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ABSTRACT

Protoclusters of galaxies are regions of the distant Universe (z 2 2) that
are expected to collapse into galaxy clusters by the present time. These
regions typically consist of loose associations of galaxies, spanning tens
of physical megaparsecs and comprising multiple distinct halos that will
eventually merge into a single virialized cluster. Studying these primordial
structures is crucial, as their typical redshift range 2 < z < 4 — corresponding
to the “cosmic noon” — marks a period of intense activity , including star
formation, galaxy mergers, and accretion onto supermassive black holes
(SMBHs). These processes shape galaxy evolution and possibly impact the
emerging intracluster medium (ICM), contributing to the ultimate fate of
these systems as the passive galaxy clusters filled with hot ambient gas
commonly observed at z < 1.

Over the past ~ 30 years since the discovery of the first protoclusters, a
variety of approaches to identify such structures have produced a highly
heterogeneous picture of the early assembly and evolution of galaxy clus-
ters. This diversity is enhanced by rapid transformations driven by fast
evolutionary processes during the cosmic noon. To interpret the complexity
associated with such transformational processes within a cosmological con-
text, cosmological hydrodynamical simulations are essential. In this context,
a detailed comparison between simulations and observations is crucial to as-
sess the capability of simulations to properly describe the processes driving
the formation and evolution of galaxy populations within the most extreme
cosmic environments, and to extract from observations physical insight into
cluster formation.

In this Thesis, I analyzed the latest version of the DIANOGA cosmologi-
cal hydrodynamical simulations of galaxy clusters, produced with the
0penGADGET-3 code, at high resolution. These simulations implement a
galaxy formation model that describes star formation and Supernova feed-
back, black hole growth and active galactic nucleus (AGN) feedback, ra-
diative cooling of gas, stellar evolution and chemical enrichment. I also
analyzed a “cosmological box” — a representative average region of the
Universe — simulated with the same setup, serving as a reference for field
galaxies. The simulations have been calibrated to reproduce the stellar mass
- black hole mass relation in the local Universe. In the nearby Universe, at
z = 0, such simulations provide a good match to the galaxy stellar mass
function (GSMF) both in clusters and in the field, albeit with an overproduc-
tion of galaxies with M. > 10'" M, indicating somewhat inefficient AGN
feedback in the high-mass end, and a too steep low-mass end, attributed
to the too mild Supernova feedback in this regime. A comparison of the
simulated and observed ICM thermodynamic properties reveals also some
discrepancies possibly connected to the implementation of AGN feedback:



the electron density profiles are too flat and the temperature values are too
high in simulated cluster cores (~ 0.01 x R5q¢). Besides these discrepancies
in specific regimes, the simulations broadly agree with observations on
fundamental properties of the galaxy population and of the ICM.

The first part of this Thesis focuses on the galaxy populations within proto-
clusters at z ~ 2, the epoch when the first massive virialized clusters (~ 104
M) emerge from the cosmic web and observational data on protoclusters
are most abundant. I investigated how the environment affects the assembly
of stellar mass in cluster galaxies, their star formation and its suppression,
by studying specifically the GSMF, the star-forming main sequence (MS),
and the fraction of quenched (i.e., non-star-forming) galaxies. The compari-
son with observations shows that the integrated star formation history and
the stellar mass assembly (as captured by the GSMF) of DIANOGA protoclus-
ters are consistent with observations. However, simulated star formation
rates (SFRs) at z ~ 2 are ~0.3 - 0.5 dex lower than observed, across all en-
vironments (both protoclusters and field). The quenched galaxy fraction
displays similarly high diversity as in observed clusters and protoclusters
at comparable redshift. Within the simulations, environmental effects are
evident in all diagnostics: protoclusters host an excess of massive galaxies,
show suppressed SFRs, and have a higher fraction of quenched galaxies
compared to the field, particularly within their most massive halos. As part
of this analysis, I have processed simulations with the radiative transfer
code SKIRT-9 to compute optical /NIR spectra for simulated galaxies. The
goal was to address the impact of observational techniques and biases on
the comparison with simulation results.

In the second part of the Thesis, I analyzed the thermodynamic properties
of the hot diffuse gas component permeating the massive halos of proto-
clusters, focusing on the build-up of the ICM during the transition from
diffuse protocluster structures to the first established clusters at 1.5 < z < 3.
I studied the contributions of different gas phases to the total gas budget
in the most massive halos (M2oo > 10'3 M), finding that the hot diffuse
component — progenitor of the ICM or of the intragroup medium (IGrM) -
already dominates the gas content across all probed halos at these redshifts.
The second most abundant component is cold, high-density gas that fuels
star formation; its contribution declines with increasing halo mass, as this
gas was consumed earlier in more massive halos. Tracing the thermalized
ICM at z = 1.5 back in time, I find that a large fraction of it was accreted
from the intergalactic medium (IGM) between z = 3 and z ~ 2. By z ~ 2, this
hot component is largely already in place in halos with Moo 2> (2-3) x 1073
Mg. The radial profiles of thermodynamic properties (density, tempera-
ture, pressure, entropy) show good agreement with observational data for
massive clusters at z ~ 1.5. At higher redshifts, the comparison with the
limited available observations indicates central gas densities that are too
low and temperatures that are too high in the simulations — consistent with
the discrepancies seen at lower redshift. The few observations available for
this comparison include the first detection of extended X-ray emission from
thermal bremsstrahlung due to diffuse hot gas in a system at redshift z 2 3.
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For this comparison, I produced synthetic X-ray maps with the code SMAC.

Additionally, I include as an appendix a complementary project on simula-
tion post-processing: the development and testing of a deep learning-based
algorithm for the identification of substructures in cosmological simulations.
This method achieves significantly shorter computing times with respect to
traditional algorithms, thus making it potentially a valid and convenient
alternative to traditional methods based on the hierarchical identification of

bound substructures.
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INTRODUCTION

The cosmological principle assumes that the Universe is homogeneous and
isotropic on large scales. This assumption is supported by observations of
the Cosmic Microwave Background (CMB; serendipitously discovered by
Penzias & Wilson 1965) and the large scale distribution of galaxies. The
current leading framework describing the homogeneous and isotropic ex-
panding Universe is the A Cold Dark Matter (ACDM) model. In this model,
the Universe is dominated by a constant energy density component (A\),
which drives the recent acceleration of cosmic expansion, as first observed
through type Ia Supernovae (Riess et al. 1998). This component — com-
monly interpreted as “dark energy” — is associated with a density parameter
Qp ~0.7.

The matter content of the Universe (Q,, ~ 0.3) is dominated by a cold, colli-
sionless component known as Dark Matter (DM), while baryons contribute
only a small fraction of the total matter budget (Qp ~ 0.05). Along with the
Hubble constant Hy, these parameters define the cosmological background,
which is constrained by several independent probes: primordial abundaces
from the Big Bang Nucleosynthesis (e.g., Wagoner et al. 1967; Burles et al.
2001), CMB anisotropies (e.g., de Bernardis et al. 2000; Spergel et al. 2003;
Planck Collaboration VI 2020), Baryonic Acoustic Oscillations (BAOs) in the
large-scale clustering of galaxies (e.g., Eisenstein et al. 2005; Anderson et al.
2014; Adame et al. 2025), cosmic shear (e.g., Troxel et al. 2018; Anbajagane
et al. 2025), the Lyman-« forest (e.g., Abdul Karim et al. 2025) and galaxy
cluster counts (e.g., Borgani et al. 2001; Vikhlinin et al. 2009; Planck Collabo-
ration XX 2014; DES Collaboration 2025).

On top of the homogeneous ACDM background, small-scale inhomo-
geneities must have been present at early cosmic times. Otherwise, the
Universe could not host the observed hierarchy of structures — ranging from
galaxies to filaments, and groups and clusters of galaxies (see Fig. 1.1 for a
simulated slice of the Universe).

The large-scale structure observed in the so-called “cosmic web” originates
from small density fluctuations in the highly homogeneous primordial Uni-
verse. In order to describe the statistical properties of these fluctuations, two
further cosmological parameters are introduced: the spectral index of the
primordial power spectrum, ns (~ 1), and the amplitude of matter density
fluctuations at the scale of 8 h! Mpc, og (~ 0.8).
To date, the ACDM paradigm remains a successful description of the Uni-
verse, requiring only a small set of parameters to explain a broad range
of observations across multiple scales — albeit with some tensions between
different cosmological probes (e.g., Di Valentino et al. 2021a,b).

Primordial fluctuations left an imprint on the CMB, that provides a snapshot
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Figure 1.1: Dark matter field in the Millennium Run dark matter-only simulation
(Springel et al. 2005b) at z = 0, in a ACDM cosmology.

of the Universe at the so-called “last scattering surface”, around z ~ 1100,
shortly after recombination occurred at z ~ 1300, when cosmic baryons
became neutral for the first time. These fluctuations are thought to originate
from physical processes (e.g., phase transitions or quantum fluctuations) in
the early Universe, during epochs not directly accessible through electro-
magnetic probes.

As the Universe expanded, these density perturbations grew under the effect
of gravitational instability. Their nonlinear growth ultimately led to the
formation of DM halos, whose gravitational wells host galaxies. Within the
ACDM framework, structures form hierarchically: small objects collapse
first and merge over time to build up progressively larger systems, such as
groups and clusters of galaxies.

Galaxy clusters (e.g., Kravtsov & Borgani 2012) are the most massive gravita-
tionally bound systems in the Universe, residing at the nodes of the cosmic
web. Their number counts were initially predicted to serve as a cosmological
probe, and they have since been used to constrain cosmological parameters.
Clusters are also rich astrophysical laboratories: their baryonic components
are widely investigated, spanning from the diffuse, hot intracluster medium
(ICM), observed in X-ray emission and through the Sunyaev-Zel’dovich
effect (e.g. Sunyaev & Zeldovich 1970, 1972, 1980), to their populations of
largely quiescent galaxies.

Studying the progenitors of clusters — known as “protoclusters” (e.g.,
Overzier 2016) — at early cosmic times (particularly during “cosmic noon”,
at 2 <z 4, the epoch of peak star formation and black hole accretion) offers
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valuable insights into the early phases of cluster assembly. These regions
also provide critical information about galaxy evolution under extreme
environmental conditions.

From a theoretical point of view, studying these early structures requires

modeling the highly nonlinear regime of structure formation. The most
accurate approach to this problem involves numerical simulations. N-body
simulations solve for the gravitational interaction among a large number
of collisionless particles that trace the underlying matter distribution. To
account for baryons, with their complex collisional and radiative physics,
one must also model hydrodynamics and relevant radiative processes. Semi-
analytic models (SAMs) offer approximate recipes to populate dark matter
halos with galaxies and gas, bypassing the explicit solutions of the equations
of hydrodynamics, while cosmological hydrodynamical simulations solve
fluid dynamics equations numerically. However, the latter still rely on
simplified effective models to describe processes occurring on unresolved
scales such as star formation, feedback, and cooling, which cannot be directly
modeled self-consistently.
Hydrodynamical cosmological simulations have become an essential tool
for studying structure formation across cosmic time and over a wide range
of spatial scales. By comparing their predictions with observations, we can
test models of baryonic physics and gain insights into the interpretation of
observational data.

In this Thesis, I investigate the early phases of cluster assembly — in
the protocluster regime — using state-of-art cosmological hydrodynamical
simulations of galaxy clusters. The goal of this work is to address open
questions regarding the evolution of cluster galaxies and the emergence
of the ICM. First, I focus on characterizing the properties of the galaxy
population in protocluster environments at cosmic noon, aiming to provide
theoretical predictions on if and how environmental processes influence
galaxy evolution since the protocluster regime. Then, I analyze the early
phases of ICM assembly in emerging massive halos in protocluster regions
and across the transition to the first virialized clusters, in order to shed light
on the timing of thermalization of ICM and on the physical processes that
are contributing to it — an area where observations are only beginning to
offer insight. By comparing simulated properties with recent observations
of galaxies and hot gas in protoclusters, I also assess the reliability of
current simulations in reproducing the conditions found in these extreme
environments.

The structure of this Thesis is as follows.

Chapter 2 reviews the main properties of galaxy clusters, with a focus
on their galaxy populations and the ICM, both from an observational and
a simulation-based perspective. It also introduces protoclusters, including
recent observational efforts to trace galaxy and (proto-)ICM evolution in
these environments.
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Chapter 3 introduces the cosmological code 0OpenGADGET -3, which was
used to produce the simulations analyzed in this Thesis: the DIANOGA suite of
galaxy cluster simulations. These are then presented, along with a compan-
ion run of an average cosmological region (“cosmological box” hereafter).
I present key predictions of the simulations regarding galaxy stellar mass
functions (GSMFs) and radial profiles of thermodynamic properties of the
ICM (electron density, temperature, pressure, entropy) at z = 0, and com-
pare them with observations. This Chapter concludes with a description
of two tools used for generating synthetic observations from simulation
outputs: SKIRT-9 (Camps & Baes 2020), for radiative transfer of stellar light
through modeled dust distributions, and SMAC (Dolag et al. 2005), used here
to create synthetic X-ray maps of the diffuse hot gas.

Chapter 4 presents a detailed analysis of the galaxy population in pro-
toclusters and in the cosmological box. I explore environmental effects on
galaxy properties, as predicted by the galaxy formation model implemented
in the DIANOGA simulations. I then compare the simulation predictions for
protoclusters at z = 2.2 with observations of protocluster galaxies in the
redshift range 2 < z < 2.5. This analysis includes the post-processing of a
sample of simulated protocluster galaxies with SKIRT-9 to investigate the
reliability and biases of an observational diagnostic - the UV] diagram. The
results presented in this Chapter are published in Esposito et al. (2025).

Chapter 5 focuses on the gas component of massive halos during the
transition from the protocluster stage to the epoch of fully formed, virialized
clusters, across the redshift range 1.5 < z < 3. In the first part, I characterize
the phases of gas within massive halos and trace the build-up of the ICM
across this transition. In the second part, I compare simulation predictions
with observations of ICM thermodynamic properties in high-redshift clus-
ters and protocluster environments. The results of these analyses will be
published in an upcoming article (Esposito et al., 2025, in preparation). This
Chapter includes a comparison between synthetic X-ray surface brightness
profiles of simulated halos with observations of the first confirmed system
at z > 3, showing evidence of a primordial ICM, as presented in Travascio
et al. (2025b, including M. Esposito).

Chapter 6 summarizes the main findings of this Thesis and outlines future
directions for related projects.

Appendix A presents a complementary project based on the application
of deep learning techniques for efficient post-processing of cosmological
simulations. Here I introduce SubDLe: a deep learning-based algorithm for
subhalo identification. I show its performance on the total mass distribution
in a simulated cluster and then focus on testing on stellar distribution alone.
The results of this work are presented in Esposito et al. (2024).

Appendices B and C provide a brief theoretical background on cosmology
and on the linear growth of cosmic perturbations, respectively.
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Appendix D offers a technical overview of numerical techniques in mod-
ern N-body codes, and on Smoothed Particle Hydrodynamics (SPH), the
hydrodynamical scheme used in the simulations analyzed throughout this
Thesis.
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GALAXY CLUSTERS AND PROTOCLUSTERS

This chapter provides a general overview of galaxy clusters and their high-
redshift progenitors, commonly referred to as protoclusters. The first part
(Sect. 2.1) introduces low-redshift galaxy clusters; the observational meth-
ods used to identify these systems are discussed in Sect. 2.1.1. Section
2.1.2 reviews key observational findings on cluster galaxy populations, and
briefly summarizes predictions from cosmological hydrodynamical simula-
tions. Section 2.1.3 introduces the intracluster medium (ICM), discussing its
observed properties and the dichotomy between cool-core and non-cool-core
clusters. This section also highlights the achievements and limitations of
current simulations in reproducing observed ICM properties. Section 2.2
introduces protoclusters, regions in the high-redshift Universe expected to
collapse into clusters by z = 0. Section 2.2.1 reviews the main techniques
currently employed to identify high-redshift clusters and protoclusters. Fi-
nally, Sects. 2.2.2 and 2.2.3 discuss the observed properties of galaxies in
protoclusters and high-redshift clusters, and the early phases of ICM as-
sembly in these systems, respectively. Both sections include a discussion on
theoretical predictions from cosmological hydrodynamical simulations.

2.1 GALAXY CLUSTERS IN THE NEARBY UNIVERSE

Galaxy clusters are the most massive nodes in the cosmic web, representing
the final stage of hierarchical structure formation in a ACDM Universe. They
are conventionally associated with virialized dark matter (DM) halos of
mass Moo > 104 M, where Mg is the mass enclosed within a spherical
region of radius R0, centered on the halo, such that the mean enclosed
density is 200 times the critical density of the Universe. Galaxy clusters
are populated preferentially by galaxies whose star formation has been
mostly quenched. A significant fraction (85 — 90%) of a cluster’s baryonic
content (15— 17% of their total mass) resides in the ICM (e.g., Donahue
1993; Kravtsov & Borgani 2012), a hot, pressurized and diffuse plasma that
emits in the X-ray band’. At the center of most clusters reside Brightest
Cluster Galaxies (BCGs; e.g., Collins et al. 2003; Chu et al. 2021, 2022),
the most massive and luminous galaxies in the Universe whose growth is
shaped by both the cooling of the ICM and feedback from active galactic
nuclei (AGN). Surrounding these galaxies is the intracluster light (ICL; e.g.,
Contini 2021; Montes 2022), composed of stars that are not gravitationally

Despite the generic term “intracluster medium”, this component typically refers to the hot,
diffuse phase of the gas permeating galaxy clusters; however, cooler gas phases have also
been observed, traced by Hx and CO emission (e.g., Salomé et al. 2006; McDonald et al.
2010).

2
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Figure 2.1: Composite image of X-ray and optical views of Abell 1689 at z=0.18. The
purple halo shows the distribution of the ICM observed by Chandra X-
ray Observatory. The underlying optical image was taken with Hubble
Space Telescope. Image credits: X-ray: NASA/CXC/MIT/E.-H Peng et
al; Optical: NASA /STScl.

bound to any individual galaxy, most of which have been likely stripped
during galaxy—galaxy interactions and mergers throughout the cluster’s
hierarchical assembly. The dynamics of galaxy clusters provided the first
observational evidence for the existence of DM, through velocity dispersion
measurements of galaxies in the Coma Cluster by Zwicky (1933). Clusters
thus represent both laboratories for studying baryonic physics in extreme
environments and sensitive cosmological probes of the matter content and
structure formation in the Universe. Figure 2.1 shows a composite image, in
optical and X-ray, of the local cluster Abell 1689. The X-ray emission traces
the distribution of the ICM, overimposed on the optical image of galaxies,
including the central BCG, and of the surrounding ICL.

2.1.1  Search for low-redshift clusters

Galaxy clusters can be identified across a wide range of wavelengths, using
different observational techniques, which are sensitive to distinct physical
components of the cluster. In optical and near-infrared (NIR) surveys, one
of the most widely used methods relies on the presence of the tight “red
sequence” of early-type galaxies in color-magnitude space (see Sect. 2.1.2).
These galaxies, which dominate the cluster galaxy population, exhibit old
stellar populations and hence red optical colors, thus forming a distinct
locus in color-magnitude diagrams that enables efficient identification of
overdensities even in photometric data sets. Large cluster samples have
been identified with this technique, including the Red-Sequence Cluster
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Survey (RCS; Gladders & Yee 2005) and RCS-2 (Gilbank et al. 2011), and the
red-sequence Matched-filter Probabilistic Percolation (redMaPPer) catalogs
(Rykoff et al. 2014).

Alternatively, clusters can be identified via their diffuse X-ray emission,
originating from the ICM, which traces the deep gravitational potential
wells of massive halos. X-ray detection provides valuable information about
the thermodynamic state and mass of the cluster, although it is biased
toward relaxed, centrally concentrated systems. Cluster samples have been
assembled through the detection of the diffuse ICM emission from X-ray
satellites, such as ROSAT, Chandra X-ray Observatory, XMM-Newton, and,
most recently, eROSITA (e.g., Bohringer et al. 2000, 2004; Ebeling et al. 2001;
Burenin et al. 2007; Mehrtens et al. 2012; Pierre et al. 2016; Kluge et al. 2024;
Bulbul et al. 2024).

A complementary approach exploits the Sunyaev-Zel'dovich (SZ) effect (Sun-
yaev & Zeldovich 1970, 1972, 1980), a spectral distortion of the CMB caused
by inverse Compton scattering off free electrons in the ICM (see Carlstrom
et al. 2002, for a review). In strong contrast with the ICM detection via X-ray
emission, the ICM detection via SZ effect is nearly redshift-independent,
making it especially powerful for detecting massive clusters out to high
redshifts. This technique has enabled the compilation of galaxy cluster
catalogs through SZ sky surveys with the Atacama Cosmology Telescope
(ACT; Hilton et al. 2021; Klein et al. 2024a; ACT/DES/HSC Collaboration
2025), the South Pole Telescope (SPT; Bleem et al. 2015, 2020, 2024; Klein
et al. 2024b), and the Planck satellite (Planck Collaboration XXVII 2016).
The combination of these different, independent techniques improves com-
pleteness, purity and characterization of the selected cluster samples, and
mitigates selection biases inherent in any single method.

2.1.2  The population of cluster galaxies

Observations up to z ~ 1 have shown that cluster environments are ubiq-
uitously characterized by a population of massive galaxies with a higher
fraction of quiescent sources compared to average field regions (e.g., Haines
et al. 2015; van der Burg et al. 2018, 2020). It is indeed established that in the
local universe a star formation rate (SFR) - density relation (Dressler 1984;
Lewis et al. 2002; Peng et al. 2010) is in place, with local clusters hosting
a larger fraction of galaxies whose star formation activity was quenched
(quenched galaxies®) in comparison with the general field. Quenched galax-
ies populate the red sequence in color-magnitude (or color-color) diagrams,
as shown in Fig. 2.2, for galaxies in the Coma Supercluster (Gavazzi et al.
2010). Early-type galaxies, characterized by a bulge-dominated morphology
(Hubble 1926) — typically associated with quenched galaxies, marked in red
— form a tight sequence at red g-i colors, while late-type galaxies, with disk-
dominated structure (generally star-forming, marked in blue and green)

Quenched and star-forming galaxies are typically classified on the basis of their specific star
formation rates (sSFR; e.g., Franx et al. 2008) or through their photometric properties, for
example using the color-color UV] diagram (e.g., Williams et al. 2009).
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Figure 2.2: Color-magnitude diagram of galaxies in the Coma Supercluster, from
the Sloan Digital Sky Survey (SDSS). Different colors mark the mor-
phological type according to Hubble’s classification: red for early-type
galaxies, green for bulge-dominated spirals and blue for disk galaxies,
classified though inspection of SDSS images and spectra. Reproduced
from Gavazzi et al. (2010).
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populate the so-called “blue cloud” at bluer colors. Quenched galaxies
account for the majority of the population in a typical low-redshift cluster,
making the emergence of the red sequence a key aspect of cluster galaxy
evolution.

The high fraction of quenched galaxies in clusters points to the crucial role
of environment in driving galaxy evolution. In particular, galaxy clusters
— which originate from the highest peaks in the primordial density field
— represent biased and extreme regions where evolutionary processes are
accelerated. As such, they serve as natural laboratories for studying the
most extreme environmental mechanisms that shape the transformation of
galaxies.

Observations have revealed a complex interplay of mechanisms responsible
for quenching star formation in galaxies (e.g., Fraser-McKelvie et al. 2018),
driven by both internal and external processes, referred to as “mass quench-
ing” and “environmental quenching”, respectively (Peng et al. 2010).

The main processes affecting galaxy evolution in cluster environments in-
clude:

¢ Hydrodynamical processes: the gas reservoirs of galaxies are depleted
due to interactions with the ICM. These include ram-pressure stripping
(Gunn & Gott 1972), starvation (or strangulation; Larson et al. 1980),
viscous stripping (Nulsen 1982), and thermal evaporation (Cowie &
Songaila 1977). These mechanisms proceed outside-in, first suppress-
ing star formation in the outer regions of galaxies.

¢ Interactions: these include galaxy-galaxy interactions or perturbations
induced by the halo, called tidal interactions. Galaxy interactions
can take place in the form of mergers, less disruptive interactions,
or simple fly-bys, whose cumulative effect, at high speed, is called
“harassment” (Moore et al. 1996). These processes are capable of
inducing instabilities in the galactic disks, which may drive gas inflows
to the center of the galaxy and trigger starburst events or AGN activity.

¢ Internal processes: these operate also in isolated galaxies, but may
be enhanced or happen at earlier times in overdense environments.
These processes include galactic outflows driven by Supernovae (SN)
and AGN feedback, that can heat and/or expel gas. AGN feedback
is thought to be particularly effective in quenching massive galaxies
(log10(M4/Mg) > 10.5; e.g., Boselli & Gavazzi 2006; Wylezalek &
Zakamska 2016). Quenching due to these processes is expected to
proceed inside-out.

Observations carried out at high resolution (e.g., Schaefer et al. 2017;
Fossati et al. 2018; Poggianti et al. 2019; Bluck et al. 2020) can probe spatially-
resolved signatures of quenching across galaxy disks, which allows to
distinguish between inside-out and outside-in processes, as well as to iden-
tify disturbed morphologies and tidal features. On the other hand, statistical
studies of galaxy populations (e.g., Kauffmann et al. 2004; Peng et al. 2010;
Darvish et al. 2016; Davies et al. 2019) can reveal trends in galaxy properties

11



12

GALAXY CLUSTERS AND PROTOCLUSTERS

Figure 2.3: GSMFs of cluster galaxies, from a sample of 21 clusters at 0.5<z<0.7
(top-left panel, van der Burg et al. 2018), compared with field galaxies
at the same redshift (top-right panel). The GSMFs are shown for all
galaxies and for quiescent (quenched) and star-forming populations
separately, classified according to U-V and V-] colors. The bottom panels
show the fractions of quenched and star-forming galaxies as a function
of stellar mass in the two coeval environments. Reproduced from van
der Burg et al. (2018).

with respect to environmental proxies, leveraging much larger samples. The
definition of galaxy environment is, to some extent, arbitrary, as its optimal
choice depends on the physical environmental drivers of galaxy formation
and evolution — precisely the processes we aim to constrain. Commonly used
definitions of environment therefore include the projected cluster-centric
radius, the local galaxy density, and the halo mass.

Fundamental properties of galaxy populations that are investigated, also in
connection with the environment, include the fraction of quenched galax-
ies (quenched fraction), the galaxy stellar mass function (GSMF) and the
star formation rates (SFRs). In the following, I review some key results
concerning these properties in cluster galaxies.

2.1.2.1  Galaxy stellar mass functions

The GSMF is the number density of galaxies in stellar mass bins. It encodes
information on all the processes that have contributed to shape the star
formation history and the stellar mass assembly of a galaxy population and
is thus a fundamental observable in galaxy evolution studies.

In cluster environments, the GSMF shows significant differences compared
to the field up to z ~1.5 (Annunziatella et al. 2014, 2016; van der Burg et al.
2013, 2018, 2020). An excess of massive galaxies is generally found in clus-
ters relative to the field. However, this difference vanishes when considering
only star-forming galaxies, a result that holds up to z 21 (e.g., van der Burg
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Figure 2.4: Left panel: quenched fraction as a function of stellar mass in clusters and
groups at z ~ 1 (Balogh et al. 2016, yellow and red points, respectively),
and clusters at z ~ 1.6 (green shaded region; Lee-Brown et al. 2017),
compared to coeval field samples from UltraVISTA (dashed-dotted line
at z ~ 1 and blue shaded region at z ~ 1.6) and SDSS local clusters
(dotted line). Right panel: the environmental quenching efficiency
in massive clusters (and two protoclusters) is shown as a function of
redshift, color coded according to the stellar mass limit of each sample.
Observations are taken from Quadri et al. (2012), Cooke et al. (2016),
Nantais et al. (2017), van der Burg et al. (2018, 2020), Pintos-Castro et al.
(2019), Zavala et al. (2019), and Strazzullo et al. (2019). Filled symbols
and regions contain multiple (proto)clusters, while open symbols are
single clusters. Gray hatches and circles mark eeny measured within
0.5 x Rz00; all the others are within Ry¢po. Reproduced from Alberts &
Noble (2022).

et al. 2020). In contrast, the GSMF of quenched galaxies in clusters shows a
steeper low-mass end, indicating a higher abundance of low-mass quenched
galaxies relative to the field. This is illustrated in Fig. 2.3, showing the
GSMFs derived from 21 massive clusters at 0.5<z<0.7, compared to a coeval
field sample (van der Burg et al. 2018).

2.1.2.2  Quenched fractions

The quenching mechanisms listed in Sect. 2.1.2 are all expected to play a role
in shaping galaxy evolution, with their relative importance depending on
environment, cosmic epoch, and galaxy mass. Both mass and environmental
quenching evolve with redshift, becoming more efficient at later epochs (e.g.,
Pintos-Castro et al. 2019).

Observations reveal that more massive galaxies begin and complete their
quenching process earlier, and that, at fixed stellar mass, galaxies in clusters
quench earlier than their counterparts in groups and in the field.

The quenched fraction and the environmental quenching efficiency are
typically employed to quantify the level of star formation quenching in

13
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a galaxy population. Given the number of quenched galaxies Ng and of
star-forming galaxies Nsf in a galaxy sample, the quenched fraction is
simply defined as the fraction of quenched galaxies: fo= %. The
environmental quenching efficiency (€eny; Peng et al. 2010) quantifies the
relative difference in quenched fraction between a given environment (e.g.,

a cluster; fg 1) and a reference field (fq fiera):

fQ,c1 —fQ,fiela (1)
1—1£0Q fiela

€env =

Observations up to at least z ~ 1 show a dependence of €¢y, on halo mass,
with massive clusters having higher quenching efficiency than coeval groups
(e.g., Balogh et al. 2016). Furthermore, €cn, decreases with increasing halo-
centric radius in clusters (e.g., Balogh et al. 2016; Kawinwanichakij et al.
2017; van der Burg et al. 2018, 2020; Papovich et al. 2018).

Early observational studies indicated that environmental and mass quench-
ing could be treated as independent processes in the local Universe (e.g.,
Peng et al. 2010; Muzzin et al. 2012; Quadri et al. 2012). More recent studies,
however, revealed that environmental quenching exhibits a dependence
on stellar mass as well, and mass quenching is more efficient in the inner
regions of clusters, thereby challenging the assumption of their separability
(Balogh et al. 2016; Kawinwanichakij et al. 2017; Pintos-Castro et al. 2019). At
z 2 1, this could be explained by the “over-consumption” model (McGee et
al. 2014): as a galaxy enters the virial region of a massive halo, it undergoes
starvation; since gas accretion is suppressed, star formation and outflows,
that are more intense at higher redshifts, deplete gas on a mass-dependent
timescale.

Figure 2.4 shows a compilation of observational estimates of quenched frac-
tions in clusters, groups and in the field at z ~ 0 — 1.6 (left panel, Balogh et al.
2016; Lee-Brown et al. 2017) and the environmental quenching efficiency in
clusters as a function of redshift, up to z ~ 2.5 (right panel, Quadri et al.
2012; Cooke et al. 2016; Nantais et al. 2017; van der Burg et al. 2018, 2020;
Pintos-Castro et al. 2019; Zavala et al. 2019; Strazzullo et al. 2019). The left
panel shows that a SFR-density relation is already in place in clusters at z ~ 1.
The comparison between coeval massive clusters and groups highlights that
the quenched fraction depends on halo mass in the probed redshift range.
The figure also highlights an increase of the quenched fraction with redshift
between z ~ 1.6 and z ~ 1, both in clusters and in the field, across all the
probed stellar masses in the field, and at low masses (log(M../Mg) < 10.5)
in clusters. Figure 2.4 also shows the typical increasing trend of quenched
fractions with stellar mass, in all environments and at all redshifts.

The right panel shows the redshift evolution of environmental quenching
efficiency up to z ~ 2.5, including a heterogeneous collection of data — in
terms of stellar mass limits, halo mass range and apertures around the
cluster center. Despite the complication of comparing such diverse data,
clear trends emerge: the environmental quenching efficiency is a strong
function of redshift and is higher at higher stellar masses; more massive
clusters (van der Burg et al. 2018, compared to Pintos-Castro et al. 2019)
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have higher quenching efficiencies at fixed stellar mass limit and redshift.
Furthermore, on a more qualitative note, quenched galaxy populations can
be found in some clusters out to z ~ 1.7 at high stellar mass (e.g., Cooke
et al. 2016; Strazzullo et al. 2019), especially in the core region, and even
in protoclusters at z ~ 2-2.5 (Zavala et al. 2019, see Sect. 2.2.2 for further
discussion on this). The general picture that emerges is that quenched
fractions and environmental quenching efficiency strongly depend on stellar
mass, halo mass, location within the halo and redshift, highlighting the high
complexity and multidimensional dependency of the mechanisms driving
star formation quenching.

2.1.2.3 Star formation rates

Figure 2.5: Mean SFR of star-forming galaxies at 0.02<z<0.085, as a function of
stellar mass and environment — represented by galaxy overdensity —
from the SDSS. Reproduced from Peng et al. (2010).

Several studies have shown that the star formation activity of star-forming
galaxies is largely independent of environment, at least up to z ~ 1 (e.g.,
Peng et al. 2010; Muzzin et al. 2012). This is illustrated in Fig. 2.5, which
shows the mean SFR of local star-forming galaxies from SDSS as a func-
tion of stellar mass and local galaxy overdensity, used here as a proxy for
environment. While the galaxy SFRs show a clear trend with stellar mass,
with more massive galaxies exhibiting higher SFRs, no clear dependence on
environment is observed at fixed stellar mass. The lack of environmental
dependence of the star-forming “main sequence” — the relation between SFR
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Figure 2.6: Star-forming main sequence of cluster galaxies at 0.04 < z < 0.07 (black
triangles), in 6 different cluster-centric radial bins (from top-left to
bottom-right), and of field galaxies at 0.02 < z < 0.09 (magenta circles).
Blue and red symbols show the median SFRs in field and clusters,
respectively. Reproduced from Paccagnella et al. (2016).

and stellar mass for star-forming galaxies (e.g., Noeske et al. 2007; Elbaz
et al. 2007) — implies that the quenching process in dense environments is
relatively fast, rather than a gradual suppression that would allow the de-
tection of transition galaxies (i.e., with partially suppressed star formation).
However, other studies have reported a suppression of SFRs in clusters up
to z ~ 1, compared to the field (e.g., Vulcani et al. 2010; Paccagnella et al.
2016; Wang et al. 2018a; Old et al. 2020), pointing toward a more gradual
quenching process in these environments.

