum Project has been used extensively also to help interpreting observa-
tional results, like the SZ data from PLANCK (Planck Collaboration et al., 2014) and SPT
(McDonald et al., 2014) and to predict cluster properties from mock X-ray emission for
future projects such as Athena and Astro-H (Bi$ et al., 2012). The Magneticum boxes
have been also used to produce the Þrst mock observations for the eRosita cluster working
group and the Athena+ white book. Other important achievements are related to the study
of the properties of the ICM (Dolag et al., 2016) and the prediction of multi-wavelength
properties of AGNs (Hirschmann et al., 2014; Steinborn et al., 2016).

The careful treatement of all relevant physical processes enabled the morphological clas-
siÞcation of galaxies and the Þrst study of their dynamical properties according to their
shape Teklu et al. (2015). The enormous dynamical range available thanks to the combi-
nation of various resolution levels and cosmological volumes has helped with calibrating



2.3 Cosmological Simulation Suites 43

the cosmological function based on hydro-dynamical simulations to the high level required
by future cosmological probes (Bocquet et al., 2016).

 Figure 2.5: Overview of the di!erent boxes in the Magneticum PathÞnder project, going
from Gpc scales into galaxy clusters at Mpc scales and further till kpc scales to visualize
cluster galaxies

.Source:http://www.magneticum.org/media.html

http://www.magneticum.org/media.html%20
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 Figure 2.6: Visualization of Box0/mr from the Magneticum simulation set. The region in
the picture spans a total length of 3800 Mpc, and contains (atz = 0) a total number of
1.86 # 1011 dark matter, gas, star and BH particles. In the picture we observe the gas
Þlling the space between galaxies, color coded according to its temperature (cold=brown,
hot=light blue), together with the galaxies and stars forming in the simulations (color
coded in white)

.Source:http://www.magneticum.org/media.html

The web portal 5 allows the user access to a subset of the full Magneticum Simula-
tion Set. In the data center 28 outputs of Box2/hr and the larger Box2b/hr (see table
2.3 for further details in the boxes) are available. For each cluster there are some useful
pre-computed quantities available, that allow the user to select objects in commonly used
categories, like fossils or compact objects.

5http://www.magneticum.org

http://www.magneticum.org/media.html%20
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 Figure 2.7: Visualizations of Box2b/hr from the Magneticum simulation set. The upper
panel shows a region spanning a total length of 1000 Mpc. Atz = 0.2 the region contains
a total number of particles of 5.4# 1010, where we counted DM, gas, star and BH particles.
Visualized is the gas that Þlls the space between galaxies, color coded according to tem-
perature (cold=brown, hot=light blue), and galaxies and star-forming regions (colored in
white). The lower panel shows a closeup look into the most massive cluster formed within
the simulation.

Source:http://www.magneticum.org/media.html

http://www.magneticum.org/media.html%20
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Table 2.3: Set up of the three main Magneticum boxes used during this work. From left
to right we Þnd: the box size, the total number of particles, the mass of each dark matter
particle, the initial mass of gas particles, the gravitational softening length of both dark
matter and gas, and the gravitational softening length of star particles

.

Name L N mdm mg #DM,gas #!

[Mpc/h] [M ! /h ] [M! /h ] [kpc/h] [kpc/h]
Box4/uhr 48 2 # 5763 3.6 # 107 7.3 # 106 1.4 0.70
Box2b/hr 640 2# 28803 6.9 # 108 1.4 # 108 3.75 2
Box0/mr 2688 2# 45363 1.3 # 1010 2.6 # 109 10 5

2.3.5.2 Dianoga and the Compass Set

Dianoga is a cosmological simulation carried out also with the SPH code GADGET-3 (Ra-
sia et al., 2015; Planelles et al., 2017; Bi$ et al., 2017; Bi$ et al., 2018; Ragone-Figueroa
et al., 2018; Bassini et al., 2020). It followed 10243 DM particles within a box of comoving
side of 1h" 1 Gpc, with h the Hubble constant in units of 100km s" 1Mpc" 1. The cosmo-
logical model assumed is a ßat one, with #m = 0.24 for the matter density parameter,
# bar = 0.04 for the contribution of baryons, H0 = 72kms" 1Mpc" 1for the present-day Hub-
ble constant,ns = 0.96 for the primordial spectral index and' 8 = 0.8 for the normalization
of the power spectrum.

Due to its big volume the Dianoga simulation contains various massive (M200 " 1015M! )
galaxy clusters, which enable a meaningful theoretical study of these rare structures. From
this cosmological box the 24 most massive clusters (M200 $ 8 # 1014h" 1M! ) were selected
together with 5, randomly chosen, smaller objects (1# 1014 & M200 & 4 # 1014h" 1M! ).
These 29 Lagrangian regions where resimulated as zoom simulations, increasing mass res-
olution and adding the relevant high frequency modes of the power spectrum to build the
appropriate initial conditions (see Tormen et al., 1997; Bonafede et al., 2011; Ferragamo
et al., 2020) This set of resimulated massive galaxy clusters is what we call the Compass set.

Outside the highly resolved regions the masses of particles increase with increasing dis-
tance to the target halo, so that the computational e!ort is concentrated on the region of
interest without missing environmental and large-scale tidal e!ects. We take special care
in testing our simulations and shaping them in such a way that no low-resolution particles
contaminate the central zoomed-in region as this can strongly disrupt the real shape of
the highly resolved structures. We select a clean region of 5 virial radii so that the area is
su$ciently large to contain more than one interesting non-contaminated massive halo.



2.3 Cosmological Simulation Suites 47
 

Figure 2.8: Visualization of the gas in 24 Lagrangian regions of the Compass set atz = 0.
The gas is color coded according to the X-ray surface emission following the values of the
color bar (Bonafede et al., 2011)

The initial conditions for the complete hydrodynamical simulations are generated by
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splitting each DM particle within the high resolution region into two particles, one rep-
resenting DM and the other representing the gas component, with a mass ratio that re-
produces the cosmic baryon fraction. The mass of each DM particle is thenmDM =
8.47# 108h" 1M! and that of the gas particles ismgas = 1.53# 108h" 1M! . The simulations
are then run using the GADGET-3 code just like the parent simulation. The gravita-
tional force has an adaptive softening, with a Plummer-equivalent softening length Þxed
to #= 5h" 1 kpc in physical units for z & 2 and Þxed in comoving units forz $ 2.

One of the interesting features of these set is that these zoom simulations can be run
with di!erent prescriptions for the subgrid physics. The Þrst set of hydrodynamical runs
was performed with a simple prescription for star formation and for stellar feedback and
with the gas radiative cooling model presented in section 2.1.5, equation 2.3. The second
set of runs was performed adding a prescription for stellar evolution and a more complex
stellar feedback that considered the two di!erent types of supernovae and AGB yields (fur-
ther details are presented by Dolag et al., 2017). Radiative cooling rates were computed
by following the same procedure as presented by Wiersma et al. (2009). The contributions
to cooling from each one of 16 elements (H, He, C, N, O, Ne, Mg, Si, S, Ca, Fe, Na, Al, Ar,
Ni, Ej; where Ej stands for the sum of all metals that are not treated individually) were
precomputed using the publicly available CLOUDY photoionization code (Ferland et al.,
1998) for an optically-thin gas in (photoionization) equilibrium.

Table 2.4: Resolutions available for the Lagrangian regions of the Compass set with the
corresponding DM masses and particles softenings

.

Resolution mDM [M! /h ] Particle Softening (gas, DM, stars, BH)
1x 8.3 # 108 3.75 / 11.25 / 1.0 / 1.0
10x 8.3 # 107 1.4 / 4.2 / 0.35 / 0.35
25x 8.3 # 107 1.0 / 1.0 / 0.25 / 0.25
250x 3.3 # 106 0.48 / 0.48 / 0.12 / 0.12
2500x 3.3 # 105 0.22 / 0.22 / 0.054 / 0.054

To provide a subresolution description of the interstellar medium, gas particles in re-
gions above a certain density threshold are treated as multiphase as presented by Springel
and Hernquist (2003). Stars of di!erent masses, distributed according to a Chabrier initial
mass function (Chabrier, 2003) release metals over a timescale that is determined by their
mass-dependent lifetimes taken from Padovani and Matteucci (1993). Stellar feedback
contributes to metal enrichment of the ICM by type Ia and type II SNe and low and inter-
mediate mass stars (Tornatore et al., 2007). SNeII also contribute to the kinetic feedback
according to the scheme presented by Springel and Hernquist (2003), where a star particle
is assigned a probability to be uploaded in galactic outßows, which is proportional to its
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star formation rate.

The third set of simulations adds on top of these prescriptions the e!ects of BH growth
and AGN feedback. Following the current understading, where the released energy of
AGNs results from the accretion of gas onto SMBHs, BHs in our simulations are described
as sink particles, that grow in mass by accretion of gas or by merging with other BHs. The
accretion of gas proceeds at the Bondi rate, and is artiÞcially capped by the Eddington-
rate. Our AGN model is bimodal, having an e$ciency of#f = 0.1 in the ÔradioÕ mode and
#f = 0.4 when the AGN enters the quasarÕ mode (e.g. Sijacki et al., 2007; Fabjan et al.,
2010b). The energy radiated by the BH corresponds to a fraction of the rest-mass energy
of the gas accreted, and consequently when radiating the mass of the BH decreases by the
corresponding amount. A more detailed mathematical description of the subgrid physics
of the Compass Set can be found in appendix B. The identiÞcation of structures and their
tracking through di!erent outputs proceeds identically as with the Magneticum Project
with the use of the halo Þnder SUBFIND (Springel et al., 2001b; Dolag et al., 2009) and
the building of merger trees.

One of the main advantages of zoom simulations compared to full cosmological boxes is
that zoom simulations can be resimulated at increasing resolutions using reasonable time
and computational resources. Being 1x the resolution of the parent simulation DIANOGA
the simulations can be rerun at 10x, 25x, 250x and 2500x times the original resolution.
A detailed description of resolutions, DM masses and particle softenings can be found in
table C.1.

During this work we performed a Þrst thorough study of the Lagrangian regions be-
longing to the Compass Set at 1x resolution with di!erent physical prescriptions, analyzing
the possible e!ect of our subgrid physics on the evolution of the cluster and protocluster
population as well as in the galaxy properties and SFR at high redshifts.
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Chapter 3

Results

3.1 Structure and Evolution of a Simulated Cluster

If we want to study the evolution of simulated galaxy clusters through time, we need to be
able to identify the structures we are interested in and then associate the Þnal structure
with the material that merged or was accreted to form it. In the following section we will
explore the cluster morphology from its protocluster stage to its Þnal virialization, and we
will discuss some of the problems that can arise when trying to identify these structures
in simulations.

3.1.1 General Cluster Morphology

In Þgure 3.1 we see thex-y projection of the evolution of the dark matter component of
a protocluster at z " 5 evolving into a massive galaxy cluster ofM " 1015 M! at z " 0,
where we excluded from the plot all particles that will not be part of the Þnal structure.
The overdensities identiÞed by the halo Þnder SUBFIND are sign-posed in green, with
the number corresponding to their ranking in virial mass calculated with the Spherical
Overdensity method.

At z " 5 we encounter a structure that lacks the presence of a massive virialized halo.
Instead, matter is arranged forming a web with Þlaments and nodes, on which the most
massive overdensities sit. This is already the protocluster stage of the collapse. Overdensi-
ties accrete from the Þlaments growing in mass, so that atz " 3 we see denser nodes and a
much more pronounced Þlamentary structure. Atz " 2 the most dominant structures have
already formed. The blue and green circles show an estimate of the correspondingR200

and Rvir performed by SUBFIND. These overdensities will continue growing by accreting
from the surroundings and some of them will even su!er mergers with the overdensities
that encircle them. This way, we encounter very outstanding overdensities atz " 1, two
of which will su!er a major merger beforez " 0.5. All three remaining halos will merge
forming a single massive overdensity already atz " 0.25.
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z = 5.0 z = 3.0

z = 2.0 z = 1.0

z = 0.5 z = 0.25

Figure 3.1: x-y projections of the evolution of the dark matter component of the proto-
cluster in the Compass Lagrangian region g7358274 fromz = 5 till z = 0.25. All particles
not belonging to the Þnal cluster where excluded. The numbers sign-posed in green on
top of the structure mark the overdensities identiÞed by out halo Þnder SUBFIND. The
upper panels show the Þlamentary structure of the protocluster, lacking any virialized
massive halo as expected in the hierarchical structure formation at high redshifts. The
middle panels show the formation of four bigger halos by accretion through Þlaments and
by merges between small overdensities. The blue and green circles showR200 and Rvir from
SUBFIND. In the third panel we see how some of the halos already merged and the ones
remaining will merge beforez = 0.25.
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Figure 3.2 presents a closer look into the three projections of the Lagrangian region at
z " 0.5. From the plots we can infer that the merging process took place in two steps, Þrst
with a major merger between halos 1 and 2 and Þnally with another merger between the
resulting overdensity and halo 0.

Figure 3.2: All three projection of the cluster region in g7358274 atz = 0.5. Due to the
geometrical placement of the overdensities it seems plausible that the merging of took place
Þrst between halos 1 and 2 and Þnally with halo 0.

During this process of mergers and accretion the protocluster shrank from" 4.0cMpc
to " 1.0cMpc and the virial mass of the most massive halo increased from 6.27# 1013 M!

at z = 3.0 to 1.138# 1015M! at z = 0.5. At even lower redshifts the large scale-structure
surrounding the cluster appears to stabilize due to the increased expansion rate. Atz ! 0
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we Þnd a virialized galaxy cluster of 1.5 # 1015M! .

!

"

z = 3.0 z = 2.0 z = 1.0

Figure 3.3: Evolution of the cluster in g7358274 as in Þgure 3.1 but with the gaseous
(in red) and stellar (in yellow) components added on top. We can visualize how the
baryonic component follows the DM potential wells already at high redshifts (see left
panel), steepening the potential wells of DM. Gas clouds cool in overdense regions and
thus stars are formed mainly in the nodes between crossing Þlaments.

When adding the gaseous component to a cluster, this will follow the DM structure
early on (see Þgure 3.3), steepening the potential wells of DM (Borgani et al., 2002).
Clearly, gravity dominates the evolution of all components of large scale structures. This
explains how purely gravitational approaches, like the scaling relations presented by Kaiser
in the 80s (Kaiser, 1986), have survived the pass of time reasonably well, even if we know
that baryons are responsible for the breaking of these relations. During in-fall into the
potential wells of DM, gas radiates and thus cools. If the density is high enough, gas
clouds will collapse and form stars. Even if atz " 3 the amount of produced stars is still
low, at z " 2 almost all remarkable overdensities have a non negligible number of stars
in their core. This points to a high star formation rate at z " 3 % 2. At z " 1, it is
clear that all the main halos have a high stellar content, thus we can expect that the re-
sulting halo from the low redshift mergers will also have a reasonably high amount of stars.

In Þgure 3.4 we have a closer look at the evolution of the cluster at lower redshifts.
In the Þrst and second panels we see the structure of the main halo, which already has a
central galaxy, i.e. a BCG, surrounded by satellites. This halo seems to be approached
by another one, that being more poor only contains his own central galaxy. This central
galaxy is surrounded by a smaller number of halos than its counterpart and dominates
clearly the star formation. At z " 0.1 both halos have come closer together and the
merging is imminent. Meanwhile in halo 0 the BCG continues growing through galactic
cannibalism. If we look closely, we can observe how smaller satellites that surround the
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BCG sink into the cluster center due to dynamical friction and tidal stripping. Finally,
at z " 0 both halos collide. The central galaxy of the smaller halo passes through halo 0
producing a tidal arm that connects it with the BCG of the main halo. In the last panel
of Þgure 3.4 we present the situation after the Þrst passage, where the dark matter and
gas content of the smaller structure, circled with a dotted line, have almost completely
merged. The stellar content is stepping back again towards the center of the cluster and
we can expect it to merge in the future with the central BCG.

!

!

"

z = 0.1

z = 0.25

z = 0.0

z = 0.25

Figure 3.4: Closer look into the evolution of the cluster in g7358274 at low redshitfs,
0.25 $ z $ 0. The upper panels show the structure of the main halo, with itsRvir and
R200 plotted in the left Þgure as green (black in the right panel) and blue circles respectively.
The lower panels show the merging event between two overdensities. After the crossing
the approximate location of the smaller halo is circled with a dotted line.
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z = 0.0

z = 0.0z = 0.0

z = 0.0

Figure 3.5: Projections of the internal structure of the main cluster in the region g1483463.
In the upper left panel the green and blue circles representRvir and R200 as calculated by
SUBFIND. In the rest of the Þgures the black circle stands forRvir . The internal structure
of this cluster does not show a dominating central galaxy but a chain of similar mass
galaxies in the ranges 1011 % 1014M! . These are in turn surrounded by smaller satellite
galaxies lying all over the cluster halo.

The Þnal halo is a virialized structure with a central bright galaxy that most probably
dominates star production (see section3.3.3 for a more detailed discussion) and that, with-
out further disturbances, is expected to slowly accrete its surrounding galaxies. However,
this is not necessarily the case for all clusters of galaxies at low redshifts. As we mentioned
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in the introduction, galaxy cluster evolution is a process that takes place at all redshifts,
and thus we can Þnd a wide variety of morphologies and internal dynamical structures.
For example, the Lagrangian region g1483463 pictured in Þgure 3.5 lacks a dominant BCG
at the cluster center. In turn, it contains a chain of galaxies of similar mass surrounded
by smaller satellite galaxies all over the cluster. Similar to the case of the Virgo cluster
(see Þgure 1.3), here we also have a cluster in assembly, that clearly cannot have reached
virialization (see discussion in section 1.2)).

!

z = 3.0 z = 2.0

z = 1.0 z = 0.5

Figure 3.6: x-y projection of the Lagrangian region g7263961 fromz = 3.0 % 0.5. DM
particles belonging to the cluster are plotted in blue, while gas is plotted in red and stars
in yellow. The background universe dark matter structure is plotted in black. The evolution
of this region gives as a result a family of proto-clusters co-evolving in a volume of length
" 40 cMpc.
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!

z = 0.1 z = 0.1 z = 0.1

Figure 3.7: Projection of the clusters in region g7263961 atz = 0.1. The structures are
already collapsed and compact although they are still connected by Þlaments and a future
merger between clusters seems inevitable.

In the previous examples we showed clusters that evolve in isolation. Nevertheless,
clusters may also evolve in a region surrounded by other clusters of similar masses. This
is the case of the Lagrangian region g7263961 (see Þgures 3.6 and 3.7). Here the initial
Þlamentary structure collapses into several co-evolving galaxy clusters with 1014M! %1015

M! Þnal masses. The Þlamentary accretion of clusters can be clearly seen in Þgure 3.6. The
collapse of clusters is far away from spherical, it has a clear accretion path determined by
the Þlamentary structure formed by DM at high redshifts and visible already atz " 3. At
low redshifts the clusters coexist in an overdense environment, while still accreting from the
surroundings through Þlaments, some of which have an extension of more than 10 cMpc.
It is clear that in the hierarchical picture, cluster and galaxy growth departs strongly
from spherical symmetry, showing very di!erent geometries and internal conÞgurations.
This increases the complexity of this massive structures and makes them one of the most
interesting building blocks of our Universe.

3.1.2 Possible Errors in SUBFIND

As was pointed out in section 2 of this work, SUBFIND is a very useful tool for the
post-processing of data in cosmological simulations. Using the FoF and the SO methods,
SUBFIND allows us to detect halos and to assign them corresponding masses and radii.
However, as with any other simulation tool, we have to be careful with its blind spots, so
that its errors do not drive us to unphysical conclusions. In the following, I will present
di!erent errors that we found in our current version of SUBFIND and di!erent ways to de-
tect them. Many of the errors were only observed in the parallel version of SUBFIND, thus
even if tedious, it may be worth for the user to adjust the memory when post-processing
so that SUBFIND runs in serial mode through all snapshot Þles. In any case, it is strongly
recommendable to be conscious about the possible problems that may arise.
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Maybe one of the most common and well known errors that SUBFIND may perpetrate
in parallel as well as in serial mode, is the uniÞcation of two halos into one single structure
(see Þgure 3.8). This error arises when two structures are close together prior to or in
the process of merging. We can detect that this is happening by visual inspection of the
Lagrangian region, or when plotting masses or radii of the structures through redshift. If
suddenly a halo is identiÞed as being part of another structure, we will see a sudden change
in the cluster mass vs time relation that cannot be related to a physical merger, but is
clearly a numerical artifact. An example of such a situation is shown in Þgure 3.9a. As this
error is inherent to SUBFIND and the FoF method, there is not much that can be done
about it. The user may try to circumvent the error by taking mass and radii estimates
of other snaps or by jumping the a!ected snaps when building the merger tree (see Þgure
3.9b).

!May misidentify position, radius and mass of main halo - g1680

UniÞcation of two halos into one by FOF

a b

Figure 3.8: Visualization of the three clusters of region g1212639 with an erroneous cluster
detection at the left and a correct cluster detection at the right. Due to the slow merger
between halos 0 and 1, SUBFIND detects them as one single structure, taking for the
center of the combined halo the position of the most massive bound particle in cluster 0.
It assigned cluster masses and radii very similar to the ones of cluster 0 alone. The right
panel shows the SUBFIND cluster detection one snapshot before, where it clearly detects
three distinct halos.

Another error that we may encounter is the misidentiÞcation of the position, radius
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and masses of halos. This problem was detected only when running SUBFIND in parallel
and it was found to a!ect the most massive halos of several Lagrangian regions. We may
have only detected this in the most massive halos because their larger masses and radii
make the error more obvious or maybe because SUBFIND only makes this mistake in the
deepest potential wells of the zoomed region. This can be seen though visual inspection
(see Þgure 3.10), or when plotting mass quantities or radii through time. Although possi-
ble, it is uncommon that this error arises in all the subÞles of a simulation. Thus, we will
have some Þles with reasonable masses for our halos, while other will have too low masses.
Therefore, when plotting the evolution of stellar, gas or total masses through redshift we
may encounter a wiggling similar to the one shown for the black line in Þgure 3.11.

The FoF group seems to be detected correctly, while the cluster center and its corre-
sponding radius and mass are not. This may have to do with an error in the SO imple-
mentation of SUBFIND in parallel mode. A possibility would be that the most bound
particle is not detected correctly and thus the radii and masses are estimated erroneously
by the SO method. This error may be more di$cult to detect in cases where we have a
structure that for some reason has two deep potential wells (i.e., after a recent merger).
In that case, the change in mass and radius will probably not be outstanding enough to
result suspicious. The only way to detect this misidentiÞcation is by visual inspection. As
an example we can see the panels presented in Þgure 3.12.

!
Missing a cluster and identifying two clusters as one. Can be seen very well when observing the mass evolution of different 
clusters over time. Its an artiÞcial merger not a real one.

a b

Figure 3.9: Visualization of the mass evolution of three halos through the di!erent simu-
lation snapshots. In the left panel we see a sudden unphysical jump in the mass of halo 1
towards the mass of halo 0. This mass history was calculated wrongly by the merger tree
due to a previous miss-identiÞcation of SUBFIND. In the right panel we show the result
of jumping the a!ected snapshots when walking the tree.
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!May misidentify position, radius and mass of main halo - g1680

UniÞcation of two halos into one by FOF

a b

a b

Figure 3.10: Left and right panels show the three projections of the same Lagrangian region
at same redshift, but with a wrong and a correct halo position identiÞcation of the most
massive cluster. The corresponding radius and mass of the cluster is also a!ected by this
error.