For instance, Paccagnella et al. (2016) analyzed a sample of z ~ 0 clus-
ter galaxies extracted from the Wlde-field Nearby Galaxy-cluster Survey
(WINGS; Fasano et al. 2006; Moretti et al. 2014) and its extension OMEGAW-
INGS (Gullieuszik et al. 2015), finding a population of galaxies with sup-
pressed SFRs, that are rarely found in the field, as shown in Fig. 2.6.
Discrepancies in the reported environmental signatures on star formation ac-
tivity may partly arise from inconsistent definitions of star-forming galaxies
and differences in sensitivity across observational studies.

2.1.2.4 Predictions of cosmological hydrodynamical simulations

To complement observations and gain a more complete understanding of
cluster galaxy formation and evolution, cosmological hydrodynamical simu-
lations have become an essential tool. In particular, zoom-in simulations of
galaxy clusters achieve high resolution while zooming on these rare systems.
These simulations have made substantial progress in reproducing some ob-
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Figure 2.7: Galaxy stellar mass function (left panel) and quenched fractions as a
function of stellar mass (right panel) at z = 0 from Hydrangea sim-
ulations (Bahé et al. 2017). The GSMF is shown in three differently
colored lines, representing galaxy samples matching the selections in
Vulcani et al. (2011, green) and Wang & White (2012, black), as well as
the full population of satellites (blue). Quenched fractions are shown
for satellite galaxies in three different halo mass bins, from Hydrangea
(solid black, green and purple lines) and, in the lowest halo mass bin
and in the field, from EAGLE simulations (black dotted line and blue
lines, respectively; see Bahé et al. 2017 for details). Simulations are com-
pared to observations from Wetzel et al. (2012) and Geha et al. (2012).
Reproduced from Bahé et al. (2017).

served properties of cluster galaxies, although significant discrepancies with
observations persist. In this section, I briefly summarize the main successes
and limitations of such simulations in reproducing the observed properties
of cluster galaxy populations, focusing on four zoom-in simulation suites:
DIANOGA (e.g., Bassini et al. 2020), Hydrangea (Bahé et al. 2017), TNG-Cluster
(Nelson et al. 2024), and The Three Hundred (Cui et al. 2018). For details on
numerical resolution and galaxy formation models, I refer to the respective
presentation papers.

The GSMF of satellite galaxies in clusters is generally well reproduced at
the high-mass end by simulations, as is the overall stellar mass content in
clusters (Bahé et al. 2017; Bassini et al. 2020; Cui et al. 2018, see Fig. 2.7,
left panel). However, significant discrepancies remain at the low-mass end
(log;,(M./Mg) < 10-10.5), where simulations tend to either overproduce
or underproduce satellite galaxies. This mismatch suggests that the mod-
eling of feedback processes — particularly SN-driven winds, which are
expected to be more efficient at low masses — still requires further refine-
ment to realistically reproduce the cluster galaxy populations across all the
observed stellar mass range.

A particularly challenging observable for simulations is the trend of quenched
fraction of satellite galaxies as a function of stellar mass (see Fig. 2.7, right
panel). Simulations of galaxy clusters often predict quenched fractions that
are too high at low stellar masses, also reversing the observed trend with
stellar mass (Bahé et al. 2017; but see also results from the large-volume
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simulations IllustrisSTNG in Donnari et al. 2021). These tensions with obser-
vational results may arise from an oversimplified treatment of the interstellar
medium (ISM), which could be insufficiently resilient to enhanced feedback
processes and hydrodynamical interactions with the pressurized ICM in
cluster environments. This clearly defines a limitation on the exploitation of
cosmological hydrodynamical simulations in understanding the complexity
of star formation quenching.

Another major discrepancy concerns the BCGs. Virtually all current simula-
tions predict BCGs that are overmassive relative to observations (Bahé et al.
2017; Cui et al. 2018; Bassini et al. 2020; Nelson et al. 2024) and generally too
star forming. This is likely linked to inefficient AGN feedback, which fails to
quench star formation effectively in these extreme galaxies, allowing them
to continue their star formation activity at too high levels at low redshift.
In summary, state-of-the-art cosmological hydrodynamical simulations are
still affected by some significant limitations concerning the predictions of
galaxy population properties in clusters. While some global observed prop-
erties are well reproduced, the details of galaxy evolution in the extreme
environments of massive clusters are still at odds with observations. One of
the most important challenges remains a realistic modeling of quenching of
star formation at the opposite extremes of the stellar mass distribution — in
low mass satellites and in massive BCGs.

2.1.3 Intracluster Medium

The ICM is a hot, fully ionized and diffuse plasma that fills the virialized
region of galaxy clusters, with typical temperatures in the range 107108
K and electron number densities between 1072 and 107> cm~3. It was
tirst discovered through its thermal bremsstrahlung emission in the X-ray
band in the Coma cluster (e.g., Gursky et al. 1971, Meekins et al. 1971).
Subsequently, it was also detected in the microwave band via the SZ effect
(e.g., Birkinshaw et al. 1984).

The synergy between X-ray and SZ observations has proven crucial in
constraining the radial profiles of the thermodynamic properties of the ICM,
including density, temperature, pressure, and entropy?, as first proposed by
Ameglio et al. (2007). This is due to the fact the X-ray emissivity scales as
the square of electron density, while the SZ signal is proportional to the gas
pressure integrated along the line of sight.

The ICM forms through the gravitational collapse of gas from the filamentary
intergalactic medium (IGM) into the potential well of a massive DM halo.
As the gas is accreted, its kinetic energy is converted into thermal energy
via adiabatic compression and shocks, heating it to temperatures of 107-108
K, where it settles into hydrostatic equilibrium.

The simplest theoretical framework for describing ICM assembly is the
self-similar model proposed by Kaiser (1986). In this model, gravity is the

Entropy is defined as kg Tengz/ 3, where T and n, are the electron temperature and number
density, respectively, and kg is the Boltzmann constant.
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Figure 2.8: Temperature (left panel) and entropy (right panel) profiles of 12 clusters
at 0.05 < z < 0.09 from the X-COP sample (Eckert et al. 2017), from
Ghirardini et al. (2019). Solid lines show analytic fits to the data for
the entire sample (“ALL”), as well as for the cool-core (“CC”) and non-
cool-core (“NCC”) populations separately, overplotted on individual
data points. Shaded regions indicate the 10 uncertainty on the best-
fit relations, while the dashed lines show the intrinsic scatter. The
dashed and dotted vertical lines mark the positions of R50p and R;¢o,
respectively. Temperature and entropy profiles are normalized to the
self-similar predictions at R5¢o. The black solid line in the right panel
shows the theoretical entropy profile from Voit et al. (2005). Adapted
from Ghirardini et al. (2019).

main driver of gas thermodynamics during hierarchical structure formation,
leading to simple scaling relations between global cluster properties, such
as temperature, X-ray luminosity and SZ signal, and total cluster mass. In
the absence of non-gravitational processes, such as radiative cooling, star
formation, and feedback, low-entropy gas is expected to sink to the inner re-
gion and high-entropy gas to rise buoyantly, expanding to large radii. These
conditions were reproduced in non-radiative hydrodynamical simulations
of galaxy clusters and produced self-similar thermodynamic profiles (e.g.,
Tozzi & Norman 2001; Voit et al. 2005). Observations generally support
these predictions at large radii and up to redshifts of z ~ 1.9 (e.g., Leccardi
& Molendi 2008; McDonald et al. 2017; Sanders et al. 2018; Ghirardini et al.
2019, 2021).

However, significant deviations from self-similar predictions are observed,
particularly in cluster cores. These deviations highlight the importance of
non-gravitational processes in shaping the ICM properties on small scales.
As a result, the thermodynamic structure of the ICM encodes not only infor-
mation about the underlying DM potential, but also about the formation and
evolutionary history of clusters, including the baryonic processes involved.
The profiles of thermodynamic properties of the ICM are therefore fun-
damental for constraining the role of baryonic physics in the evolution of
cluster cores, particularly when compared to theoretical models where these
processes can be isolated to test their relative importance.
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2.1.3.1  Cool-core and non-cool-core clusters

X-ray observations have revealed efficient cooling in the cores of galaxy
clusters (e.g., Fabian 1994); the associated short radiative cooling times led
to the so-called “cooling flow” model, in which the gas in the cluster core
was thought to cool radiatively and flow inward at high rates, potentially
fueling star formation and AGN activity in the BCG. However, the measured
SFRs in BCGs remain surprisingly low (e.g., McDonald et al. 2011). These
observations suggest that only a small fraction of the gas cools to very low
temperatures, leading to the so-called “cooling flow problem”. A solution
to this problem is the presence of heating mechanisms that counterbalance
radiative cooling. X-ray data point to feedback from AGNs as the primary
process regulating thermal losses (e.g., McNamara & Nulsen 2007), although
other mechanisms — such as turbulence and gas bulk motions in the cluster
core — have been proposed as alternatives or complementary channels for
transporting heat from outer to inner regions (Fujita et al. 2004; ZuHone
et al. 2010; XRISM Collaboration 2025).

Closely connected to this problem is the observed dichotomy between
“cool-core” (CC) and “non-cool-core” (NCC) clusters. CC clusters are char-
acterized by high central X-ray emissivity, positive entropy and temperature
gradients in the core region (see Fig. 2.8), and short cooling times, while
NCC clusters lack these features (e.g., Molendi & Pizzolato 2001; Pratt et al.
2010). CC clusters are the systems that were initially associated with cooling
flows.

Recent observations, however, indicate that this distinction does not corre-
spond to two separate classes, but instead reflects different stages in cluster
evolution. In particular, some NCC clusters show evidence of having under-
gone a previous CC phase (e.g., Rossetti & Molendi 2010).

The mechanisms responsible for disrupting cool cores are still under debate.
The leading hypothesis is that merger events can destroy cool cores via
mixing of the convectively stable gas (Allen et al. 2001; Sanderson et al.
2006; Pratt et al. 2010; Riva et al. 2024). Such transitions from CC to NCC
are expected to occur on relatively short timescales (e.g., Rossetti et al.
2011). However, the existence of relaxed NCC clusters implies that non-
gravitational heating may also play a role, with AGN feedback being the
most likely candidate (e.g., McCarthy et al. 2004).

At the same time, NCC clusters may potentially evolve back into CC systems
through radiative cooling, although the physical mechanisms and timescales
involved in this transition remain uncertain.

2.1.3.2 Predictions of cosmological hydrodynamical simulations

Cosmological hydrodynamical simulations are successful in reproducing
key observational scaling relations of the ICM, both in X-ray and SZ mea-
surements (e.g., Cui et al. 2018; Pellissier et al. 2023).

Simulations confirm the observational finding that, at large radii, the ICM
exhibits remarkable regularity and follows self-similar predictions up to
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Figure 2.9: Radial profiles of entropy (in units of keV cm?) of a galaxy cluster
of mass M5y = 10'° M@h*1 at z = 0, simulated with GADGET-3
(Springel 2005). Different lines refer to different simulations of the
same cluster, as indicated: a non-radiative version and three radiative
simulations including i) only cooling and star formation, ii) also the
effect of SN feedback, and iii) also the effect of AGN feedback. A
power-law entropy profile, as predicted by non-radiative models, is also
shown. The vertical dotted line marks the position of R5¢¢ of the cluster.
Reproduced from Kravtsov & Borgani (2012).
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z ~ 2 (Li et al. 2020, 2023). At the same time, the inclusion of complex bary-
onic physics introduces significant deviations from these simple scalings in
the core regions of clusters.

Figure 2.9 illustrates the effect of astrophysical processes on the entropy pro-
file of the ICM in a simulated cluster. The profiles correspond to simulations
including different physical processes: radiative cooling and star formation
alone (blue); the addition of SN feedback in the form of galactic winds
with kinetic energy comparable to type-II SN releases (red); the further
inclusion of AGN feedback (green); and a purely non-radiative run (purple).
These are compared to the power-law profile expected from non-radiative
models (K o r1: Voit et al. 2005). The inclusion of non-gravitational pro-
cesses offsets gas cooling in the central region (r < 0.1 x Ryi;) by either
removing or redistributing low-entropy gas and/or injecting energy into
the ICM, thereby creating a central entropy plateau. These results represent
significant progress in addressing the longstanding “overcooling problem” —
connected to the cooling flow problem in observations — that manifests as an
excess of cold gas in the center of simulated clusters. However, discrepancies
persist, particularly regarding the thermal structure of the ICM in the central
regions of CC clusters.

In fact, while AGN feedback models have improved consistency with ob-
servations (e.g., Sijacki et al. 2007; Puchwein et al. 2008), most cosmological
simulations still fail to reproduce the observed declining temperature and
entropy profiles toward the center of CC clusters (e.g., Borgani et al. 2005;
Borgani & Kravtsov 2011; Altamura et al. 2023). Although some idealized
and zoom-in simulations can recover aspects of CC structures (e.g., Gaspari
2015; Li et al. 2015; Rasia et al. 2015; McCarthy et al. 2017; Barnes et al.
2017; Tremmel et al. 2019), most cosmological simulations predict flat en-
tropy cores and a suppressed CC population — known as the “entropy core
problem”. This is thought to arise either because radiative cooling removes
low-entropy gas too efficiently, allowing high-entropy gas to sink into the
center of the cluster, or due to excessive heating of the gas.

The origin of the entropy core problem remains uncertain. It may stem from
inaccurate assumptions in baryonic physics, the omission of key physical
processes, or limitations in numerical resolution. Further complicating the
picture is the fact that CC can easily be disrupted by merger events, marking
their transition to NCC clusters (e.g. Burns et al. 2008; Hahn et al. 2017; Cha-
dayammuri et al. 2021; Gonzélez Villalba et al. 2025). Simulations support
the idea that CC and NCC systems represent different evolutionary stages
(e.g., Poole et al. 2008), with transitions between them driven primarily by
mergers (e.g., Guo & Oh 2009). However, some studies suggest that mergers
alone cannot fully account for the CC-to-NCC transition (Barnes et al. 2018)
and, moreover, simulated CC seem to be resilient to mergers without AGN
feedback (e.g., Poole et al. 2008). This suggests that non-gravitational pro-
cesses play a crucial role in increasing entropy values at the cluster center,
facilitating CC disruption.

Recent results from the TNG-Cluster simulations present a scenario where
halos are mainly born as CC and evolve toward the NCC regime over time,
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with much more frequent transformations from CC to NCC than the oppo-
site case (Lehle et al. 2025). The transition is connected to merger events, but
at the same time, the cumulative effect of repeated AGN feedback episodes
is found to be efficiently enhancing central entropy values. So far, though,
no theoretical study has been able to determine whether CCs are more
frequently destroyed via mergers and gas displacement, via AGN feedback
or a combination thereof.

In summary, cosmological hydrodynamical simulations have successfully
reproduced the large-scale thermodynamic properties of the ICM, including
scaling relations and the self-similar behavior at large radii. However,
significant discrepancies persist in the core regions, where most simulations
fail to reproduce CC clusters.

2.2 PROTOCLUSTERS AND HIGH-REDSHIFT CLUSTERS

In the ACDM hierarchical framework of structure formation, galaxy clusters
assemble over cosmic time through the accretion and merging of lower-mass
DM halos. The early stages of this process are traced by protoclusters (e.g.,
Overzier 2016) — extended, dynamically unrelaxed structures representing
the progenitor regions of present-day galaxy clusters. The term typically
refers to systems identified at z 2> 2, before the typical epoch of formation
of virialized clusters with masses Moo ~ 10'* M.

Figure 2.10 illustrates the assembly history of a z = 0 cluster with Mg0 ~
8 x 10'* Mg, as traced by the Millennium-II simulation (Boylan-Kolchin
et al. 2009), from z ~ 6 to z = 0 (from top to bottom). The panels show the
evolution of the DM distribution on three comoving scales (100, 40, and 15
Mpc h™!, from left to right), highlighting how a modest matter overden-
sity is already present at z ~ 6, characterized by a web of low-mass halos
interconnected by filaments. By z ~ 2, a dominant central halo emerges,
surrounded by multiple satellite halos that persist until z ~ 1. As structure
formation proceeds, the central halo eventually evolves into a nearly spheri-
cal, virialized cluster by z = 0.

Theoretical models predict that protoclusters at z ~ 2 — 6 occupy comoving
scales of ~ 10 megaparsecs, significantly exceeding the typical virial radii (of
order ~ 1 Mpc) of local clusters (e.g., Chiang et al. 2013). This extended spa-
tial scale reflects the early stage of gravitational collapse, when significant
amount of material is still being accreted from the surrounding cosmic web.
Figure 2.11 shows the evolution of the effective radius of (proto)clusters
across cosmic time. The effective radius, introduced by Chiang et al. (2013),
is defined as the mass-weighted second moment of the positions of dark
matter halos that are destined to merge and form the cluster by z = 0. It
therefore quantifies the spatial extent of the region that constitutes the pro-
genitor of the z = 0 cluster, and its evolution traces the gravitational collapse
and hierarchical assembly of the cluster. As a consequence, at decreasing
redshift, as the overdense region collapses and virializes, the effective radius
decreases, converging to ~1 Mpc by z < 0.5.
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Figure 2.10: Dark matter density maps tracing the evolution of the most massive
cluster (M2p0 = 8 x 10'* Mg at z = 0) in the Millennium-II N-body
simulation from z ~ 6 to z = 0 (from top to bottom), shown at three
different comoving scales: 100, 45, 15 cMpc h™! (from left to right).
Reproduced from Boylan-Kolchin et al. (2009).
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Figure 2.11: Evolution of the effective radius (introduced by Chiang et al. 2013, see
text) of (proto)clusters, grouped in bins of z = 0 mass. Lines (errorbars)
mark the median values (16th-84th percentile ranges). Solid and dotted
lines show results for different assumed cosmological parameters.
Reproduced from Chiang et al. (2013)

Due to their unvirialized state, protoclusters exhibit substantial substructure
and dynamical complexity (e.g., Shimakawa et al. 2014), which complicates
their identification in the high-redshift Universe. Nevertheless, understand-
ing how galaxy clusters emerge from the filamentary cosmic web — through
the protocluster phase and into the mature systems observed today — is key
to constraining the role of dense environments in shaping galaxy evolution.
During the transition from large-scale protoclusters to established clusters,
galaxy populations undergo a major transformation, the suppression of
star formation leading to the emergence of the red sequence observed in
low-redshift clusters.

Protoclusters at cosmic noon (z ~ 2 —4) offer a unique window onto this
phase, probing galaxy evolution at a time when the cosmic star formation
rate, AGN activity and merger rates reach their peaks. Located at the in-
tersections of gas-rich filaments, these regions provide ideal conditions to
probe how local and global environmental processes drive galaxy evolution.
Observational evidence suggests that many protoclusters experience phases
of enhanced star formation, elevated merger rates, and widespread AGN
activity (e.g., Elbaz et al. 2007; Griitzbauch et al. 2011; Koyama et al. 2013).
On the other hand, significant diversity among observed protoclusters —
together with limited statistics of the observed samples — poses challenges
for developing a broad, coherent picture of their evolution. Current studies
of protoclusters are hampered by small sample size, heterogeneous selec-
tion techniques, and the difficulty of confirming their future evolution into
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Figure 2.12: Evolution of the overdensity in the number of massive halos (M300 >
10'" Mg; top) and star-forming galaxies (SFR>1 Myr~!; bottom) in
simulatd protocluster regions, on scales of (15 Mpc)3 and (25 Mpc)3 ,in
the left and right panels, respectively. The full protocluster population
(black line) is also shown split by halo mass at z = 0 (colored lines).
For reference, the gray line shows the same measurement in random
regions in the simulation. Adapted from Chiang et al. (2013).
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clusters. Indeed, detecting a local galaxy overdensity does not guarantee
that the structure will evolve into a massive cluster by z = 0, as predictions
on mass growth and the final destiny of halos are inherently statistical. For
example, Angulo et al. (2012) show that the most massive halos at early
times do not necessarily evolve into the most massive clusters at late times
(see also Remus et al. 2023; Onions et al. 2025). Instead, the large-scale
matter overdensity on comoving scales of 210-25 Mpc provides a more
robust predictor of cluster progenitors (Chiang et al. 2013).

This is illustrated in Fig. 2.12, which shows the evolution of overdensities in
halo number (top panels; M2go > 10'" M) and in star-forming galaxy num-
ber (bottom panels; SFR > 1 Mgyr~!) for the progenitors of clusters with
different final masses at z = 0, relative to average cosmic regions. Both halo
and galaxy number overdensities provide statistical leverage to distinguish
protocluster regions from the field, with the correlation to final cluster mass
improving at larger scales. These results underscore the need for wide-field
surveys to efficiently identify high-redshift cluster progenitors.

Investigating protoclusters at cosmic noon also provides a unique op-
portunity to explore the early phases of ICM assembly. The diffuse hot
plasma that dominates the virial regions of mature clusters is expected to
assemble around z ~ 1.5-2, across the transition from the protocluster to
the cluster regime. By characterizing the thermodynamic properties of the
high-redshift (proto-)ICM, it is possible to place constraints on the non-
gravitational processes that shape the thermal structure of the gas in the
core regions of forming massive halos, before secular evolution dilutes their
signatures.

2.2.1 Identification of high-redshift clusters and protoclusters

Many traditional techniques for identifying galaxy clusters rely on the pres-
ence of a well-defined red sequence or a mature ICM. At z 2 1, these meth-
ods become increasingly biased toward the most evolved systems, reaching
their practical limitations around z ~ 2 due to the absence of mature cluster
components. Nevertheless, they have provided samples of high-redshift
clusters in the range 1 < z < 2. In particular, the red-sequence selection has
been successfully applied at z > 1 using Near- and Mid-Infrared filters (e.g.,
Andreon et al. 2009; Muzzin et al. 2009; Wilson et al. 2009).

As we approach z ~ 2, the red sequence may not be as prominent in all
(proto)cluster environments as in low-redshift clusters. In addition, galaxies
become intrinsically fainter, requiring much deeper observations.
Spectroscopic surveys, providing accurate redshifts, offer the most robust
confirmation of overdensities associated to high-redshift (proto)clusters (e.g.,
Cucciati et al. 2018; Lemaux et al. 2018), and several protoclusters have
been discovered as by-products of these surveys (e.g., Steidel et al. 1998,
2000, 2005). Given the significant time and resource demands of wide-
tield spectroscopy, many additional candidates have been identified using
photometric surveys, by detecting either 3D galaxy overdensities using pho-
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tometric redshifts (e.g., Eisenhardt et al. 2008; Stanford et al. 2012; Scoville
et al. 2013; Thongkham et al. 2024) or projected overdensities of specifically
selected galaxy types. These include, besides red-sequence galaxies, Ly-
man Break Galaxies (LBGs), Lyman-a and Hx emitters, passive galaxies,
Distant Red Galaxies (DRGs), Dusty Star-Forming Galaxies (DSFGs), and
NIR color-selected sources from IRAC imaging (e.g., Steidel et al. 2000;
Andreon et al. 2009; Papovich et al. 2010; Spitler et al. 2012; Clements et al.
2014; Strazzullo et al. 2015, Wang et al. 2016; Toshikawa et al. 2016; Daddi
et al. 2017; Greenslade et al. 2018; Guaita et al. 2020; Ito et al. 2023). While
effective, these methods are intrinsically biased by the choice of the tracer
galaxy population, potentially impacting conclusions on galaxy evolution
within protoclusters. Examples of high-redshift clusters identified with these
methods are CLJ1001 at z = 2.5 (identified as an overdensity of DRGs; Wang
et al. 2016) and CL]J1449 at z = 2 (identified through IRAC color selections;
Gobat et al. 2011).

An alternative strategy relies on “biased tracers” — rare, extreme objects
expected to reside in massive, overdense environments — to pre-select likely
(proto)cluster regions. These include high-redshift radio galaxies, quasi
stellar objects (QSOs), and submillimeter galaxies, all thought to be prefer-
entially located in forming clusters (e.g., Pentericci et al. 2001; Hatch et al.
2011b; Wylezalek et al. 2013a,b; Miller et al. 2018; Koyama et al. 2021). In
particular, high-redshift radio galaxies are thought to be progenitors of local
BCGs (e.g., Best et al. 1998; Zirm et al. 2003; Miley & De Breuck 2008; Collet
et al. 2015). Many protoclusters have been identified as overdensities of
Lyman-o or Ha emitters around such radio sources (e.g., Pascarelle et al.
1996; Le Fevre et al. 1996; Pentericci et al. 2000; Kurk et al. 2000, 2004; Vene-
mans et al. 2002, 2004, 2005, 2007; Chiaberge et al. 2010; Kuiper et al. 2011;
Hatch et al. 2011a,b; Mawatari et al. 2012; Hayashi et al. 2012; Wylezalek et al.
2013a; Cooke et al. 2014), with follow-up studies confirming the presence of
diverse galaxy populations, including red galaxies, LBGs and DSFGs (e.g.,
Overzier et al. 2008; Hatch et al. 2011b; Dannerbauer et al. 2014; Zhang et al.
2024, 2025). Other potential tracers of overdensities include Lyman-a blobs
(LABs) and nebulae. LABs trace extended reservoirs of cold gas ionized by
intense UV radiation, typically from AGNs or star-forming galaxies (e.g.,
Prescott et al. 2008; Matsuda et al. 2012).

Only a few high-redshift clusters have been detected through their diffuse
hot gas, either via extended X-ray emission or the SZ effect (e.g., Stanford
et al. 2001; Mullis et al. 2005; Santos et al. 2011; Willis et al. 2020; Mantz et al.
2020). However, the faintness of the signal due to the immature state of the
(proto-)ICM at these epochs, together with observational limitations, poses
challenges beyond z ~ 1.5 —2. A notable example is XLSSC 122 at z ~ 2
(Willis et al. 2020), detected in the X-ray band by the XMM-LSS and XMM-
XXL surveys (Pierre et al. 2004; Pierre et al. 2016) and later spectroscopically
confirmed. Figure 2.13 shows the X-ray view of XLSSC 122, as seen by
XMM-Newton (Mantz et al. 2018). Subsequent SZ observations yielded a
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Figure 2.13: Smoothed image of the X-ray emission in the 0.5 - 3 keV band of
XLSSC 122 at z = 2, measured from XMM-Newton. Nearby point
sources are masked out. The cyan circles mark the R500 and R0 radii.
Reproduced from Mantz et al. (2018).

mass of Msgp = 6.3 x 10'3 Mg (Mantz et al. 2018), placing it among the
most massive (proto)clusters known at z ~ 2. Although often classified as
a cluster, recent studies on its ICM have revealed that this system is still
undergoing active assembly (van Marrewijk et al. 2024).

ICM-based selection is, to first order, independent of the properties of cluster
galaxies, and thus ideally suited for studies of galaxy evolution in cluster en-
vironments. Nevertheless, X-ray bright cool-core clusters host higher density
ICM in their centers, which may also influence galaxy properties. Another
promising approach for identifying overdense environments involves de-
tecting absorption features imprinted by dense gas on the spectrum of a
background UV-bright source. This technique has evolved into the Lyman-«
forest tomography, which enables 3D mapping of the IGM at Mpc resolution
(Lee et al. 2014; Cai et al. 2016, 2017; Zheng et al. 2021).

One of the most extensively studied systems is the Spiderweb protocluster,
identified around the radio galaxy MRC 1138-262 at z = 2.16 (Miley et al.
2006, see Fig. 2.14 for a multiwavelength view of this system). This structure
presents a population of actively star-forming galaxies (e.g., Pérez-Martinez
et al. 2023; Pérez-Martinez et al. 2024b), as well as an emerging red sequence
(Naufal et al. 2024), a rich AGN population (Tozzi et al. 2022a; Shimakawa
et al. 2024), and signatures of a forming ICM (Tozzi et al. 2022b; Di Mascolo
et al. 2023; Lepore et al. 2024, see Sect. 2.2.3).

Another example is the protocluster identified in the Multi Unit Spectro-
scopic Explorer (MUSE) Quasar Nebula o1 (MQNo1) field, around one of
the brightest QSOs in the Universe, at z = 3.25. This region contains one of
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Figure 2.14: Composite image of the Spiderweb protocluster in multiple wave-
lengths. The optical image is from Hubble Space Telescope and over-
laid are: the emission from the Spiderweb galaxy radio jet, measured
with the Karl G. Jansky Very Large Array (VLA, in red); the extended
Lyman-a nebula observed with FORS1 at Very Large Telescope (VLT,
in pink); and the SZ signal from the Atacama Large Millimeter/Submil-
limeter Array (ALMA, light blue). The white diamonds denote all the
spectroscopically confirmed member galaxies from Tozzi et al. (2022a).
Reproduced from Di Mascolo et al. (2023).
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Figure 2.15: Star-forming main sequence of galaxies in the protoclusters USS1558 at
z = 2.53 (orange circles) and Spiderweb at z = 2.16 (blue circles), from
Pérez-Martinez et al. (2024a, 2023), compared with coeval field galaxies
from Wisnioski et al. (2019, empty circles) and the main sequence fit
from Speagle et al. (2014, black solid line) at z=2.53, with its 30 scatter
(shaded area). Reproduced from Pérez-Martinez et al. (2024a).

the brightest Lyman-« nebulae and the largest galaxy overdensity known
at z > 3, and exhibits a significant overdensity of AGNs (Pensabene et al.
2024; Galbiati et al. 2025; Travascio et al. 2025a; Travascio et al. 2025b). As
discussed in Sect. 2.2.3, MQNoz1 is the first z > 3 system with observed
diffuse thermal emission possibly associated with a forming ICM.

2.2.2  Galaxy populations in protoclusters and high-redshift clusters

Over the past three decades since the detection of the first protocluster, the
diverse methods for their identification have painted a heterogeneous picture
of the early stages of galaxy cluster formation, revealing a vast diversity in
cluster progenitor environments at high redshift. These structures allow the
evolution of cluster galaxy populations to be traced back to epochs before
the collapse of the first massive clusters at z < 2 and thus to investigate
the nature and impact at early times of different kinds of environmental
effects that result in environmental signatures in cluster galaxy populations
at later epochs. Observations of cluster galaxies up to z ~ 1, as discussed
in Sect. 2.1.2, show an excess population of quiescent galaxies, as well as
of massive galaxies, compared to the coeval field. This implies that galaxy
clusters have been sites of accelerated evolution of their galaxy populations.
As a consequence, protoclusters must have been sites of enhanced star
formation at some point in their evolution, reversing the trend observed at
z S 1 (e.g., Oteo et al. 2018; Miller et al. 2018; Smail 2024). In this context,
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Figure 2.16: Galaxy stellar mass function in the CLJ1001 (proto)cluster at z=2.5,
compared with other protoclusters at z ~ 2 — 2.5. Blue (red) solid line
shows the GSMF for star-forming (quenched) galaxies in CLJ1001. The
blue dashed line shows the GSMF of Ho emitters only, for a fair com-
parison with the GSMFs in Spiderweb and in USS1558 from Shimakawa
et al. (2018b,a, brown dashed and green dotted lines, respectively). All
the GSMFs shown are re-scaled to match the normalization of CLJ1001.
Reproduced from Sun et al. (2024).

several studies have investigated the SFRs of individual protocluster galaxies
compared to field counterparts, looking for environmental signatures on the
star-forming main sequence. Some of these studies have reported enhanced
star formation in galaxies within protoclusters at cosmic noon (e.g., Wang
et al. 2016; Shimakawa et al. 2018a; Monson et al. 2021; Pérez-Martinez et al.
2024a; Staab et al. 2024; Daikuhara et al. 2024). However, other studies have
found that SFRs in protoclusters are consistent with the field main sequence
at the same redshift (e.g., Cucciati et al. 2014; Koyama et al. 2021; Polletta
et al. 2021; Shi et al. 2021; Pérez-Martinez et al. 2023, 2025). This is shown in
Fig. 2.15, where the SFRs of galaxies in the Spiderweb protocluster and in
USS1558 at z ~ 2.5 (e.g., Shimakawa et al. 2014) are shown as a function of
stellar mass and compared to field galaxies. Despite the two protoclusters
being almost coeval, the SFRs of their galaxy populations suggest that the
two structures are in different evolutionary stages. USS1558 seems to be
in a phase of enhanced star formation with respect to the field, while star-
forming galaxies in the Spiderweb protocluster have SFRs consistent with
the field main sequence (Pérez-Martinez et al. 2023, 2024a, but see also
Daikuhara et al. 2024).

Irrespective of an SFR enhancement at the time of observation, the observed
protoclusters may have been sites of more intense star formation at earlier
times. The GSMF provides key insight into this, as it encapsulates the
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Figure 2.17: Left panel: quenched galaxy fraction (for M. > 10'" M) as a function
of cluster-centric radius in the CLJ1001 protocluster (z = 2.5), compared
with the clusters ClJ1449 (z = 2) and JKCS o041 (z = 1.8), as well as
the field at z = 2.5. Reproduced from Wang et al. (2016). Right panel:
quenched fraction as a function of stellar mass in the 14 protocluster
candidates from Edward et al. (2024, in green), compared with field
galaxies (in blue). Reproduced from Edward et al. (2024).

integrated star formation history, as well as information on the stellar
mass assembly via mergers, of galaxies over time. Recent studies of some
protoclusters at z ~ 2 — 3 have identified an excess of high-mass galaxies in
dense environments compared to the coeval field (Sun et al. 2024; Forrest
et al. 2024; Galbiati et al. 2025), suggesting that these environments may
have undergone an enhanced star formation phase in the past. In contrast,
other studies reported no significant deviation from the field GSMF in other
protoclusters at z ~ 2 — 2.5 (e.g., Edward et al. 2024), indicating that their
star formation history might not differ greatly from that of the field. Figure
2.16 presents a collection of GSMFs of protoclusters at z ~ 2 — 2.5, including
CLJ1001 (Sun et al. 2024), Spiderweb (Shimakawa et al. 2018b), USS1558
(Shimakawa et al. 2018a) and 14 protocluster candidates identified in the
COSMOS field at z =2 — 2.5 (Edward et al. 2024). The sample of COSMOS
protoclusters yielded a GSMF that is consistent with field galaxies, while the
other systems present a relative excess of massive galaxies. These results, in
line with those on the main sequence, highlight different evolutionary paths
for different protoclusters observed in the same redshift range.