!
Missmatch of the true main cluster - because for some reason the most bounded particle is somewhere else

We can also intuir that something is wrong with subÞnd if we observe weird behaviours in other plots like:

MissidentiÞcation of radius and mass of the clusters in some snaps.

Figure 3.11: Normalized (left panel) and total (right panel) stellar mass evolution through
redshift. The most massive halo (black line) su!ers a wiggling due to the miss-identiÞcation
of the halo center and consequently underestimation of its radius and mass.
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!
Missmatch of the true main cluster - because for some reason the most bounded particle is somewhere else

We can also intuir that something is wrong with subÞnd if we observe weird behaviours in other plots like:

MissidentiÞcation of radius and mass of the clusters in some snaps.

Figure 3.12: MisidentiÞcation of the center of a halo in the process of merging with another
massive structure. As the masses and radii of both overdensities are of the same order of
magnitude, the error can get overlooked unless we perform a visual inspection.

!
SubÞnd possible errors.

May not identify the most massive halo  - g14

May not identify the most massive halo  - g56

a b

Figure 3.13: Both panels show the same Lagrangian region at same redshift. In the Þgure at
the right SUBFIND was runned in serial mode and detected the three main overdensities.
In the left panel we runned SUBFIND in parallel mode and it ignored the existence of the
most massive halo.
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An even worse situation arises when SUBFIND does not detect the existence of a halo
at all (see Þgure 3.13). Again, this error was detected only in the parallel version and
seemed to a!ect solely the most massive halo in the Lagrangian regions. In this case, there
were no particles assigned to this structure and also no radii or masses available. The
reason for this behaviour is unknown. The only solution found to this problem in the time
of submission of this work is forcing SUBFIND to run in serial mode.

3.1.3 Following a cluster evolution through time: Merger Trees

The construction of merger trees is fundamental to relate our simulated galaxy clusters
with their progenitors at high redshifts, and thus being able to have an accurate descrip-
tion of their forming history. To study the mass evolution of our clusters we looked at the
main branch of the cluster, i.e. the lineage with the highest cumulative mass. To do so, we
used Þrst the pointer ÔÞrst progenitorÕ that brings us to one of the progenitor substructures
(but not necessarily the most massive one) and then the pointer ÔÞrst halo in FoF groupÕ,
that carries us to the most massive of these progenitor subhalos. By doing this, we can
keep track of the mass history of the clusters in our simulations.

!

Could show di " erent merger trees 
with di " erent halos that I showed 
before in 1.1.1a#
use plot_tree_new.pro Òtest_newÓ 

Major merger and shows how accretion can make 
the halo gain a lot of mass.
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Figure 3.14: Evolution of virial masses through redshifts for the clusters in the Lagrangian
regions g0272097 (left panel) and g1212639 (right panel). In both Þgures we observe several
surpassings between halos. Some protoclusters with a higher mass rank at high redshifts
end up as clusters with a lower mass rank at lower redshifts. Examples are halos 3 and 5
in the left panel and halos 1 and 2 in the right panel.
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For example, Þgure 3.14 shows the virial mass evolution of the six galaxy clusters in
region g0272097 and the three galaxy clusters in region g1212639. Interestingly, we ob-
serve how structures do not necessarily grow in a completely hierarchical way, meaning
that massive protoclusters at high redshifts may end with a lower mass atz " 0 than their
originally less massive counterparts, and viceversa. This happens i.e., for clusters 3 and 5
in Þgure 3.14a and for cluster 3 in Þgure 3.14b.

With our merger trees we can also study the merging and accretion histories of each
of the clusters in our zoomed Lagrangian regions. For example, Þgure 3.16 presents the
evolution of the most massive halo of region g1212639 atz = 0 ( M = 1.5# 1015M! ). Each
of the points represents an overdensity of certain mass. The displacement of the points
at each redshift shows the mass growth of the corresponding structure due to the events
happening in the previous redshift plotted. This tree in particular shows a major merger
at high redshifts between two small halos and a posterior more massive major merger that
establishes the lower redshift structure of the cluster, which will continue growing in mass
by accretion of the surrounding small overdensities and remaining material.!

G7263961

history of halo 0 - there is a minor merger en el tercer escalon 
desde abajo

z=0.1

z=0.25

z=0.5

z=1

z=2

z=3

z=5

z=0

Figure 3.15: Merger tree of the most massive Þnal halo in region g7263961. The rectangle
points to a major merger between two halos happening simultaneously to a couple of minor
mergers, all beforez " 0.5. Afterwards the structure grows mainly by accretion although
some further minor merges are also present.

Something similar happens with the most massive cluster in g7263961 (M = 1.6 #
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1015M! ; see Þgure 3.15) that su!ers a main major merger atz = 0.5 happening together
with two minor mergers. For the second most massive cluster in that Lagrangian region
(see Þgure 3.17; M" 1 # 1014M! at z = 0) we Þnd various major mergers atz = 1 and
z = 0.5 and a Þnal minor merger atz = 0.25. As these structures are surrounded by many
other clusters atz = 0, we do not expect them to relax in isolation but they will probably
evolve further by major and minor mergers, that will produce shocks and enhance star
formation inside them in the future.

The isolated cluster located in the Lagrangian region g7358274 su!ers various major
mergers atz = 5 and a simultaneous major and minor merger atz = 0.5, as portrayed
in Þgure 3.18. Then it continues growing through accretion of the surrounding medium,
forming a 1.5 # 1015M! galaxy cluster atz = 0.

Figure 3.19 shows the evolution of the most massive halo in g0272097. In this case, the
halo grows mainly through minor mergers and accretion. Atz = 5 a halo is formed by a
major merger between two overdensities. Atz = 0.25 this halo su!ers a multiple minor
merger and ends up forming part of the bigger structure that conforms cluster 0 atz = 0.
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Figure 3.16: Merger tree of the most massive Þnal halo in region g1212639. In rectangle
a we see a major merger between two small halos while rectangle b shows another major
merger at lower redshifts with higher mass halos. The resulting structure keeps growing
though accretion of the surrounding medium fromz " 0.5 on.
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G7263961 (halo 2)

Figure 3.17: Merger tree of the second most massive cluster in the highly populated La-
grangian region g7263961. Rectangle a points to a major merger between to halos produc-
ing a structure that will again su!er a major merger leading to a galaxy cluster atz " 0.25
that will keep growing though a minor merger with a less massive halo and slowly relax
till it z " 0.
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Figure 3.18: The merger three of the isolated cluster in g7358274 shows many interesting
interactions between high redshift halos, like i.e. the major merger atz = 3, highlighted by
rectangle a. Other minor and major merges construct the structures that merge atz " 0.5
forming the main structure of the galaxy cluster, that will continue growing though some
very small minor merges and through accretion forming a Þnal halo of 1# 1015M! .
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Figure 3.19: The most massive halo in region g0272097 shows some high redshift major
mergers (atz = 3 and z = 1) and low redshift minor mergers and accretion, as pointed
out by the rectangle atz = 0.25.

3.2 General Cluster Sample Study

We started by performing a study of the complete (proto)cluster sample (see appendix C
for further details) at 1x resolution with the simplest hydrodynamical subgrid prescription,
which includes radiative cooling and star formation (further details can be found in ap-
pendix B). We focused this Þrst study on scatter relations between masses of the complete
(proto)cluster region at di!erent redshifts, as well as stellar content of the cluster and its
central galaxy, the number of substructures and SFR values.

The Þrst relation we studied was the scatter between the mass at high redshifts,z = 5,
and the Þnal mass of the cluster atz = 0 (see Þgure 3.20a). We found a very loose cor-
relation between both quantities, showing us that the high redshift mass of protoclusters
is not a good proxy for Þnal masses of clusters of galaxies. This result is of high im-
portance, as observations often rely on their mass estimates to declare an observation a
protocluster candidate, and to relate these candidates with clusters of galaxies observed at
z = 0. In our sample, however, this relation between protocluster and cluster masses is not
direct and thus gives us a reason to doubt about the Þdelity of these kind of extrapolations.
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 a  b

 c  d

e f

Figure 3.20: Scatter plots of the total masses, stellar masses and SFRs of the clusters in
the simple runs of the Lagrangian regions of the Compass set. Points with same symbol
and color are clusters belonging to the same Lagrangian region. The circled symbols are
the clusters belonging to the Lagrangian region g1212639, which will be further analyzed
in the next section.
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Figure 3.21: Scatter plots for the simple runs of all Lagrangian regions in the Compass set.
The symbols description is identical to the one of Þgure 3.20.

The total stellar mass and SFRs at high redshifts do not show any clear correlation
with the Þnal cluster mass (as shown in Þgures 3.20b and d), although the total BCG high
redshift stellar mass does show a loose correlation with it (see Þgure 3.20c). As the BCGs
in our simulations are the main galaxies lying in the centers of our clusters, this correlation
may be tightly related to the one in Þgure 3.20a, so that more massive high redshift BCGs
have a higher stellar content and at the same time some of them belong to more massive
protoclusters, thus being slightly more prone to end up in higher mass galaxy clusters at
z = 0.

In panel e of Þgure 3.20 we studied the relation between the richness of protoclusters
and clusters of galaxies, Þnding a slight correspondence. In general, there is a tendency for
richer protoclusters to end up being richer galaxy clusters and viceversa. A high number
of galaxies in clusters generally means also a higher number of galaxy-galaxy interactions
like crossings and mergers that will enhance astrophysical processes like star formation.
Thus, in view of this results we expect that richer protoclusters will su!er more energetic
events that may produce starbursts all the way till their virialized cluster stage.

The SFR at z = 5 does not seem determine very strongly the Þnal stellar mass of galaxy
clusters (see Þgure 3.20f), which may lead us to the conclusion that the peak of SFR in
our simulations at this resolution lies somewhere at lower redshifts (somewhere between
z = 4 and z = 3 depending on subgrid physics, as we will see in the following sections).

Figure 3.21 shows relations of quantities of our clusters at same redshift (z = 5 for
panels a and b andz = 0 for panel c). While the high redshift SFR does not seem to
be related to the Þnal mass, there is a strong correlation of this quantity with the high
redshift cluster mass, meaning that higher mass clusters have higher stellar production.
This makes sense, as higher mass clusters are expected to have a higher gas mass content
and thus can have higher rates of star formation.
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The stellar content of our simulated BCGs at low redshifts is clearly inßuenced by the
total mass of the cluster, mimicking observations, like the ones reported by Gonzalez et al.
(2013) and reproduced in Þgure 3.21c. This Þgure exhibits a heavy weight of central BCGs
in the stellar content of galaxy clusters, as they have grown enough by merging and galactic
cannibalism to be the dominant galaxy in the cluster. This relation, even if not as tight,
can be found also in the high redshift case in Þgure 3.21b, where we see that high mass
clusters have also BCGs with higher stellar mass, specially in the high mass end.

3.3 Varying Subgrid Physics Prescriptions: A Case Study

In order to make a study on the e!ect of our subgrid physics in galaxy (proto)cluster for-
mation and evolution in our zoom simulations, we chose one Lagrangian region and ran the
simulation with three di!erent prescriptions for the subgrid physics, i.e. a simple run with
radiative cooling and star formation, a second one with stellar evolution and a detailed SN
feedback, and a third run adding AGN feedback (further details on the subgrid physics
can be found in section 2 and appendix B).

To do this, we chose the Lagrangian region g1212639, which has in its high resolu-
tion region three clusters with Þnal massesM0 " 1.5 # 1015M! , M " 3 # 1014M! and
M " 1.2 # 1014M! (slightly varying with subgrid physics). This constitutes a massive
enough sample to be representative of the observed high mass cluster population. These
set of clusters are the ones circled in the relations presented in section 3.2. Some of the
interesting features that made us choose this Lagrangian region are the high Þnal mass of
the most massive halo of the region, as well as the high stellar mass of its BCG at high
redshifts and high SFR (see panels a, c and d of Þgure 3.20 and Þgure 3.21).

3.3.1 Mass Evolution

First we looked at the mass evolution of the three clusters through redshift for the three
di!erent subgrid physics prescriptions. The results are shown in Þgure 3.22. Interestingly,
the mass evolution of the clusters does not change signiÞcantly when changing our subgrid
physics. Final masses may be slightly higher in the run with detailed SNe prescription and
lower in the run with AGN comparing with the simple test run, specially for halo 1 and 2.
In Þgure 3.22c we see how halo 0 and 2 start at similar times with almost same mass and
evolve almost in parallel till z = 4, where halo 2 starts to grow slower getting surpassed by
halo 1. Same happens in panel a and b, but later, atz = 2 and z = 3 respectively. Even
if the general mas evolution of our clusters does not change, the time at which surpasses
happen does change signiÞcantly.
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Figure 3.22: Evolution of the virial masses of the three clusters in g1212639 for the simple
run (panel a), the SNe run (panel b) and the AGN run (panel c).
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Figure 3.23: At the left: scatter plot of the relation ofM200 at z = 5 and at z = 0. At
the right: relation of the BCG stellar mass and theM500 mass of the cluster atz = 0.
The blue dots stand for the simple run, where the oversized one are the ones belonging
to g1212639. The green triangles correspond to the SNe run and the red diamonds to the
one with AGN. The black points in the right panel are observational data taken from the
paper by Gonzalez et al. (2013).

We compared also theM200 scatter plots performed in section 3.2 for our test runs
with the SN and AGN simulations of g1212639, as presented in Þgure 3.23. The thicker
blue dots represent the three clusters of region g1212639 with our simple prescription of
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star formation. The green and red symbols stand for the SNe and AGN prescription runs.
The inclusion of SNe and AGN to our subgrid physics does not seem to have created any
stronger correlation between high and low redshift masses.

In the case of the BCG stellar mass vsM500 (see right panel in Þgure 3.23), the strong
correlation observed for the simple runs is maintained with the new subgrid physics pre-
scriptions, in concordance with observational data extracted from the paper by Gonzalez
et al. (2013), represented in the plot with black dotes. Note that because of technical
reasons we used the value ofM200 for the simple run instead ofM500, while for the SNe and
AGN runs we used the latter following the observed data by Gonzalez et al. (2013). The
SNe run seems to overproduce stars in the central BCGs, which gets corrected by adding
of AGN, as they act on the centers of massive galaxies quenching star formation.

3.3.2 Feedback Processes and Temperature ProÞles

In order to accomplish a successful study of the e!ect of subgrid physics in our simulated
galaxy clusters, we considered necessary testing the right performance of the elements more
prone to causing errors in simulations, which are BHs. Therefore, in Þgure 3.24 we show
the accretion rate vs BH mass plots at di!erent redshifts. At high redshifts (z " 5) BHs
start getting seeded and accrete following the over-plotted parallel lines, i.e. they accrete
at the Eddington accretion rate. As expected, some BHs start getting quiescent already
at z " 3 and accrete at lower rates. As structures grow further, BHs are seeded and follow
the Eddington accretion rate, while older BHs start falling from this relation. Atz " 0
very few BHs continue accreting at the maximum rate, rather most of them accrete at
lower rates or have become almost completely quiescent.

To further check what are the internal e!ects of feedback processes in our clusters,
we looked into the temperature and density phase space of gas particles inside halo 0 at
di!erent redshifts. This kind of studies are interesting as they give us an insight into the
thermal and dynamical processes of gas inside clusters and about the accretion processes
at di!erent redshifts, which have a high inßuence when it comes to the evolution of proto-
clusters into galaxy clusters (see Murali et al., 2002).
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Figure 3.24: Accretion rate vs BH mass for the seeded BHs at di!erent redshifts. The lines
indicate the Eddington accretion rate slope. At high redshifts (see lower panels) BHs are
seeded in the overdensities and accrete at the Eddington accretion rate. Atz " 3 some
BHs start accreting at lower rates and fall from this relation. Atz " 0 most of the BHs
are accreting at lower rates or have become almost completely quiescent.
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Figure 3.25 introduces the principal features that can be observed in such a diagram.
We can clearly di!erentiate hot and cold gas, the Þrst one corresponding to shock-heated
gas in (quasi-)virialized haloes and at the low-density end around Þlaments, and the latter
to radiatively cooled, dense gas in galaxies. This gas spans a range of densities till the
star-forming threshold at " " 10" 25g/cm3. Once that threshold is surpassed gas particles
become multiphase and start forming stars, entering in the star-forming branch. The low
density tail at the left of the Þgure has to do with the adiabatic expansion approxima-
tion and consists of low-density, highly photoionized gas in the IGM. In our cosmological
model with cosmological constant the Universe expands. The increase in volume causes a
pressure decrease, that similarly to how it happens with air when pressure decreases, leads
to an adiabatic cooling of the gas clouds. This forms the adiabatic expansion tail, that
maintains a tight temperature-density relation by the competition of adiabatic cooling and
photoionization heating (Hui and Gnedin, 1997; Kereÿs et al., 2005). The branch slowly
disappears once the structure gets more compact and virializes atz < 0.5.

The high density tail on the right side of the Þgure has a very di!erent nature. It is
attributed to wind particles, associated to starbursts and galactic outßows. Winds are a
very important outcome of stellar feedback, as they can reheat and transport collapsed
material from the centers of galaxies back to their extended DM halos and beyond into the
IGM. By o!ering baryons a route to climb out of the galactic potential wells, they help
reducing the overall cosmic star formation to a level consistent with observational con-
strains. Even if winds are necessary to reproduce observations, the mechanism by which
they originate in real galaxies and clusters is not yet well understood Mac Low and Ferrara
(1999); Efstathiou (2000); Aguirre et al. (2001); Springel and Hernquist (2003); Br¬uggen
and Scannapieco (2009).

In our galactic winds implementation we consider that the mass loss rate that goes
into the wind is proportional to the SFR. Whether the material will be able to escape the
potential well depends mainly on the velocity to which the gas is accelerated, the amount
of gas involved and the depth of the potential well it resides in. Once kicked, the wind
will carry a previously established fraction of the SN energy. Real galactic outßows are
thought to originate from regions close to the surface of star-forming discs, so that winds
can escape the star-forming region without causing a major impact on the ongoing star
formation. However, in our model we do not restrain wind formation to a surface layer. We
rather follow a probabilistic criterion where we allow all SPH particles in the star-forming
region to become wind particles. The problem arising is that wind particles coming from
inner parts of the star-forming region would be stopped by other particles inside that re-
gion, which could lead to strong perturbations due to the momentum input and a rapid
dissipation and thermalization of the kinetic energy. This contrasts heavily with our un-
derstanding of winds escaping from their dense environment without a!ecting it and being
stopped Þrst outside the region by gas-dynamical interactions within the halo.
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Figure 3.25: Scheme of a temperature vs density diagram. The labels show the hot and cold
gas regions, the star-forming branch and the wind particle tails. The tail at the bottom
left is related to the adiabatic expansion approximation.

To mimic this behaviour, we circumvent the problem by allowing wind particles not to
interact with the dense environment they come from. We decoupleÕ them a brief time from
the hydrodynamic interaction, so that they neither exert no receive hydrodynamic forces
during that period of time (although they continue being included in the computation of
the gas density and in gravity calculations). This allows the wind particles to travel undis-
turbed up to a few kpc, so that they are able to leave the dense star-forming phase before
coupling again. Thus, these wind particles are by deÞnition excluded from star formation
even if they are above the density threshold and thus, they appear in the phase diagram as
a low temperature branch at very high densities. In this way, we can reproduce reasonably
well the strong, but quiescent mass loss from a star-forming region. However, we want
to emphasize that this cold high-density branch should not exist in reality, as at those
densities the particles should be multiphase and on the equation of state for star-forming
particles. Thus we say that its appearance is an artiÞce of our galactic outßow modelling
(the reader may check appendix B for further details).

Figures 3.26 to 3.29 show the evolution of the temperature vs density phase space dia-
grams for the most massive cluster in region g1212639, performed with the three di!erent
subgrid physics prescriptions at di!erent redshifts. Atz " 7 the majority of the gas is
rather cold, with a lower limit of T " 1014 K (which corresponds to the limit for atomic
cooling), and we do not have many star-forming particles. As the protocluster region
evolves the amount of hot gas particles and star-forming particles increases substantially
so that at z " 4 we already have a clear hot gas region and a well deÞned star-forming
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branch. This in turn means a higher amount of supernovae and supernova feedback that
produces winds that manifest in the upper part of the hot gas and in the high density tail
of the diagram.

At lower redshift (z & 1) the amount of star-forming particles slowly decreases and the
gas temperature starts exhibiting a bimodal distribution that is more pronounced the more
the structure evolves. About half of the gas seems to follow the classic picture of galaxy
formation, where it gets shock heated to roughly the virial temperature of the galaxy (or
cluster) potential well (T $ 106K ) when accreted, getting in hydrostatic equilibrium with
the DM (Hansen et al., 2011) before cooling and condensing to form stars. The other
half of the gas seems to radiate its acquired gravitational energy already at much lower
temperatures (T " 105K ) forming a bimodal temperature histogram. This colder gas that
does not get shock heated is through to be accreted through Þlaments, while hot accretion
is supposed to be quasi spherical (Kereÿs et al., 2005; Macciò et al., 2005). Thus, in general,
the cold modeÕ of accretion tends to dominate low-mass systems, while the Ôhot modeÕ
accretion is predominant in higher mass systems. This halo mass dependence leads to a
redshift dependence of cold and hot accretion rates, so that the cold mode dominates at
high redshift where overdensities are less massive and accrete mainly through Þlaments,
and hot mode dominates at group and cluster environment at low redshift where structures
are more massive and closer to virialization.

Indeed, cold accreted gas dominates in our cluster atz & 3 for all physical prescriptions.
At lower redshifts warmer gas starts balancing the situation until hot low density gas ends
up dominating at z & 0.1. This is in concordance with the morphological evolution studied
in section 3.1.1. At high redshifts, we Þnd an ensemble of small halos, mostly unvirialized,
lying in the nodes of a web and thus accreting from the cool dense Þlaments connecting
them. At lower redshifts as structures start getting more compact, larger in mass and
closer to virialization, the accretion is less Þlamentary and thus our objects are expected
to accrete the gas from their surroundings more spherically, shock heating it to the virial
temperature of the halo.

In view of this picture we can divide our gas particles by means of their possible tem-
perature history in four di!erent types. Some hot particles, may have been heated at
T " 106 K or higher by shocks when accreted and they retain that temperature, remaining
at equilibrium with the corresponding virial halo temperature. Other particles may be
shock heated toT " 106 K but then cool slowly and fall to lower temperatures. Some
particles of the cold branch that lie closer to the center of the halo may have been shock
heated Þrst but cooled down rapidly, maybe even su!ering di!erent episodes of heating and
cooling. The Þnal type of gas particle was part of a cold accretion process and probably
was never substantially shock heated (Hansen et al., 2011).

In order to understand better cold and hot accretion processes and thermodynamic evo-
lution of the gas in our clusters, we studied the e!ects of SN feedback and specially AGN
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feedback in the temperature vs density phase space diagrams comparing them with our
simple physics run. One of the most outstanding signatures of AGN feedback in the phase
space diagrams is the repeated heating of cold dense gas that lies near the star formation
threshold (see the panels atz & 1.7 in Þgures 3.28 and 3.29, and also the panels atz = 2.78
in Þgure 3.27 orz = 4.19 in Þgure 3.26). While in the simple run there is no change in the
star-forming branch till z = 1, the SNe and the AGN run show clear earlier quenching of
star formation portrayed in the shortening and fading of the star-forming branch, starting
at z " 2.3 and continuing till z = 0.