Another key area of investigation is the fraction of quenched galaxies in
protoclusters, which provides insight into the efficiency of quenching mech-
anisms in these early stages of cluster assembly. While some studies have
found that the fraction of quenched galaxies in high-redshift protoclusters is
similar to field levels (e.g., Wang et al. 2016; Forrest et al. 2024; Edward et al.
2024), overdensities of passive galaxies have been observed up to z ~ 4 (e.g.,
Zavala et al. 2019; Willis et al. 2020; McConachie et al. 2022; Ito et al. 2023;
Tanaka et al. 2024). Figure 2.17 (left panel) shows the quenched fraction
(above the limiting stellar mass of 10" M) as a function of halo-centric dis-
tance for the CLJ1001 protocluster (z = 2.5), compared to the high-redshift
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clusters CLJ1449 (z = 2, Strazzullo et al. 2013) and JKCS o041 (z = 1.§;
Newman et al. 2014; Andreon et al. 2014). The quenched fraction in CLJ1001
remains consistent with the field level down to the inner cluster core, ev-
idence of no environmental quenching effects on massive galaxies in this
system. Conversely, CLJ1449 and JKCS o041 (at lower redshift z ~ 2, where
the field level is ~40%) have much higher quenched fractions testifying an
already efficient environmental quenching. The right panel shows the stellar
mass dependence of the quenched fraction in the sample of z = 2 —-2.5
protoclusters from Edward et al. (2024). At M. > 10'%5 M, no significant
deviation from the trend observed in the field is present, suggesting that
also in these protoclusters environmental quenching is not significant. While
a general trend of the emergence of environmental quenching with redshift
can be identified, observations so far cannot precisely define when it starts to
significantly affect the evolution of galaxies in cluster progenitors, and what
drives the potentially non-negligible cluster-to-cluster variation seemingly
suggested by the available measurements.

In conclusion, limited statistics and observational limitations, combined with
the complex selection function of currently known protoclusters, complicate
the understanding of the observed diversity in galaxy population properties
in cluster progenitors.

2.2.2.1  Predictions of cosmological hydrodynamical simulations

Theoretical predictions from cosmological hydrodynamical simulations can
contribute to improving our picture of galaxy evolution, by accounting
for gas dynamics and astrophysical processes self-consistently in a cosmo-
logical context. However, these models need to be validated through a
detailed comparison with observations before they can be used as predictive
tools. In the very first attempts at comparing results on protoclusters from
cosmological hydrodynamical simulations to observations (e.g., Saro et al.
2009), simulated protoclusters were predicted to be strongly star forming,
in general agreement with the observational constraints available at the
time. On the other hand, reproducing observations of galaxy populations in
high-redshift protoclusters in detail has been found to be challenging for
simulations (e.g., Granato et al. 2015; Bassini et al. 2020; Lim et al. 2021; Re-
mus et al. 2023). One of the main inconsistencies lies in the underestimation
of SFRs in simulated star-forming galaxies at cosmic noon, irrespective of
their environment (e.g., Bassini et al. 2020; Akins et al. 2022; Andrews et al.
2024; Ragone-Figueroa et al. 2024), which also results in lower integrated
SFRs than those observed in protocluster environments. Recently, Lim et al.
(2024) showed that the FLAMINGO simulations can partially reconcile this
discrepancy, with the most massive protocluster cores in the 1 cGpc and
2.8 cGpc boxes of the FLAMINGO flagship runs matching the observed
integrated SFRs at z ~ 2 — 3.

The underestimation of the normalization of the star-forming main sequence
in simulations is not limited to protocluster environments, it also affects cos-
mological boxes representing “average” regions of the Universe, equivalent
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to the “field” in observational studies. Thus, not only do simulations strug-
gle to match the extreme SFRs reported for a possibly biased population of
the most star-forming protoclusters, but they also underestimate field-level
star formation at z ~ 2 —4. This issue indicates a deeper inadequacy of
the star formation and feedback models in capturing the details of galaxy
formation and evolution, which reflects also in the limitations of simulations
in reproducing the properties of galaxies at z = 0 (see Sect. 2.1.2.4). Despite
these limitations, simulations can still provide valuable insights into the
trends of galaxy population properties with their environment, even though
the detailed star formation history is not yet well reproduced.

2.2.3 The first observations of proto-ICM

Constraining the early phases of assembly of the hot diffuse ICM is crucial
for reconstructing the formation history of galaxy clusters and investigating
feedback processes and their role in shaping the thermodynamics of this hot
gas. Observations at high redshift are progressively pushing the detection
of this component toward earlier cosmic epochs, revealing systems in which
the ICM is not yet fully thermalized or centrally concentrated. However,
observing the (proto-)ICM at high redshift poses significant technical chal-
lenges. Mainly, the low density and temperature of the gas in these early
stages result in extremely faint signals, both in X-ray and in SZ signal, which
are often close to or below the sensitivity limits of current instrumentation.
Contamination from AGNs in X-ray, and radio galaxies in SZ also constitutes
a significant limitation. A further complication is the angular resolution,
which needs to be very high in order to carry out spatially resolved studies
of gas at such high redshifts.

In this section, I review results on the very few high-redshift systems where
diffuse thermal emission associated with a forming ICM has been detected.

XLSSC 122

Mantz et al. (2018) have presented the analysis of the ICM of XLSSC 122
at z ~ 2, based on 100 ks observations with XMM-Newton and interfero-
metric measurements at 30 GHz with the Combined Array for Research in
Millimeter-wave Astronomy (CARMA). The X-ray data provided the bulk
thermodynamic and chemical properties of this gas component: the gas tem-
perature was measured to be kg T = 5.0 £0.7 keV, with an emission-weighted
metallicity of Z/Zs = 0337317, indicating significant metal enrichment
already in place at z ~ 2 (Mantz et al. 2018; Willis et al. 2020). The global
properties of XLSSC 122 are consistent with observations of local clusters
when assuming self-similar evolution. This suggests a “simple” (self-similar)
evolution of the ICM up to z ~ 2, at least for massive systems such as XLSSC
122.

However, a spatial offset (~ 80 kpc; van Marrewijk et al. 2024) between the
peak of the X-ray emission and the peak of the SZ signal, as shown in Fig.
2.18, suggests a merging configuration. Recent high-resolution follow-up
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Figure 2.18: Multiwavelength view of XLSSC 122: Hubble Space Telescope image
in the background; XMM-Newton smoothed contours in white; SZ
flux measured with ALMA in blue. The red contours represent the
best model reconstruction of the SZ signal and the circles mark cluster
member galaxies (in cyan for star-forming and dusty galaxies). Repro-
duced from van Marrewijk et al. (2024).
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Figure 2.19: Radial temperature profiles of the proto-ICM in the Spiderweb proto-
cluster. Different colors show the profiles for different assumptions of
the ng parameter that accounts for the unknown surface brightness in
the innermost region contaminated by the radio galaxy. The solid black
line shows the temperature value constrained by Tozzi et al. (2022b)
by assuming an isothermal profile, with 10 error shown by the shaded
region. Reproduced from Lepore et al. (2024).

analyses in SZ have confirmed a disturbed dynamical state in XLSSC 122,
pointing toward an ongoing active assembly process (van Marrewijk et al.
2024).

All together, these observations suggest that XLSSC 122 is caught in an
active phase of cluster formation: the hot gas is present and enriched, but
still distributed in a non-symmetric configuration.

Spiderweb

In the Spiderweb protocluster, observations from deep 700 ks Chandra
exposures have revealed extended X-ray emission (Tozzi et al. 2022b), with
a diffuse component interpreted as thermal bremsstrahlung from hot gas.
The best-fit thermal model yielded a temperature of kg T ~ Z.Of&Z keV and
a metallicity Z < 1.6 Z,. However, these estimates are subject to significant
uncertainties due to the complex dynamical state of the system and the pres-
ence of non-thermal components. Independent support for the presence of a
forming ICM comes from ALMA observations of the SZ effect, reported by
Di Mascolo et al. (2023). The detection of a ~ 60 thermal SZ signal confirms
the presence of a hot gas component with a pressure profile compatible
with expectations for a young ICM.

More recently, Lepore et al. (2024) have combined X-ray and SZ data of
Spiderweb to reconstruct, for the first time, density and temperature profiles
of a forming ICM in a protocluster at z > 2. These profiles reveal a central
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Figure 2.20: Smoothed Chandra X-ray image (map of counts) in the 0.5-2.0 keV
rest-frame band of the central halo of MQNo1, after subtraction of the
contribution of the central QSO. The solid (shaded) black dot marks
the 1 (2) arcsec radius around the QSO center. The magenta contours
are Lyman-o isophotes and the red cross marks the position of a
companion QSO detected with ALMA. Reproduced from Travascio
et al. (2025b)

core in the proto-ICM, with relatively high density and a negative temper-
ature gradient (see Fig. 2.19), indicative of a strong cool core, comparable
to local clusters. The inferred classical mass deposition rate* is 250 — 1000
Mgyr~!, consistent with the FIR estimates of the SFR of the central Spider-
web galaxy (Seymour et al. 2012; Drouart et al. 2014). This suggests that the
Spiderweb protocluster core might be hosting a cooling flow that feeds both
the star formation and the AGN activity in the central galaxy. This phase
is expected to be followed by the onset of AGN feedback, whose effect is
already observable in morphological asymmetries and cavities inflated in
the proto-ICM. Overall, the Spiderweb system provides a detailed snapshot
of a proto-ICM in a dynamically complex environment, where gas accretion,
cooling, and feedback from the central AGN are all actively shaping the
thermodynamics of the diffuse gas.

MQNo1

As the most distant system in which a diffuse thermal component has been
detected, MQNo1 pushes the study of the ICM to very early cosmic epochs,
at z = 3.25 (Travascio et al. 2025b). The 634 ks X-ray observations with Chan-
dra in the 0.5-2 keV rest-frame energy band (see Fig. 2.20) have highlighted
a ~ 8o detection of diffuse emission up to 30 kpc from the central QSO,

The classical mass deposition rate is the rate at which gas condenses and is deposited into
the central galaxy in a steady-state, isobaric cooling flow model (Fabian 1994).
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consistent with thermal emission from a plasma in collisional ionization
equilibrium. The combined spatial and spectral statistical analysis yielded
a very steep density profile and an average temperature of the gas kgT =
(1.8 £0.4) keV. This system shows a very steep X-ray surface brightness
profile, with higher central values than the proto-ICM in the Spiderweb
protocluster. The exceptionally high X-ray luminosity of Lx = 2.25 x 10%°
erg s~ | makes it a clear outlier in the Lx-Tx plane in comparison with local
clusters, highlighting that the thermodynamic state of the observed gas
component is significantly different from the low-redshift ICM.

2.2.3.1  Prediction of cosmological hydrodynamical simulations

The investigation of the early stages of ICM assembly in cosmological
hydrodynamical simulations is still in its infancy, with virtually no study
focusing on this specific subject. Some studies have nonetheless yielded
predictions on this mostly unexplored topic. Saro et al. (2009) have presented
the predictions of zoom-in cosmological hydrodynamical simulations of two
galaxy clusters, focusing on their progenitors at z = 2.1. This analysis has
highlighted that simulations predict that a hot diffuse gas component is in
place in the potential well of cluster progenitors already at z ~ 2, with an
average temperature of kg T =2 (5) keV for a poor (rich) cluster of z = 0 mass
M0 ~ 10" (10'%) Mg and with a chemical enrichment already comparable
to local clusters. These predictions have been confirmed by observations in
XLSSC 122 and (to some extent) in the Spiderweb protocluster, as reported
above.

A hot gas component (selected to have temperatures T> 107 K) has been
found to dominate the gas budget in cluster progenitor halos since z ~ 3
also in The Three Hundred simulations (Li et al. 2023).

In the context of comparison with the available observations, Di Mascolo
et al. (2023) have shown that simulated halos produce idealized SZ signals
in agreement with ALMA observations in the Spiderweb protoclusters.
These initial results mark an important first step toward bridging simulations
and observations of the early phases of ICM evolution. Nevertheless, a
systematic investigation of the physical origin, thermodynamic history, and
eventual connection to the mature ICM at later epochs remains an open

challenge for current and future cosmological hydrodynamical simulations.
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In this Chapter, I introduce the cosmological code 0penGADGET-3 (section
3.1), its gravity and hydrodynamics solver and the sub-resolution models
implemented to describe astrophysical processes relevant for the simu-
lations presented in this Thesis. Then, I describe the latest version of the
DIANOGA suite of cosmological hydrodynamical simulations of galaxy clusters
(Sect. 3.2), produced with 0penGADGET -3, which I have analyzed throughout
this Thesis. Finally, I present some predictions of the DIANOGA simulations
at z = 0, on the properties of the galaxy population and of the ICM.

3.1 GALAXIES WITH DARK MATTER AND GAS INTERACT (GADGET)

GADGET is a massively parallel TreeParticle-Mesh (TreePM) Smoothed Particle
Hydrodyanamics (SPH) code; the simulations I have analyzed in this Thesis
were produced with a developer version of 0penGADGET-3 (Groth et al. 2023;
Damiano et al. 2024), successor of GADGET -3, which is an improved version
of the publicly available GADGET-2 code (Springel 2005). In the following, I
briefly describe how the N-body and SPH schemes presented in Appendix D
are implemented in GADGET -2, followed by a summary of the improvements
introduced in GADGET-3 and in OpenGADGET-3.

3.1.1  Gravity

Gravity is described through a hierarchical multipole expansion, which can
optionally be applied in the form of a hybrid TreePM method (see Sect.
D.1.4). The “tree” part of the scheme performs a grouping of particles
with an oct-tree structure as described in Sect. D.1.3. The expansion of the
gravitational potential is limited to monopole moments, which gives a lower
complexity per evaluation at the price of more iterations compared to higher
order versions. This means that, at fixed accuracy, the walk along the tree
(introduced in Sect. D.1.3) takes longer, with more partial force evaluations,
each of them being however easier to compute.

The opening criterion (introduced in Sect. D.1.3) adopted for a node of
dimension 1 and total mass M at distance r is:

GM /1\? .
r2<> > ofdl, (2)

T

where o is a tolerance parameter, d is the total acceleration of the target
particle obtained in the previous time step and G is the universal gravita-
tional constant. Since d is not available for the first estimation of forces,
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the geometrical opening criterion described in Sect. D.1.3 is used instead.
To avoid cases where the particle being evaluated lies within a node that
does not satisfy the opening criterion, an additional condition is imposed:
[ —cxl < 0.61, where 1 and ¢y denote the k-th components of the particle
position and the node’s geometric center, respectively.

The tree is also used to find neighbors in the SPH implementation (see Sect.
D.2.1); for the i-th SPH particle, the walk along the tree is done with an
opening criterion based on the existence of an overlap between the search
region (a sphere centered at the particle position 7; with radius equal to the
SPH smoothing length of the particle h;) and the node volume.

One can opt to replace the tree with a TreePM scheme for gravity, where
the walk in the tree needs to be done only locally around the target particle,
while long-range forces are calculated by the PM code. This approach can
result in improved performance and better accuracy in the computation of
long-range forces.

The PM part of the code employs a Cloud in Cell (CIC, see Sect. D.1.2)
scheme for mass assignment and the four-point differencing rule to approxi-
mate the forces by finite differences of the potential ¢:

CL
0x

e = % [§(¢i+1,j,k —pi1x) — %(d)i—l—z,j,k — 12|, (3)
where 6 is the grid spacing and the presence of the indexes ijk indicates
that potential is evaluated at position (ri,7j, Ty ) on the grid.

In GADGET -2 there is also the possibility of applying a two-level hierarchy of
meshes, useful for simulations with a high dynamic range, for which the
TreePM is not very efficient (see Springel 2005 for details).

Since the dynamical range of timescales is large in cosmological simulations
and evolving all particles with the smallest time step would be a waste of
computational resources, the time integration in the TreePM algorithm is
performed with individual and adaptive time steps, using a generalization
of the leap-frog integration schemes. The time step criterion for DM particles
adopted by GADGET-2 is:

2
At = min (Atmux, E) , (4)

where 11 is an accuracy parameter, € is the gravitational softening (introduced
in Sect. D.1.1) and Atyqx is the maximum allowed time step, usually a
small fraction of the dynamical time of the simulated system. Further
details on the gravity solver of GADGET-2 can be found in Springel (2005).
This implementation is largely unchanged in OpenGADGET- 3.

3.1.2  Hydrodynamics

The gas dynamics is followed with an SPH formulation (described in Sect.
D.2.1) which manifestly conserves energy and entropy, and makes use of an
artificial viscosity in order to resolve shocks.
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GADGET-2 uses a density estimate in the form of Eq. 119 and the following
interpolation kernel:

1—6RZ+6R> 0K R<O05
2(1—R)3 05 <RI (5)

0 otherwise,

W(T, h) = ﬁ

where R = r/h.
An adaptive smoothing length is used, so that mass is constant in the
smoothing volumes, i.e.:

47t B
?hg Pi = Nsphm, (6)
where Ngpp is the number of smoothing neighbors and m the average
particle mass; this implicit equation is solved with the bisection method.

Shocks are treated by inserting an artificial viscous term in the equation
of motions, as in Eq. 128, where the employed parametrization of artificial
viscosity is the one derived by Monaghan (1997):

Ocvi] Wij = =
X U vy T < 0
- pI— i Ty
Iy = Pij . (7)
0 otherwise,
where Ty = Ti — T, Vij = Vi — Vi, pij = 258 wii = Vi - 7 /IFu| and
ij i jr Vij i jr Pij 7 Wij ij " Tij/ 1T
v;lg = ¢i + ¢j — 3wy is the signal velocity between particles i and j (c; is

the sound speed at the position of particle i). Viscosity is thus only active
when particles are approaching. The dimensionless factor o (= 0.5 —1.0)
defines the strength of viscosity. To avoid viscosity in case of shear motions
(for which Vi - ¥i; < 0 is also verified), the viscous term is multiplied by a
limiter, following Balsara (1995), in the form

|V x V]

v 8
A+ IV X ®)

which distinguishes shocks from shear motions, suppressing viscosity in
the latter case.

The hydrodynamic scheme implemented in GADGET -3 and in OpenGADGET -3
carries some differences from the one adopted by GADGET-2, which I briefly
mention below.

¢ Velocity gradients in the limiter are computed from the full velocity
gradient matrix rather than low-order classic kernel derivatives. This
yields improved results especially in the estimate of the curl of the
velocity field, which gives more accuracy in the suppression of artificial
viscosity outside shocks.

¢ Artificial conductivity is applied at contact discontinuities, where spu-
rious surface tension arises, to promote the transport of heat between
particles and avoid such tension.
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¢ A higher order interpolating kernel can be chosen to achieve better
numerical convergence; the one adopted in the simulations described
below is the Wendland C4 kernel:

495 1—-R)®(1+6R+32R?) 0KRKI1
Wir,h) = {( | >RY) ©)

~ 32mh3 0 otherwise,

where R = r/h.

¢ Since GADGET uses individual time steps, particles at a given step
are split into “active”* and “inactive”. Where these are overlapping
spatially, some issues might arise. For example, if an active particle
gains a lot of momentum and enters an inactive region, particles there
are not affected by its presence, leading to unphysical results. To solve
this, a particle wake-up limiting scheme is used to shorten time steps
and “activate” particles earlier when necessary.

¢ The artificial viscosity coefficient « is calculated for each particle,
following the approach developed by Cullen & Dehnen (2010).

For details, I refer to the paper by Beck et al. (2016).
3.1.3 Additional physics

In addition to gravity and hydrodynamics, state-of-the-art cosmological
hydrodynamical codes incorporate a variety of astrophysical processes. Due
to the limited resolution and the incomplete understanding of many of these
processes, they are modeled through sub-resolution prescriptions — effective,
phenomenological models that approximate small-scale phenomena such as
star formation, SN explosions, and gas accretion onto supermassive black
holes (SMBHs). These processes span a wide range of spatial and temporal
scales, often far below the typical resolution and time steps of cosmological
simulations. For reviews on sub-resolution models in cosmological simu-
lations I refer to Somerville & Davé (2015), Vogelsberger et al. (2020), and
Valentini & Dolag (2025).

In this Section, I describe the main sub-resolution models implemented in
OpenGADGET - 3.

3.1.3.1 Star formation and stellar feedback

The model for star formation included in the DIANOGA simulations described
below is based on the original “effective model” presented in Springel
& Hernquist (2003, SHo3 hereafter), where a detailed description can be
found. The formation of stars from the collapse and fragmentation of
clouds of molecular gas in the interstellar medium (ISM), besides being
still theoretically uncertain, involves much smaller scales than those probed
by cosmological simulations. For this reason, a sub-resolution modeling

Active particles are those for which hydrodynamical equations are integrated in the current
time step.
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is required to describe the complex structure of the ISM in an effective
way. This is done by performing a coarse-graining procedure, where a
fluid element — an SPH gas particle (see Sect. D.2.1) — is described by
spatially-averaged properties.

When gas particles reach a density threshold py,, corresponding to a
hydrogen number density of nyg = 0.1 cm—3 (and optionally a temperature
threshold), they are promoted to “multiphase” particles. In such particles, a
cold and a hot sub-resolution phases —representing cold molecular clouds
and a hot ambient gas, respectively — are assumed to be in pressure equi-
librium. The density of stars (p.), on average, evolves proportionally to the
density of the cold phase (p.), on a timescale t. and also decreases as a
consequence of SN explosions:

Pc

dp. oy Pc
= 01-B)%, (10)

where {3 is the mass fraction of stars dying as SN (dependent on the initial
mass function), assumed to explode instantaneously. The timescale t, is
assumed to be proportional to the local dynamical time of the gas (which
results in a Schmidt-like scaling of star formation rates with densities), thus:

t. = to. (p/pin) 7, (11)

where tg . is a free parameter, tuned to fit the Kennicutt relation (Kennicutt
1989). Star formation is then treated stochastically: multiphase gas particles
may spawn collisionless star particles and only the expectation value of the
density of star formation evolves consistently with Eq. 10.

The evolution of cold and hot phases is followed by taking into account,
besides star formation, radiative cooling and molecular cloud evaporation:

de pc pc 1 - f
=—— —AB—+ —-—"A , ,
dat t, B t, + Un — g net(Ph, Un) (12)
dpn Pc Pc 1—f
— =Rf—=+A———A
dt ) t, +AR t, T net(Pn, Un), (13)

where A is the efficiency of evaporation of cold molecular clouds caused by
SN explosions, and u. (un) is the internal specific energy for the cold (hot)
component of the ISM. A, ¢ is the cooling function describing the rate at
which radiative processes cause the cooling (or heating) of the hot phase.
The hot phase of the multiphase particles is indeed the only component
assumed to be subject to radiative processes. The parameter f acts as a flag
distinguishing between two regimes: f = 0 when thermal instability and
cloud condensation from the hot gas occur (i.e., when p > py,); conversely,
f =1 corresponds to ordinary cooling in the absence of condensation (i.e.,
when p < py,).

The cold clouds are assumed to have a fixed temperature; therefore, their
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thermal energy u. remains constant. On the other hand, the evolution of
the hot component is given by:
dun _ ,pc

Pn dt BE(uSN +Uc —Un) _AB%(uh —Uc) — fAnet, (14)

where usy = (1—B)B'esn and esy is the average SN energy expected

per unit stellar mass formed, dependent on the initial mass function (IMF).
The SN evaporation parameter A is assumed to be a power-law of density,
following McKee & Ostriker (1977):

P \—4/5

Al(p) Ao(pth) , (15)
where Ay is a parameter of the model. This can be constrained by requir-
ing that, when the density threshold is reached, the hot ambient gas is at
an equilibrium temperature that allows thermal instability to take place,
meaning that the cooling function has to drop, which happens at T~ 10° K.
Combining this with the fact that Eq. 14, in case of thermal instability, gives
a thermal energy un ~ usn /A, yields Ag ~ 1000. The remaining parameter
is ptn, which can be constrained if we consider that, in this model, stellar
feedback and star formation enter a self-regulated cycle, where the effective
pressure of the medium should be constant with time. By imposing the
continuity of the effective pressure with density at the onset of self-regulated
star formation, the parameter p¢, can be linked to tj, thus leaving the latter
as the only actual free parameter, constrained by observations as discussed
above.
To account for galactic outflows, this model is complemented by a phe-
nomenological description of winds driven by SN. The rate of mass loss in
galactic winds (M,,) is assumed to be proportional to the star formation
rate (M,):

M,, =M., (16)

where 1, the mass loading factor, is of the order of unity. The other parameter
of the model defines the fraction of SN energy that goes into kinetic energy
of the wind, x. Defining v,, as the velocity of the wind, then the kinetic
energy rate is:

1. .
EMWVW =xesNM.. (17)
In practice, multiphase star-forming gas particles can be stochastically con-
verted into “wind particles” by receiving a velocity kick of magnitude v,,,.

3.1.3.2 Black hole growth and AGN feedback

0penGADGET-3 includes a sub-resolution description of the effects of active
galactic nucleus (AGN) feedback driven by gas accretion onto SMBHs,
following the original model presented in Springel et al. (2005a), with some
variations from Hirschmann et al. (2014). Black holes (BHs) are treated as
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collisionless sink particles ?, seeded in DM halos, that satisfy specific criteria
in terms of mass and baryon content, to guarantee that BHs are seeded only
in halos representing clearly resolved galaxies:

¢ the DM mass of the halo is larger than 5 x 10'° Mg h™';

¢ the stellar mass is a fraction larger than 0.02 of the total mass of the
halo and larger than o.05 times the DM mass;

¢ the gas mass is at least 0.1 times the stellar mass;
¢ the halo does not host a BH particle already.

In halos that satisfy the conditions above, the star particle with the highest
binding energy is converted into a BH particle, with initial mass:

M*,h

Mseed -M
BH 0 seed’
MR,

(18)
where My =2 x 10> My h™', f, = 0.02 and Miged =5 x 10" Mo h'.
Gas accretion onto BHs is assumed to be spherically symmetric, for simplic-
ity, following a Bondi-Hoyle-Littleton parametrization (Hoyle & Lyttleton
1939; Bondi & Hoyle 1944; Bondi 1952):

. 4nG2M2,, op
MBondi = © 3 31375 (19)
ondi (C% +\)2)3/2

where Mgy is the BH mass, p and cs are the density and the sound speed
at the position of the BH and v is the BH’s relative velocity with respect to
the surrounding gas. « is a dimensionless boost parameter, introduced to
account for the unresolved high gas density in the surroundings of the BH.
In the simulations analyzed in this Thesis, the accretion was assumed to be
limited to the Eddington rate:
AnGMppm,

(20)

Mgaa =
€+0TC
where m,, is the proton mass, ot is Thomson cross-section and e, is the
radiative efficiency, which defines the fraction of accreted mass that is
converted to radiated luminosity. In the simulations used in this Thesis,
the value for e, is assumed to be 0.1 as for radiatively efficient Shakura &
Sunyaev (1973) accretion onto a Schwarzschild BH. Different values of « are
assumed for the accretion of the cold (T< 10° K, o = 100) and hot (T> 10°
K, an, = 10) components of the gas (see Steinborn et al. 2015). In this model,
as the BH accretes gas, it injects feedback energy into the surrounding gas.
The energy that is thermally coupled to the gas is:

) ) 5
Ethermal = €r€fMpHcC”, (21)

Sink particles (Bate et al. 1995) are effective particles used to treat regions of gravitational
collapse, such as an accreting BH, in simulations. They accumulate mass accreted from the
surrounding gas through an immediate collapse onto a point mass, artificially stopping the
gravitational collapse at a scale that can still be resolved by the simulation.
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where e¢ is the feedback efficiency. Following Sijacki & Springel (2006) and
Fabjan et al. (2010), this model assumes different values for e¢ according
to the Eddington ratio ngqq of the BH, defined as the ratio between the
accretion rate onto the BH and its Eddington limit. For high Eddington
ratios (Nega > 0.01), in the so called “quasar mode”, the feedback efficiency
€f is 0.05, while at lower accretion rates the "radio mode" is switched on,
with a feedback efficiency four times higher than the one assumed in quasar
mode, to account for massive BHs that accrete at low rates but are very
efficient in inflating bubbles in the surrounding gas.

The finite resolution of simulations causes artificial displacements of BH
particles from the center of their host galaxy, due to spurious scattering
interactions with their surrounding particles, leading to the formation of
artificially “wandering” BHs (e.g., Bahé et al. 2022; Damiano et al. 2024).
In the DIANOGA simulations introduced below, this numerical artifact is
approached by “boosting” the dynamical mass (e.g., Debuhr et al. 2011;
Bassini et al. 2020), which enters gravity calculations. At the time of seeding,
this is set to the mass of DM particles, until it exceeds the real mass of
the BH (which grows following Eq. 19), then it starts growing through
gas accretion. This enhances the numerically resolved dynamical friction,
preventing BHs from escaping their host galaxy.

Another consequence of the finite resolution of simulations is that the
mergers of BHs cannot be resolved. Therefore, to model mergers in
0penGADGET-3, it is assumed that two black holes merge, with the one in the
deepest potential well swallowing the other, if the following conditions are
satisfied (Di Matteo et al. 2008):

* their separation is below 5 times the gravitational softening scale of
BH particles;

¢ their relative velocity vy is less than half the local sound speed (cs);

¢ the values of the gravitational potential at their positions (®7 and @;)
need to satify:

D1 — Dy

2_.2
< 0.5¢5 —Viel (22)

where a is the adimensional scale factor.

The sound speed is used as a simple local velocity scale of the galaxy. The
condition on the relative velocity, compared to the local sound speed, is
introduced to prevent early mergers during a fly-by in a merging event (see
Di Matteo et al. 2008).

3.1.3.3 Chemical enrichment

The model describing chemical evolution in OpenGADGET -3 is presented in
Tornatore et al. (2007). In this model, each star particle is described as
a simple stellar population (SSP), i.e., an ensemble of coeval stars with
uniform metallicity. Besides the time of birth and the metallicity, each SSP
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is characterized by its initial mass and an IMF. The evolution of the SSPs
is traced by considering the mass loss and metal production from Type II
and Ia SN, as well as from asymptotic giant branch (AGB) stars, based on
the choice for an IMF, stellar life-times, and stellar yields. At each time
step, given the IMF, the number of stars ending their life as SN (type II
or la) or entering the AGB phase is computed for each SSP, along with
their contribution to chemical enrichment. In particular, the rate of SN Ia,
assumed to be binary stars in the mass range 0.8 —8 M, (Greggio & Renzini
1983), at time t is:

dm(t Mem 1
RsN1alt) = — L 24Am(t)2J $(mp) —5 dms, (23)
dt Mgm mB
where d“;,gt) defines the rate of mass of stars dying at time t, m is the mass

of stars dying at time t, ¢ is the IMF and A is the fraction of stars in binary
systems that are progenitors to SN Ia systems. The integral is over the total
mass of the binary system, between Mg, and Mga1. In OpenGADGET -3, the
parameter values follow those adopted in the theoretical model by Matteucci
& Greggio (1986): A =0.1, Mgy, =3 Mg and Mgm = 16 M.

The rate of stars that end their lives as type II SN or enter the AGB phase is
given by:

B dm(t))

0t (24)

Rswitiaca(t) = ¢imf)] x (
This rate needs to be multiplied by a factor 1 — A for AGB stars that fall in
the same mass range of a secondary binary star of a SN Ia progenitor.

The evolution of the mass density for the i-th chemical element is obtained
by solving (see Matteucci 2003):

pi(t) = —P(t)Zi(t)
Mgem
+AJ o (m) [

Hmin
J F(1) Wt —Tmy) Pz, (m, Z) du| dm
MBm

0.5
Mpm

+(1—A)JM Blt—t(m) pz,(m, Z) p(m) dm

MBm.
] e m) pzy (m,2) (m) dm
Mr

Mu
] i tim) pz, (m, 2) g(m) am (25)
Mgm
where the first term describes the amount of the element that is locked
in newly forming stars, with {(t) the rate of star formation and Z;(t)
the abundance of the i-th element in the ISM at time t. The second term
describes the contribution of SN Ia, with total mass of the system between
Mgm and Mgnm. The internal integral accounts for all possible combinations
of masses in the binary system, with p = mf}rﬁnz, where m; (m;) is the
mass of the primary (secondary) star in the binary system and f(p) is the
distribution of u. Here, T, refers to the lifetime of a star of mass m and
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pz,(m, Z) is the yield for the i-th element. The third and fourth terms
describe, respectively, the contribution of low- and intermediate-mass stars,
while the last term is the contribution of type II SN. The mass ranges
are defined by the following values (Greggio & Renzini 1983; Matteucci &
Greggio 1986): My = 0.1 My, Mpm =3 Mg, Mpm = 16 M and My = 100
Mg. The distribution of p in the SN Ia term is taken from Matteucci &

Recchi (2001) and pmin for a binary system of total mass mg is pmin =

mp meo.SMBM

max (ms , —

. The details of the numerical implementation of
this model can be found in Tornatore et al. (2007).

3.1.3.4 Radiative cooling of gas

0penGADGET- 3 also includes a model for radiative cooling of the gas compo-
nent, depending on its temperature, metallicity, and redshift. Cooling and
heating rates are computed using the photoionization code CLOUDY (Ferland
et al. 1998), which accounts for the most relevant atomic processes over the
temperature range 10* — 10% K, as covered by the simulations. The gas is
assumed to be optically thin, as expected for gas in the temperature and the
density ranges typically probed by the simulations, dust-free, in collisional
ionization equilibrium, and exposed to both the CMB and a spatially uni-
form UV /X-ray background. Further details can be found in Wiersma et al.