Both feedback processes are having a clear inßuence in quenching star formation at low
redshifts when compared to our simple run, although the run with AGN feedback quenches
it even more than the one with only SN feedback (see the SF branch in the last panel of
Þgure 3.29). In the case of the AGN run, as the SF branch shortens, the amount of warm
dense gas lying before the SF threshold increases. This may be the e!ect of AGN feedback
in the central denser gas, which heats the medium reducing star formation. We can also
see dense warm gas in the run with only SN feedback (see middle panel atz = 1 in Þgure
3.28), but SN feedback is clearly not capable of injecting as much energy as AGN in the
central dense gas regions.

The evolution of the cold dense wind also follows the evolution of the star-forming
branch. As the mass transferred from the star-forming region into the wind depends on
the SFR, the quenching of star formation produces a reduction of the wind, which again
is more pronounced in the SNe and AGN runs. The shape of the wind in the SNe is wider
than the one in the simple run due to the inclusion of metals with di!erent cooling rates.
The shape of the wind branch changes even more in the AGN run. This is due to a new
interpretation of their density contribution which is still in development and will be further
studied in future works., as it does not have any obvious further inßuence in our current
work.

Figure 3.30 shows the redshift evolution of the total temperature of the most massive
cluster (solid line) and its BCG (dashed line) for the three runs with di!erent subgrid
physics (in blue the simple model, in green the SNe model and in red the AGN model). The
simple run shows overall a higher cluster and BCG temperature till it drops atz < 0.5 to the
temperature of the SN and AGN runs. The increase in temperature occurs smoothly for all
runs for z < 0.5. However, right afterz " 0.5 all runs show a small bump in temperature,
that may be related to the major merger su!ered by the cluster around that same redshift
(see Þgure 3.16). The AGN and SN runs show identical cluster temperature features and
evolve parallel to each other with the AGN run being slightly displaced towards higher
temperatures, maybe due to a continuous feedback from BH accretion.
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AGN model seems to affect 
mostly SF region and the 
dense wind of particles Ñ> 
the dense wind turns to SF ?

Figure 3.26: Temperature vs density diagrams for the simple, SNe and AGN runs (from
left to right) for di!erent redshifts. The lower number of outputs in the simple run allows
the complete comparison only at certain redshifts.
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Figure 3.27: Continuation of Þgure 3.26
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Figure 3.28: Continuation of Þgure 3.27
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Figure 3.29: Continuation of Þgure 3.28
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Additionally, Þgure 3.31 shows the inßuence of the BCG in the total cluster tempera-
ture. The BCG starts having a strong inßuence already atz " 4. After z " 3 the BCG
seems to su!er some overcooling comparing with the rest of the cluster, visible in the in-
crease in the SFR inside the galaxy. As the BCG grows and the cluster gets more compact
and virializes (z < 1), the di!erence between both temperatures decreases dramatically.
Overall, the di!erence in temperature between the cluster and the BCG is higher in the
AGN run than in the SN run. Thus, we see that AGN are proportionally more e$cient
heating the sattelite galaxies and the surroundings of those than the central BCG itself.

Another interesting feature of galaxy clusters is their temperature proÞle. Already in
the 90s ASCA observations established that most of the clusters show departures from
isothermality, with negative temperature gradients (Markevitch et al., 1998). The im-
proved Chandra and XMM-Newton satellites have provided an even more detailed picture
of temperature proÞles in nearby galaxy clusters. They show clearly that relaxed clusters
have a steady declining proÞle towards the centre, reaching values in the innermost regions
that may be about half the overall virial cluster temperature (e.g. Vikhlinin et al., 2005;
Pi!aretti et al., 2005; Pratt et al., 2007; Baldi et al., 2007, 2012) . The current galaxy
cluster picture proposes that the cause for this temperature decline in the central region is
gas cooling, together with a feedback mechanism that supports it so that it does not fall
into overcooling and thus suppressing star formation.

Hydrodynamical simulations have demonstrated being able to reproduce very well the
temperature proÞles of galaxy clusters outside the core regions, where gas cooling is less
important (Loken et al., 2002; Roncarelli et al., 2006)). However, once we introduce gas
cooling, temperature proÞles usually get steeper in the core regions, in disagreement with
observations (e.g. Valdarnini, 2003; Borgani et al., 2004; Nagai et al., 2007). This conßict
between simulations and observations is believed to be caused by the inability of current
feedback models in balancing the cooling runaway.

In Þgure 3.32 we show the comparison between observations of temperature proÞles
from Nagai and Kravtsov (2005) and the temperature proÞle of our simulated cluster with
the three di!erent subgrid physics implementations. The central proÞles of our simulated
cluster are steeper for all the three runs than the ones derived from observations. The
central proÞles improve when adding more complex feedback. AGN are specially helpful
in this matter, as they act in the center of BCGs and thus in the center of galaxy clus-
ters. The situation is not better for the radiative simulations done using AMR (solid black
line; taken from Borgani and Kravtsov (2011a)). However, we see how the non-radiative
comparative run, represented by the black dashed line, shows no core cooling at all, thus
pointing to the unavoidable need of radiative cooling in our simulations.
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Figure 3.30: Temperature of the most massive cluster in g1212639 through redshift in the
simple (blue), SNe (green) and AGN (red) runs. The solid line shows the temperature of
the complete (proto)cluster region, while the dash lines stand for the temperature of the
associated BCG.
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Figure 3.31: Comparison of the temperature of the BCG with respect to the total temper-
ature of the cluster (simple run = blue; SNe run = green; AGN run = red). The inßuence
of the BCG in the (proto)cluster is already notorious atz " 4 and, su!ering some small
changes, it increases even more atz & 1.0

The task of developing an e$cient feedback scheme that prevents overcooling in relaxed
cluster centers is complicated, as the fact that a feedback mechanism is able to produce the
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correct temperature proÞles does not guarantee in itself that overcooling is prevented. We
may have a scheme that produces temperature proÞles which are in reasonable agreement
with observations but still have a resulting too high stellar fraction within clusters. As
overcooling happens in the centers of galaxy clusters, it is expected that a correct AGN
prescription would be able to regulate overcooling in such a way, as to get results in concor-
dance with observations. Our current AGN prescription in the Compass zoom simulations
improves the temperature proÞles when compared to the runs without AGN, but still lies
in disagreement with the observed proÞles. This is a sign that further development of our
AGN feedback is still necessary.!

Simple run
SNe run

AGN run

ARM radiative run 

ARM non-radiative 
run 

Nagai et. al. (2007)

Figure 3.32: Temperature proÞles for observed and simulated clusters atz = 0. The
temperature proÞle of our simulated cluster is shown for the three di!erent runs (simple
run = blue; SNe run = green; AGN run = red). The solid black line stands for an AMR
radiative simulation of a cluster presented by Borgani and Kravtsov (2011a). The dashed
black line stands for the same cluster in a non-radiative simulation. The red dotted lines
are temperature proÞles for clusters observed by Nagai et al. (2007)

3.3.3 Star Formation Rate in Clusters and Central Galaxies

Getting the correct rate of stellar production in clusters is one of the main concerns when
it comes to the correct reproduction of the processes inside these massive structures in
simulations. In fact, even if models and simulations to date get generally the right amount



3.3 Varying Subgrid Physics Prescriptions: A Case Study 85

of stars at low redshifts (or even overproduce stars), they struggle reproducing the large
SFR observed at high redshifts (see i.e. Saro et al., 2008; Granato et al., 2015).

The panels shown in Þgure 3.33 present the SFR history of our main cluster and corre-
sponding central for the three di!erent subgrid physics runs. All three runs show a peak in
SFR at high redshifts, as established also by observational data. In the case of the simple
run and the run with SNe the peak lies atz " 2.7, while in the AGN run this peak takes
place before, atz " 3.5. The BCG SFR for the simple and SNe run increases smoothly
with redshift, showing some abrupt changes only fromz " 1.5 on, which may be related
to major mergers happening between the halos at lower redshifts (see merger tree in Þgure
3.16). In turn the BCG in the AGN run evolves quite di!erently. It has an initial increase
in the SFR around z " 9 and then remains around a value of SFR" 300 M! /yr till
z " 1.5. In the meantime the SFR su!ers many abrupt changes, specially aroundz = 4,
which corresponds to the SFR peak. The absence of the smooth increase and the abrupt
changes in SFR may be related with high probability to the interplay between cooling and
heating by AGN feedback, which a!ects strongly the center of the cluster and thus the
BCG.
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Figure 3.33: SFR with redshift for the complete cluster (solid line) and its BCG (dashed
line). The di!erent runs are color coded as follows: simple run = blue, SNe run= green,
AGN run = red.

In Þgure 3.34 we present more clearly the relation between the BCG SFR and the
complete SFR of the cluster through cluster history. It is specially outstanding how the
cluster in the AGN run seems to be way less inßuenced by the BCG star formation rate at
high redshifts, 1.5 & z & 5.5. This is no surprise, as the AGN feedback quenches specially
star formation in centrals, thus giving them a less protagonist role in star production. A
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high starburst can be seen in the sudden drop atz " 4, followed by smaller starbursts at
lower redshifts. These abrupt changes in the SFR of the BCG may be strongly related to
the AGN feedback cycle. AGN accrete cooler gas from their surroundings, producing a
feedback in the process that heats the surrounding gas and thus hinders accretion, lowering
AGN feedback and allowing gas to cool again and condense forming stars.
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Figure 3.34: Inßuence of the SFR of the BCG in the total SFR of the cluster through
redshift.

At z < 1.5, the cluster gets more compact and relaxed, the SFR has decreased signiÞ-
cantly and the BCG has become the main star producer for all three runs. In Þgure 3.35
we show the SFR of our BCG for the di!erent runs, with the solid lines being the SFR of
the complete region as stated by SUBFIND and the dashed lines the SFR corresponding
to a 30 kpc aperture. This aperture criterion is applied in an attempt of excluding the ICL
region from the SFR computation, as observations exclude it in their measurements.

The observations we compare to are taken from the paper by McDonald et al. (2018),
which constitute a subsample of the BCGs presented by Fraser-McKelvie et al. (2014).
The sample selection was performed regarding all galaxy clusters in a volume limited
sample, z < 0.1, with a measured X-ray luminosity in the ROSAT 0.1 % 2.4keV band
Lx > 1044erg/s, which ensures a completeness of 80% for the cluster sample (see Fraser-
McKelvie et al., 2014). By selecting the sample by cluster properties instead of BCG
properties, the sample is expected to be less biased towards high SFRs. However, this
original sample was discovered to have some biases related to the lack of important k-
corrections (see Green et al., 2016), which were corrected by?. The clusters have masses
in the range 4# 1014 & M500 & 1.5 # 1015M! , which coincides with our simulated cluster
Þnal massM500 " 1.3 # 1015M! .
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Our results present a strong agreement between the SFR of the AGN run within the
30 kpc aperture and the observations (see Þgure 3.35). While the simple run and the SNe
run show an overproduction of stars at low redshift, AGN seem to successfully quench star
formation at low z, bringing the results to the observational levels.

The total sSFR (solid lines in Þgure 3.35) shows values similar to the ones reported
for EAGLE and IllustrisTNG for halos with massesM200 " 1 # 1014 M! , which are sSFR
" 2# 10" 12yr " 1 and sSFR" 1# 10" 11yr " 1 for EAGLE and IllustrisTNG respectively (see
Davies et al., 2019). Within the 30 kpc aperture all of our runs, but more pronounced in
the AGN run, seem to have a too high stellar content in comparison to the low redshift
SFR, possibly pointing to a previous overproduction of stars.
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with 30 ckpc aperture the data Þts. We take away ICL

AGNs clearly quench SF. Not so SN feedbackÉ
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Figure 3.35: SFR and sSFR for our three runs, counting the complete region as stated by
SUBFIND (solid line) and using a 30 kpc aperture (dashed line). The points are observa-
tional data from the cluster sample of Fraser-McKelvie et al. (2014) after the corrections
performed by McDonald et al. (2018)

While the SFR at low redshifts in simulations is similar or higher than the observational
values, it is a common problem in all protocluster simulations the reproduction of the large,
observed star-formation rates at high redshifts (see i.e. Saro et al., 2008; Granato et al.,
2015). In the three panels of Þgure 3.36 we present the integrated SFR as a function of the
area on sky for our simulated cluster at di!erent redshifts for the three di!erent runs. In
the right panel we added the observed integrated SFR for the proto-cluster SPT2349-56,
observed atz = 4.3 with a virial mass ofMvir = 2 # 1013 M! , which is of the order of our
simulated cluster mass at that redshift,Mvir = 1.3 # 1013 M! . For all the three runs, the
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sum of the simulated star formation rate is a factor of 4 lower than the one observed for
SPT2349-56.
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Figure 3.36: Integrated SFR of our (proto)cluster at di!erent redshifts for the three di!er-
ent runs. The right panel shows as a comparison the values of the integrated SFR for the
protocluster SPT2349-56 atz " 4.3.
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Figure 3.37: Integrated gas mass of our (proto)cluster at di!erent redshifts for the three
di!erent runs. The right panel shows as a comparison the values of the integrated gas mass
for the protocluster SPT2349-56 atz " 4.3.

On top of this we also studied the amount of gas in our simulations at di!erent red-
shifts (see left and central panels in Þgure 3.37), and compared it to the observation for
SPT2349-56 (see right panel in Þgure 3.37). We encounter that our simulated protocluster
show a similar integrated gas-mass value for all the three runs.
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Putting both Þndings together we may conclude that our simulations are ine$cient
when producing stars. However, to understand better the origin of the discrepancies in
the SFR between observation and simulations we calculated the correlation between the
stellar mass and the SFR of the 10 most massive galaxies inside the most massive cluster
in g1212639. Figure 3.38 shows the results obtained together with several observations for
redshifts z = 2.3 and z = 4.3. The squares, triangles and diamonds represent the galaxies
for the simple, SNe and AGN runs (where the BCGs have a red dot in the center). In the
left panel of Þgure 3.37 the red solid line represents the main sequence (MS) of star-forming
galaxies, which was derived by Whitaker et al. (2014) by considering star-forming galaxies
selected in UVJ colours in the redshift range 2& z & 2.5. The red dashed line is the red
sequence atz = 2.3 from the paper by Schreiber et al. (2015), but corrected to a Chabrier
IMF in order to compare it with our results. Green circles and blue squares are galaxies
data from the protoclusters of G«omez-Guijarro et al. (2019) and the cluster of Wang et al.
(2018) respectively.

As portrayed in Þgure 3.37, the SFRs of our simulated cluster galaxies follow the red
sequence for the high mass end but are below the observed relation for the low mass end
by a factor of " 2 to 3. In the case of the AGN run the drop is even higher for smaller
galaxies, which most probably is related to the strong quenching e!ect of AGN in star
formation in small halos. This discrepancy in SFR atz " 2 has been reported before and
has to do with the general inconsistency between observations and simulations around the
peak of star formation in simulations (see i.e. Dav«e et al., 2016; Xie et al., 2017).

The right panel in Þgure 3.37 shows the same symbol pattern for our simulated galax-
ies as explained before. The red solid line stays for the main sequence of Þeld galaxies
at 4 & z & 4.8 as observed by Steinhardt et al. (2014). The blue points are galaxies in
SPT2349-56 as reported by Hill et al. (2020), who updated the values of SFR of Miller
et al. (2018) and estimated the mass of single galaxies through their measured line-widths.
At z " 4.3 simulations show a fairly good agreement with observations with no departure
from the normalisation of the MS. Nevertheless, contrarily to our simulated galaxies, the
galaxies in SPT2349-56 are scattered around the MS with a few but strong starburst. This
points to a di!erent interpretation of the SFR discrepancy. It seems that the real problem
is not an ine$cient star production, but rather that observed galaxies at high redshift
su!er stronger star formation burst than simulated galaxies. This is further conÞrmed
by the correct stellar to halo mass relations observed at lower redshifts (see section 3.3.5
for further details). In short, simulations show a correct (and sometimes even too high)
amount of total star production at low redshifts, but also show too low SFRs atz " 4,
which leads to the conclusion that we are missing in our simulations some mechanism that
takes place inside galaxy clusters at high redshifts, producing strong star-forming bursts.
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Figure 3.38: SFR as a function of galaxy stellar mass atz " 2.3 (left panel) and z " 4.3
(right panel). The black squares, triangles and diamonds stand for the values of the 10 most
massive substructures inside the cluster for the simple, SNe and AGN run respectively. In
the left panel the red solid and dashed lines are observational data from Whitaker et al.
(2014) and Schreiber et al. (2015) respectively. Green dots and blue squares are galaxies
from the protoclusters of G«omez-Guijarro et al. (2019) and the cluster of Wang et al. (2018)
respectively. In the right panel the red line is observational data from Steinhardt et al.
(2014). Blue dots represent galaxies of SPT2349-56 as analysed in Hill et al. (2020).

3.3.4 Mass Fractions and Scaling Relations

Galaxy clusters have their origin in the peaks of primordial ßuctuations in the density
Þeld of the early Universe, and as such their growth contains a lot of information about
our Universe and LSS. Scaling relations are particularly interesting as they link cluster
observables with the underlying true halo mass, which enables the use of galaxy cluster
samples for the measurement of cosmological parameters (Haiman et al., 2001; Carlstrom
et al., 2002). Scaling relations can su!er the e!ects of non gravitational phenomena like
star formation and AGN feedback, and thus they provide an observational tool to study
high energetic energy phenomena in clusters of galaxies and the thermodynamic history of
massive cosmic halos (e.g. Mohr et al., 1999; Pratt et al., 2010; Young et al., 2011).

There have been many studies related to this scaling relations from the observational
(Zhang et al., 2011; Lin et al., 2012; Rozo et al., 2013; Lin et al., 2017) and from the
hydrodynamical simulation side (e.g. Bryan and Norman, 1998; Nagai et al., 2007; Truong
et al., 2018; Pillepich et al., 2018).
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Figure 3.39: Baryon and gas fractions as function of cluster mass in our simulated clusters.
The blue dots show the values for all the clusters in the Compass set runned with our
simple subgrid model. The oversized blue dots stand for the three clusters in g1212639.
The green and red diamonds stand for the baryon and gas fractions in the SNe and AGN
runs considering all the mass assigned ot the clusters by SUBFIND. The triangles show
the same relation considering only the particles insideM500. The lowest mass cluster in the
AGN run does not have a correspondingM500 value and thus only the value of the total
mass is presented. Observational data are over-plotted in black with their corresponding
uncertainties (Lagan«a et al., 2011; Gonzalez et al., 2013; Kravtsov et al., 2018).

We studied the e!ect of our subgrid physics in the Þnal baryon, gas, stellar and cold
baryon fraction relation with cluster mass and compared our results with the tight cor-
relations appearing in observations. Figure 3.39 shows total baryon and gas fractions for
our simple, SNe and AGN simulations (blue, green and red symbols respectively). The
di!erent symbols for the SNe and AGN runs stand for considering the total FoF group
(diamonds) or just particles insideM500 (triangles). In this two panels we can see clearly
how the simple run fails at reproducing the slope of the two relations. When adding
a more detailed description of stellar feedback the results improved noticeably, but only
when adding AGN are we able to reproduce results in concordance with observations for
both relations, specially for the high mass.

The case of the stellar and cold fraction is more complicated. Even if the implemen-
tation of stellar and AGN feedback seems to improve our results, we cannot reproduce
the slope seen in observations due to an overproduction of stars at the high mass end
3.40. Indeed our cold baryon and stellar fractions are too high for clusters with masses
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M500 $ 5 # 1014 M! .
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Figure 3.40: Stellar and cold baryon fractions as function of cluster mass in our simulated
clusters. Same as in Þgure 3.39, the blue dots show the values for all the clusters in the
Compass set runned with our simple subgrid model. The oversized blue dots stand for
the three clusters in g1212639. The green and red diamonds stand for the baryon and
gas fractions in the SNe and AGN runs considering all the mass assigned to the clusters
by SUBFIND. The triangles show the same relation considering only the particles inside
M500. The lowest mass cluster in the AGN run does not have a correspondingM500 value
and thus only the value of the total mass is presented. Observational data are over-plotted
in black with their corresponding uncertainties.

3.3.5 Stellar to Halo Mass Relation

In order to further study the link between the cluster galaxies and their dark matter halos,
we looked into the stellar to halo mass relation (SHMR) of the galaxies in our simulations
at z " 0. This relation provides an insight into the connection between the baryonic
properties of galaxies and the dark matter halos they reside in. Because of the unusual
dense environment of clusters, the evolution of galaxies inside them is driven by di!erent
mechanisms than the ones a!ecting Þeld. Because of this particular environment, satel-
lite galaxies inside clusters are thought to evolve di!erently than the centrals, which in
the course of their history are continuously growing by accreting matter. Satellites are
expected to be subject to destructive inßuence by their host, and their dark matter will
be gradually stripped by tidal forces (Gao et al., 2004; Nagai and Kravtsov, 2005; Giocoli
et al., 2008; Xie et al., 2015; Rhee et al., 2017). These di!erences in evolution are expected
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to leave an imprint in relations like the SHMR.

Figure 3.41a shows the SHMR for satellite galaxies (green dots) and BCGs (red dots)
in clusters ranging from 1# 1013 & M200 & 7 # 1015 form the MAGNETICUM simulation
boxes (BOX0,B0X2b and BOX4; see section 2 for further details on these boxes). Over-
plotted are observational data for BCGs in clusters atz " 0 presented by Gonzalez et al.
(2013) and Kravtsov et al. (2018) and some data for satellite galaxies presented in the
paper by Niemiec et al. (2017).

The di!erence in the evolutionary paths are clearly imprinted in the SHMR observed
for simulated satellites and BCGs. Even if both galaxy sets follow the same trend, satellite
galaxies are shifted towards lower halo masses compared to centrals. This has been also
observationally suggested by gravitational lensing measurements (see i.e. Limousin et al.,
2007; Natarajan et al., 2009; Sif«on et al., 2015; Niemiec et al., 2017; Sif«on et al., 2018) and
also by measurements calibrated by abundance matching technique (Vale and Ostriker,
2004; Rodr«õguez-Puebla et al., 2017).

Observations for satellite galaxies lie within the values we obtained in our simulation
sample. In the case of the BCGs, the observational data is in agreement with our most
massive centrals, although we do have a small overproduction of stars. The BCGs belong-
ing to BOX0 (circled with a dashed line) show a lower stellar content than what would be
expected following the trend for the less massive BCGs. As there is no obvious physical
reason for this behaviour, it may possibly have to do with a resolution e!ect, as BOX0 is
the lowest resolution run of the three boxes. However, further studies need to be done in
order to conÞrm or contradict this statement.