(2009).
3.2 DIANOGA SIMULATIONS

The analyses presented in this Thesis are based on a set of 14 simulated
galaxy clusters, based on the DIANOGA initial conditions of zoom-in sim-
ulations of galaxy clusters, presented in Bonafede et al. (2011). Zoom-in
simulations are an invaluable tool for investigating rare systems, such as mas-
sive galaxy clusters. They are high-resolution simulations focused on small
regions of interest, which are embedded within a larger, lower-resolution
simulation that captures the surrounding large-scale environment. This
approach enables the detailed study of specific structures at a resolution
that would be computationally prohibitive for large volumes.

Various versions of the DIANOGA simulations have been presented in the
literature, implementing different models of sub-resolution physics and
with different resolutions (e.g., Rasia et al. 2015; Ragone-Figueroa et al.
2018; Bassini et al. 2020). The adopted cosmology is a flat ACDM, with
h =0.72, Oy = 0.24, Qp = 0.04 for the density parameters? associated with
total and baryonic matter, ns = 0.96 for the primordial spectral index and
og = 0.8 for the normalization of the linear power spectrum. The DIANOGA
initial conditions have been generated with the zoomed-in initial conditions

We note that the adopted cosmology differs from the fiducial flat ACDM and the standard
Planck 2018 (Planck Collaboration VI 2020) cosmologies adopted in recent observational
studies. However, we verified that the impact of cosmology on halo masses, stellar masses
and radii in the epoch around cosmic noon, which is the focus of this Thesis, is well within
typical statistical and systematic uncertainties in current observations.
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technique (Tormen 1997): cluster-size halos of DM particles are identified at
z = 01in a 1024% DM particles box of 1 h~'cGpc per side, then traced back
to their positions in the initial conditions at z ~ 180; the regions defined in
this way are re-simulated at higher resolution than the one adopted in the
parent simulation, adding gas particles with an initial mass chosen so as to
reproduce the cosmic baryon fraction of the assumed cosmology. Outside
of these regions, low-resolution DM particles are included to describe the
tidal field. The original DIANOGA sample includes the 24 most massive halos
with a virial mass My, > 10> h~"M, in the parent box (note that, when
re-simulated at higher resolutions, the halo masses change slightly) and
5 more halos in the mass range M,i; >~ (1 —7) x 10'* h="M,,. The initial
setup was chosen so as to guarantee a spherical volume around each cluster
with a radius of 5-6 virial radii simulated at high resolution and free of low-
resolution contaminant particles at z = 0. These regions are large enough
to include satellite clusters and groups other than the target systems of the
re-simulations. The masses of the DIANOGA clusters analyzed in this Thesis
are listed in Tab 3.1. Two out of the 14 clusters in the set were simulated
down to z = 1, whereas the remaining clusters were simulated to z = 0.
Figure 3.1 shows a rendering of the distributions of DM, gas and stars

Table 3.1: IDs and masses of the DIANOGA cluster simulations at z = 0. The last
column specifies if the cluster belongs to the set of the 24 most massive
clusters (set 1) originally selected in the parent box or to the set of 5 less
massive ones (set 2). Clusters D15 and D16 were simulated down to
z =1, so their masses at z = 0 come from the parent simulation.

ID | Mjooc [10"™> h™ "M | set
D2 0.5 2
D3 0.8 2
D4 0.6 2
Ds 0.2 2
D6 1.6 1
Dy 1.6 1
Do 0.2 2
D1o 1.5 1
D13 1.8 1
D15 1.8 1
D16 3.2 1
D17y 1.8 1
D21 1.8 1
D25 1.1 1

(from left to right) at z = 2, T and 0 (from top to bottom) of a cluster ex-
tracted from the DIANOGA set. This figure captures the evolution of the three
components as the cluster assembles, highlighting the transition from a
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Figure 3.1: Evolution of a DIANOGA cluster from z = 2 (top panels), to z =1 (middle
panels) and then to z = 0 (bottom panels). From left to right, the panels
show the rendering of the DM, gas and stars distributions.

tilamentary diffuse protocluster system to a fully formed cluster by z =0,
that is interacting with a less massive group of galaxies.

Hereafter, I refer to the high-resolution version of the simulations de-

scribed above as the DIANOGA set of simulations of galaxy clusters. The
re-simulations were performed with a state-of-art developer version of the
TreePM SPH code OpenGADGET-3 introduced in Sect. 3.1. The mass reso-
lution for DM particles and the initial mass of gas particles are mpm =
34 %107 h™! Mg and mgqs = 6.2 X 10° h_1M@, respectively. The Plummer-
equivalent gravitational softening lengths in the high-resolution regions at
z=0are eppm =1 h*1kpc, €gas = | hqkpc, and e, gpH = 0.25 h*1kpc, for
DM, gas, and star and BH particles, respectively. All softening lengths are
kept fixed in comoving units, except epm, held constant in physical units
below z = 2, and fixed in comoving units for z > 2.
In these simulations, all the sub-resolution models described in Sect. 3.1.3
were included. In the star formation model, each gas particle can spawn
four generations of star particles so that the typical mass of the latter is
m, = 1.5 x 10 h™'"M. The model of stellar evolution described in Sect.
3.1.3 assumes a Chabrier (2003) IMF and follows the evolution of 14 chem-
ical elements: He, C, O, N, Ne, Mg, Si, S, Ca, Fe, Na, Al, Ar, and Ni. The
mass-dependent life-times of stars are taken from Padovani & Matteucci
(1993) and the stellar yields are taken from Thielemann et al. (2003) for
type-la SN, from Karakas (2010) for AGB stars, and from Nomoto et al.
(2013) for type-II SN. The parameters regulating accretion onto BHs and the
associated feedback (reported in Sect. 3.1.3.2) have been tuned to reproduce
the observed relation between BH mass and stellar mass of galaxies in the
local Universe (Magorrian et al. 1998), using the relation from McConnell &
Ma (2013) and, for BCGs, data from Gaspari et al. (2019).

In this Thesis, I analyzed the properties of simulated protoclusters and
high-redshift clusters and, in order to study the environmental effects on
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the galaxy population properties, I compared them with coeval analogs in a
reference, average density region. To this purpose, I used the population
of galaxies identified within a cosmological box with size 49 cMpc/h per
side, simulated with the same version of OpenGADGET -3, assuming the same
cosmology and sub-resolution models for baryonic physics. To have the
same mass resolution as the DIANOGA zoom-in regions, initial conditions
were generated for 5763 DM particles and as many gas particles.

In these simulations, galaxies have been identified with the SubFind algo-
rithm (Springel et al. 2001b; Dolag et al. 2009). This subhalo finder searches
for DM substructures hosting galaxies as bound systems within a larger
parent halo. The first step is thus the identification of DM halos, which
is performed with a Friends-of-Friends (FoF) algorithm (Davis et al. 1985).
Here the particles are grouped such that the interparticle distance is al-
ways below a parameter, the linking length, usually given in units of mean
interparticle distance. The linking length is usually assumed to be about
0.2 (the exact value being dependent on cosmology), since this was proved
to identify halos with a density threshold similar to what is predicted for
virialized systems by the spherical collapse model. Within FoF DM halos,
substructure candidates are then identified by looking for regions enclosed
by density contours crossing a saddle point of the density field. After that,
particles belonging to each of the subhalo candidates undergo an unbinding
procedure to exclude those particles that are not gravitationally bound to
the assigned subhalo.

To mitigate possible resolution-related effects, when investigating galaxy
properties I adopt a lower stellar-mass threshold of M., = 107 Mg, corre-
sponding to approximately 500 particles.

3.2.1 Properties of DIANOGA simulations at z=0

In this Section, I present some fundamental predictions from the DIANOGA
simulations and the cosmological box at z = 0, focusing on galaxy properties
and on the thermodynamics of the ICM. This is a preliminary assessment of
the reliability of the simulations in reproducing observations, which does
not represent an exhaustive investigation of their predictions at z = 0.

By comparing simulations with key observables from the main fields of
investigations of this Thesis — galaxies and the ICM —, I aim to highlight
possible limitations of the implemented galaxy formation model. Atz =0
observations are far more abundant and affected by smaller uncertainties
and biases than at cosmic noon, where most of the results presented in
this Thesis are obtained. Thus, this comparison represents a significant
constraint on the predictive power of the simulations and its conclusions
should be considered while discussing the predictions of simulations at
higher redshifts in Chapters 4 and 5.

The DIANOGA clusters considered here are the 12 out of 14 that were simulated
down to z = 0.
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3.2.1.1  The galaxy population

One of the most fundamental observables concerning the galaxy population,
especially for the purpose of validation of theoretical models, is the galaxy
stellar mass function (GSMF). Being the distribution of stellar masses of
galaxies, this observable encapsulates information on the (integrated) star
formation history and on the stellar mass assembly. The GSMF is also a
sensitive probe of feedback processes. To reconcile the observed GSMF with
cosmological simulations, feedback processes are indeed fundamental, both
from SN and AGN. Theoretical models have shown that the GSMF in the
low- and intermediate-mass regime is mostly affected by galactic winds
driven by SN, while the slope of the high-mass end is more sensitive to the
inclusion of the AGN feedback (see, e.g., Cattaneo et al. 2007; Somerville et
al. 2008; Oppenheimer et al. 2010; Scharré et al. 2024). In fact, the high-mass
end of the GSMF can be reconciled with observations only if AGN feedback
is included in the modeling.

The simulated GSMF at z = 0 is shown in Fig. 3.2, for galaxies in the
cosmological box (top panel) and in the DIANOGA clusters (bottom panel),
compared with observational data in the COSMOS field (Muzzin et al. 2013;
Weaver et al. 2023) and in 21 clusters at z ~ 0 from the Wlde-field Nearby
Galaxy-cluster Survey (WINGS; Vulcani et al. 2011), respectively. Stellar
masses in these observational studies were obtained either with the same
IMF as in simulations (Chabrier 2003) or with the Kroupa (2001) IMF; no
correction was applied to convert the latter to estimates based on a Chabrier
(2003) IME, as the correction is negligible compared to the measurement
uncertainties. In the simulations, galaxy stellar masses were obtained by
considering only the star particles associated to each galaxy by SubFind,
within a sphere of radius 30 kpc around the galaxy center. The chosen
radius, although arbitrary to some extent, is large enough to encompass
approximately 3 times the half-light radius of observed massive galaxies
(M, ~ 10"" Mg; e.g,, van der Wel et al. 2014). Further increasing the
radius to 40 kpc affects the number density of galaxies by less than ~ 1% at
M. $10'°° Mg and by ~ 3% at M, ~ 10"" M, well within observational
uncertainties (~ 0.1 —0.15 dex for log1o(M.« IMg]) ~ 10—11 at z ~ 0; Muzzin
et al. 2013). This level of uncertainty is not relevant for what concerns the
purpose of this comparison in the context of results presented in this Thesis.
The GSMF from Vulcani et al. (2011) is a Schechter function (Schechter 1976)
fit to the data, including all galaxies of the 21 clusters. In the figure, I show
the fit, divided by the number of clusters, to compare it with the mean
GSMF in the DIANOGA simulations. To have an approximate quantitative
comparison between the normalizations of the simulated and observed
GSMFs, one should consider the different mass ranges spanned by observed
and simulated clusters. The median mass of WINGS clusters is indeed ~ 3
times lower than the DIANOGA median mass and the former are thus expected
to have lower richness. To approximately account for this, the observed
GSMF is rescaled by a factor of 2 (see, e.g., Lin et al. 2004). To replicate the
selection of galaxies in the WINGS clusters, galaxies in the DIANOGA clusters
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are selected within a sphere of radius 0.6x Rzg¢ from the cluster center. In
the simulations, the GSMFs are convolved with a Gaussian distribution of
errors on the stellar masses, with dispersion equal to 0.3 dex, corresponding
to the typical mass uncertainty reported in Vulcani et al. (2011).

The comparison shows a good agreement between the GSMF in the

cosmological box and the field observations around the knee of the mass
function. At the low-mass end, the GSMF is too steep, which is a known
limitation of models for kinetic SN feedback (see Sect. 3.1.3.1) that assume a
constant wind velocity (e.g., Choi & Nagamine 2011). This is due to the fact
that, for typical values adopted in models using constant wind velocity and
mass loading factor, SN-driven winds are inefficient in low-mass galaxies, as
shown by the comparison with models that scale such parameters with the
local velocity dispersion or the stellar mass of galaxies (e.g., Oppenheimer
& Davé 2006; Oppenheimer et al. 2010). At the same time, the high-mass
end of the simulated GSMF shows a deviation from observations, with an
excess of very massive galaxies in simulations.
As for the DIANOGA clusters, the median prediction of the z = 0 GSMF
is consistent with observational constraints across almost all the probed
stellar mass range. Due to the approximate nature of the mass-richness
correction applied to the observational data, the normalization should
be interpreted with caution, and the comparison should primarily focus
on the relative trends. The high-mass end of the GSMF of the DIANOGA
simulations — from which BCGs have been excluded - predicts an excess
of very massive galaxies (M. > 105> M) compared to observations,
mirroring the inconsistency seen in the cosmological box. This suggests that
the interplay of feedback processes, especially the AGN feedback which is
expected to be more relevant for massive galaxies, is not efficient enough to
suppress star formation at the highest stellar masses.

3.2.1.2  Profiles of ICM thermodynamic properties

To characterize the simulated ICM in DIANOGA clusters, I analyze the radial
profiles of its thermodynamic properties, including electron density (n.),
temperature (T), pressure (P=n.T), and entropy (K= kBTngz/ 3). These
properties are shaped during the assembly of the ICM through diffuse
accretion and mergers, and are also influenced, on small scales, by feedback
processes.

The characterization of these profiles in simulations, and their comparison
with observational data, is essential for several reasons. First, the compar-
ison can reveal limitations in the implementation of feedback, radiative
cooling, or in the treatment of viscosity and conductivity within the hydro-
dynamical scheme. Moreover, it may point to missing physical processes
not included in the current modeling.

Additionally, the study of simulated profiles can help identify biases in
observational measurements, which may propagate into systematic errors
in scaling relations — for example, those relying on cluster mass estimates
derived from density and temperature profiles under the assumption of
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Figure 3.2: Galaxy stellar mass function at z = 0 in simulations, compared with
observational data. The top panel shows the prediction for galaxies in
the cosmological box (with Poissonian uncertainties), compared with
the GSMF in the COSMOS field at 0.2 < z < 0.5, from Muzzin et al.
(2013) and Weaver et al. (2023). The bottom panel shows the GSMF
in DIANOGA clusters, excluding the BCGs. Star symbols are the total
number of galaxies in all clusters divided by the number of clusters
and the shaded region shows the 16th-84th percentile range among the
12 clusters. These are compared with the observed GSMF of WINGS
clusters (0.04 < z < 0.07, Vulcani et al. 2011). Galaxies are selected
within 0.6xRjpp to match the galaxy sample in almost all WINGS
clusters. The observed GSMF in clusters is shown above the mass
completeness limit of 1078 M.
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hydrostatic equilibrium (e.g., Rasia et al. 2006).

Density and temperature are the fundamental properties from which pres-
sure and entropy are derived in simulations. Observationally, they are
inferred from X-ray measurements of the ICM, or from their combination
with pressure profiles derived from the thermal SZ effect. The pressure
profile provides a key diagnostic of the thermodynamic state of the ICM.
Compared to density and temperature profiles, it is more robust and nearly
universal (e.g., Arnaud et al. 2010), because pressure governs hydrostatic
equilibrium and thus closely traces the depth of the gravitational potential
well. As a result, it is less sensitive to the cluster’s dynamical history and to
non-gravitational processes.

Entropy profiles, on the other hand, are particularly useful for investigating
the thermal history of the diffuse gas in clusters. Entropy acts as a fos-
sil record of past heating processes — whether due to shock-heating from
gravitational collapse or to non-gravitational feedback mechanisms. In the
cores of clusters, entropy profiles exhibit a bimodal behavior, distinguishing
“cool-core” systems — where entropy decreases sharply toward the center —
from “non-cool-core” systems, characterized by an almost flat, isentropic
core (see Sect. 2.1.3.1). Cool-core clusters have historically posed a challenge
for simulations (see Sect. 2.1.3.2), with only a few studies managing to
reproduce them successfully in cosmological hydrodynamical simulations
(e.g., Rasia et al. 2015).

Figure 3.3 shows the radial profiles of the thermodynamic properties of the
ICM of DIANOGA clusters at z = 0, compared with profiles extracted from
observations of 12 clusters from the X-COP sample (Eckert et al. 2017) in the
local universe (0.05 < z < 0.09), from Ghirardini et al. (2019), with a median
mass that is consistent with (~ 1.4 times smaller than) that of the DIANOGA
clusters. X-COP is a very large program on XMM-Newton, targeting the
most significant SZ sources in the Planck survey. The goal is to study the
virial regions of galaxy clusters, combining X-ray and SZ data, even beyond
their Ry00. The observed profiles are resolved in two decades in radius,
between 0.01 and 2xRs500 and are thus ideal for a comparison with the
simulated profiles from the virial radius down to the innermost core of
the clusters. I show profiles of free electron density, temperature, pressure
and entropy of the ICM. In the simulations, the ICM is made up of the gas
particles with temperature exceeding a threshold of 0.3 keV (e.g., Rasia et al.
2025) and having less than 10% of their mass in the cold star-forming phase.
Temperature, pressure and entropy are normalized to the values predicted
by the self-similar scaling at R5q¢ (Voit et al. 2005):

Mso0 2/3 M
Tsoo = 8.85—— =2 _F(z)%/3keV, 26
500 11015 My (z) G (26)
M A
Peoo = 3426 x 1073 E(2)3/3 500 b K He povem3,
500 - E o My | 01606714 Ve

(27)
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where 1, 1. and fy, are the mean molecular weight, the mean molecular
mass per electron and the baryon fraction, h;o = Ho/70 km s~ Mpc™!

and E(z) = HH(?.

The number of free electrons is computed by assuming complete ioniza-
tion of hydrogen and helium in the gas and neglecting the contribution
of metals. The profile of the electron density (top left) agrees with the
observational fit quite well over almost all the virial volume, although it
shows an excessive flattening in the central region (r < 0.1 R500) compared
to observations.

The temperature profiles shown for simulations follow two different defini-
tions of temperature that can be computed from simulations:

* mass-weighted temperature Tpw/, defined as:

> imyTy
T ==, 2
MW Zi ™ (29)

where m; and T; are the mass and the temperature of the i-th particle
and the summation is over all particles in a spherical shell.

¢ The spectroscopic-like temperature Ts; (Mazzotta et al. 2004), defined
as:
Y. mip§PHT{).25
Y. mipiSPHTi—OJS

Tsp = (30)
where p?PH is the SPH density of the i-th particle. This definition of
temperature was shown to be a good approximation to spectroscopic
temperatures inferred from X-ray observations.

The temperature profile from Ghirardini et al. (2019) was obtained from
spectroscopic temperatures within R50p and from gas-mass-weighted tem-
peratures, between 0.7 R500 and 2 R5pp. The latter comes from the combina-
tion of the pressure profile from SZ measurements and the density from the
X-ray data. So, for comparison with this profile I show the simulated profiles
obtained with both the listed definitions of temperature from simulations.
At 0.1 S 1/Rs500 S 1, both the simulated profiles agree with the observed
temperature profile, while in the inner region the DIANOGA clusters do not
show the decrease in temperature that is observed in the X-COP clusters.
This is an example of the limitations of most simulations in reproducing
cool-core systems. Radiative cooling in the center of clusters is expected to
remove low-entropy gas particles, with low cooling times, from the ICM
phase (e.g., Li & Bryan 2012), producing a flat temperature profile, in ab-
sence of a source of heat. Thus, the AGNs at the centers of DIANOGA clusters
may be inefficient at counteracting this effect, or their thermal feedback may
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Figure 3.3: Radial profiles of thermodynamic properties of the ICM in DIANOGA
clusters, compared with observations from Ghirardini et al. (2019). For
DIANOGA simulations, the solid line represents the median profile among
the clusters and the shaded area is the 16th-84th percentile range. The
solid lines corresponding to the data are the global functional forms
fitted to the observational data, while dotted lines mark the intrinsic
scatter on the profiles. The top-left panel shows the comparison between
the radial profiles of number density of free electrons. The top-right
panel shows the temperature profiles, where two possible definitions are
used in simulations, mass-weighted (MW) and spectroscopic-like (SL)
temperature. The bottom-left and right panels show the radial profiles
of pressure and entropy of free electrons, respectively.
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overheat the central gas, preventing the turn-around seen in the temperature
profile at r ~ 0.2 R500.

At r ~ R500, the simulated temperature declines more steeply than observed.
The mass-weighted temperature profile, which corresponds most closely
to the observational definition in this regime, agrees better with the ob-
servational fit. In contrast, the spectroscopic-like temperature drops more
sharply, being more sensitive to cold clumps and substructures in the cluster
outskirts.

The simulated pressure profiles are perfectly consistent with the observa-
tions, as expected, given their low sensitivity to non-gravitational processes.
Indeed, the simulated pressure profiles are tracing the structure of the grav-
itational potential of the cluster, largely unaffected by energy injections by
the central AGN.

As for the entropy profile, at 0.1 < v/Rs500 S 1, the median simulated profile
follows the power-law fit to the data, while in the innermost regions it
shows a plateau at higher entropy values compared to observations. This is
consistent with the too high central temperatures and too low central density
values that the DIANOGA clusters exhibit in comparison with observations.

Overall, this suggests that the modeling of sub-resolution processes —
primarily AGN feedback — which are expected to influence the thermody-
namics of the ICM in the very central regions of clusters, is still not well
constrained in this regime. The possible explanations would be that either
the AGN thermal feedback is heating the gas too efficiently, preventing the
formation of cool core-like systems, or it is failing at preventing the cooling
of low-entropy particles.

In conclusion, DIANOGA simulations were shown to give an overall real-
istic representation of galaxies and the ICM, however with quantitative
differences with observational data: the simulated GSMF shows an excess
of low-mass galaxies in the “field”, and an excess of high-mass galaxies
also in cluster environments, in comparison with observations; the ICM in
the inner regions of clusters has too shallow density profiles and too high
temperatures, reflecting also in flat entropy profiles.

3.2.2  Post-processing of DIANOGA simulations

To enable a proper comparison between simulations and observations in
Chapters 4 and 5, I post-processed the simulations to produce observables,
for both the galaxy populations and the diffuse gas component, that are
more directly comparable to actual observations. For galaxies, I produced
dust-attenuated spectral energy distributions (SEDs) of galaxies to extract
NIR-to-UV magnitudes. For the ICM, I produced X-ray luminosity maps,
modeling the Bremsstrahlung emission of this component.
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3.2.2.1 Radiation transfer of stellar emission

In this Section, I describe the radiation transfer simulations performed to
produce dust-attenuated SEDs for the simulated protocluster galaxies, used
in Chapter 4. These are exploited to analyze rest-frame UV] color-color
diagrams, and in particular compare the results of this widely used photo-
metric classification of star-forming and quenched galaxies in observational
studies (e.g., Labbé et al. 2005; Williams et al. 2009), with the classification
based on their intrinsic properties in the simulations. A proper comparison
with the UV] photometric classification approach requires accounting for the
effect of the extinction produced by dust on the UV /optical/NIR emission
associated with the stellar populations in the simulated galaxies. I resorted
to the Monte Carlo radiation transfer code SKIRT-94 (Camps & Baes 2020)
for this purpose. The DIANOGA simulations do not include a self-consistent
treatment for the generation and evolution of dust grains. However, this can
be implemented and indeed has been done in a lower-resolution version of
these simulations (see Gjergo et al. 2018, for details). Therefore, I modeled
the dust distribution through the spatial distribution of metals in the gas
component of the simulated galaxies by adopting a fixed dust-to-metal ratio,
for which I used the value fptm = 0.2 (e.g., Tr¢ka et al. 2022). To each SPH
gas particle, with mass mgqs and metallicity Z (fraction of mass in metals),
is then attributed a dust mass equal to mgust = fpTmM ZMgas.

I adopted the THEMIS model (Jones et al. 2017) to assign a composition
and grain size distribution to dust in the ISM, with associated optical prop-
erties that are based on laboratory measurements of materials physically
similar to interstellar dust. To discretize the simulation physical domain, in
terms of properties of the absorbing medium, I adopted an oct-tree structure
(e.g., Saftly et al. 2013). In this kind of grid, cubic meshes are recursively
split to half their linear size, thus generating eight “child nodes” each, until
they meet a convergence criterion in the last “leaves” of the tree. In the
radiation transfer simulations, I considered boxes of 64 kpc per side en-
compassing each galaxy and chose, for the construction of the oct-tree, a
maximum fraction of the total dust mass in a leaf equal to ~ 107°, and a
maximum number of refinement levels equal to seven, corresponding to a
minimum size of leaf nodes equal to the gravitational softening of the gas
component in the simulations. In each cell of the final grid, the properties
of the medium (dust) and of the radiation field originating from the sources,
represented by star particles of the hydrodynamical simulations, are consid-
ered uniform. The stellar emission is modeled by approximating each star
particle as an SSP, consistent with the stellar evolution model included in
the DIANOGA simulations. For each SSP, I adopted a Bruzual & Charlot (2003,
BCo3) SED, which is specified by the age, the initial mass and the metallicity
of the SSP, as predicted by the simulations, once a Chabrier (2003) IMF is
assumed.

The self-consistent treatment described above does not account for age-
dependent extinction (e.g., Silva et al. 1998; Granato et al. 2001), with young

4 https://skirt.ugent.be/root/_home.html
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stars highly attenuated by the remnants of their high-opacity birth clouds
on spatial scales that are not resolved by cosmological simulations. To gauge
the impact of age-dependent dust extinction on the results presented in this
Thesis, I also ran simulations with SKIRT-9, including both a model for the
effect molecular clouds (MCs) on young stars and the self-consistent treat-
ment of the diffuse ISM described above. I followed Granato et al. (2021) but
adopted a higher age threshold of 10 Myr to select stars still affected by their
birth cloud, as in Baes et al. (2024). To model the extinction of young stars, I
placed them all, for a give galaxy, at the center of an idealized macro-MC
with a fixed M/r? ratio, where M is the molecular gas mass, approximated
with the total mass of the “cold” gas phase of the ISM (in the SHo3 model)
of each galaxy, and r is the radius of the idealized cloud. To assign an
opacity to the macro-MC, I refer to Silva et al. (1998), who showed that the
M/r? ratio, and not the single values of M and r, determines the opacity
of MCs. Then, I constrained the radius of the idealized MC by adopting
the same M /12 ratio of a giant MC with a mass of molecular gas equal to
10° Mg, and a radius of 15 pc, as done in Granato et al. (2021). Finally, the
dust mass in this cloud is given by Maust,mc = fc foTm Zec Mgas, where
f¢ is the fraction of cold gas in each galaxy, as predicted by the simulations,
Z. is the metallicity of the cold component of the ISM and Mg is the
total gas mass. For consistency, I removed the cold gas assigned to the MCs
from the diffuse medium that produces the attenuation of the emission of
older star particles, as described above, by multiplying the mass of each
gas particle (therefore of each dust particle) by 1 —f.. SEDs of individual
galaxies are then computed by summing the SEDs of the old and young star
populations.

In both the runs with and without a model for MCs, I ran SKIRT-9 in
extinction-only mode, where calculations on the dust thermal re-emission
at IR wavelengths are omitted to speed up the computations. The full ex-
ploration of the parameter space concerning the sub-resolution modeling
of MCs is beyond the purpose of this Thesis, but will be object of future
works aiming at refining the modeling of realistic photometric properties of
simulated galaxies. Nevertheless, in Sect. 4.5.1, I show that the conclusions
of the analysis based on SKIRT-9 SEDs are not affected by the modeling of
MCs.

3.2.2.2  X-ray luminosity of ICM

Here, I describe the methods adopted to produce X-ray luminosity maps
of the simulated ICM. The goal of this analysis is to produce X-ray surface
brightness profiles that can be directly compared with observed profiles, as
done in Chapter 5.

I used the SMAC5 visualization tool, introduced in Dolag et al. (2005). This
code produces maps and light-cones of multiple quantities from SPH simu-
lations, for idealized observations. I used SMAC to produce X-ray luminosity
maps of the diffuse gas in simulated halos. The X-ray emissivity of each gas

5 https:/ /www.mpa-garching.mpg.de/~kdolag/Smac/
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particle is calculated based on the tabulated cooling tables produced with
the APEC model®. In the maps analyzed in Chapter 5, I used a CIC scheme
(see Sect. D.1.2) to distribute particles to grid points on the map, and their
luminosity distribution is smoothed with a cubic spline kernel.

6 https:/ /heasarc.gsfc.nasa.gov/docs/software/xspec/manual /node134.html
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GALAXY PROPERTIES IN SIMULATED PROTOCLUSTERS

This Chapter focuses on the characterization of cluster progenitors, or proto-
clusters, at cosmic noon, specifically looking into the predictions of DIANOGA
simulations at z = 2.2. The epoch around z ~ 2 marks the emergence of
the first virialized massive clusters (M0 ~ 10'* M) from the cosmic web,
offering a view into the very early stages of cluster evolution. In addition, at
z ~ 2 observational studies of protoclusters are more abundant, compared to
higher redshifts, thus this epoch is ideal for a detailed comparison between
simulations and observations. First, I provide an operational definition of
protocluster regions in simulations (Sect. 4.1); then, I introduce the observed
systems used in the comparison with simulations and compare their masses
with those of halos populating the DIANOGA protoclusters (Sect. 4.2). In Sect.
4.3, I present the analysis of the galaxy stellar mass function (GSMF); I then
discuss the star-forming main sequence (MS; Sect. 4.4) and the fraction of
quenched galaxies (Sect. 4.5), also addressing their identification with obser-
vational techniques and on possible related biases, through the photometric
properties of simulated galaxies modeled with radiative transfer simulations
(Sect. 4.5.1). Finally, I analyze possible systematics affecting the adopted
definitions of stellar mass and of star formation rate (SFR) in simulations
(Sects. 4.6 and 4.7).

4.1 IDENTIFICATION OF PROTOCLUSTERS

It is worth reminding that no unique and objective definition exists for proto-
clusters (PCs) in observations, since the fate of observed galaxy overdensities
can only be predicted statistically. In the following, I adopt an operational
definition of a PC as the volume occupied by the DM that collapses into the
final R, radius of the z = 0 cluster. To do this, for each cluster I trace the
DM particles that fall within Rypp at z = 0 back to z = 2.2 and I identify the
main progenitor of the cluster as the halo to which the majority of them
are associated by the Friends-of-Friends halo finder. For the two DIANOGA
clusters that were not simulated to z = 0, I assume that the main progenitor
at z = 2.2 is the most massive halo within the high-resolution region. I
verified that this is indeed the case for nine out of the twelve regions that
were simulated to z = 0. As for the remaining three regions, in two cases
the main progenitor is the second most massive halo (with mass ratio to the
most massive of ~ 1.1), while in the third case it is the fifth most massive
halo (mass ratio ~ 1.8).

After identifying the main progenitor halo, I define the PC region as the
spherical region around its center, encompassing 80% of the traced DM
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Figure 4.1: Projected DM density maps of three simulated clusters at z = 0 (left
column), with total masses Mgo = 2 x 10'> Mg, (top), 9 x 10'* Mg
(middle), and 2 x 10’ Mg, (bottom), and their z = 2.2 progenitors
(right column). The cyan circle at z = 0 traces the Ry radius of each
cluster, the one at z = 2.2 traces the PC region as defined in the text.
DM particles at z = 2.2 that collapse within the Ry radius by z = 0 are
plotted in cyan. Densities are computed in pixels of size 15 kpc in the
top panels and 10 kpc in the middle and bottom panels.
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particles. This specific value of the percentage of DM particles is clearly
arbitrary, but represents a sensible operational definition in order to encom-
pass a region that is large enough to have a complete view of the cluster
progenitor environment, while avoiding regions that are dominated to a
very large extent by structures that are not part of the cluster by z = 0.
Indeed, I verified that, when considering the region between the spheres
that contain 80 and 100% of the traced particles, 94%, on average, of the
particles in this region do not fall within the descendant cluster by z = 0,
compared to approximately 40% within the chosen boundary.

For the two simulations that do not reach z = 0, I know from the parent
DM-only simulation that the cluster masses Mo at z = 0 are in the range
(2—3) x 10'> Mg, I then assume the radial extent of these PC regions to be
equal to the mean radius (expressed in units of Ryo of the main progenitor
halo at z = 2.2) of the progenitors of the six most massive clusters, whose
masses are in the range (1 —2) x 10'> M. The size of such PCs at z = 2.2
is approximately 15 x Rygo. I summarize the properties of the PC regions
in Table 4.1.

Table 4.1: Properties of the DIANOGA PCs. Reported below are the ID, the mass
of the z = 0 cluster, the mass of the main progenitor halo at z = 2.2,
the radius of the PC region and the number of PC cores (halos with
Moo > 1.5 x 10"3 M within the PC region) for each DIANOGA PC.

1D MZOO,z:O MZOO,MP radius NC
(10" Mgl [10"3 Mg]  [Mpc]

D2 5.2 3.4 3.9 2
D3 7:6 4.8 4.4 3
Dy 6.0 1.8 4.0 1
Ds 1.8 4.0 2.1 1
D6 16 8.9 6.2 2
Dy 16 12 6.0 4
Do 1.5 2.8 2.1 1
D1o 15 7.0 5.3 6
D13 18 3.2 7.9 8
D15 18 11 7.1 4
D16 32 9.1 6.7 7
D1y 18 8.3 6.5 5
D21 18 11 6.2 2
D25 11 3-4 55 3

Figure 4.1 shows the DM density maps of three DIANOGA clusters at z = 0
(left column), with z = 0 masses Moo = 2 x 10'> Mg, (top), 9 x 10" Mg
(middle) and 2 x 10'* Mg, (bottom) and of their z = 2.2 progenitors (right
column). At z = 2.2, the figure also shows particles ending up within
R200 at z = 0. The choice of setting the boundary of the PC at the sphere
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Figure 4.2: Extension of the PC regions (in units of Rypo of the main progenitor
halos) at z = 2.2 as a function of the mass, Moo, of the descendant
clusters at z = 0 (red diamonds). The downward arrows show, for each
progenitor, the distance from the boundary of the high-resolution region
(see main text).

containing 80% of the total DM particles that are found within Rypo by z =0
is sufficient for encompassing all relevant DM structures that are merging
into the final cluster. However, the assumption of spherical symmetry is
not always optimal, as shown in the top-right panel of Fig. 4.1. This PC
region exhibits two halos of comparable size, and the center of the main
halo here does not approximate the center of mass of the distribution of the
traced DM particles. Nevertheless, I maintained this definition by analogy
with PCs defined in observations, often identified around the most massive
overdensity observed in a PC region.
I show the radius of the PC regions as defined above in Fig. 4.2, in units
of Ryp0 of the main progenitor halo, as a function of the final (z = 0) mass
of the cluster. I also show, in Fig. 4.2, the closest boundary of the high-
resolution region, defined as the distance of the closest low-resolution DM
particle from the center of the main progenitor halo. I point out that this
is a conservative definition of the boundary of the high-resolution zoom-in
region. In fact, few low-resolution DM particles could spuriously be present
within the regions where high-resolution particles are largely dominant.
I verified that no such particles are present within the defined PCs, thus
guaranteeing that the chaotic diffusion of low-resolution particles does not
contaminate these regions.

As expected, there is a correlation between the extension of the PC radius
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Figure 4.3: Projected stellar mass density maps of two DIANOGA PC regions, which
are the progenitors of clusters of total mass Moo equal to 5 x 10'* Mg,
and 2 x 10> Mg at z = 0 (left and right panel, respectively). In each
panel, the larger red dashed circle corresponds to the PC region as
defined in the text, while the smaller circles show the Ry¢q of halos in
these regions with Moo > 1013 Mg . Densities are computed in pixels
of size 15 (10) kpc in the right (left) panel.

and the final mass of the cluster it will collapse into, reflecting the hierarchi-
cal build-up of structures. On the other hand, the arbitrariness of the PC
center for large systems, such as the one shown in the top-right panel of Fig.
4.1, produces an artificial increase of the sphere’s radius for more massive
systems.

Figure 4.3 shows the projected maps of stellar mass densities in the progen-
itors of two clusters, with Mygo = 5 x 1014 Mg and 2 x 1015 Mg atz =0.
Both regions are characterized by filaments of galaxies intersecting each
other at the locations where massive halos are emerging.

In the following, I compare the properties of PC galaxies with those in
the cosmological box to highlight the environmental signatures predicted
by the DIANOGA simulations. In this box, two cluster-size halos of masses
Moo = 1.8 and 1.7 x 1014 Mg are present at z = 0; however, I did not ex-
clude their progenitors from the analysis of the galaxy population, following
the “field” definition adopted in observational studies, which refers to a
large, representative volume, with all the possible overdense structures it
contains.

4.1.1  Definition of galaxy properties

Here I provide the definitions of the stellar and gas masses, as well as of
SFRs, adopted in this Chapter. I use SubFind catalogs to define the centers of
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galaxies and the stars or gas particles bound to them. To compare to galaxy
properties as measured from observations, I impose a fixed 2D aperture of 1
arcsec (approximately 8.5 kpc at z = 2.2) in radius, along a random line of
sight, for consistency with observations typically adopting similar apertures.
I compare stellar masses computed within these apertures to those directly
provided by SubFind in Sect. 4.6.

After identifying the star particles that belong to each galaxy, I compute the
corresponding SFR as follows. Each star particle is characterized by an age
(time elapsed since it has been generated, see Sect. 3.1.3.3). I then compute
SFRs averaged over a typical timescale (which was chosen based on the
observational data used for the comparison, see Sect. 4.4), by considering
the total initial mass of star particles younger than the given timescale
and dividing by it, within the adopted aperture. This allows for a more
proper comparison with the observations rather than relying on noisier
instantaneous SFRs that could be calculated by summing over the SFRs of
all the star-forming gas particles that SubFind associates with the galaxy. I
show the comparison between the instantaneous and averaged SFRs in Sect.
4.7.

When comparing with observations in this Chapter, observed stellar masses
and SFR estimates are converted to Chabrier (2003) IMF, adopted in the
simulations, where necessary.

4.2 PROPERTIES OF PROTOCLUSTER HALOS

In this Section, I present the properties of the halo population in DIANOGA
protoclusters. I compare their mass range with that of observed halos
associated with protoclusters or high-redshift clusters, which serve as a
reference for the comparison of simulated galaxy properties in the following
sections. Additionally, I examine the velocity dispersion of their member
galaxies to provide a more complete comparison with dynamically inferred
masses and to identify potential sources of discrepancy in such estimates.
Indeed, velocity dispersions are used in dynamical studies of observed halos
as proxies for their total masses (e.g., Shimakawa et al. 2014), assuming
spherical symmetry and local relaxation. In the simulated PCs, I considered
all halos with Mg > 10'3 Mg, and calculated the 1D velocity dispersions
of galaxies identified within the 3D R0 of each halo, along three orthogonal
lines of sight.

I show these quantities in Fig. 4.4, where the masses M¢¢ are plotted as
a function of the galaxy velocity dispersions along the three lines of sight.
These results are compared with observational estimates for (proto)clusters
at z~2—2.5 from Gobat et al. (2013), Shimakawa et al. (2014), Wang et al.
(2016, 2018b), Mantz et al. (2018) and Di Mascolo et al. (2023). The estimates
from Shimakawa et al. (2014) for the Spiderweb PC at z = 2.2 and the two
subgroups of USS1558 at z = 2.53, within their estimated R0, come from
a dynamical analysis based on velocity dispersions. The remaining data
include estimates based on observations of the ICM: X-ray data for CLJ1001
at z = 2.5 (Wang et al. 2016, in agreement with estimates based on stellar
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Figure 4.4: Mass Mo of massive halos in PC regions as a function of velocity dis-
persion o, along three orthogonal lines of sight (represented by circles,
squares and diamonds) as traced by galaxies with stellar masses larger
than 107 Mg and lying within the R0 of each halo. Each point is color
coded according to the halo Ryp¢. The symbols with red contours mark
the central halos of DIANOGA PCs. The dashed curve shows the relation
between dynamical masses and galaxy velocity dispersions calibrated
in simulations by Saro et al. (2013) up to z = 1.2, and extrapolated to
z = 2.2. Star symbols represent velocity dispersions and dynamical
mass estimates within the core of the Spiderweb PC and for the two
subgroups of USS51558 from Shimakawa et al. (2014). The cross symbol
corresponds to CLJ1001 (Wang et al. 2016). The pentagon symbol shows
Moo for the Spiderweb PC, from Sunyaev-Zeldovich effect measure-
ments with ALMA (Di Mascolo et al. 2023), the triangle represents the
cluster XLSSC 122 (Mantz et al. 2018; Willis et al. 2020; Noordeh et al.
2021) and the downward triangle represents CLJ1449 (Gobat et al. 2013).
The latter three points are shown at o, < 0 for illustrative purposes,
since velocity dispersions measured consistently within the estimated
radii are not available.
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mass and velocity dispersion), XLSSC 122 at z = 1.98 (Mantz et al. 2018;
Willis et al. 2020; Noordeh et al. 2021), and CLJ1449 at z = 2.00 (Gobat et al.
2013; Valentino et al. 2016; Strazzullo et al. 2018), as well as estimates from
the SZ signal for the Spiderweb PC (Di Mascolo et al. 2023, consistent with
X-ray measurements from Tozzi et al. 2022b). Wherever needed, I convert
Ms00 to Moo (and Rsop to Ryp0) using the relations from Ragagnin et al.
(2021).

I also show an analytic redshift-dependent relation between dynamical
mass and velocity dispersion, calibrated by Saro et al. (2013) on simulations
up to z = 1.2, and extrapolated to z = 2.2, in Fig. 4.4. In general, the
simulated halos agree well with this relation. For the few large halos
with Moo ~ 10" Mg, the figure suggests an increased scatter in velocity
dispersions, though with very limited statistics. This might be due to the
earlier stage of assembly of these objects. In such cases, the assumption of
spherical symmetry underlying the definition of Rpo may not be valid. The
comparison with Shimakawa et al. (2014) shows good overlap with the mass
and velocity dispersion ranges of the simulated halos studied here, with
the Spiderweb PC core, lying at the high-mass end of the range probed by
simulations, a factor < 2 more massive than the most massive simulated
halos. On the other hand, this measurement of the Spiderweb PC core mass
is a factor ~ 3 larger than the ICM-based estimates (Tozzi et al. 2022b; Di
Mascolo et al. 2023), which are well within the mass range of simulated
halos, as well as of the other observed systems mentioned above.

The inconsistency between different observations of the same system is
likely due to the complications of a dynamical analysis in highly disturbed
systems, especially at these redshifts. Such analyses rely on the assumptions
of local virialization, spherical symmetry, and the reliable removal of line-
of-sight interlopers, all of which may bias the measurement of the velocity
dispersion.

With these caveats, I conclude that the DIANOGA PC regions are populated
with halos similar in mass and velocity dispersion (when available) to
clusters and PC cores identified in observations at z ~ 2 — 2.5.

4.3 GALAXY STELLAR MASS FUNCTION

The galaxy stellar mass function is an important observable in constraining
galaxy formation models since it traces the integrated star formation history
in a given region. In cosmological simulations, the GSMF at various redshifts
is often used to calibrate sub-resolution models related to star formation
and feedback processes. However, in the DIANOGA simulations, no calibration
was performed to reproduce the GSMF, making it a genuine prediction.

In this section I present the simulated GSMF and investigate its environ-
mental dependence by selecting galaxies from different regions within the
PCs and in the cosmological box. I also compare the simulated GSMF with
observed GSMFs in PCs at z ~ 2 — 2.5, in order to assess whether DIANOGA
simulations can reproduce the integrated star formation history observed in
these systems.
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Figure 4.5: Galaxy stellar mass functions in the PC environment compared with the
cosmological box. The red line is the median of the GSMFs in PC cores,
with and without central galaxies (solid and dashed lines, respectively;
I note that the dashed line stops at M. ~ 10'"M, because the median
GSMF in PC cores in the higher mass bins is zero when central galaxies
are excluded). The green line shows the median GSMF in the less dense,
diffuse PC regions, masking out all PC cores. The normalizations have
been rescaled by the factors reported in the legend. The shaded regions
define the 16th-84th percentile range spanned by the different PCs (or
PC cores). The black line is the GSMF in the cosmological box, with
Poissonian uncertainties.

The simulated GSMF for DIANOGA PCs is shown in Fig. 4.5. To high-
light environmental signatures associated with the most massive halos
in the PC regions, I separately considered galaxies hosted by halos with
Moo > 1.5 x 10"3 Mg, in PCs. I refer to such halos as PC cores, whose
extension is defined by their Ry¢ radius. This separation is intended to in-
vestigate differences between galaxy populations in the most massive halos
within PCs and those in the extended PC structure. The specific threshold
of Mzgo = 1.5 x 10’3 M, corresponds to the mean mass of the third most
massive progenitor halo, with the median mass ratio between first and third
most massive progenitors at this redshift being 3.5. I show the predicted
GSMF for PC cores, for the extended PC regions® and for the cosmological

To calculate the GSMFs of PC cores I used the volume of the sphere with the radius Ryo¢ of
each halo, while for the extended PCs I used the radius of the PC region as defined in Sect.
4.1, from which I subtract the cumulative volume occupied by the PC cores.
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Figure 4.6: Comparison between the GSMF in DIANOGA PCs and in observations of

PCs at z ~ 2 — 2.5 (Spiderweb, CLJ1001, 14 PCs in the COSMOS field;
Pannella et al. in prep; Sun et al. 2024; Edward et al. 2024, respectively).
For each set of observations, a simulated GSMF has been produced
to match the selection of galaxies as closely as possible. For each
selection, GSMFs have been extracted along three orthogonal lines of
sight, convolved with Gaussian errors with scatter 0.3 dex (see text),
and the solid lines (shaded regions) show the median GSMFs (16th-84th
percentile ranges, respectively) across all realizations, in the same color
as the corresponding data. The GSMF from Edward et al. (2024) has
been arbitrarily re-scaled by a factor of 10 to match the normalization in
simulations, since the extension of these PCs along the line of sight in
unconstrained and, thus, it cannot be replicated in the simulations.
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box. The GSMF normalization is obviously higher in denser regions; the
GSMFs shown in Fig. 4.5 are thus rescaled to highlight differences in their
shape.

The comparison between the GSMFs in the cosmological box and in the
extended PC regions reveals a slight relative excess of massive galaxies,
with M, > 100 Mg, in the latter. This indicates that even when excluding
galaxies in large halos, PCs exhibit a faint signature of accelerated evolu-
tion at earlier times. As expected, the excess of massive galaxies is more
pronounced for the median GSMF in PC cores. This signal is completely
dominated by central galaxies at M, > 10'" M. This result is qualita-
tively consistent with recent observational findings, such as the top-heavy
feature in the GSMF of CLJ1001 at z = 2.5 (Sun et al. 2024) and the large
ratio of high-mass to low-mass galaxies relative to the field in the Elentari
proto-supercluster at z ~ 3.3 (Forrest et al. 2024). I note that the GSMF
of PC cores shows significant variability at high stellar masses among dif-
ferent cores, with a considerable scatter toward low number densities at
M. = 5x 10'° M, which seems to be primarily due to the lower-mass
PC cores not having formed a significant fraction of massive galaxies yet.
I note that the presence of massive halos in the cosmological box does
not impact the global properties of the galaxy population. I identified the
three most massive halos, with M;¢ in the range (1 —3) x 103 Mg, in the
cosmological box and defined a PC region around each of them, assuming
an extent of 6.5 times their Rypo (the average radius of the DIANOGA PCs
with descendant mass Mo ~ 10'* Mg,). The galaxies within such regions
comprise only 4% of the total galaxy population within the box, and their
presence has only a negligible effect on the GSMF.

In Fig. 4.6 I compare the predicted GSMF with observations in PCs at similar
redshift, including the Spiderweb PC (Pannella et al., in prep.), CL]J1001
(Sun et al. 2024) and 14 PCs identified in the COSMOS field at 2 < z < 2.5
(Edward et al. 2024). I try to replicate the selection of the observational data
as closely as possible for an accurate comparison between simulations and
observations. For the comparison with Pannella et al. (in prep.) and Sun et
al. (2024), I compute the GSMF within the same projected area covered by
the observations and apply a redshift cut (including the contribution from
peculiar motions) equivalent to the one imposed by the narrow-band filters
in the data. Edward et al. (2024) use photometric redshifts with statistical
subtraction of the background, meaning that the actual extension of the
probed PC regions along the line of sight is unconstrained. As a result, for
comparison to this work I only match the projected area of these observa-
tions and rescale their GSMF fit by a factor of 10 to approximately match
the normalization of the simulated GSMEF. For each simulation, I repeat the
selection along three orthogonal lines of sight, extracting the median across
all 3 x 14 realizations of the GSMF and computed the 16th-84th percentiles
to define the scatter among simulated PCs. I apply a convolution with a
Gaussian distribution of errors in the logarithm of stellar masses, with a dis-
persion of 0.3 dex, to approximate observational uncertainties (e.g., Conroy
2013, Mobasher et al. 2015, Lower et al. 2020). For Sun et al. (2024), I show
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the sum of the observed GSMFs of star-forming and quenched galaxies,
although the latter is affected by incompleteness in the shown stellar mass
range.

This comparison highlights an overall agreement in the normalization of
the GSMF with observations (excluding Edward et al. 2024, where the nor-
malization has been arbitrarily rescaled as mentioned above). The shape of
the simulated GSMF is in very good agreement with Edward et al. (2024)
and consistent with Pannella et al. (in prep.) at high stellar masses (note
that these observations may suffer from significant incompleteness at lower
stellar masses; see Tozzi et al. 2022a). On the other hand, the simulations do
not reproduce the pronounced top-heavy shape observed in the GSMF of
CLJ1001 (Sun et al. 2024), which is dominated by an excess of massive star-
forming galaxies. The authors propose two possible scenarios to reconcile
this feature with observations of lower-redshift clusters. First, galaxies in
the central region of CLJ1001 may be in the process of merging to form a
BCG, which is currently absent in this system. Second, massive star-forming
galaxies, with gas depletion timescales shorter than 0.5 Gyr, may undergo
rapid quenching. While these scenarios were introduced to address the ten-
sion with lower-redshift cluster GSMFs, if they capture the physical origin of
the peculiar GSMF of CL]J1001, they might also be considered to explain the
discrepancy with other observed protoclusters at z ~ 2, as well as with simu-
lations. However, in this context, concerning the quenching scenario: even
if galaxies in simulations (and in other protoclusters) were characterized
by different quenching timescales, the excess of massive galaxies observed
in CLJ1001 could not be reproduced, since such an excess is not present in
the simulations even when both star-forming and quiescent populations are
included. On the other hand, concerning the merging scenario: if CLJ1001 is
caught immediately before the merger-driven assembly of a BCG, its GSMF
might at least in principle be reconciled with simulations (and observations
of other coeval protoclusters), though a dedicated analysis is necessary to
quantify the actual occurence of this scenario in DIANOGA simulations.

4.4 STAR-FORMING MAIN SEQUENCE

The star-forming MS is a key observable for constraining the mode of star
formation as a function of stellar mass at different epochs. It is therefore
useful to assess the effect of environment on the star formation activity of
galaxies. However, theoretical models struggle to match the normalization
of the observed MS at cosmic noon, with most semi-analytic models and
cosmological simulation suites underestimating galaxy SFRs at high redshift
(see, e.g., Granato et al. 2015; Hirschmann et al. 2016; Donnari et al. 2019;
Akins et al. 2022; Andrews et al. 2024; Fontanot et al. 2024), despite the
fact that simulations can be tuned to reproduce the observed GSMFs quite
well. Star formation has been investigated in lower-resolution versions of
the DIANOGA simulations, showing indeed lower SFRs of galaxies in PCs with
respect to the observed MS (e.g., Bassini et al. 2020) and a star formation
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Figure 4.7: Distributions of sSFRs of galaxies in the DIANOGA PC regions (red line)
and in the cosmological box (blue line) at z = 2.2 compared with
the threshold separating star-forming from quenched galaxies, at this
redshift, from Franx et al. (2008). Galaxies with SFR=0 have been
artificially assigned the minimum non-zero sSFR, corresponding to
1014 yr T,

history that is not sufficiently bursty and thus is unable to reproduce far-
infrared (FIR) observations in high-redshift PCs (Granato et al. 2015).

In the following, I compare the star-forming MS in the DIANOGA PCs and
in the cosmological box at z = 2.2 to investigate the impact of environment
on the population of star-forming galaxies, and I compare these results with
observations in the field and in the Spiderweb PC.

I classify galaxies as star forming if their specific SFR (sSFR) exceeds 0.3 /tn
(where ty is the Hubble time at z = 2.2; Franx et al. 2008). Figure 4.7 shows
that this threshold appropriately separates star-forming and quenched galax-
ies in DIANOGA simulations, falling approximately 1 dex below the peak of
the simulated MS and intersecting the sSFR distribution at the point where
quenched galaxies lead to a change in the slope of the distribution, both in
the PCs and the cosmological box.

In Fig. 4.8, I compare the simulated MS with observational data for PC
and field galaxies at the same redshift. Specifically, I compare the median
SFRs as a function of stellar mass across all the simulated PCs and in the
cosmological box with observations in the Spiderweb PC from Pannella et
al. (in prep., with SFR measurements based on dust-corrected rest-frame
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Figure 4.8: Star-forming MS of galaxies in the DIANOGA PCs (orange line) and in the

cosmological box (green line). The solid orange and green lines show
the median SFRs of all star-forming galaxies within each stellar mass
bin while the shaded areas mark the 16th-84th percentile intervals. The
star symbols show the proto-BCGs identified in the simulations, color
coded according to the mass Mo of the main progenitor halo of each
PC. Black diamonds, green and red dots are data for the Spiderweb PC
from Pannella et al. (in prep.) and from Pérez-Martinez et al. (2023) and
Pérez-Martinez et al. (2024b), respectively. The blue line is the best fit for
the observed field star-forming MS by Schreiber et al. (2015) at z = 2.2.
The red bar shows the interval of estimated SFRs for the Spiderweb
galaxy from FIR measurements by Seymour et al. (2012) and Drouart
et al. (2014). Simulated SFRs are averaged over 200 Myr (see text). For
readability, error bars on observational data have been omitted.
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UV fluxes), Pérez-Martinez et al. (2023, with Ha-based SFRs) and Pérez-
Martinez et al. (2024b, with Paf3-based SFRs), and with field measurements
from Schreiber et al. (2015, based on Herschel observations). To ensure
a more proper comparison with these observations, I compute the SFRs
of simulated galaxies averaged over 200 Myr, which is approximately the
timescale of the SFR tracers used in Pannella et al. (in prep.) and in Schreiber
et al. (2015), while Hx and Paf3 observations used in Pérez-Martinez et al.
(2023) and Pérez-Martinez et al. (2024b) trace an almost instantaneous SFR,
with the relevant timescales being 5-10 Myr. I show in Fig. 4.17 that the
SFRs in the cosmological box and in the PCs at z = 2.2 decline over the past
200 Myr in DIANOGA simulations, with instantaneous SFRs systematically
lower than averaged ones across all probed stellar masses. Nevertheless,
the offset between these two SFRs estimates (~ 0.1 dex on average) is much
smaller than typical observational uncertainties. Therefore, considering also
the limited sample sizes in MS investigations in observed high-redshift PCs,
I expect the comparison between simulated and observed SFRs in Fig. 4.8
not to be significantly affected by the different timescales of the mentioned
SFR tracers. Thus, I use SFRs averaged over 200 Myr in Fig. 4.8 and in the
following.

In this analysis, I compare SFRs from the simulations with observational
SFR estimates derived from the tracers mentioned above, which are affected
by different complications. In particular, dust attenuation affects UV /optical
SFR tracers: although the observational data used in this comparison are
corrected where needed for this effect, such correction remains affected by
limitations. In this analysis, I use all SFR estimates as they are provided
in the original studies, and compare them with the intrinsic SFRs from the
simulations, without accounting for possible residual differences among
tracers of obscured and unobscured star formation.

The simulated MS is systematically lower than the observed one, both in the
tield and in the Spiderweb PC. The 11 star-forming proto-BCGs? also have
lower SFRs compared to the Spiderweb galaxy. A similar underestimation
of SFRs at high redshift is present also in lower-resolution simulations of the
DIANOGA PCs (Granato et al. 2015; Ragone-Figueroa et al. 2018; Bassini et al.
2020), which also adopt slightly different prescriptions for the feedback pro-
cesses. This suggests that the primary cause for the lower MS normalization
predicted by simulations lies in the star formation model (SHo3), which
implements a quiescent mode of star formation that inherently prevents any
bursty star formation episodes, which are instead expected at cosmic noon.
Ragone-Figueroa et al. (2024) show that by adopting a different model for
star formation and stellar feedback (Murante et al. 2010, 2015; Valentini et al.
2020, 2023), coupled with H; formation on dust grains (Granato et al. 2021),
the discrepancy between the simulated and observed MS can be reduced,
also resulting in a cosmic star formation history that better matches the
observed one.

Within the simulation, I observe that less massive PC main progenitors host

2 I define as proto-BCG the central galaxy of the main progenitor halo in each PC. 3 out of 14
proto-BCGs, also shown in Fig. 4.8, are quenched, according to the adopted definition.
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Figure 4.9: Environmental dependence of the simulated star-forming MS at z = 2.2
as a function of stellar mass. Results are shown for the whole sample of
PC galaxies, as well as separating PC galaxies located within/outside
R200 of halos with Mg > 1.5 x 10'3 Mg, (PC cores/extended PCs),
compared to galaxies in the cosmological box. The solid lines and
shaded regions show the MS offset, and its intrinsic scatter, between
pairs of environments as indicated in the legend (see text for details).

proto-BCGs with suppressed star formation compared to the (simulated)
MS. The simulated MS in Fig. 4.8 also shows a rather minor suppression
of star formation in PCs compared to the cosmological box3. This is fur-
ther explored in Fig. 4.9 where, for a better understanding of the effect
of the environment, I separate star-forming galaxies hosted by PC cores
(Mz00 > 1.5 x 10'3 M) from those in the lower-density extended regions
of PCs, comparing them also with galaxies in the cosmological box. Figure
4.9 shows the environmental dependence of the star-forming MS by com-
paring offsets in SFRs between the aforementioned galaxy populations. To
compute the offsets, I generate 1000 realizations of the MS of each galaxy
population, assuming an (asymmetric) Gaussian distribution of SFRs as a
function of stellar mass based on the median SFR and 16th-84th percentile
range for the given population of simulated galaxies. For each population
(and thus environment) pair, I then compute the mean of the SFR offsets
as a function of stellar mass over these 1000 realizations. The error on the
offset is estimated as the scatter of the SFR offsets across the realizations.

I verified that masking the “PC” regions in the cosmological box, as defined in Sect. 4.3,
does not impact this result.
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The simulations predict a very small though significant suppression of
approximately 0.05 dex in the SFRs of PC galaxies compared to the cos-
mological box (note that this is insensitive to including or excluding the
most massive halos, as their galaxy populations are subdominant compared
to the full PC structure). This suppression is independent of stellar mass,
though for log1o(M./Mg) > 11 statistical uncertainties are too large to
draw any conclusions. The observational uncertainties in the current MS
determinations do not allow the detection of a 0.05 dex offset. Therefore,
this prediction from simulations is compatible with studies that found either
a low-significance or no suppression in the SFRs of PC galaxies compared to
their field counterparts (e.g., Cucciati et al. 2014; Koyama et al. 2021; Polletta
et al. 2021; Shi et al. 2021; Pérez-Martinez et al. 2023). On the other hand,
the predicted offset contrasts with other studies finding an enhanced star
formation in PC galaxies (e.g., Pannella et al. in prep.; Shimakawa et al.
2018a; Monson et al. 2021; Pérez-Martinez et al. 2024a).

Figure 4.9 further shows that the star formation suppression is more sig-
nificant in PC cores, with an MS offset up to ~ 0.25 dex compared to the
cosmological box. This offset decreases to ~ 0.05 dex for galaxies with
M. ~ 107 Mg,. For these galaxies, whose star formation history has experi-
enced a more marked recent decline (see Fig. 4.17), the SFR averaged over
200 Myr may be less sensitive to their relatively rapid evolution, especially
in PC cores, as discussed in the following.

Given that star formation in the DIANOGA simulations depends on the gas
reservoir and on the efficiency of gas conversion into stars, I further explore
how these quantities compare with observational constraints. The reservoir
of star-forming gas is represented by the cold component of the multiphase
gas particles that describe the ISM in the SHo3 star formation model (see
Sect. 3.1.3.1). I compute the cold gas fraction, pco1a = Mcora/M«, where
Mco1q is the total cold gas mass in a galaxy. I compare this fraction with
the molecular gas fraction, M, 01/M., which is estimated in observational
investigations, noting that M 14 represents an upper limit to the (sub-
resolution) molecular gas content. I also compute the depletion time tgep =
Mco1a/SFR, using the SFR averaged over 200 Myr.

In Fig. 4.10 I show pco1q4 and tgep as a function of stellar mass for star-
forming galaxies, both in PCs and in the cosmological box, comparing them
with observational results from Magdis et al. (2012), Liu et al. (2019), Sanders
et al. (2023), Mérida et al. (2024), Leroy et al. (2024) and Pérez-Martinez
et al. (2025) at z ~ 1.5 —3. In both PCs and the cosmological box, the
simulations predict cold gas fractions that are systematically lower than the
observed values, to different extents, with offsets ranging from ~ 0.1 to ~ 1
dex, also likely depending on the kind of measurement and on the galaxy
sample selection adopted in different observational studies. On the other
hand, depletion times (thus the star formation efficiencies) appear consistent
with observations, with the exception of the lower-mass data point in the
Spiderweb protocluster from Pérez-Martinez et al. (2025).

Considering the realistic GSMF in the simulated PCs discussed in Sect. 4.3,
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Figure 4.10: Cold gas fractions (left panel) and depletion times (right panel) in star-
forming galaxies in the DIANOGA PCs (orange) and in the cosmological
box (green) as a function of stellar mass. Solid lines (shaded regions)
show median values (16th-84th percentile ranges, respectively). For
comparison, I show observations at z ~ 1.5 — 3 from Magdis et al. (2012),
Liu et al. (2019), Sanders et al. (2023), Mérida et al. (2024), Leroy et al.
(2024) and Pérez-Martinez et al. (2025). In the latter, the two higher-
mass values correspond to massive galaxies (logio(M. [M@]) > 10.5)
that do and do not host AGNs (8 and 12 galaxies, respectively), at
median masses M, ~ 10197 and M, ~ 101! Mg, respectively.

the cold gas deficit suggests a possible inefficiency in gas cooling, excessive
heating due to feedback processes, or highly efficient interactions with the
hot ambient gas, which begins to permeate the simulated halos at these
redshifts (see Chapter 5), rather than an excessive early consumption of gas.
As shown in Fig. 4.10, the fraction of cold gas is slightly lower in PCs
than in the cosmological box. To investigate this further, I derive offsets
in the median cold gas fraction and depletion times of galaxies in PCs in
comparison with galaxies in the cosmological box, as a function of stellar
mass, using the same methodology applied for the MS offsets in Fig. 4.9.
The resulting offsets are shown in Fig. 4.11. For the cold gas fraction, I
observe a small (~ 0.05 dex) though significant suppression in the cold gas
reservoir in PC galaxies across all stellar masses, similar to the trends seen
for the MS. For star-forming galaxies in PC cores, the offset in 1414 relative
to the cosmological box decreases at lower masses (increasing in absolute
value), suggesting a more efficient depletion or less efficient replenishment
of gas in low-mass galaxies. Since this feature is specific to the most massive
halos in the PC regions, it is possible that interactions with the hot ICM
emerging in these massive halos are either stripping cold gas from galaxies
or halting cosmological gas accretion, leading to more rapid gas depletion,
especially in lower-mass galaxies. In particular, the offset in pco14 shows
a sharp drop at log(M..,/Mg) < 9.5. This is because approximately 40%
of galaxies in this mass range within PC cores, classified as star forming
based on their averaged SFRs, have completely lost their cold gas reservoir,
effectively shutting off star formation over the past 200 Myr. While these
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Figure 4.11: Environmental dependence of the fraction of cold gas (left panel) and
of the cold gas depletion time (right panel) at z = 2.2 as a function of
stellar mass. Here I consider four environments: the cosmological box,
the whole PCs, the low-density extended PCs and the PC cores. The
solid lines define the offsets between the cold fractions and the deple-
tion times in the PC environments with respect to the cosmological box,
as defined in the legend, resulting from 1000 Monte Carlo realizations
(see text). The shaded regions represent the intrinsic scatter on the
offsets.

galaxies are in a regime where the results could be influenced by the finite
numerical resolution of the simulations, galaxies of similar mass in the
cosmological box and in smaller halos within the PC regions do not show
such an abrupt decrease in cold gas fractions. Therefore, I conclude that
this is not purely a numerical artifact, although the extreme environment
in the largest halos within the simulated PC regions, coupled with the
relatively low number of gas particles in galaxies with log(M./Mg) < 9.5,
may amplify a genuine physical process occurring in massive halos at this
redshift. Figure 4.11 also shows that the environmental dependence of
depletion times qualitatively mirrors the trends observed for the cold gas
fraction. The offset in the median depletion time of galaxies in the full
PC region in comparison with the cosmological box (with no sensitivity
to the inclusion or exclusion of the most massive halos) is marginal and
statistically insignificant. However, low-mass PC galaxies within the most
massive halos exhibit a dramatic decrease in their median depletion time,
corresponding to the low median cold gas fractions discussed above.

4.5 QUENCHED GALAXY FRACTIONS

In this Section I analyze the population of quenched galaxies in the DIANOGA
PCs and in the cosmological box at z = 2.2, to quantify how the environ-
ment of massive halos in PCs suppresses star formation in galaxies. This
represents the first necessary step to exploit the simulations in probing the
nature of early quenching processes in cluster progenitor environments,
in the context of understanding the physical mechanisms resulting in the
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predominance of quenched galaxies in mature clusters at later epochs.

I investigate the effects of the local environment, by isolating galaxies
hosted by PC cores of different halo masses and galaxies populating the
extended PC structures. I also separate galaxies in two stellar mass bins
(107 < Mu/Mg < 10'% and M, > 10'° M) to examine how galaxies of
different masses are affected by the environment. The median quenched
fractions as a function of halo mass, and the fractions in the wide PC struc-
tures and in the cosmological box, are shown in Fig. 4.12.

Across all stellar masses, the quenched galaxy fraction increases significantly
in more massive halos, reaching up to 90% (70%) for the 107 < M,/Mg <
10'° (M. > 10'° M) galaxy population at Moo > 10'* M. The scatter
around the median is representative of the halo-to-halo variation, though
higher halo mass bins might be affected by limited statistics.

The DIANOGA simulations predict an increased efficiency of quenching mech-
anisms compared to the cosmological box, across all the probed stellar
mass and halo mass ranges, already at z = 2.2. Noticeably, the fractions
of quenched galaxies in the extended PC regions exceed slightly those in
the cosmological box, suggesting that star formation in galaxies might be
suppressed before their infall into the virial region of a massive halo.
While these simulations predict an increasing quenched fraction as a func-
tion of stellar mass in the cosmological box and in the extended PC regions,
in qualitative agreement with field observations (e.g., Muzzin et al. 2013;
Kawinwanichakij et al. 2017; Sherman et al. 2020; Park et al. 2024), Fig.
4.12 shows instead higher quenched fractions for 107 < M,/Mg < 10'°
than for M, > 10'° Mg galaxies in PC cores, at odds with observations in
the field and in observed clusters and PCs (e.g., van der Burg et al. 2013;
Cooke et al. 2016; Lee-Brown et al. 2017; van der Burg et al. 2020; Edward
et al. 2024). This issue is common in various cosmological simulation suites
across different redshifts and environments (e.g., Bahé et al. 2017; Donnari
et al. 2021). This discrepancy between DIANOGA simulations and observations
is likely a direct consequence of the low cold gas fractions in low-mass
star-forming galaxies, as is discussed in Sect. 4.4.