In panels b,c and d of Þgure 3.41 we over-plotted the results for our central and satellite
galaxies in our most massive halo in region g1212639, for the three di!erent subgrid physics
runs. Satellite galaxies clearly follow the same trend as those in the MAGNETICUM boxes
for the three runs, although the quench in star formation is obvious when adding AGN
(see panel d). Indeed, in the case of the AGN run, satellite galaxies lie closer to the central
values calculated from observations. When it comes to the BCG (oversized blue dot), the
simple and SNe runs overproduce the amount of stars. It is only when we add AGN that
we get the BCG to have a stellar vs halo mass relation in accordance with observations.
This highlights again the special importance of AGN feedback in central cluster galaxies.
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Figure 3.41: Stellar to halo mass relation for simulated clusters and observations atz "
0. Red and green circles represent the values for the central and satellite galaxies in
boxes 0, 2b and 4 of our Magneticum PathÞnder simulation suit. Blue dots stand for the
galaxies in our most massive galaxy cluster in g1212639, where the central is plotted as
an oversized blue dot. Panels b, c and d show the results for the simple, SNe and AGN
run respectively. The black symbols represent observational data of BCGs taken from
Gonzalez et al. (2013) (squares) and Kravtsov et al. (2018) (triangles), and of satellite
galaxies reported by Niemiec et al. (2017) (stars) K, all of them with their corresponding
uncertainties.
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3.4 Overview

As we have seen in this chapter, protoclusters of galaxies are structures that show a wide
variety of internal structures and morphological evolutions. At low redshifts, galaxy clus-
ters show compositions, which in lie many cases far away from virialization, with chains of
galaxies in the process of assembling and merging. The high redshift total masses show a
loose correlation with Þnal cluster masses. So much so, that high mass ranked clusters at
high redshifts in a Lagrangian region might end low ranked at low redshifts. At low red-
shifts, all clusters follow the observed relation between BCG stellar mass and Þnal cluster
mass.

By running the same Lagrangian region with three di!erent subgrid physics prescrip-
tions we were able to further comprehend the e!ect of SNe and AGN in protocluster for-
mation and evolution. AGN shows a very pronounced e!ect in quenching star formation,
visualized in the earlier fading of the star forming branch of the temperature vs density
diagrams for the AGN run. The inclusion of AGN reduces overcooling and thus causes
an improvement in the temperature proÞle of the most massive cluster. Nevertheless, our
most massive simulated cluster in g1212639 does not achieve to mimic the temperature
proÞles derived from observations.

The SFR vs stellar mass relation at high redshifts tends to be lower in the AGN run,
which brought the BCG closer to the observational result but over-quenched star forma-
tion in smaller galaxies. With a similar gas mass content proÞle than the one observed in
cluster SPT2349-56, the most massive cluster in our simulated Lagrangian region shows a
too low SFR proÞle at high redshifts, with no improvement when including AGN. In turn,
the AGN run reproduces very well the observed total SFR at low redshifts, while our other
two runs show a too high SFR.

Gas and baryon fractions improve dramatically when adding AGNs, matching the values
obtained from observations. Meanwhile, the values for the stellar and cold fractions, even
if they are better in the AGN run, still lie above the observed ones for the clusters at the
high mass end. The low redshift SHMR of sattelite galaxies inside the most massive cluster
lies within the expected values for the three runs. The central galaxy, however, shows a
too high stellar mass in the simple and SN runs, which gets Þxed with the addition of AGN.

Overall, we see an improvement of our results when adding prescriptions for BH growth
and AGN feedback. We reproduce the correct SHMR for all the galaxies in our most
massive cluster and correct SFRs at low redshifts. However, despite having the right
amounts of gaseous mass at high redshifts and even ending with too high stellar and cold
baryon fractions at low redshifts, our clusters are unable of reproducing the high SFR
proÞles observed in high redshifts protoclusters.
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Chapter 4

Conclusions

Galaxy clusters are large scale objects with an enormous complexity due to the interplay
of non-linear processes acting at many di!erent scales. The dynamical range of cluster
formation is enormously wide; it goes from the collapse of ßuctuations at tens of cMpc
to highly energetic processes that a!ect observable properties but act at subparsec scales
(Voit, 2005; Allen et al., 2011; Kravtsov and Borgani, 2012). Thus, the formation of a
cluster is a unique process that allows us to study the material that formed inside galaxies
and the material that did not, all at the same time. This provides us with a much more
complete picture of galaxy formation, and enables the simultaneous study of fundamen-
tal cosmological parameters, gravity and di!erent aspects of hydrodynamics. As a result,
understanding the processes involved in the formation and evolution of protoclusters has
become paramount for modern cosmologists and astrophysicists.

The di$culties associated with observational biases and constraints, make it di$cult
to study the phenomena taking place in (proto)cluster of galaxies with observations alone.
Fortunately, the increasing computational power and the continuous development of im-
proved algorithms, allow researchers to perform new hydrodynamical cosmological simula-
tions with higher resolutions and more complex subgrid physics prescriptions than previ-
ously possible. These improved simulations allow us to further comprehend the mechanisms
taking place in these large scale structures. Even so, it is unclear to which extent some
energetic processes, like star formation, stellar feedback and evolution or AGN feedback
leave an imprint in (proto)cluster properties. Moreover, no scientiÞc consensus has been
reached on how to correctly implement all these processes in numerical simulations.

Regarding the current status of protocluster research, the central goal of this work has
been to study the e!ects of such processes in the protocluster properties of our cosmological
hydrodynamical zoom simulation sample of massive galaxy clusters. Our simulations set,
called Compass, contains 24 Lagrangian regions, resulting in a total number of 73 galaxy
clusters with Mvir $ 1014M! , of which 24 have Þnal virial massesMvir $ 1015M! .

We run the complete sample with a simple subgrid model that has prescriptions for star-
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formation, simple cooling and a simple stellar feedback in the form of SN driven winds. We
studied the di!erent types of morphologies and formation histories of our clusters, show-
ing that as discovered by observations, our simulated (proto)clusters have a wide variety
of internal morphological structures at all redshifts. A nice example of this, is the most
massive cluster in the region g1483463, which shows a Virgo-like structure with a chain of
galaxies in a clear assembly process atz = 0. Obviously, this cluster cannot be virialized,
as it is still su!ering a strong in-fall of matter, and thus it is expected to be far away from
the state of equilibrium. This further shows evidence, that the virialization state of galaxy
clusters can only be a Þrst order approximation, working better in the centers of clusters
which have a more evolved and dominating BCG. However, this rises the question of the
extent to which the virialization approximation is introducing errors in the quantities in-
ferred form observations.

We continued by analyzing our galaxy (proto)clusters correlations between total masses,
stellar masses, SFRs and substructure content at high and low redshifts. Contrary to what
is commonly assumed in observations, we showed that the high redshift protocluster mass
is only loosely correlated with the Þnal cluster mass. Thus, the protocluster mass does
not seem to be a good proxy for Þnal cluster masses. Surprisingly, we have found a mild
correlation between the structure richness at high and low redshifts. A high number of
galaxies in a structure generally means also a higher number of galaxy-galaxy interactions
that will enhance astrophysical processes like star formation. Thus, it would be interesting
to further explore the relation of cluster richness with other quantities, such as low redshift
total mass or stellar content.

In order to study the e!ects of star formation, stellar feedback and evolution, and AGN
feedback in our (proto)cluster sample, we chose the Lagrangian region g1212639 and rerun
it with two more subgrid prescriptions: one adding metals, stellar evolution, AGB yields
and SNe feedback and another one adding also BH growth and AGN feedback. In non of
the three di!erent runs did we see any outstanding di!erences in the mass growth of the
three clusters. In the temperature vs density diagrams the AGN run showed an earlier
fading of the star formation branch, hinting to an earlier quenching of star-formation due
to the energy injected into the gas by AGN feedback.

Next, we focused on the most massive cluster of the g1212639 Lagrangian region. Its
temperature proÞle increasingly improved with the inclusion of SNe and AGN subgrid
physics prescriptions, but still remained far away from observational results. It was previ-
ously unclear whether additional subgrid physics prescriptions for BHs and AGN feedback
would change the SFR history in galaxy clusters. Our study has shown, that the peak
of SFR is displaced to higher redshifts in the AGN run, which could be an indicator that
AGN accelerate galaxy cluster evolution. Future studies will look at the combined e!ect
of our AGN prescription and a resolution increase of the zoom Lagrangian region on the
SFR peak of our clusters. The low redshift BCG SFR within a 30 kpc aperture is higher
than observations in the simple and SN runs, but matches observations well for the AGN



99

run. However for the latter, the sSFR is lower than the values inferred by McDonald et al.
(2018), which points towards a slightly higher stellar mass cluster content than what would
be expected for the existing low redshift SFR.

We compared our simulated cluster (with a virial massMvir = 1.3 # 1013 M! at
z " 4.2) with the observed cluster SPT2349-56 found atz " 4.3, which has a virial
mass ofMvir = 2 # 1013 M! . The gas mass proÞle is very similar between the observed
protocluster and our three simulation runs, in fact any di!erences can be attributed to the
total protocluster mass. However, the SFR proÞle is 4 times lower in all our simulations
than that of SPT2349-56. In order to understand this discrepancy, we studied the galax-
ies conforming SPT2349-56 and compared their SFR-stellar mass relation with the one of
our simulated clusters, showing that our galaxies follow the main sequence relation, while
galaxies in SPT2349-56 are scattered around the main sequence with a few but strong
starbursts. Moreover, galaxies in our cluster follow the SHMR reported by Gonzalez et al.
(2013); Kravtsov et al. (2018); Niemiec et al. (2017), thus their Þnal stellar content is in
agreement with observations.

All the above results lead to the conclusion that our simulations are producing the
right amount of stars, but more steadily than what seems to be the case in clusters like
SPT2349-56, i.e. our simulations are unable to reproduce the starbursts observed in clus-
ters at high redshifts. This problem, common to all simulations of protoclusters (Saro
et al., 2008; Granato et al., 2015), could be a sign that we are missing some key physical
process in our subgrid prescriptions that leads to the observed starbursts in protocluster
galaxies at high redshifts. In order to establish if our problem is indeed physical and not
a numerical artifact, it would be highly interesting to study the evolution of the SFRs in
protoclusters when carrying out these simulations at the higher resolutions allowed by the
Compass set.
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Appendix A

Derivation of Equation 2.2

We start by using the dirac-delta and the trivial identity:

f (r ) =
&

V
f (r $)! (r %r $)dr $, (A.1)

where f (r ) is any scalar function deÞned on a three-dimensional co-ordinate systemr
ranging over a volume V andrÕ is a dummy variable also ranging over V.

We can express the delta function! (r ) as the limit of a function, that we will call the
kernel W, with a characteristic width that tends to 0:

lim
h% 0

W(r , h) = ! (r ). (A.2)

The function has closure volume, i.e is normalized as:
&

V
W(r , h)dr $ = 1. (A.3)

As any continuous function,W(r % r $, h) can be expanded as a Taylor series. In the
case of symmetric kernels, i.e.W(r %r $, h) = W(r $%r , h), we can substitute! (r ) by its
expression in terms of the Taylor expansion of the kernel function. Doing it so equation
A.1 may be expressed with second order accuracy as:

f (r ) =
&

V
f (r $)W(r %r $, h)dr $+ O(h2). (A.4)

The appearance of second order accuracy has to do with the vanishing of the kernel
gradient at r $ = r . More elaborated kernels with fourth order accuracy may also be con-
structed. However, the disadvantage is that these Kernels may become negative at some
ranges, leading to unphysical results, like negative density evaluations (for further details
see Benz, 1990; Monaghan, 1992; Price, 2005; Cossins, 2010).

Performing the trivial movement of multiplying and dividing by " i inside the integral
in equation A.4 (remember that we are considering a symmetric Kernel function) we get:
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f (r ) =
&

V

f (r $)
" (r $)

W(r %r $, h)" (r $)dr $+ O(h2). (A.5)

We can now discretize this Þeld on to a series of particles of variable massm = " (r $)dr $,
so that the original trivial identity equation A.1 has now become:

f (r ) !
%

i

mi

" i
f (r i )W(r %r $, h). (A.6)

Equation A.6 represents the discrete approximation of the continuous scalar Þeldf at
position r in the computational domain V. After discretization, f (r i ), mi and " i = " (r i )
are the scalar value, mass and density of thei th particle, wherei ranges over all particles
within the smoothing kernel. We should note that mathematically, the original positionr
at which the function f is approximated during the discretization, is completely general
and thus it is not restricted to particle positions, even if in practice we generally evaluate
the values in the particle positions. This expression that we just derived in 6 simple steps
is the bases of all SPH formalism.
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Appendix B

Mathematical Description of Subgrid
Physics in the Compass Set

The subgrid physics prescriptions we study during this work has to do with star formation,
SN feedback, SN driven winds and AGN feedback. The Þrst three are inspired by the
prescription presented by Springel and Hernquist (2003), while the latter is inspired by
the scheme developed by Springel et al. (2005b) and is implemented according to the pre-
scription presented in the paper by Ragone-Figueroa et al. (2013) with some modiÞcations.
The details of these models will be explored below.

B.1 Star Formation

In our model each SPH particle samples a complete region of the ISM and has an associated
density " . This is similar to the N-body representation of collisioneless ßuids, but with
an unersolved matter with a more complex structure. We picture the ISM as a ßuid
comprised by condensed clouds in pressure equilibrium with a hot ambient gas in thermal
equilibrium with each other. Thus, whenever the denstity in one of these regions gets higher
than a certain threshold " thr , the SPH particles have the ability to become multiphase,
so that their total density can be expressed in terms of a cold and a hot density fraction,
" = " c + " h. The clouds, i.e. " c, supply the material available for star formation and is
decoupled form the hydrodynamic equations, while the hot phase of the keeps following
them. Even if decoupled from hydrodynamic equations, cold clouds are subject to grvity
and inertia. Moreover, they exchange mass and energy with the hot ambient gas. A
numerical instantaneous SFR related to the cold fraction is associated to each multiphase
particle:

d" !

dt
= ú" ! = (1 %) )

" c

t!
, (B.1)

wheret! is the characteristic timescale for star formation and) the fraction of massive
stars that are expected to instantly explode as supernovae, which depends on the chosen
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IMF (we chose the Chabrier IMF Chabrier, 2003). The timescale for star formation follows
also the relation:

t! (" ) = t!
0

#
"

" thr

$ " 1/ 2

(B.2)

wheret!
0 is a constant set to 1.5 Gyr in order to match the observed Kennicutt relation

(Kennicutt, 1998). Combining equations B.1 and B.2 becomes obvious that this parameter
is deeply related to the SFE:

SFE =
ú" !

" c
=

1 %)
t!
0

#
"

" thr

$ 1/ 2

(B.3)

Due to the supernova feedback part of the cold clouds gets evaporated, which we can
expressed through the following equation:

d"c

dt
= %A)

" c

t!
(B.4)

Here A is the e$ciency of evaporation and depends on the local gas density asA " " " 4
5 .

This relations construct a self-regulated cycle of star formation: high density in cold clouds
lead to a high SFR, that in turn means more feedback and thus cloud evaporation through
heating. When clouds evaporate material is returned to the hot phase and thus the SFR
decreases, as well as the stellar feedback. As a consequence of the missing feedback, the
gas cools again in cold clouds, so that the cycle restarts (see Springel and Hernquist, 2003).

B.2 Supernova Driven Winds

The multiphase model for star formation summarized above leads to a self-regulated star
formation cycle. However, it o!ers no route for baryons to climb out of galactic potential
wells after having collapsed into them and thus it is not able to account for the phe-
nomenology associated with galactic outßows observed at low (e.g. Bland-Hawthorn, 1995;
Heckman et al., 2001) and high (e.g. Pettini et al., 2001; Frye et al., 2002) redshifts. Galac-
tic outßows play a crucial role in the heating of the IGM and the enrichment of both the
IGM (Aguirre et al., 2000; Aguirre et al., 2001; Aguirre et al., 2001; Madau et al., 2001)
and the ICM (Scannapieco and Broadhurst, 2001; Scannapieco et al., 2001). Moreover, as
they reheat the surrounding medium they are believed to reduce star formation to levels
more consistent with observations. In order to extend our feedback model to account for
galactic winds driven by star formation, we Þrst assume that the galaxy disc mass-loss rate
that goes into the wind is proportional to the star formation rate itself (as stated by the
observational evidence presented by Martin, 1999):

úMw = * úM! . (B.5)
úM! is the formation rate of long-lived stars and* a coe$cient of the order of unity that

can be tuned to control the stregth of winds in our simulation. Whether the material lost
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from the disc will be able to scape the halo, will depend on several factors, namely: the
velocity to which the gas is accelerated, the amount of intervening and entrained gas, and
the depth of the potential well of the halo. Depending of these three factors, a wind may
escape the halo and pollute a large volume or it may fall get ejected but fall back to the
halo creating a galactic ÕfountainÕ.

To calculate the velocity of the wind, we assume that the wind carries a fraction+
of the supernova energy. If we equate the wind kinetic energy with the energy input by
supernovae,

1
2

úMwv2
w = *# úM! . (B.6)

and solve for the wind velocityvw, we obtain the following expression:

vw =

'
2)+

* (1 %) )
. (B.7)

which, given a value for the fraction of supernova energy+ carried by the particle, for the
SFR coe$cient * and for the fraction ) of massive stars that are expected to instantly
explode as supernovae, provides the associated wind particle velocity.

B.3 AGN Feedback

The most important changes introduced in our AGN prescription with respect to Springel
et al. (2005b) and Ragone-Figueroa et al. (2013) are that we do not impose any artiÞcial
temperature threshold to deÞne multiphase gas particles and the energy injected by AGNs
is not used to evaporate the cold phase in gas particles. This implementation results in
a better concordance between the galaxy stellar mass function in simulations (GSMF)
and the observed one. Another di!erence between our model and the original one is that
we di!erentiate between hot and cold accretion as will be further explained in the next
sections.

B.3.1 BH Seeding

BHs are seeded in the position of the most bound particle, which is consider the center of
each FoF group. To be seeded the target FoF groups must have a total stellar mass higher
than 2.8# 109M! , a stellar to DM mass ratio higher than 0.05, a gas content equal or larger
to 10% of the stellar mass and no other BH inside them. The seeding mass is 5.5# 105M! ,
which means that it is from the order of the gas and dm particles in the simulations, with
the di!erence that the BH particle represents just one BH and not a population of them.

From a simulation point of view this poses the challenge of avoiding any displacement
of the BH particle due to the force exerted by our SPH and DM particles, so that the BH
remains at the center of the halo. Instead of repositioning the BH at each timestep back
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to the center of the halo as suggested by Ragone-Figueroa et al. (2018), we chose to try a
less aritiÞcial prescription. We assigned the BH a large dynamical mass and low values of
star and BH particles softening leghts. The BH dynamical mass is enforced to be equal to
the DM particle mass until it grows beyond that value and the softening values are four
times smaller than before. These numerical prescription is enough to produce a dynamical
friction wihtout having to add it artiÞcially Steinborn et al. (2016).

Even though this prescription performs overall very well, BH centering remains a major
challenge, as it is for all numerical BH prescriptions. Even with the use of a dynamical
mass, it can happen that a BH moves from the center of a structure, which is problem-
atic, specially in cluster simulations, where the absence of AGN feedback at the centers
of BCGs leads to catastrophic cooling and thus to too high star formation rates and masses.

B.3.2 AGN Accretion and Feedback

The growth of BH happens through two channels, BH-BH mergers and accretion of the
surrounding gas. The accretion follows the formula:

úMBondi," = &
4%G2M 2

BH "
(c2

s + v2
BH )3/ 2

(B.8)

where& is equal to 10 for hot gas (T > 5# 105K ) and 100 for cold gas (T < 5# 105K ;
Steinborn et al. (2016). The velocities and the densities inside the expression are smoothed
over 200 gas particles with a kernel function centered at the position of the BH. The
expression of the BH feedback is as follows:

úE = #r #f
úMc2 (B.9)

The accretion is capped by the Eddington limit, so úM will be the minimum between
equation A.5 and the Eddington accretion rate.#r is the fraction of energy transformed
in radiation energy and#f the fraction of energy distributed and thermally coupled to the
nearest 200 gas particles.

In the original version of the model the energy was used to evaporate the cold fraction
of multiphase gas particles (Springel and Hernquist, 2003), but in our set up we modiÞed
this so that the feedback energy couples only to the hot phase of each gas particle, which
allows for more massive galaxies as with the original implementation.

The growth of BH though BH-BH mergers may occur if the relative velocities and
positions of the BH particles are small enough,vrel > 0.5 # cs ; r rel < 3.5h" 1pkpc, and if
the di!erences between the gravitational potentials fulÞll:|Vpot,rel | + v2

rel < 0.5 # c2
s.
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B.3.3 AGN Feedback Calibration

In order to mimick real AGNs it is necessary to calibrate quantities like#r and #f , so
that we get the right BH mass, galaxy stellar mass relations (Magorrian et al., 1998) and
other observational quantities reported mainly by McConnell and Ma (2013); Gaspari et al.
(2019). To mimic current observations we Þx the value of#r = 0.07 and#f < 1 in quasar-
mode. The results are shown in Figure B.1.

Simulations reproduce the correlation arising in observations. Note however, that our
scatter (' = 0.2) is noticeably lower than the scatter observed in Gaspari et al. (2019)
(' = 0.4 + %0.03). This may partly have to do with uncertainties arising in observations.
Nevertheless, we should not neglect the possibility that our subgrid model adopted is not
capturing all the diversity of BH accretion conditions and AGN feedback at small scales,
which is another aspect to consider when adding improvements to our AGN prescription.

Figure B.1: Correlation between the galaxies stellar mass and its central BH taken from
Bassini et al. (2020). Simulated stellar masses for satellite galaxies in the Dianoga sim-
ulation plotted as cyan points are obtained considering the star particles bound to the
substructure and within 50 pkpc from the galaxy center. Stellar mass of central galaxies in
Dianoga are plotted as dark-blue squares is obtained by summing over all stellar particles
within an aperture of 0.15# R500. Observational data are taken from McConnell and Ma
(2013) (dashed black line) and from Gaspari et al. (2019) (red circles).
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Appendix C

Compass Clusters Details

Table C.1: Virial masses and radii of the most massive clusters in the Lagrangian regions
of the COMPASS set atz = 0 and z = 5.

Name Mvir,z =0 [M! /h ] Rvir,z =0 [cMpc/h] Mvir,z =5 [M! /h ] Rvir,z =5 [cMpc/h]
g0016649 1.754e+15 2.5334 2.387e+12 0.36286
g0272097 1.491e+15 2.3996 2.854e+12 0.38512
g1212639 1.447e+15 2.3759 4.552e+12 0.44997
g1483463 1.366e+15 2.3304 1.828e+12 0.33194
g1657050 1.367e+15 2.3315 4.059e+12 0.43308
g1680241 1.216e+15 2.2422 1.393e+12 0.30323
g1987669 1.771e+15 2.5413 2.261e+12 0.35634
g2980844 1.886e+15 2.5952 2.448e+12 0.36592
g3327821 1.641e+15 2.4773 2.751e+12 0.38046
g3346905 1.695e+15 2.5042 6.966e+12 0.51854
g3888703 3.099e+15 3.0622 3.977e+12 0.43016
g4425770 1.629e+15 2.4718 1.715e+12 0.32500
g4606589 1.072e+15 2.1498 6.503e+12 0.50678
g4915399 1.509e+15 2.4093 1.253e+12 0.29273
g5265133 1.782e+15 2.5464 4.812e+12 0.45839
g5503149 1.409e+15 2.3546 4.857e+12 0.45980
g5699754 1.501e+15 2.3342 5.908e+12 0.49084
g6287794 1.291e+15 2.2871 4.022e+12 0.43181
g6348555 1.303e+15 2.2946 3.445e+12 0.41006
g6802296 9.997e+14 2.1002 2.459e+12 0.36647
g7263961 1.647e+15 2.4804 1.471e+12 0.30876
g7358274 1.622e+15 2.4676 4.683e+12 0.45425
g7570066 1.850e+15 2.5782 3.493e+12 0.41195
g7577931 1.507e+15 2.4081 2.076e+12 0.34637
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