In Fig. 4.13, I compare the quenched galaxy fraction in the most massive
PC cores, with Moo > 5 x 1013 Mg, with observations in similar environ-
ments at z ~ 2 — 2.5, including XLSSC 122 (Willis et al. 2020; Noordeh et al.
2021), CLJ1001 (Wang et al. 2016) and CL]J1449 (Gobat et al. 2011; Strazzullo
et al. 2018). Note that, while the quoted quenched fractions for XLSSC 122
and CLJ1001 are computed in very similar apertures (approximately 600 and
700 kpc, respectively) and the two (proto)clusters have similar halo masses
(M200 ~8—9 x 10'3 M), the quoted quenched fraction in CLJ1449 (with
Moo ~5x 10"3 Mp) is computed within the much smaller aperture of 200
kpc.

To compare the quenched fractions in simulated PCs with these observa-
tions, I select galaxies in the same apertures and with stellar masses larger
than the completeness limits in the referenced observational studies. I thus
stress that measurements in different stellar mass bins shown in Fig. 4.13 are
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Figure 4.12: Fraction of quenched galaxies in PC cores as a function of the core
mass Moo in the DIANOGA PCs at z = 2.2. The dots are median
quenched fractions across different cores in each mass bin and the
shaded areas around them are the 16th-84th percentile ranges. The
horizontal bands show the fraction of all quenched galaxies in the
coeval cosmological box (its width is the 10 confidence interval calcu-
lated following Cameron 2011), and the 16th-84th percentile interval of
quenched fractions in the PC extended regions (masking out the PC
cores), across the 14 different simulations, independently of their host
halo mass. Results are shown for galaxies with stellar masses in the
range 107 < M./Mg < 10'° and M., > 10'° M, separately.
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Figure 4.13: Comparison of quenched fractions in the most massive simulated PC

cores (with Mgo > 5 x 10'3 M) and observations at z ~ 2 — 2.5,
including all galaxies with stellar masses larger than the completeness
limit (Myim) of each observational study. I note that measurements in
this figure are not homogeneous in terms of the size of the considered
region around the PC center (see text). The cyan dots show the median
quenched fractions among selected halos, while shaded dark (light)
regions are the 16th-84th percentile (minimum-maximum) ranges. The
cyan diamonds, with binomial population uncertainties (Cameron
2011), are quenched fractions extracted from the cosmological box.
For comparison with the observations in CLJ1001, XLSSC 122 and
ClJ1449, galaxies in PCs were selected above a limiting stellar mass
and within a physical aperture around halo centers, matching those
adopted in Wang et al. (2016), Noordeh et al. (2021) and Strazzullo
et al. (2018), respectively (see text for details). For comparison with
the cosmological box, I also show the quenched fractions in the field
from COSMOS/UltraVISTA catalog (Muzzin et al. 2013) and from the
CANDELS/3D-HST survey (Skelton et al. 2014) at 2 < z < 2.5.



4.5 QUENCHED GALAXY FRACTIONS

not homogeneous in terms of the size of the considered region around the
PC centers. I also compare the quenched fractions in the cosmological box
with field observations in COSMOS/UltraVISTA (Muzzin et al. 2013) and in
CANDELS/3D-HST (Skelton et al. 2014) at z ~ 2 — 2.5. For completeness, I
also show the quenched fractions in the PC cores in the highest stellar mass
bin, even though there is no direct comparison with mass-complete galaxy
samples in observed PCs. I calculate these quenched fractions, as a reference,
within the average R200 (440 kpc) of the considered halos. The quenched
fractions at M, > 10" M, are consistent with the value of 60 = 20% re-
ported for the Spiderweb protocluster by Naufal et al. (2024) in the same
stellar mass range. However, the underlying galaxy sample in that study
is not mass-complete, which limits the robustness of a direct quantitative
comparison.

The massive halos in the simulated PCs exhibit a broad range of quenched
galaxy fractions, reflecting the diversity in the timing of evolutionary pro-
cesses affecting galaxies in overdense environments at cosmic noon. In
particular, the most star forming among massive PC cores show fractions of
quenched galaxies comparable to those in the cosmological box as do ob-
served PCs with negligible environmental quenching (e.g., CLJ1001, Wang
et al. 2016), while the most quiescent PC cores resemble the most ma-
ture observed systems (e.g., XLSSC 122, Noordeh et al. 2021)*. Quenched
fractions in the cosmological box in the stellar mass range probed in Fig.
4.13 are close to observations in the field at similar redshift, especially at
M, ~4—5x 10'° M, whereas at higher (lower) masses they are slightly
overestimated (underestimated).

Based on results from DIANOGA simulations, the large scatter observed in the
quenched fraction of PC cores is primarily driven by intrinsic variability
in the evolutionary phase of PC cores of similar mass at z ~ 2. I also note
that the quenched fractions of galaxies in the innermost regions of massive
PC cores, as shown in comparison with CLJ1449, have the largest scatter.
While the intrinsic variability might indeed be enhanced in the selected
innermost region of massive halos, the increased scatter might also be due
to lower statistics in such small volumes. A more detailed investigation of
the processes affecting galaxy evolution in halos of different masses and at
different halo-centric radii will be the focus of future work.

4.5.1  UV] diagrams

In observational studies, UV] diagrams are widely used to classify galaxies
as star forming or quenched (e.g., Labbé et al. 2005; Williams et al. 2009;
Whitaker et al. 2012). Donnari et al. (2019) found that the fractions of
quenched galaxies inferred from UV] diagrams in the IllustrisTNG simula-
tions were consistent with those estimated from the galaxy distance from
the MS at redshifts 0 < z < 2. This was achieved by adopting a separation
line between star-forming and quenched galaxies in the UV] diagram that

4 The estimate of the mass completeness limit is based on the spectroscopic completeness limit
from Willis et al. (2020), assuming a BCo3 SSP with formation redshift of z =5 and no dust.
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Figure 4.14: Simulated UV] diagrams for galaxies within seven massive halos in
DIANOGA PC regions at z = 2.2, within a 700 kpc aperture, produced
with SKIRT-9. Intrinsic colors are connected to reddened colors by gray
arrows that end with star symbols color coded according to the sSFRs
of galaxies. The left panel shows the diagram obtained by tracing dust
in the diffuse ISM through a fixed dust-to-metal ratio. The right panel
shows the diagram produced with the model for MCs described in Sect.
3.2.2.1. Typical cuts adopted in UV] diagrams to separate quenched
and star-forming galaxies (Williams et al. 2009; Whitaker et al. 2011,
2012; Muzzin et al. 2013) are shown as black lines, while the red line
defines a custom-defined boundary to separate these populations in the
DIANOGA simulations. The colored arrows show the reddening vectors
for typical attenuation laws (Allen 1976; Prevot et al. 1984; Bouchet
et al. 1985; Calzetti et al. 2000).

preserves the slope of the commonly used classifications (e.g., Whitaker et
al. 2011), but is shifted to account for the slightly different color distribution
compared to observations. I test this approach in the DIANOGA simulations,
coupled with the SKIRT-9 radiative transfer code (see Sect. 3.2.2.1), to inves-
tigate potential complications in the comparison between quenched galaxy
populations in simulations and observations, particularly in the context of
high-redshift massive halos.

I produced UV] diagrams for a random sample of seven massive halos,
with Moo = (0.6 — 1.4) x 10'* M, in the simulations. I select galaxies
with M, > 2 x 10'° M, which is approximately the mass range that can
be reasonably probed with mass-complete samples in deep observational
investigations of z ~2 PC galaxy populations thus far, and located within a
3D aperture radius of 7oo kpc from the center of each halo, corresponding
to ~ 1.5 x Rzp0. The resulting UV] diagrams are shown in Fig. 4.14. The
two panels refer to results based on two models, corresponding to including
or not a prescription for molecular clouds (MCs, see Sect. 3.2.2.1). In the
following, I refer to these two models as “diffuse model” (left panel) and
“MC model” (right panel), respectively. I note that the diffuse model relies
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Figure 4.15: Properties of a galaxy characterized by a steep reddening vector. The
left panel shows the distribution of stars, color coded according to their
age, while the middle panel shows the distribution of gas particles
color coded according to their mass in metals, both within 0.25 kpc
from the center of the galaxy along the line of sight. The right panel
shows the galaxy star formation history.

on a smaller number of assumptions and represents a more direct prediction
of the simulations, though it does not resolve the scales of MCs.

The diagrams for both models reveal that galaxy populations in the simu-
lated halos exhibit a red sequence (e.g., Bell et al. 2004) that is already in
place at z = 2.2, reflecting the high quenched fractions presented in Sect.
4.5. These red galaxies form a tight sequence in the quenched region of the
diagram and are largely unaffected by dust attenuation, due to their limited
gas reservoir, which translates into little dust to absorb the stellar emission
in this modeling. Qualitatively, the distribution of both quenched and star-
forming galaxies is in agreement with observed UV] diagrams. However,
the actual color distribution of the simulated star-forming galaxies is not the
same as for observed counterparts. Therefore, to quantitatively match the
separation between the two galaxy populations based on their sSFR (see Fig.
4.7), I need to shift the separation line by approximately 0.2 mag toward
redder U-V colors compared to standard separations used in the literature
(e.g., Williams et al. 2009; Whitaker et al. 2011, 2012; Muzzin et al. 2013). I
note that this is in quantitative agreement with the UV] separation found
by Donnari et al. (2019) in the IllustrisTNG simulations, as well as with the
color distributions in SIMBA simulations at z = 2 from Akins et al. (2022).
For star-forming galaxies, the diffuse model produces overall stronger at-
tenuation (the average Ay for the studied sample is 1, compared to 0.5
in the MC model), which is dominated by the attenuation of the diffuse
dust on the more abundant older stellar population. In this respect, I re-
call that the MC model subtracts the cold gas reservoir from the total gas
contributing to the attenuation of older stars in the ISM. Since star-forming
galaxies in PCs reach very high fractions of cold to total gas, this leaves
a rather small amount of diffuse gas, and consequently dust, in the MC
model, resulting in lower dust attenuation compared to the diffuse model.
The details of this effect are related to the assumptions adopted in the MC
model implemented here, however, as discussed in Sect. 3.2.2.1, tuning this
model is not the focus of this analysis; my primary interest in modeling the
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age-dependent attenuation of MCs is understanding its qualitative influence
on the reddening of galaxy colors in the UV] diagrams.

Figure 4.14 shows that, in my modeling of dust attenuation applied to
DIANOGA simulations (diffuse model), the majority of the galaxy population
has reddening vectors in agreement with typical attenuation laws (e.g., Allen
1976; Prevot et al. 1984; Bouchet et al. 1985; Calzetti et al. 2000). However,
a subset of star-forming galaxies exhibit steeper reddening vectors. This is
consistent with the results from Akins et al. (2022) on SIMBA simulations
coupled with dust radiative transfer. In fact, they found that the assump-
tion of a universal Calzetti et al. (2000) attenuation law might impact the
efficacy of the UV] classification, especially for star-forming galaxies near
the quenched region of the UV] diagram. This might lead to the incorrect
classification of these galaxies as quenched when applying standard UV]
cuts (Williams et al. 2009; Whitaker et al. 2011, 2012; Muzzin et al. 2013).
This behavior appears in both models. Thus, although the MC model seems
to extend this feature to a larger fraction of the galaxy population compared
to the diffuse model, this is not a numerical artifact introduced by the MC
modeling. I note that galaxies that are characterized by such “atypical”
steep reddening vectors tend to be central galaxies or located close to the
halo center and have high stellar masses (M, > 10'" M,). The comparison
between the two models suggests that the limited resolution of cosmological
simulations, which cannot capture the small-scale high-density structure
of MCs, does not explain this inconsistency in the simulated UV] diagram.
Indeed, if anything, the MC model produces a more pronounced tilt of the
reddening vector in the UV] plane.

I investigated the “atypical” galaxies further by analyzing the spatial
distributions of their stars and metals (wWhose mass is mapped into dust
mass in my modeling) and their star formation histories. As an example,
I show in Fig. 4.15 these quantities for one of these galaxies. The star
formation history (right panel) shows approximately constant SFR for the
past ~ 2 Gyr at ~ 400 Muyr~—'. The distribution of stars (left panel) shows
a positive gradient of stellar ages, while the distribution of metals (central
panel) is concentrated in a dense central core. The steepness of the reddening
vector is thus produced by the presence of highly attenuated young stars
in the metal-rich central region of the galaxy. This is a genuine signal of
age-dependent extinction produced by the simulations (though at larger
scales than the unresolved MCs), which causes a stronger reddening of the
U-V color than of the V-] color (see Fig. 4.14).

46 IMPACT OF APERTURES ON STELLAR MASSES OF SIMULATED GALAX-
IES

Here I examine the impact of using stellar masses calculated within fixed
apertures (2D, with an 8.5 kpc radius, corresponding to 1 arcsecond at
z = 2.2) as opposed to using total SubFind masses. Figure 4.16 shows
the ratio of these two mass definitions as a function of aperture stellar
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mass. This ratio is ~ 1 on average for stellar masses up to M, ~ 10'" Mg,
with negligible scatter (~ 0.005), for galaxies both in the PCs and in the
cosmological box. For M, > 1017 Mg, however, the deviation of the mass
ratio from unity becomes significant, with the SubFind masses exceeding the
aperture masses by a factor ~ 1.3 (1.2) on average in the PCs (cosmological
box, respectively).

Most galaxies (72%) with M, > 10" M, are hosted by the central subhalo
in massive halos, where SubFind does not separate the actual central galaxy
from the diffuse stellar component (see, e.g., Marini et al. 2021). For M, >
10" Mg, satellites (which are thus not affected by this feature of SubFind)
the SubFind mass estimate still exceeds the aperture mass by a factor 1.1 on
average, reaching up to a factor 22 for 1% of these most massive galaxies.

4.7 EFFECTS OF AVERAGING SFRS

Here I assess differences between galaxy SFRs averaged over 200 Myr
(SFR200), which more properly compare to some observational estimates
used in this work (see Sect. 4.4), and the instantaneous SFRs associated
with gas particles in the SHo3 star formation model (SFRyq5). Figure 4.17
shows the ratio between these two SFR estimates as a function of stellar
mass. SFRgqs is lower than SFR;0p across all the probed stellar mass range,
with a weak increasing trend with increasing mass. Proto-BCGs behave
similarly to other galaxies, with instantaneous SFRs tendentially lower than
those averaged over the past 200 Myr. The same trends are observed in PCs
and in the cosmological box, reflecting a declining star formation history
of galaxies in both environments at z = 2.2, possibly more pronounced at
lower masses.

Figure 4.18 shows the distributions of specific SFRgqs (SFR200) for galaxies
in which the SFR00 (SFRgqs, respectively) is zero, which are not accounted
for in Fig. 4.17. There are very few galaxies with SFRp0p = 0 and SFRgqs > O,
and their SFRy s corresponds anyway to a negligible level of residual star
formation. Galaxies with SFRgqs = 0 but SFR299 > 0 are more common;
these galaxies have relatively low (averaged) sSFRs, with the bulk of them
falling below the level of the adopted threshold for quenched galaxies.
Galaxies for which both SFR estimates are zero also do not appear in Fig.
4.17. However, they would in principle add to the population of galaxies for
which the estimates are the same and, since they are a minority across all
stellar masses, they would not significantly change the trend shown in Fig.

4.17.
4.8 SUMMARY AND CONCLUSIONS

In this Chapter, I have analyzed the properties of galaxy populations in
PCs at z = 2.2 in the DIANOGA set of zoom-in cosmological hydrodynamical
simulations of galaxy clusters and in the cosmological box, introduced in
Sect. 3.2.1.
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Figure 4.16: Ratio of SubFind and aperture stellar masses, as a function of aperture
mass for galaxies in DIANOGA PCs, separated in centrals and satellites,
and in the cosmological box at z = 2.2. Aperture masses are estimated
within a two-dimensional projected radius equal to 8.5 kpc. The
bottom panel shows the median (16th-84th percentiles) of the mass
ratios of galaxies plotted in the top panel, in solid lines (shaded areas,
respectively).
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Figure 4.17: Two-dimensional histograms of the ratios between instantaneous SFR
(SFRgas) and the SFR averaged over 200 Myr (SFR3q0) of galaxies in
DIANOGA PCs (left panel) and in the cosmological box (right panel) at
z = 2.2, as a function of stellar mass. Proto-BCGs are plotted separately.
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Figure 4.18: Distribution of the instantaneous (averaged) sSFRs for galaxies with
SFR200 = 0 (SFRgqs = 0), in the left (right, respectively) panel. The
dashed lines show the average sSFR of main-sequence galaxies in the
cosmological box (black) and in the PCs (red).
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To define PCs in simulations, I traced back the DM that falls within the R,¢o
of the z = 0 cluster and identified, around the most massive progenitor halo,
a region that encompasses 80% of all these DM particles.

I investigated the properties of simulated galaxy populations and I compared
them to observations to test the predictions of simulations, focusing on halos
with properties similar to the observed (proto)cluster cores. I compared
galaxy properties in the simulated PCs and in the cosmological box to
highlight the impact of environment on galaxy evolution, as predicted by
the analyzed simulations. I also performed radiative transfer simulations
using the SKIRT-9 code (Camps & Baes 2020) to estimate dust-attenuated
rest-frame UV to NIR colors of simulated galaxies, by consistently tracing
dust through metals in the gas component. From these, I tested the impact
of adopting a UV] photometric classification of star-forming and quenched
galaxies, as routinely applied in observational studies. I summarize the
main conclusions as follows.

® The GSMF in the DIANOGA PCs is broadly consistent with observations
in PCs at 2 < z < 2.5, both in shape and normalization (see Fig. 4.6).
This demonstrates that the integrated star formation history in the
simulated PCs realistically reproduces the observational data. The
median PC GSMF reveals an excess of galaxies with M, > 10'° Mg,
compared to the cosmological box (see Fig. 4.5). This excess is detected
both in PC cores (Mzp0 > 1.5 x 10'3 M) and, albeit with lower
significance, in the extended PC regions (i.e., outside the cores). Since
this excess is indicative of early stellar mass assembly, its presence in
the extended PC regions suggests the onset of an overall accelerated
galaxy evolution in the broader environments hosting PCs.

¢ The SFRs of star-forming galaxies in both the PCs and the cosmological
box are lower than expected from observations (see Fig. 4.8). This
is consistent with previous results from lower-resolution versions of
the DIANOGA simulations (Granato et al. 2015; Bassini et al. 2020) and
other suites of cosmological hydrodynamical simulations (e.g., Akins
et al. 2022; Edward et al. 2024). The SFRs in PC galaxies show a small
(~ 0.05 dex) yet significant suppression compared to galaxies in the
cosmological box (see Fig. 4.9). This signal is dominated by galaxies
in the extended structures of the PCs, while galaxies in the PC cores
exhibit a more pronounced suppression (up to ~ 0.25 dex compared
to SFRs in the cosmological box).

¢ The reservoirs of cold star-forming gas are systematically lower than
observational estimates at z ~ 1.5 — 3, while depletion times are broadly
consistent with those observed in star-forming galaxies, both in the
PCs and in the cosmological box (see Fig. 4.10). This suggests that the
underestimation of SFRs in the simulations is related to galaxies not
having sufficient gas available to convert into stars, possibly due to the
effect of a too efficient feedback inhibiting cooling or expelling gas.
Protocluster galaxies in these simulations have marginally lower cold
gas content than their counterparts in the cosmological box on average,
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while depletion times do not show significant differences (see Fig.
4.11). However, galaxies in PC cores exhibit more marked differences
in both cold gas fractions and depletion times compared to galaxies
in the extended PC structure and in the cosmological box. In massive
cores, both cold gas fractions and depletion times show a significant
drop for galaxies with log1o(M./Mg) < 9.5, and they remain sig-
nificantly lower than the cosmological box levels at higher masses.
The sharp drop is due to a large fraction (~ 40%) of galaxies with
log10(M«/Mg) < 9.5 that are classified as star forming based on their
SFR averaged over the past 200 Myr but have actually completely lost
their cold gas over this time.

I note that these galaxies may be in a regime influenced by the finite
numerical resolution. However, since galaxies of similar mass in other
simulated regions do not show such a sudden loss of gas, this feature
could reflect a genuine physical process emerging in simulated mas-
sive halos at high redshift, possibly amplified by the combined effect of
relatively limited numerical resolution and the extreme environment
of the most massive high-redshift halos.

The fraction of quenched galaxies in the simulations increases sig-
nificantly with the mass of the host halo in the PC cores, reach-
ing approximately 0.9 (0.7) at Moo > 10'* Mg for galaxies with
107 < M./Mg < 107 (M, > 10'° M, respectively; see Fig. 4.12).
DIANOGA simulations predict an increasing fraction of quenched galax-
ies toward lower stellar masses in PC cores, which is at odds with
indications from observations. The fraction of quenched galaxies in
PCs, even beyond massive cores, is higher than in the cosmological
box, implying accelerated quenching also in lower-density PC regions,
prior to galaxy infall into massive halos.

The DIANOGA PCs include halos in which quenching has progressed
in very different ways (see Figs. 4.12,4.13), similar to the observed
PCs. In some halos, the galaxy quenched fraction is as low as in the
cosmological box (comparable to observed starbursting PC cores, e.g.,
CLJ1o001 at z = 2.51, Wang et al. 2016), while in others it is as high as
in observed mature clusters (e.g., XLSSC 122 at z = 1.98, Willis et al.
2020; Noordeh et al. 2021). The quenched fractions in the cosmological
box also qualitatively agree with observations in the field.

The distribution of galaxies in the simulated UV] diagram in a sample
of 7 massive simulated halos is qualitatively consistent with observed
distributions of star-forming and quenched galaxies (see Fig. 4.14).
However, from a more quantitative point of view, I needed to shift
the UV] selection boundary by 0.2 mag toward redder U-V colors,
compared to typical classification criteria used in observations, to
optimally match the sSFR-based classification of simulated galaxies.
Despite the overall qualitative agreement, I note indeed the presence
of a population of star-forming galaxies (mainly massive galaxies in
the central regions of PC cores) with a steep reddening vector, leading
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to significant contamination of the quenched region of the diagram
when adopting standard selections.

In this Chapter, I have shown that the DIANOGA cosmological hydrodynami-
cal simulations can broadly reproduce the properties of galaxy populations
in observed PCs at z ~ 2 — 2.5, which is a particularly significant time for
the evolution of clusters and their host galaxies since it corresponds to the
transition between PC structures and the first established clusters. This
redshift range also corresponds to a cosmic epoch where the cosmic SFR
density is at its peak and, at the same time, the first signatures of environ-
mental quenching appear in the densest environments. I have shown that
the environment of cluster progenitors has an impact on galaxy populations,
particularly through the early onset and subsequent suppression of star
formation, which is most significant in the massive PC cores. These results
provide an interpretative framework, that consistently accounts for the full
cosmological context, for understanding the evolution of galaxies in PCs.
The results of this analysis highlight that the current generation of cosmo-
logical hydrodynamical simulations are invaluable instruments to shed light
on the complex interplay between environment and the physical processes
that shape galaxy evolution. In this respect, cluster progenitor environments
at cosmic noon present a significant challenge to models of star formation
and feedback processes, as they couple extreme regions of the Universe
and a cosmic time where transformational processes are at their peak. In
this context, and while keeping in mind the current limitations that still
affect the comparison of observations and simulations at high redshift, the
results presented in this Chapter highlight the need for improved modeling
of galaxy formation and evolution to better capture observed galaxy pop-
ulation properties (the level of star formation in particular) in the densest
high-redshift regions. This is a crucial part of the broader effort to consis-
tently reproduce the evolution of galaxy populations across cosmic time and
across different environments.



DIFFUSE GAS ACROSS THE PROTOCLUSTER TO
CLUSTER TRANSITION

In this Chapter, I present the evolution of gas in massive halos in the envi-
ronment of cluster progenitors at cosmic noon. The goal of this analysis is to
address the open questions on the epoch and timing of ICM assembly, and to
assess the capability of simulations to reproduce the available observations
of the (proto-)ICM. To this end, I analyze the budget of different gas phases
in halos of different masses, across the transition from the protocluster to
the cluster regime (Sect. 5.1) and then focus on the diffuse hot component,
progenitor of the ICM that permeates mature clusters at lower redshifts
(Sect. 5.1.1). I analyze the build-up of this component by tracing it across
the protocluster to cluster transition to pinpoint its origin. Then, I present
the comparison between the predictions of simulations and observations of
the thermodynamic properties of high-redshift clusters and protoclusters,
up to z = 3 (Sect. 5.2). The results presented here will be published in
Esposito et al. (2025, in preparation).

51 GAS COMPOSITION IN HIGH-Z HALOS

In order to investigate the properties of gas permeating massive halos at high
redshift, I analyze all halos within the high-resolution regions of the DIANOGA
simulations with masses above 10'3 M), regardless of their final fate at z = 0.
The gas within their Rs¢¢ is classified into four phases, based on its position
in the temperature-density phase diagram, as indicated by the separation
lines in Fig. 5.1. At low densities, at progressively decreasing temperatures
I identify the ICM, the warm-hot intergalactic medium (WHIM) and the
IGM. A high-density component is referred to as the “condensed” phase.
Technically, the latter could be separated into a cooling phase and a star-
forming phase, at higher temperatures, made up of multiphase particles as
described in the SHo3 model. Nevertheless, for the purpose of this analysis
the separation between the two is not relevant, since I am only interested
in identifying the cold gas that is mainly confined to galactic halos. It is
worth noting that for halos in the mass range 1013 < Moo/ Mg < 10'4, the
hot, low-density gas phase should be formally classified as the intra-group
medium (IGrM). Nonetheless, for simplicity, I refer to this phase as “ICM”
throughout, regardless of halo mass. The classification of ICM, WHIM, and
IGM phases follows the typical temperature ranges of their observational
counterparts. However, the specific boundaries adopted between phases (as
shown in Fig. 5.1) are somewhat arbitrary.

Figure 5.1 shows the phase diagrams of gas within and around a halo of
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Figure 5.1: Phase diagram of the gas in the region within 5xRs5o¢ (left panel) and
Rs0p (right panel) of a cluster of mass Moo = 1.2 x 10" Mg atz =2.2.
The solid black lines define the separation between different phases
of the gas. The discontinuity at p ~ 10> Mgkpe™3 corresponds to
the transition to the star-forming phase in the SHo3 model for star
formation.

mass Moo = 1.2 x 101 Mg at z = 2.2, which already qualifies as a cluster.
The left panel includes gas within 5xR500, while the right panel focuses on
gas within Rs50. The comparison highlights that the ICM is predominantly
confined within Rs09, where it constitutes the dominant gas component.
Furthermore, only the hottest and densest portion of the ICM — reaching
temperatures up to T ~ 108 K — is found within Rso. Besides minor WHIM
and IGM components, the remaining gas inside Rsqo is in the condensed
phase, fueling intense star formation activity (the integrated SFR within
R500 is ~ 600 M@ yr_1).

On the other hand, most of the WHIM and of the IGM components are
distributed on large scales. Figure 5.2 shows the spatial distribution of the
gas components, as well as of DM and stars, in a region of 4 Mpc per side,
centered on the same halo shown in Fig. 5.1. The condensed phase has a
clumpy distribution, that closely traces the galactic (sub)halos and overlaps
with the densest gas filaments of the IGM. The latter does not reach inside
the R500 of the central halo, where mainly ICM can be found. Similarly, the
WHIM is largely absent within the massive central halo, but it is distributed
in the smaller halos, that can be identified in the DM map, and along the
most prominent filaments of the IGM. Overall, the gas budget within the
central massive halo is already dominated by the ICM, much like a mature
z = 0 cluster, as already shown in Fig. 5.1.

For a quantitative analysis of the gas budget across the full range of halo
mass probed here, I compute the fraction of gas mass in the different phases
within the Rso¢ of halos at z = 3, 2.2 and 1.5. This redshift interval captures
the transition from the regime of sparse protoclusters to the emergence of
the first massive virialized clusters (Moo ~ 10'* My,).

These fractions are shown, as a function of halo mass, in Fig. 5.3, atz =3
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Figure 5.2: Projected mass map of the gas components, as well as of DM and stars,
in the region spanning 4 Mpc per side around a simulated cluster of
mass Moo = 1.2 x 10'* Mg at z = 2.2. The different gas components
(condensed phase, IGM, WHIM, ICM) are shown in the upper- and
middle-row panels. The bottom-row panels show the distribution of
DM mass (left panel) and of stellar mass (right panel). In all panels, the
dashed (dotted) circle defines R59¢ (5%R509) of the central halo.
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Figure 5.3: Fraction of gas mass in four different phases (condensed, IGM, WHIM
and ICM), within R5po of each halo, as a function of the halo mass.
From left to right the halos are selected at z = 3, 2.2 and 1.5.

(left panel), 2.2 (middle panel) and 1.5 (right panel). Given the remaining
degree of arbitrariness of the exact boundaries in the phase diagram, the
specific values of these gas mass fractions are to some extent arbitrary as
well. The interesting information comes rather from their overall relative
values and their trend with halo mass. In this respect, Fig. 5.3 shows that
the ICM consistently dominates the gas budget across the probed halo mass
and redshift range (log10(M200/Mg) 213, 1.5 < z < 3), showing that hot
ambient gas is already present in all massive halos as early as z = 3. At all
probed redshifts, the fraction of ICM increases with halo mass across the
range from Mo ~ 10’3 Mg to ~ 10'* Mg, although the relative change
remains within a factor of < 2.

In contrast, the fractions of all other gas phases (IGM, WHIM, condensed
phase) decrease with increasing halo mass. These gas phases follow a
consistent hierarchy in terms of abundance: condensed gas is the most
prevalent, followed by WHIM and finally the IGM, which contributes the
smallest fraction to the gas budget within the massive high-redshift halos
probed here. These trends with halo mass suggest that in more massive
halos, whose evolution is expected to be in a more advanced stage, the cold
gas that fuels star formation has been depleted more and the accreted IGM
has been converted more efficiently into the hot phases, possibly passing
through the WHIM and then to the ICM. I note that Fig. 5.3 shows the gas
fractions on a logarithmic scale, thus the visual comparison of the relative
contributions of the different gas components may be somewhat misleading:
the IGM component is in practice negligible within Rs500.

To better illustrate the redshift evolution of these trends, Fig. 5.4 shows the
median fraction for each gas phase as a function of halo mass, comparing
the three probed redshifts. For the IGM and WHIM components there



5.1 GAS COMPOSITION IN HIGH-Z HALOS 101

Condensed IGM
0 i E
4] o -
rd \’—
g 107
7] =
o] 1071: =
o D\ B
=] il \ 210—4
g - B
= . N
- 103
o =
T T T T TTTT T T T T T T TTT7T T |
1013 1014 1013 1014
Mzoo [M o] Maoo [M s ]
_—z=3 —_—z=2.2 z=1.5
5 WHIM ICM
1075 100
g 33
g : \ Lax 101
g 10724
o E .
ua 5 F8x 10
g Il
-J:; -3
g 107 7% 107!
i 3
&8 il
T T T T TTT17T T T T T T T 117 T
1013 1014 1013 1014
Mzo0 [Ms ] Maoo [M s ]

Figure 5.4: Median mass fractions of different gas components (condensed, IGM,
WHIM and ICM) lying within Rs50o of massive halos, as a function of
halo mass. For each component, the different lines show the median
fraction at different redshifts (z = 1.5, 2.2 and 3), with shaded areas
showing the corresponding 16th-84th percentile range.
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Figure 5.5: Gas components across the ICM build-up: the left (right) panel shows,
as a function of the halo mass at z = 1.5, what mass fraction of gas
belonging to the ICM at z = 1.5 is in different phases — condensed, IGM,
WHIM and ICM - at z = 3 (2.2, respectively).

is rather marginal evolution of the gas fraction - halo mass relation in
the probed redshift range. There is instead significant redshift evolution
between z = 3 and 1.5 in the fraction of both the condensed phase and ICM
components at fixed halo mass. For all the halo masses analyzed here, the
fraction of gas in the condensed phase decreases towards lower redshifts,
while the relevance of the ICM component increases. This is in line with
expectations for massive halos across the transition from highly star forming
protoclusters to massive clusters characterized by a strong ICM component
and low levels of star formation.

5.1.1  The build-up of ICM

The study of the build-up of ICM in protoclusters is a relatively young field
of investigation (see Sect. 2.2.3). In order to exploit the DIANOGA simulations
to gain insight on this important process, I analyze the ICM of simulated
massive halos at z = 1.5.

For this purpose, I mark the gas particles that populate the ICM component
in halos identified at z = 1.5, and trace them back to the previous simulation
outputs, at z = 2.2 and 3. This approach allows me to investigate the recently
formed hot gas component by linking it to its properties at higher redshifts,
where its thermalization took place. Focusing on recently formed ICM offers
a clear view of the processes that contribute to shaping its thermal structure,
without the cumulative effects and mixing that may dilute their signatures
by z = 0.

Figure 5.5 shows the fraction of this traced gas — hereafter referred to as ICM
precursor — that resides in different gas phases (condensed, IGM, WHIM
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Figure 5.6: Median values (solid lines; and 16th-84th percentile ranges, shaded

Figure 5.7:

areas) of the fractions (shown in Fig. 5.5) of the different components of
the z = 1.5 ICM precursor, as a function of the z = 1.5 halo mass. The
figure shows the fractions of condensed (top-left panel), IGM (top-right
panel), WHIM (bottom-left panel) and ICM (bottom-right panel) phases,
atz=3and 2.2.

Variation of the mass fraction of the condensed, IGM and WHIM compo-
nents (from left to right, as indicated) of the z = 1.5 ICM precursor gas,
shown against the variation of fraction of gas that is already in the ICM
phase, between z = 3 and 2.2. The arrows, color coded according to the
halo mass at z = 1.5, start at fractions at z = 3 and point to fractions at
z=22.
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and ICM) at z = 2.2 and 3, as a function of the halo mass atz = 1.5. Atz = 3,
most of the ICM precursor is in the IGM and WHIM phases, and about 10%
of it is in the condensed phase, largely irrespective of the z = 1.5 halo mass.
Indeed, at z = 3 only the fraction of ICM precursor that is already in the
ICM phase shows a dependence on the z = 1.5 halo mass. The most massive
(M20o = 10'* Mg) z = 1.5 halos have an appreciable fraction (> 20%) of
their ICM already in place by z = 3.

On the other hand, at z = 2.2 the ICM component is almost fully assembled
at high halo masses, with a fraction 2 50 % of the precursor gas already
in ICM phase for halos with Moo 2 4 x 103 My,. At lower halo masses,
WHIM remains the main progenitor phase of the z = 1.5 ICM. The IGM
and condensed phases contribute comparable amounts of mass, both be-
ing subdominant at the < 10% level. In this context, recent observations
have revealed large, extended molecular gas reservoirs around star-forming
galaxies in protoclusters. Although the constraints on their total mass bud-
get remain uncertain, these reservoirs could potentially contribute to the
build-up of the ICM at later times (e.g., Chen et al. 2024).

Figure 5.6 shows the median values (with 16th-84th percentile ranges) of
the fractions presented in Fig. 5.5, as a function of the z = 1.5 halo mass,
now emphasizing the redshift evolution of the different gas phases.

As mentioned above, the fraction of ICM precursor in the condensed phase
(top-left panel) at z = 3 is largely independent of the z = 1.5 halo mass,
while at z = 2.2 it decreases significantly with increasing mass. This reflects
the earlier evolution of higher-mass halos, where cold gas is more efficiently
shock-heated as it falls into the gravitational potential well of the halo. As a
result, the contribution of condensed gas to the total ICM precursor drops
to just a few percent for Moo 2 10" M.

The fraction of ICM precursor in IGM phase (top-right panel) shows a weak
decreasing trend with halo mass at z = 3. At z = 2.2, it remains below 10%
throughout the entire mass range, dropping to < 5% at Moo = 10'* M,
where most (2 70%) of the ICM is already in place.

The WHIM contribution (bottom-left panel) shows a qualitative trend similar
to that of the condensed phase. Interestingly, at the lowest halo masses
(~10'3 M), the WHIM fraction actually increases with time, as infalling
gas is shock-heated and transitions through this phase before thermalizing
as ICM.

Finally, the fraction of z = 1.5 ICM gas that is already in place in the ICM
phase (bottom-right panel) at z = 2.2 or 3 effectively traces the formation
rate of this component, which is faster for progenitors of more massive halos
— consistent with their overall accelerated evolution.

To better visualize the evolution of the different gas phases within the
ICM precursor between z = 3 and 2.2, Fig. 5.7 shows the variation in the
mass fraction contributed by each phase versus the variation in the fraction
of traced gas already in the ICM phase.

For each halo, an arrow connects the values of these fractions at z = 3
and at z = 2.2, and is color coded according to the halo mass at z = 1.5.
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This visualization highlights that the ICM assembly at 3 < z < 1.5 follows
distinct evolutionary paths in halos of different mass.

Low-mass halos (M0 ~ 1—3 x 1013 Mg) at z = 1.5 experience significant
accretion and shock-heating of the IGM to the ICM temperatures between
z =3 and 2.2. At the same time, the condensed phase in the ICM precursor
increases — likely due to compression of the infalling gas — along with the
WHIM component.

Instead, the ICM of massive clusters (Moo > 10'* M) atz=1.51is caught
in a different evolutionary phase between z = 3 and 2.2. The contributions of
condensed and WHIM phases to the ICM precursor are generally decreasing,
with a corresponding increase of the ICM component. At the same time,
active accretion from the IGM is still ongoing, with the contribution of the
IGM phase dropping from 20 —40% of the overall precursor budget at z = 3
to a few percent at z = 2.2.

In conclusion, 20 — 50% of the ICM at z = 1.5 comes from gas that was
still in the filamentary IGM at z = 3. By z = 2.2 further accretion only
contributes to less than 10% of the final mass, a fraction that drops to a
few percent at the highest halo masses. The contribution from initially cold
gas that is shock-heated to ICM temperatures is found to be between 4 and
10% between z = 3 and 2.2. The WHIM component dominates the ICM
precursor, along with the IGM phase, at z = 3. At z = 2.2, WHIM is still the
main ICM precursor at the lowest halos masses probed, while it becomes
subdominant in massive (z = 1.5) clusters, where most of the ICM is already
in place. The WHIM component appears to be a transition phase for gas
that is thermalizing as it undergoes gravitational collapse. This is supported
by the increase of its contribution at Moo ~ 10"3 M, between z = 3 and
2.2, as well as by its deficiency in halos that have already built most of their
ICM.

5.2 COMPARISON WITH OBSERVATIONS

In this Section, I compare the simulated properties of the hot diffuse gas
with available observations, to assess how well they reproduce the observed
thermodynamic state of the (proto-)ICM. This comparison is performed with
the caveat that observational constraints at high redshift are severely affected
by small-number statistics (see Sect. 2.2.3) and by technical limitations.

First, I compare the radial profiles of thermodynamic properties in massive
halos at z = 1.5 and 2.2 with profiles inferred from X-ray and SZ observations
of high-redshift clusters and protoclusters (Sect. 5.2.1). Then, I model the
X-ray emission of the gas component in simulated halos at z = 3 to produce
X-ray surface brightness maps to compare with the first detection of diffuse
emission from hot gas at z 2 3 (Sect. 5.2.2). In order to select only a reliable
counterpart to the observed (proto-)ICM component, in the simulated ICM
(defined as in Sect. 5.1) I subtract the fraction of gas mass that is treated as
reservoir for star formation in the SHo3 model, which is anyway negligible
in the ICM region of the phase diagram (107> — 10~2 in the probed halos).
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Figure 5.8: Free electron number density (left panel) and temperature (right panel)
profiles of simulated halos with Moo > 10"3 Mg, color coded by their
mass, in comparison with observations from Ghirardini et al. (2021)
of seven clusters at z = 1.2 —1.7. All the temperature profiles are
normalized by the self-similar T5¢¢. The hatched area marks the region
where the observed profiles are not resolved.

5.2.1 Thermodynamic profiles

As in Sect. 5.1, I consider all halos with Mo > 103 M, and compute
their 3D radial profiles of electron number density, temperature, pressure
and entropy, as in Sect. 3.2.1.2. All simulated profiles shown below are
smoothed using a median filter* to reduce stochastic fluctuations.

5.2.1.1 Profilesat z=1.5

The observational sample used as a reference for comparison with the sim-
ulations at z = 1.5 consists of seven clusters at 1.2 < z < 1.7, detected
by SPT via their SZ signal, with signal-to-noise ratio S/N > 6 and mass
Ms00 > 3 x 10'* My, (Bleem et al. 2015). The radial profiles of their ther-
modynamic properties were obtained from X-ray observations with the
XMM-Newton and Chandra satellites, with a total exposure time of ~8oo ks
with Chandra and ~1 Ms with XMM-Newton, and are presented by Ghirar-
dini et al. (2021). The median mass of these clusters is Moo ~ 4 X 1014 Mg,
making them slightly more massive than the most massive clusters in the
DIANOGA simulations at z = 1.5.

Figure 5.8 (left panel) shows the comparison between simulated and ob-

The median filter is applied with a window size of 3: for each radial bin, the value shown is
the median of the values in the bin and in the two adiacent bins.
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Figure 5.9: Pressure (left panel) and entropy (right panel) profiles of simulated halos
with Mo > 10'3 Mg, color coded with their mass, in comparison
with observations from Ghirardini et al. (2021) of seven clusters at
z=1.2—1.7. All the pressure and entropy profiles are normalized by
the self-similar P5¢0 and K5, respectively. The hatched areas mark the
regions where the observed profiles are not resolved.

served radial profiles of electron number density. The fit to the observed
profiles was obtained using the model proposed by Vikhlinin et al. (2006):

)2 = n2 (r/re)™% 1
0+ (/)PP g ()31

ne(r (31)
with ng, 7¢, «, B, rs and e as free parameters. The best-fit values for
these parameters are taken from Tab. 2 of Ghirardini et al. (2021). The
simulated profiles for clusters with Moo > 10" M, are consistent with the
observed ones across all radii. This agreement also extends to the innermost
core regions of the simulated halos, where the DIANOGA simulations instead
struggle to match observations at z = 0 (see Sect. 3.2.1.2).

The observed temperature profiles shown in Fig. 5.8 (right panel) correspond
to the best-fit 3D profiles following the Vikhlinin et al. (2006) model:
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with To, Tmin, Teool, Qeool, Tt, and c as free parameters. Their best-fit values are
listed in Tab. 3 of Ghirardini et al. (2021). The observed temperature profiles
are only resolved down to ~ 0.2xR500. The shape of the simulated profiles,
showing spectroscopic-like temperatures (see Sect. 3.2.1.2), reproduces the
observed ones reasonably well across the resolved radial range. At the
smallest resolved radii, the observed profiles tend to flatten into isothermal
cores. This is in contrast with the simulated profiles, which maintain a
negative gradient down to small radii. Although this difference arises in

107



108

DIFFUSE GAS ACROSS THE PROTOCLUSTER TO CLUSTER TRANSITION

Figure 5.10: Free electron density (left panel) and pressure (right panel) profiles of
simulated halos with Moo > 1013 Mg at z = 2.2, color coded with
their mass, and compared with observations from Lepore et al. (2024)
of the Spiderweb protocluster at z = 2.2 (shaded grey region). The
range shown for the observed density profile represents its variation
when assuming different values of the ngq parameter that accounts for
the unknown surface brightness in the innermost region contaminated
by the radio galaxy. The range shown for the pressure profile of the
Spiderweb protocluster represents the statistical uncertainty around
the best-fit pressure profile.

a radial range that is only marginally resolved in the observations, the
discrepancy is qualitatively similar to what is seen in the cores of simulated
clusters at z = 0 (see Sect. 3.2.1.2).

Figure 5.9 shows the comparison between the pressure (left) and entropy
(right) profiles in simulations and observations. The observed profiles
are obtained by combining the density and temperature profiles, and are
therefore also resolved only beyond ~ 0.2 Rs5¢0. In the resolved radial range,
the simulated profiles qualitatively reproduce the observed trends, with the
observed pressure profiles being slightly shallower and the entropy profiles
(at least the bulk of them) somewhat steeper than the simulated profiles.

5.2.1.2 Profilesat z =2.2

At z 2 2 the detection of (proto-)ICM is more challenging, both in the SZ
signal and in the X-ray emission. The Spiderweb protocluster is the first (and
only to date) system at z > 2 for which the nascent ICM has been detected
through the SZ signal measured with ALMA observations (Di Mascolo et al.
2023). In addition, Lepore et al. (2024) have derived the thermodynamic
profiles of the proto-ICM of Spiderweb, by combining the SZ measurements
with X-ray data from Chandra, that I compare to simulated profiles in this
Section. In the following Figures, I do not rescale the radius to R50o nor the
pressure, temperature and entropy values to the self-similar normalizations,
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Figure 5.11: Temperature (left panel) and entropy (right panel) profiles of simulated
halos with Moo > 10'3 Mg, at z = 2.2, color coded with their mass,
compared with observations from Lepore et al. (2024) of the Spider-
web protocluster. The range shown for the observations represents
variations associated with the assumptions of different values of the
ng parameter that accounts for the unknown surface brightness in the
innermost region contaminated by the radio galaxy.

given the large uncertainties in the mass estimates of the central halo in
Spiderweb (see Extended Data Table 2 in Di Mascolo et al. 2023).

Figure 5.10 (left panel) shows the comparison between the simulated pro-
files of electron density and the one derived by Lepore et al. (2024). The
observed electron density profile is obtained by fitting a 3-model (Cavaliere
& Fusco-Femiano 1976) to the X-ray surface brightness profile.

The comparison highlights that the observed density profile is steeper than
that of any DIANOGA halo, reaching central values that are 2 — 4 times higher
than the highest densities in simulations at r~10 kpc.

The pressure profile of Spiderweb is derived by forward modeling the
ALMA SZ data. This is shown in Fig. 5.10 (right panel) and compared to
the simulated profiles of DIANOGA halos at z = 2.2. The observed pressure
profile is consistent with simulations for halo masses Moo ~5 —7 X 1013
M@.

Temperature (mass-weighted) and entropy profiles of the z = 2.2 simulated
halos are compared with the observational profiles of the Spiderweb proto-
cluster in Fig. 5.11. The latter are obtained by combining the X-ray density
and the SZ pressure profiles. As a consequence of the discrepancy in the
central densities, the temperature profiles in simulations reach higher central
values than in the Spiderweb system. Moreover, the observed profile shows
a decreasing temperature toward the center, typical of a cool-core system
(see Sect. 2.1.3.1), in contrast with increasing — or constant — temperatures
toward the center of simulated halos. As a consequence, also the entropy
profiles of simulated objects reach higher (by more than one order of mag-
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nitude) values than in observations. Since there are no other observations
to compare with in terms of thermodynamic profiles at z 2 2, it is hard
to draw general conclusions. The Spiderweb protocluster might be a rare
system that does not find a counterpart in the limited sample of the DIANOGA
simulations. Therefore, more observations and a larger set of simulated
protoclusters are necessary to understand possible marked discrepancies in
the properties of simulated and observed diffuse hot gas at cosmic noon.

5.2.2 X-ray surface brightness at z=3

The first detection of diffuse X-ray emission at z 2 3, in the MQNo1 structure
(z = 3.25), has been recently presented in Travascio et al. (2025b, including
M. Esposito). In this work, we use X-ray luminosity maps in the o.5-2
keV rest-frame energy range, produced with SMAC (see Sect. 3.2.2.2), of
the diffuse gas component of halos extracted from the DIANOGA simulations
at z = 3. We use these to extract surface brightness profiles to compare
with the observational data. Here the temperature threshold to select the
hot diffuse gas component is decreased to 0.1 keV, to account for the early
phases of thermalization of the gas at such high redshift. To match the
estimated mass of the halo in MQNo1 (~ 3 x 10'® M), a sample including
the 12 most massive simulated halos at z = 3 is selected, spanning the mass
range Moo ~ 2 — 6 x 10'3 M, with median mass 3 x 103 M.

Each X-ray map encompasses a cubic region of 500 kpc around each halo
center, thus going far beyond the region where the observed X-ray emission
is traced, which extends to ~ 30 kpc. Zoomed-in maps of the modeled X-ray
emission of the 12 most massive halos in the DIANOGA simulations at z = 3
are shown in Fig. 5.12. The maps show a large diversity in the state of the
gas, both in the intensity of the X-ray emission — which approximately traces
the density-squared distribution — and in its highly disturbed morphology.
From these maps, surface brightness profiles were extracted and compared
with observations in MQNo1 in the 0.5-2 keV rest-frame band, obtained with
Chandra. The comparison is shown in Fig. 5.13. The median prediction
of the surface brightness from DIANOGA halos lies a factor 30 — 60 below the
observations, at 15kpc < v < 30 kpc (where detections and not upper limits
or extrapolations are available), with a much shallower profile compared
to MQNo1. On the other hand, the highest surface brightness profile in
simulations is consistent with the observed surface brightness at radii larger
than 20 kpc.

Figure 5.14 shows the comparison of the simulated profiles of free electron
densities, including all 41 DIANOGA halos with Moo > 10" Mg atz = 3,
and the 3-model fit to the data of MQNo1. The comparison shows a
discrepancy in normalization and slope, with the DIANOGA halos having
lower and shallower density profiles, which explains the mismatch in X-ray
surface brightness profiles. Similarly to what I discussed concerning the
comparison of simulated halos with the Spiderweb protocluster, MQNo1 is
also likely to be a one-of-a-kind system, representing the highest overdensity
of galaxies at z ~ 3 and hosting one of the largest Lyman-« nebula. This is
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Figure 5.12: X-ray surface brightness maps of the 12 most massive halos in the
DIANOGA simulations at z = 3, modeled with SMAC. From the top-left
to the bottom-right panel, the halo mass is decreasing, from Moo =
6 x 103 to 2 x 10’3 Mg. All panels are on the same spatial scale as
indicated in the top-left one.
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Figure 5.13: X-ray surface brightness profiles in the 0.5-2 keV band for halos at
z ~ 3 (and Spiderweb at z = 2.2). The solid black line shows the
median profile of the 12 selected DIANOGA halos at z = 3 (see text),
derived from SMAC X-ray luminosity maps. Dashed and dotted lines
indicate the 16th-84th and minimum-maximum ranges, respectively.
Red dots mark Chandra X-ray data for MQNo1 at z = 3.25. The
data point below 15 kpc (gray shaded area) is extrapolated from the
best-fit model of the data, while beyond 30 kpc only upper limits are
available. For comparison, the X-ray surface brightness profile of the
Spiderweb system from Lepore et al. (2024), corrected for differences
in the redshift-dependent intrinsic energy band, is shown in blue.
Reproduced from Travascio et al. (2025b).
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Figure 5.14: Electron density profiles of Moo > 10'3 Mg DIANOGA halos at z = 3,
compared with the best-fit model to observational data in MQNo1 at
z = 3.25. The grey shaded area represents the full range covered by
simulated halos. The red solid line is the best fit to the data, with the
shaded area defining the 68% confidence interval. For comparison, the
density profile of Spiderweb from Lepore et al. (2024) is shown in blue.

thus an extreme structure that does not necessarily represent the general
protocluster population at z ~ 3. Also in this case, more observations
of protoclusters at this redshift and a larger set of simulated structures
will be necessary to assess the reliability of the galaxy formation model
implemented in these simulations in reproducing the properties of diffuse
gas in cluster progenitors at cosmic noon.

5.3 SUMMARY AND CONCLUSIONS

In this Chapter, I analyzed the gas components in massive (Mzoo > 10'3
M) halos in DIANOGA simulations z = 3, 2.2 and 1.5. In this way, I could
probe the transition between the regime of sparse protoclusters and the
emergence of the first population of massive (Moo ~ 10'* Mg,) clusters. The
goal of this analysis is to pinpoint the origin and timing of the ICM assembly,
and to compare with available obervations of the (proto-)ICM to assess the
capability of simulations to reproduce the properties of recently established
(or forming) ICM. The main results can be summarized as follows.

¢ I identified different phases in the gas populating the region within
Rs00 of the simulated halos according to their location in the phase
diagram (see Fig. 5.1). In this way, I defined the simulated counter-
parts to the observed ICM, WHIM and IGM, as well as a condensed
phase made up of gas that is either cold and dense or forming stars.
The ICM refers to the hottest low-density phase of the gas within the

113



114

DIFFUSE GAS ACROSS THE PROTOCLUSTER TO CLUSTER TRANSITION

halo?.

The ICM component dominates - in terms of mass fraction over the to-
tal gas mass - the gas budget within all the probed halos and redshifts,
followed by the condensed phase, the WHIM and then, subdominant
to all the others, the IGM component (see Fig. 5.3). The ICM accounts
for a larger fraction of the total gas mass in more massive halos, while
the mass fraction of the other gas phases decreases with halo mass.
This is indicative of an earlier evolution of higher-mass halos: they
have converted most of the accreted IGM in ICM, possibly transition-
ing through the WHIM phase, while depleting more of the multiphase
star-forming gas that makes up the ISM. Marginal redshift evolution
takes place for the WHIM and IGM components in halos at fixed mass;
on the other hand, ICM shows a significant increase from z = 3 to
z = 1.5, while the condensed component decreases over the same
redshift range at fixed halo mass (see Fig. 5.4).

In order to track the ICM assembly, I selected gas particles that are
found in this phase within halos identified at z = 1.5, and traced them
back to higher redshifts to investigate the origin of this component. I
identified large, comparable fractions of ICM precursor in the WHIM
and IGM phases at z = 3 (see Fig. 5.5). Quite interestingly, at this
redshift ~ 10% of the ICM precursor is instead in the condensed phase.
This component is converted to the hot phase by z = 1.5 possibly
through feedback processes. The fraction of ICM that has already
thermalized is higher for systems that are more massive by z = 1.5.
At z = 2.2, the most massive halos have already built-up most of
their z = 1.5 ICM, while the ICM precursor in WHIM phase is still
dominating less massive halos. The IGM contribution drops down
from 20 —40% at z = 3 to less than 10% at z = 2.2 (see Fig. 5.6).

Low-mass halos (M200 ~ 10'3 M) at z = 1.5 have undergone a very
active phase of ICM build-up between z = 3 and 2.2: most of the
gas that ends up in the ICM (technically IGrM) by z = 1.5 has been
accreted from the large-scale IGM in this epoch. Then, part of this gas
has entered the condensed phase - possibly due to compression during
accretion - and part has been heated to WHIM or ICM temperatures.
As a consequence, the budget of all phases (except the IGM) that the
ICM precursor transitions through in this epoch has increased from
z = 3 to 2.2 (see Fig. 5.7). On the other hand, more than about 50% of
the ICM of massive clusters at z = 1.5 is already in place by z = 2.2.
While significant accretion (20 — 30%) from the IGM has occurred
between z = 3 and 2.2 also in this mass range, the more efficent shock-
heating of gas to ICM temperatures as it falls in their deep potential
wells overrides any other phase transition in the gas. As a result, all
the fractions of IGM, WHIM and condensed phase through which the

2 For simplicity, I use the “ICM” label irrespective of the mass of the host halo, thus also
including the IGrM for Mg < 10'* Mg,
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ICM precursor transitions are decreasing with redshift, in favor of the
emergence of the ICM phase.

¢ The comparison with the profiles of electron number density, temper-
ature, pressure and entropy in a sample of seven massive clusters at
1.2 < z < 1.7 from Ghirardini et al. (2021) has shown broad agree-
ment with the most massive cluster-sized simulated halos at z = 1.5
(see Figs. 5.8, 5.9). At z = 2.2, however, the comparison with ther-
modynamic profiles in the Spiderweb protocluster from Lepore et al.
(2024) shows some significant discrepancies. While the pressure pro-
file is in good agreement with predictions of simulated halos with
Moo ~5—7 x 10'3 Mg, the electron density profile is steeper than
any simulated profile (see Fig. 5.10). This translates also in substan-
tially different temperature and entropy profiles: while Spiderweb
seems to host a very prominent cool-core, all the simulated halos
present a negative or flat temperature gradient in their central regions.
However, to account for the possibility that the Spiderweb protocluster
is a rare system that does not find a counterpart in the limited sample
of simulated halos, more observations and larger simulation sets will
be necessary to robustly assess the reliability of the simulations in
reproducing the thermodynamic state of the proto-ICM.

¢ At z = 3, I have presented the comparison between X-ray surface
brightness profiles of simulated halos, modeled with SMAC (see Sect.
3.2.2.2), and the profile of the central halo of MQNo1 at z = 3.25, ob-
served with Chandra (Travascio et al. 2025b). The observed profile is a
factor 30-60 above the median profile of simulated halos of comparable
mass and overall much steeper (see Fig. 5.13). As for the comparison
with the Spiderweb protocluster, larger samples of simulated and
observed systems will be necessary for a robust assessment of the
predictions of simulations at such high redshifts.

Overall, these results provide a coherent picture of the formation of the
ICM at cosmic noon, highlighting the mass- and redshift-dependent paths
through which hot gas emerges in massive halos. At the same time, the
comparison with observations at z > 2 reveals significant discrepancies in
the gas profiles, emphasizing the importance of extending both simulation
efforts and observational campaigns to better constrain the early phases of
assembly of the ICM.
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In this Thesis, I have analyzed the DIANOGA set of cosmological hydrody-
namical simulations of galaxy clusters, with the aim of characterizing the
environment of protoclusters at cosmic noon. The focus has been placed on
the analysis of galaxy populations and on the early phases of intracluster
medium (ICM) build-up. The simulations used throughout this Thesis are
the latest version of the DIANOGA simulations, targeting 14 z = 0 clusters,
simulated with OpenGADGET -3, with a galaxy formation model that includes
radiative cooling of gas, star formation, accretion onto supermassive black
holes (SMBHs), feedback from Supernovae (SN) and Active Galactic Nu-
clei (AGN), stellar evolution and chemical enrichment (see Chapter 3). To
complement this analysis, in particular in the comparison with observations
in protocluster environments, I employed post-processing tools, such as
SKIRT-9 to model the effect of dust on galaxy SEDs, and SMAC to model the
X-ray thermal emission of diffuse hot gas in massive halos.

In this concluding Chapter, I summarize the main results presented through-
out this Thesis, draw the main conclusions of this study and outline future
lines of investigations. Section 6.1 reviews the key findings on the properties
of protocluster galaxies discussed in Chapter 4, while Sect. 6.2 focuses on
the evolution of the gas component presented in Chapter 5, with particular
attention to the build-up of the (proto-)ICM. General conclusions about this
work are drawn in Sect. 6.3. Finally, Sect. 6.4 outlines future observational
perspectives, and ongoing and future research directions in simulations that
stem from the results of this work.

6.1 PROPERTIES OF PROTOCLUSTER GALAXIES

Chapter 4 presented an analysis of the properties of galaxy populations in
protocluster environments in the DIANOGA simulations at z = 2.2. This analy-
sis was developed in the context of exploring the impact of the environment
on the evolution of galaxies, in the cosmic epoch around z ~ 2, where most
of the activity — in terms of star formation, black hole accretion and mergers
— is ongoing. Moreover, this is the epoch when the first Moo ~ 10'* M,
clusters assemble.

At the same time, this work provided a validation for the galaxy formation
model implemented in the DIANOGA simulations, through a comparison with
(proto)cluster galaxy observations, which are most abundant at z ~ 2 —2.5.
The analysis is based on 14 DIANOGA cluster progenitors and on a cosmolog-
ical box representative of an average region of the Universe, simulated at
the same resolution and with the same galaxy formation model as for the
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DIANOGA clusters. I compared predictions and observations of fundamental
properties of galaxy populations: the galaxy stellar mass function (GSMF),
the star-forming main sequence, the fraction of cold star-forming gas, gas
depletion times, and the fraction of quenched galaxies.

The DIANOGA simulations produce a GSMF in broad agreement with observa-
tions of protoclusters at z ~ 2 — 2.5 (see Fig. 4.6). The simulated GSMF shows
a higher fraction of high-mass galaxies (M. > 10'° M) within massive
protocluster cores (Mz00 > 1.5 x 10'3 M) compared to the cosmological
box (see Fig. 4.5). The same signal, albeit with a lower significance, is also
observed in the wide-field protocluster structures, indicating an accelerated
evolution of galaxies before their infall into massive halos.

On the other hand, DIANOGA simulations underestimate star formation rates
of star-forming galaxies both in protoclusters and in the cosmological box
compared to thir observed counterparts (see Fig. 4.8), due to an underesti-
mation of the star-forming gas reservoirs (see Fig. 4.10). The gas depletion
timescales — that quantify the efficiency of star formation — are instead
in agreement with observational results. Star formation rates in DIANOGA
protocluster galaxies are weakly suppressed (by ~ 0.05 dex on average) in
comparison with counterparts in the cosmological box (see Fig. 4.9). This
suppression increases up to ~ 0.25 dex in massive protocluster cores, reflect-
ing suppressed cold gas reservoirs.

The fraction of quenched galaxies varies significantly across different pro-
tocluster halos, which is consistent with observations at z ~ 2 — 2.5 (see
Fig. 4.13). The simulations show a strong dependence of the quenched
fraction on host halo mass, as well as an excess of quenched galaxies in the
wide-field protocluster region outside the massive halos, compared to the
cosmological box (see Fig. 4.12).

To enable a more proper comparison with observational studies, which com-
monly use color—color UV] diagrams to classify star-forming and quenched
galaxies, I computed the rest-frame UV to near-IR colors of galaxies us-
ing the SKIRT-9 radiative transfer code. This analysis showed qualitative
agreement with observed color distributions of star-forming and quenched
galaxies, except for few massive galaxies (M, > 10" My) in the cores of
massive halos where a form of age-dependent extinction results in steeper
reddening vectors than typically assumed in observational studies (see Fig.
4.14). This discrepancy might highlight a potential limitation of the UV]
diagnostic in the regime of massive star-forming galaxies.

6.2 GAS PROPERTIES ACROSS THE PROTOCLUSTER TO CLUSTER TRAN-
SITION

Chapter 5 presented the characterization of the gas component in massive
halos (Mg > 10'3 M) in the DIANOGA simulations across the redshift range
1.5 < z < 3, bridging the protocluster regime and the epoch of formation
of the first M2gp ~ 10'* Mg, clusters. This analysis aimed to shed light on
the early phases of ICM assembly, which X-ray and SZ observations have
only recently begun to probe at z ~ 2-3. To address the evolution of gas in
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high-redshift halos, I first focused on the relative contribution of different
gas phases to the overall gas budget, and then on the thermal history of the
newly assembled ICM at z = 1.5.

Simulated halos are already dominated by hot, diffuse gas — within the
density and temperature ranges characteristic of the ICM — at z = 3, across
the full halo mass range probed here (see Fig. 5.3). The remaining gas
is mainly in a condensed phase, consisting of cold and dense, as well as
of actively star-forming gas, followed by a warm, low-density component
interpreted as the simulated counterpart of the WHIM. Finally, the IGM
contributes the smallest fraction of the total gas mass in massive halos, as it
is primarily distributed in large-scale filamentary structures.

The gas mass fractions in these components show a clear dependence on
halo mass at fixed redshift: more massive halos host a larger fraction of
their total gas mass in the ICM, while showing lower fractions of condensed
gas, WHIM, and IGM within Rs5p¢. At fixed halo mass, the fraction of gas in
the ICM phase increases from z = 3 to z = 1.5, while the contribution of the
condensed phase decreases. The other components exhibit no significant
redshift evolution at fixed halo mass (see Fig. 5.4).

To investigate ICM assembly, I identified the ICM component in halos at
z = 1.5 and traced its origin back to z ~ 2-3 (see Fig. 5.5). This analysis
revealed interesting properties of the ICM precursor: at z = 3, the gas
that becomes ICM by z = 1.5 is distributed mainly in the IGM and WHIM
phases, in comparable fractions (30 —40%), while approximately 10% is
in the condensed phase, later heated by feedback processes (see Fig. 5.6).
Thermalization of gas to ICM temperatures proceeds more rapidly in more
massive halos: the ICM in z = 1.5 cluster-sized halos (M2o0 = 10™ M)
is mostly (2 60%) in place by z ~ 2. In contrast, in small groups (M2po ~
1—-2x10"3 Mg at z = 1.5) only 20 —30% of the ICM - technically intragroup
medium (IGrM) - is in place by z ~ 2, while the bulk (~ 50%) of the
remaining part of ICM precursor is transitioning through a WHIM phase,
before complete thermalization to ICM temperatures by z = 1.5.

Finally, I compared the thermodynamic properties of simulated halos with
those observationally inferred at z ~ 1.5-3. At z = 1.5, the most massive
simulated halos broadly reproduce the radial profiles of thermodynamic
quantities — electron number density, temperature, pressure and entropy —
observed in high-redshift clusters (see Figs. 5.8, 5.9). However, at z ~ 2-3,
simulations fail to reproduce the strong cool core-like structures observed
in some high-redshift protoclusters (see Figs. 5.10, 5.11 and 5.14). These
systems are characterized by steep central density profiles and, where
observational data are available, by positive central temperature gradients.
At z = 3, I generated X-ray luminosity maps of the hot gas in simulated
halos to compare with the first detection of diffuse thermal emission from a
protocluster at z 2 3 (Travascio et al. 2025b, see Fig. 5.12). This comparison
showed that X-ray surface brightness profiles from simulations are too
shallow — and generally too faint — compared to observational indications,
thus reflecting the insufficient central gas densities in the simulated (proto-
)ICM (see Fig. 5.13).
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Nevertheless, observational studies of the (proto-)ICM are still in their
infancy and are strongly affected by small-number statistics and technical
limitations.

6.3 SUMMARY AND CONCLUSIONS

The work carried out in this Thesis has shed light on the properties of
galaxies and of the emerging ICM in the progenitor environments of z = 0
clusters, at cosmic noon. This has been achieved by analyzing cosmological
hydrodynamical simulations that include gas dynamics and the most rele-
vant processes in galaxy formation, in a cosmological context. The DIANOGA
simulations predict that galaxy populations hosted by massive cores in
protocluster environments exhibit signatures of environmental effects, re-
flecting an early onset and the subsequent quenching of their star formation
activity. Interestingly, similar — though less significant — signatures are also
found in galaxies populating the large-scale protocluster regions, suggesting
that environmental effects on star formation begin before galaxies become
satellites of group- or cluster-sized halos.

At the same time, the analysis of massive (M200 > 10'® M) high-redshift
halos in DIANOGA simulations has shown that a hot, diffuse gas component
—a (proto-)ICM - dominates the gas budget within such halos as early as
z = 3. The build-up of the ICM and IGrM follows different, mass-dependent
evolutionary paths and timescales.

While highlighting the importance of cosmological hydrodynamical simu-
lations in interpreting the complex environments of cluster progenitors at
cosmic noon, this work has also underlined the limitations of simulations
in reproducing high-redshift observations. In particular, these limitations
include the systematically low galaxy SFRs as compared to observations,
and the too shallow density profiles of the proto-ICM compared to the (very
limited) observational studies currently available.

6.4 FUTURE PERSPECTIVES FOR PROTOCLUSTER STUDIES
6.4.1  New and future observational facilities

On the observational side, current protocluster studies are hampered by
small-number statistics and complex selection functions. Ongoing and
upcoming wide-field surveys, such as the ESA Euclid mission, will soon
enable the selection of statistically robust protocluster samples, thereby
reducing selection biases and enabling a first statistical probe of the intrinsic
diversity of the protocluster population. A significant step forward in the
investigation of galaxy evolution in these environments will then require
specific follow-up observations probing galaxy population properties. Such
follow-up programs will take advantage of current state-of-art and upcom-
ing facilities both ground- and space-based, spanning multiple wavelengths:
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from the near-IR/optical regime — with, e.g., the Multi-Object Optical and
Near-infrared Spectrograph (MOONS) at the ESO Very Large Telescope
(VLT) and the James Webb Space Telescope, as well as wide surveys from
Euclid, Subaru, Roman and Rubin-LSST - to the submillimeter and radio
bands, with ALMA, MeerKAT, and the Square Kilometer Array (SKA).
Future and recent facilities in both the X-ray and submillimeter regimes
will also advance the observational investigation of ICM assembly, which is
currently constrained by technical limitations. SZ studies with ALMA will
benefit from the recent introduction of Band 1 (and the forthcoming Band 2),
providing improved sensitivity and better sampling of large scales — ideal
for extended signals such as the SZ effect. Further progress will come from
synergy with the future Atacama Large Aperture Submillimeter Telescope
(AtLAST), which will provide deep, high-resolution observations with its
50-meter diameter dish and large field of view.

On the X-ray side, next-generation observatories, such as the Advanced
X-ray Imaging Satellite (AXIS, Reynolds et al. 2023) and NewAthena (Ad-
vanced Telescope for High ENergy Astrophysics, Barret et al. 2023), are
expected to provide significant enhancements thanks to their improved
collecting area, and spectral and angular resolutions.

6.4.2  Ongoing work and future perspectives from simulations

Building on the results presented in this Thesis, several paths for future
investigations of protocluster environments in cosmological hydrodynam-
ical simulations can be identified. In the context of galaxy evolution, the
next crucial step is to constrain when, where, and how the evolution of
(proto)cluster galaxies is affected by the broad range of environments that
they cross throughout their evolutionary history.

In this context, a natural question that arises is how the galaxy popu-
lations and the emerging ICM co-evolve in cluster progenitors at cosmic
noon. Since some quenching paths are associated with the presence of a
hot, pressurized ICM, understanding how this component starts to impact
galaxy evolution in high-redshift protoclusters is fundamental in the broader
picture of environmental quenching.

Star formation properties of coeval protocluster cores with similar mass are
observed to vary significantly from object to object at z ~ 2. This heterogene-
ity is also found in the DIANOGA simulations (see Sect. 4.5), as evidenced
by the diverse fractions of quenched galaxies in halos of comparable mass.
These differences are attributed to variations in the timescales of evolution-
ary processes that regulate star formation in galaxies within these highly
active environments. Part of this diversity may reflect the timing of the ICM
build-up in massive halos, as recent observations begin to reveal possible
signatures of ram-pressure stripping at work in high-redshift protoclusters
(e.g., Xu et al. 2025)

In this context, Fig. 6.1 shows preliminary results on the possible correlation
between star formation activity in satellite galaxies and the timing of ICM
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build-up in massive (M0 > 103 M) halos in DIANOGA simulations. The
central galaxy is excluded, as its evolution is possibly sensitive to differ-
ent processes compared to the overall population of satellite galaxies. The
integrated specific star formation rate (sSFR) of the population of satellite
galaxies at z = 1.5 is shown as a function of the fraction of the ICM that was
already thermalized at z = 3 and 2.2 (right and left panels, respectively).
This fraction is a measure of how fast the hot diffuse phase has built up
between z = 3 (or 2.2) and z = 1.5. The halos are separated in three mass
intervals to investigate the scatter in sSFRs among systems of similar mass.
The median sSFR in each mass bin generally decreases with the fraction
of ICM progenitor already thermalized at z = 2.2, though with a large
scatter. Therefore, halos whose hot diffuse gas component has thermalized
earlier are less star-forming on average, at fixed halo mass. At z = 3, this
trend is qualitatively the same, though with even larger scatter and with the
exception of the Moo ~ 1014 Mg halos. In these massive halos, no clear cor-
relation is found between the sSFR and the fraction of already thermalized
ICM at z = 3. This suggests that some other processes, not related to the
presence of a mature ICM component, might influence the star formation
activity in satellite galaxies in z = 1.5 cluster-sized halos, between z = 3 and
2.2. However, the number of such massive systems in the simulated sample
is limited. The overall picture highlights the complexity of galaxy evolution
in these extreme environments, with multiple (internal and environmental)
processes acting to quench — and possibly also rejuvenate — star formation
in galaxies.

In this context, future work will be directed also on the investigation of
AGN activity in protoclusters, to address the open questions of whether
bright AGNs are expected to be more abundant in these environments and
what are the conditions that trigger their intense activity (e.g., Tozzi et al.
2022a; Vito et al. 2024; Travascio et al. 2025a).

The preliminary analysis presented here is currently hampered by the
limited statistics in the sample of simulated halos, and by the temporal
resolution of the saved simulation outputs. In fact, in the very active envi-
ronment of protoclusters, it is crucial to trace galaxies between subsequent
outputs of the simulations with a time cadence that allows to reliably track
their evolution, before, during and after their infall in massive halos. In this
way, by studying the evolving star formation properties of galaxies as they
cross different environments, much better constraints could be placed on
the processes that are most effective in quenching their star formation. At
the same time, more accurate predictions could be made on the timing of
the thermalization of the ICM and on the influence of feedback processes in
shaping its properties in the innermost regions of clusters.

The numerical constraints highlighted above — limited sample sizes and
sparse temporal sampling in simulation outputs — reflect broader limitations
in current simulations relative to the computational cost of their production
and post-processing, which are being actively addressed by the community.
To this purpose, substantial effort is being devoted to the development of
efficient cosmological codes that exploit advanced parallelization strategies
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Figure 6.1: Correlation between integrated specific star formation rates of satellite
galaxies in massive halos at z = 1.5 and timing of build-up of their ICM.
The latter is quantified by the fraction of ICM identified at z = 1.5, that
was already thermalized by z = 2.2 (left panel) and z = 3 (right panel).
Here, the sSFRs are calculated by considering all satellites within Rs5¢
and with stellar mass M, > 10'® Mg, so as to exclude galaxies whose
evolution might be affected by resolution in the densest environment
(see Sect. 4.4). Stellar masses and SFRs are calculated within a 8.5 kpc
radius around SubFind centers, with the SFR being averaged over the
past 200 Myr. Solid lines (shaded areas) show the median (16th-84th
percentile range of) sSFR, color coded according to the value of the
median mass in three halo mass intervals.

and hardware accelerators, effectively speeding-up the production of simu-
lations. Recent cluster zoom-in simulations are thus expanding in statistical
power, with new suites encompassing samples of ~ 102 clusters at high reso-
lution, as in TNG-Cluster (e.g., Nelson et al. 2024) and The Three Hundred
project (e.g., Cui et al. 2018).

Since the link between simulations and the observable Universe is repre-
sented by halo and subhalo catalogs, considerable work is also focused on
developing efficient post-processing tools for substructure identification (see
Appendix A). The application of substructure finders to a high number of
simulation outputs — especially at high resolution — can indeed represent a
significant bottleneck.

Besides technical limitations, simulations are currently challenged by the
difficulties in reproducing in detail the increasingly abundant and accurate
observations, at both low and high redshift — as shown throughout this
Thesis. Both galaxy and ICM properties are highly sensitive to the details
of star formation and feedback models, making their accurate calibration
essential for reliably reproducing observations. New suites of cosmological
hydrodynamical simulations are currently adopting machine-learning based
approaches to calibrate sub-resolution models of galaxy formation, thereby
enabling an effective exploration of the parameter space (e.g., Kugel et al.
2023). Accurate calibrations, along with increasingly sophisticated models to
capture the complexity of sub-resolution processes driving galaxy formation
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and evolution, are paving the way for an improved, realistic description of
galaxy and gas properties in the Universe.









SUBSTRUCTURE IDENTIFICATION WITH DEEP
LEARNING

The identification of substructures (or subhalos) within halos in cosmologi-
cal hydrodynamical simulations is a fundamental step for identifying the
simulated counterparts of observed systems, namely galaxies. For this rea-
son, substructure finders play a key role in extracting relevant information
from the simulation outputs. Traditional algorithms are based on physi-
cally motivated definitions of substructures, performing multiple steps of
particle-by-particle operations, and for this reason they are computationally
expensive.

In this Appendix, I propose a fast algorithm based on deep learning tech-
niques to identify substructures, particularly galaxies, in simulations. The
main goal, besides a faster production of substructure catalogs, is to provide
an algorithm fast enough to be applied with a fine time cadence during the
evolution of the simulations. Accessing galaxy catalogs while the simulation
is evolving is indeed necessary for sub-resolution models that depend on
the global properties of galaxies. Here, I present SubDLe (Substructure iden-
tification with Deep Learning), an algorithm that combines a 3D adaptation
of the well-known fully convolutional network U-Net (Ronneberger et al.
2015) with the Friends-of-Friends algorithm.

The structure of this Appendix is as follows: Sect. A.1 reviews traditional
halo and subhalo finders and discusses their limitations, motivating the
search for faster alternatives using machine learning techniques. In Sect. A.2,
I describe the lower-resolution version of the DIANOGA simulations used for
training and testing the model, as well as the basics of convolutional neural
networks (CNNs) and U-Net, along with details on the training strategy for
SubDLe. Sect. A.3 presents the results of the trained model for substructures
including dark matter, gas, and stellar particles at z = 0. A focused analysis
is then presented for cases where substructures are identified only from
the distribution of star particles at z = 0. Additional tests were performed
at z = 1 and increasing the resolution of input grids. Conclusions and
future perspectives are reported in Sect. A.4. The results presented here are
published in Esposito et al. (2024).

A.1 INTRODUCTION

In order to fully exploit the predictive power of cosmological simulations,
advanced analysis tools are required, especially structure finders. The
identification problem becomes particularly non-trivial when structures are
embedded within larger, virialized systems. This prompts the definition of
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two main classes of algorithms for structure finding: halo finders, strictly
speaking, are those that search for virialized structures around local maxima
of the matter density field (the “knots” of the cosmic web); subhalo (or
substructure) finders are faced with the more challenging task of identifying
structures orbiting within a larger parent halo. In addition to these, there
are also algorithms designed to identify filaments in simulations.

Subhalo finding has evolved and become a discipline itself during the
past decades, given its crucial role of mapping the simulated phase-space
distribution of matter to observable objects, such as galaxies. This is a
necessary step to study galaxy properties in simulations and compare them
with observations.

Though a proper classification of the algorithms for halo and subhalo finding
cannot be easily defined, as reviewed in Knebe et al. (2013b), they can be
broadly divided into two categories stemming from the first two well-known
algorithms developed for this purpose:

¢ Direct collectors of groups of close particles, such as the Friends-of-
Friends (FoF) method (Davis et al. 1985). In the classical FoF, particles
are grouped such that the interparticle distance is always below a
parameter, the linking length, usually given in units of mean inter-
particle distance. This is used as the starting point of the algorithm
SubFind (Springel et al. 2001b; Dolag et al. 2009) to identify substruc-
tures; the FoF run finds the dark matter parent halos and within them
the search for substructures is performed by SubFind. The linking
length is usually assumed to be about 0.2 (the exact value being de-
pendent on cosmology), since this was proved to identify halos with a
density threshold similar to what is predicted for virialized systems
by the spherical collapse model. The classical FoF algorithm, when
applied to subhalo identification, has the disadvantage of linking close
structures together through thin filaments of particles. Nevertheless,
extensions of the original FoF have been developed to account for
this, for example ROCKSTAR (Behroozi et al. 2013), which does a first
separation of large groups in the classical FoF approach, then refines
it by hierarchically searching for subgroups in 6D phase-space, while
also tracking the temporal coordinate.

¢ Density peak locators complemented with a neighbor search, such as
the Spherical Overdensity (SO) method (Lacey & Cole 1994). In this
kind of approach, the first step is the identification of “locations” of
candidate halos, through a search of peaks in the density field or local
minima in the potential field, among many possibilities. Then, the
structures are grown around these locations by grouping neighboring
particles, up to a given boundary, whose definition varies across
different algorithms. SubFind follows a similar approach to identify
subhalo candidates, by locating overdense regions, which are enclosed
by isodensity contours intersecting saddle points in the density field.
Another example is SKID, described in detail in Stadel (2001), where
particles are repeatedly “slid” across the local gradient of the density
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field until they are collected around local maxima. Then in both
cases, the catalog of subhalo candidates has to undergo an unbinding
procedure, where particles that are not dynamically bound to their
candidate subhalo are pruned from the catalog.

A detailed comparison of different halo and subhalo finders can be found
in Knebe et al. (2011, 2013a) and Onions et al. (2012) for dark matter-only
simulations and in Knebe et al. (2013b) for hydrodynamical simulations,
where the authors have investigated the source of scatter in halo properties
among different codes.

Halo and subhalo finders are now routinely integrated into the simulation
codes, allowing for identification of subhalos on-the-fly, during the evolu-
tion of the simulation. This allows to save subhalo catalogs rather than the
complete raw output of simulations and also access information on galaxy
properties on-the-fly. Unfortunately, the overhead in computational cost
when using such subhalo finders is usually non negligible, reaching up to
the point where their cost over a significant number of outputs becomes
comparable to the simulation itself. This is due to the large number of
particle-by-particle operations involved in the different steps of structure
finding, like the search for saddle points in SubFind or for the local maxima
in SKID, which might also require several iterations. Furthermore, as the
resolution of simulations increases, so do the number of particles and the
computational cost of structure finders.

Many algorithms have been updated or designed to work in parallel, like
VELOClIraptor (Elahi et al. 2011), which searches for substructures as peaks
above the velocity distribution of the background, or SubFind itself. How-
ever, the cost of running these algorithms while the simulation evolves is
still a large limitation. On the other hand, performing frequent on-the-fly
identifications of subhalos would be desirable for different applications.
For example, one such application is the implementation of models for
sub-resolution physics which rely on global properties of galaxies.

In this context, I introduce SubDLe (Substructure identification with Deep
Learning), an algorithm for substructure identification which is based on
methods of deep learning (e.g., Chapter 3 of Aggarwal 2018), a subclass
of machine learning (see Baron 2019, for an overview of machine learning
techniques applied to astronomy). Given the computational efficiency of
deep learning methods, this approach aims to drastically reduce the cost of
identifying substructures in large cosmological simulations.

The application of the so-called supervised techniques requires access to a
“training set,” consisting of input-output pairs, which define the problem to
solve and the ideal solution. Then, through the optimization of an objective
function, a set of parameters, which define how the algorithm solves a
specific task, are iteratively adjusted in order to reproduce the solutions.
This is the “training” stage which is the most computationally expensive
step in the definition of the machine learning model, but only needs to be
performed once if the data domain does not change significantly. A proper
training requires the final model to be able to work outside the training set,

129



130

SUBSTRUCTURE IDENTIFICATION WITH DEEP LEARNING

which means that it needs to be able to solve problems belonging to the
same class of the training examples, but characterized by different data sets.

Artificial neural networks (e.g., Chapter 1 of Aggarwal 2018) are a class
of algorithms capable of approximating strongly nonlinear functions, with
a flexible structure which makes them suitable for various tasks. Convo-
lutional neural networks (CNNs, e.g., Chapter 8 of Aggarwal 2018) are a
network architecture tailored for visual tasks. For example, Teodoro et al.
(2023) applied a CNN to clean galaxy catalogs of contaminants by identify-
ing star formation regions or shreds of galaxies in large photometric surveys
containing millions of sources. Indeed, object detection with CNNs has been
widely implemented in different fields and can be a suitable option to per-
form frequent on-the-fly identification of galaxies, given the computational
advantages of a trained network.

In this work I present an application of a specific CNN, U-Net (Ron-
neberger et al. 2015), to 3D density maps of galaxy clusters obtained from a
set of cosmological hydrodynamical simulations carried out with GADGET-3
(see Sect. 3.1). In this analysis, I performed the training on subhalo catalogs
provided by the built-in subhalo finder SubFind.

A.2 METHODS
A.2.1  Simulations

The analysis presented here is based on a set of 13 simulated galaxy clusters
extracted from a lower-resolution version of the DIANOGA simulations of
galaxy clusters (e.g., Bonafede et al. 2011; Rasia et al. 2015, see Sect. 3.2),
compared to the version analyzed in the main body of the Thesi. These were
re-simulated with a developer version of GADGET-3. The mass resolution
for DM and gas particles is mpa = 8.47 x 108 h~ "M, and Mgqas = 1.53 X
108 h~ "M, respectively, while the Plummer-equivalent softening lengths
are ¢ = 5.6 h™! kpc for DM and gas, and e. = 3 h™! kpc for stars. The
simulations analyzed here include the description of the following processes
described in Sect. 3.1.3: metal-dependent radiative cooling, star formation,
chemical enrichment from stellar evolution and feedback from Supernovae
(SN) and Active Galactic Nuclei (AGN). I refer to Ragone-Figueroa et al.
(2013) for a detailed description of this set of simulations.

In the simulated regions, galaxies have been identified with the SubFind
algorithm (Springel et al. 2001b; Dolag et al. 2009). As described in Sect.
A.1, this subhalo finder performs its search within DM halos identified
with a FoF algorithm. Within them, substructures are then identified by
looking for regions enclosed by isodensity contours crossing a saddle point
of the density field. After that, particles belonging to each of the subhalo
candidates undergo an unbinding procedure to exclude those particles that
are not gravitationally bound to the assigned subhalo. In Section A.3 I refer
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Table A.1: Main properties of the clusters analyzed in this study. For each cluster,
listed below are the virial mass, the virial radius, the number of galaxies
considered resolved enough for this study (with at least 100 star parti-
cles), and the phase of the analysis in which it was used (i.e., training,
referred to as “train,” validation, referred to as “val,” or test).

ID Myir Rvir  Ngat phase
[10"> Mg]  [Mpc]

CL-1 0.74 2.4 192  train and val
CL-2 0.73 2.4 231 test
CL-3 2.3 3.4 571 test
CL-4 0.92 2.5 236 test
CL-5 0.24 1.6 75 test
CL-6 2.1 3.3 510 test
CL-7 0.18 1.5 40 test
CL-8 1.7 3.1 505 test
CL-9 1.9 3.2 604 test
CL-10 2.4 3.5 602 test
CL-11 2.3 3.5 535 test
CL-12 2.2 3.4 543 test
CL-13 2.3 3.2 542 test

to the clusters I have analyzed as CL-1, where i runs from 1 to 13. The main
properties of these clusters are reported in Table A.1.

A.2.2  Convolutional neural networks

Convolutional neural networks (CNNSs) are a class of machine learning
algorithms, with a multilayer architecture (see Chapter 8 of Aggarwal 2018),
where each computational layer maps local input to local output via linear
or nonlinear operations. CNNs are designed to process grid-like inputs, like
images, text, time series or data sequences, that exhibit strong variations.
In image data, the semantic meaning of an object does not depend on its
position within the image. This property makes images particularly suitable
for CNNs, which are designed to achieve translation invariance. This can be
explained as the core operations of a CNN act locally on the input grid and
depend only on relative spatial coordinates. This characteristic is essential
for substructure identification, enabling the detection of galaxies at any
location within the simulated domain.

CNNs are defined as artificial neural networks that use a convolution opera-
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tion (described in Sec. A.2.3) in at least one layer. A network consisting only
of layers that perform convolution operations is called a fully convolutional
network (FCN, Shelhamer et al. 2017), which is the case of U-Net, chosen
for this work.

In the following, I describe CNNs and their core operations (Sect. A.2.3).
Then, I introduce U-Net (Sect. A.2.4), implemented in SubDLe, in a general-
ized 3D version to address the identification of substructures in cosmological
simulations. The goal is to outline the fundamental principles underlying
this subhalo finder and to clarify the sources of its strengths and limitations.

A.2.3  Basic structure of a CNN

In the case of applications to image data, each layer of a CNN processes
an input grid characterized by height, width, and depth, where height and
width correspond to the spatial dimensions, and depth represents the num-
ber of color channels. Throughout this Section, I refer to CNN input data
as images, following the standard convention in which a pixel corresponds
to a location on a two-dimensional grid (height x width) with multiple as-
sociated values along the depth dimension (typically three in RGB images,
representing the intensities of the different color channels). The extension
from two to three spatial dimensions is conceptually straightforward; hence,
the 2D case is described here for simplicity of notation.

A.2.3.1  Convolution

A convolution is an operation between an input grid and a filter — a small
kernel whose values (parameters) are optimized during the training process.
Consider the g-th layer of a CNN, where the input grid has dimensions
Lq X B4 x dg, and a filter with dimensions Fq x Fq x dq, with the depth d
matching that of the input. Typically, Fq < L4 and Fq < B4, with common
filter sizes Fq = 3 or 5.

The convolution operation is performed by shifting the filter across each
possible location in the grid, where a dot product is computed between
the filter parameters and the corresponding overlapping region of the grid,
producing a single scalar value in the output feature map. To illustrate
this, consider the example shown in Fig. A.1: here L = B =5, F = 3
and d = 1, for simplicity. The filter is first applied to the top-left 3 x 3
region of the grid; the element-wise products are then summed, yielding
the first output value, 1 x 1+ 1 x1+1x 1+1 x 1 =4, with multiplications
by zero omitted. The filter is then translated by one position along the
horizontal axis, and the operation is repeated to obtain the second entry
of the output map, until the output map is completely filled. The number
of filter placements is defined by the number of the alignments along the
height (L — F+ 1) times the number of alignments along the width (B —F+ 1),
3 x 3 in the example. The convolution yields output values (features) that
are not connected indiscriminately to all the elements of the input data, but
only to a local region. This enables the network to capture spatial patterns
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1x1+1x0+1x1+40x0+TxT+T1x0+0x1+0x0+1x1

Input grid (
1 1 1 0 ) Filter X1 1x0 | 1x1 | o0 0

1 0 1 4

(5-3+1) x (5-3+1)

Figure A.1: Schematic representation of a convolution between a 5 x 5 grid and
a 3 x 3 filter, with depth 1. The filter is slid across the grid and the
dot-product is performed at each alignment (represented by the yellow
subset of the grid in the figure), until all the grid is covered and the
3 x 3 output grid is completed.

and shapes. This property makes the application of CNNs particularly well
suited to associate local overdensities in the simulated mass distribution
with substructures.

Figure A.2 shows a more complex configuration, with L = 64, B = 32,
d = 3 and F = 5. The convolution works as in the example with d =
1, the only difference being that the dot product at each position of the
grid is performed across the third dimension as well, thus outputting a
(64—541) x (32—5+1) grid. Then, the depth of the output grid is built by
stacking the output of convolutions with different filters (2 in the example).
Here, strides larger than 1 are not considered, meaning that the filter is
shifted by only one position at each step. For a more comprehensive
treatment, I refer to Chapter 8 of Aggarwal (2018).

In general, for the g-th layer of a CNN having as inputa Lq x Bq X dq
grid, the depth d is given by the number of filters applied in the (q —1)-th
layer. The total number and the dimensions of filters in all layers of the
CNN define the number of parameters, also known as the capacity, of the
model.

The underlying idea in applying multiple filters is that each one can capture
a particular spatial pattern, so a large number of them are required in order
to capture different patterns in complex input images.

Let the parameters of the p-th filter in the g-th layer be defined by the tensor
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Figure A.2: Convolution between a 64 x 32 x 3 input grid with two 5 x 5 x 3 filters
gives a 60 x 28 x 2 grid. Note that the depth of the filter and that of the
grid must be the same, while the depth of the output grid is given by
the number of filters.

wi(}?];q), where the indices 1, j,k correspond to positions along the height,

width, and depth of the filter. Let hgjqk) represent the k-th feature map (i.e.,
the output of a convolution) in the g-th layer. The p-th feature map in the
(q + 1)-th layer is then given by:

Fq Fq
Rla+1) (p,
1]p Z Z Z Wrsk 1+r 1,j+s—1,k + b'P

r=1s=1k=1 (33)

where b(P9) is the bias for the p-th filter of the g-th layer, an extra parameter
which is summed to the element-by-element product in the convolution,
thus only producing a uniform offset in the feature map. dq1 is equal to
the number of filters applied in the g-th layer.

In standard multilayer convolutional architectures, filters in the initial
layers encode primitive shapes, while those in deeper layers detect increas-
ingly complex patterns. Successive convolutional operations progressively
increase the receptive field, i.e., the local region of the input image that
influences each feature.

In the example shown in Fig. A.1, the application of a 3 x 3 filter produces
feature maps in which each feature encodes information from a 3 x 3 patch
of the input grid. If the same filter is applied once more, given that the grid
now has dimensions equal to the filter size, only a single feature is gener-
ated. This feature now contains information over a larger spatial region,
corresponding to all 5 x 5 pixels from the original input grid.

In addition to convolutional layers, which perform convolution operations,
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CNN:s typically include two other types of layers: pooling layers and ReLU
(Rectified Linear Unit) layers, where the pooling operation and the ReLU
function are applied, respectively.

A.2.3.2 Rectified Linear Unit and pooling
The Rectified Linear Unit (ReLU) is a function defined as:

frerLu(x) = max{x, 0}. (34)

This is frequently used in artificial neural networks, especially CNNs to
introduce nonlinearity into the model, since convolution is a linear oper-
ation mapping the input to a feature map. In a CNN, ReLU is applied
element-wise to all L x B x d values of the input grid, leaving its dimensions
unchanged, and typically follows a convolution operation.

Pooling is an operation that acts on small regions of a grid, producing an
output with the same depth. In max pooling, the most common variant, the
maximum value is taken from each region, adding some nonlinearity in the
model, while other variants, such as average pooling, are linear. Pooling
also increases the receptive field of each feature.

A.2.4 U-Net, data set, and training

U-Net (Ronneberger et al. 2015) is a FCN developed to perform semantic seg-
mentation in biomedical images. Semantic segmentation is a task involving
classification of each pixel of an image to identify object boundaries instead
of bounding boxes, as in classical object detection. I refer to Ronneberger
et al. (2015) for a detailed description of the architecture of U-Net.

For this analysis, I modified the original network to apply it to the identifi-
cation of subhalos in 3D, in cosmological hydrodynamical simulations. In
this application, the pixel values represent the mass densities. I built a 3D
version of U-Net using the pyTorch® library.

The training of the 3D U-Net, that performs most of the calculations in
SubDLe, requires a set of reliable data to “teach” the network how to identify
substructures. This was provided by the subhalo catalogs produced by
SubFind in the simulations described in Section A.2.1. For my aims, using
the direct SubFind output, which associates each particle with a substructure
(or to none, if the particle is not dynamically bound to any subhalo) was not
feasible. The reason is that a CNN works with grid-like inputs with a fixed
dimension; the particles of a halo instead define a sparse data structure. I
thus mapped SubFind catalogs to grids having fixed dimensions. A grid is
defined as a box having an origin in a given point of space (Xg4, Yg, Zg), a
size Ly, and N4 points per dimension. A particle with coordinates in the
ranges [Xg,Xg + Lgl, [Yq,Yg +Lgl, and [Zg4, Z4 + L] falls within the grid
and will be mapped to a grid pixel. Let us consider the simple situation in
which each grid pixel contains at most one particle, as in the upper panel

1 https://pytorch.org/
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of Fig. A.3. The red particles as those associated, according to previous
knowledge (such as SubFind’s identification), with the objects I want to
identify, whereas the blue particles are just part of a “background.” Then, I
can assign the label “1” to the substructures and “0” to the background.
Thus, in Fig. A.3, grid pixels which contain red particles are assigned
the label “1” in the right grid of the top panel, containing labels for all
grid pixels, while all the others are assigned the label “0”. Typically, more
particles fall in the same pixel; then, the pixel is assigned to a substructure
or to the background using a majority vote, as in the lower panel of Fig. A.3.
In the unlikely case of parity, I assign the pixel to a substructure. I refer to
the grid carrying labels as “s grid.”

For the problem of identification of substructures in simulations, a twin
grid sampling the mass density is also computed, a “d grid,” built with a
Nearest Grid Point (NGP) assignment scheme, for simplicity. This is a case
of binary segmentation, in which a grid pixel is classified as a member of
one class (label “1,” denoting substructures) or not (label “0”), resulting in
s grids containing only 1s and 0s, as in the simplified examples shown in
Fig. A.3. This approach is thus based only on the density field, without any
information on the kinematics of particles.

The training of U-Net is performed with one NVidia P100 GPU with 16
GB memory, provided by the online data science platform Kaggle®. The
training, as is standard for neural networks (Aggarwal 2018, Section 1.2.1)
is done through the minimization of a “loss function,” which defines the
error of the model’s prediction at each iteration (“epoch”). In simple cases
of regression the chosen loss function is often a simple Mean Squared Error.
The minimization is performed with respect to the model parameters, with
backpropagation (see Aggarwal 2018, Section 1.3). Since it is conceptually
wrong to evaluate the best set of parameters on the same data set on which
the optimization of the loss function is performed, a set of data is reserved
for validation. The loss function is then evaluated on the validation data
set and the best model is selected from the set of parameters that yields the
minimum loss function. The chosen loss function here is the Binary Cross
Entropy, suited for binary segmentation tasks.

Because of memory constraints during training, each simulated cluster is
covered with multiple sub-grids. Employing a single grid to encompass the
entire cluster would demand an impractical amount of memory to achieve
the spatial resolution necessary for resolving the smallest substructures with
a few pixels. The dimension of each sub-grid determines the largest scale on
which the identification can benefit from the network’s architecture, since
identifying structures larger than the sub-grid itself is problematic. In such
case, indeed, large substructures are split into more than one grid, thereby
forcing SubDLe to try to identify “shreds” of a substructure in each of them.
However, I emphasize that this represents only a technical limitation, strictly

2 https://www.kaggle.com/
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Figure A.3: Example of the assignment scheme of labels adopted in the training
set of the 3D U-Net implemented in SubDLe. Here red particles trace
the substructures to be identified, and blue particles are part of a
background. In the upper panel, one particle at most is present in each
grid pixel, thus the substructures (associated with the label “1” in the
right-hand grid, whereas the background is labeled as “0”) are simply
associated with pixels containing one red particle. In the lower panel,
closer to the real identification problem, more than one particle falls
in each grid pixel, and the assignment of labels is performed with a
majority vote.



138

SUBSTRUCTURE IDENTIFICATION WITH DEEP LEARNING

determined by the accessible hardware, and not an intrinsic limitation of
the method.

I adopt a number of grid meshes per side N 4=64, following the convention
for images of having a power of 2 as the number of pixels per side. The
physical size of each pixel is chosen to be approximately 10 kpc, such that
a full d-grid encompasses a region larger than the typical extent of z = 0
galaxies in SubFind catalogs. Unless otherwise stated, in Section A.3, I
always assume a resolution of about 10 kpc, with small variations (ranging
from 9 to 12 kpc), which make little to no difference in the final subhalo
catalog. U-Net is trained using both s and d grids, learning how to assign d
grid pixels to substructures as defined by the s grid.

The U-Net sector in SubDLe is designed to output a 643 grid with pixel
values defining the probability p of each pixel to belong to a substructure
(the class labeled as “1”). A threshold is then chosen in order to decide
which pixels are assigned to substructures. The most common choice is a
threshold of pn, = 0.5, so I adopt it without tuning for this parameter. Then
all pixels with a probability p > 0.5 are assigned the label “1,” whereas the
remaining ones are labeled as background (label “0”). This outputs an s
grid containing recovered substructures.

Once pixels with a high probability of belonging to a substructure have

been selected to produce a binary s-grid, a final step is required to regroup
pixels that can be attributed to the same subhalo across all s-grids. This step
is necessary because all subhalos are assigned the same label (“1”): binary
semantic segmentation enables the identification of regions associated with
a given class of objects, but does not provide information on individual
object instances.
Figure A.4 shows an example of output of SubDLe at this stage of the
identification process. The map shows the 2D projection of density of active
pixels (i.e., pixels with label “1”), reconstructed from the s grids sampling
the whole cluster CL-5 at z = 0 (see Section A.2.1).

SubDLe performs the grouping of active pixels in the s grid using a
proximity criterion based on a FoF algorithm, implemented through the
pyfof package3. The linking length is set to /3 times the pixel size, in order
to group pixels that are contiguous along all spatial directions. After this
step, a catalog of substructures defined on the grid is obtained. Particles
are then assigned to substructures by inverting the NGP assignment. This
approach relies on the intrinsic assumption that substructures are spatially
disconnected. While traditional subhalo finders may face challenges in
identifying close or interacting structures as separate entities, the inclusion
of kinematic information can mitigate this issue. In SubDLe, the FoF-based
analysis explicitly searches for disconnected groups on the grid, thereby
preventing the distinction of spatially overlapping subhalos.

3 https://pypi.org/project/pyfof/
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Figure A.4: Projected map of the active pixels associated with the substructures
identified by the first step performed by SubDLe (through a 3D U-Net),
in a run on the whole cluster CL-5 at z = 0. The blobs of active pixels
need to be grouped together to identify subhalos, since at this stage all
subhalos are associated with the same class label.

A.3 RESULTS

A.3.1  SubDLe

In this Section, I present the results from the application of SubDLe to the
total mass density 3D maps of simulated galaxy clusters, including the
contribution of DM, gas and stellar particles, and compare the output
subhalo catalog with the one based on the application of SubFind.

The training of U-Net within SubDLe is performed on approximately 1000 d
grids (700 dedicated to the training itself and 300 to the validation) extracted
from the cluster CL-1 at z = 0, with a total virial mass My;; ~ 7.4 x 10'* M.
Each 643 d grid extracted from it is visually inspected in order to provide
highly representative training data, with a high number of substructures. An
increase in training data set size is expected to enhance model performance,
although most of the results presented in this exploratory study are based on
training data set extracted from a single cluster. Nevertheless, preliminary
experiments with a larger data set were performed, as detailed in Sect. A.3.5.

The trained SubDLe was tested on the galaxy cluster CL-2 at z = 0, with
approximately the same virial mass as CL-1 (see Table A.1). Here the d grids
were extracted so that they overlap with their neighboring grids by half their
sides in all three directions in order to properly sample border regions, for
a total of 6851 grids covering a box of about (10 x 5 x 5) Mpc3 . Each d grid
covers a cubic region of about 640 proper kpc per side. Here the mass density
sampled by the d grids includes all the particles contained in SubFind’s
catalogs, that are DM, stars and gas particles. A visual inspection of the
results can be done by comparing the two panels of Fig. A.5. The left panel
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Figure A.5: Projected map of particles belonging to subhalos of the cluster CL-2
at z = 0. The left and right panels show the subhalos identified by
SubFind and SubDLe, respectively.

shows the projected distribution of particles belonging to substructures
identified by SubFind in the cluster CL-2, whereas the right panel shows
the substructures identified by SubDLe in the same cluster. Qualitatively,
SubDLe appears to be able to locate most of the major substructures, while
missing some of the smaller ones. The latter are inevitably described by a
weaker signal in the d grids. On the other hand, the spatial extension of
SubDLe’s substructures is generally smaller than the size of their SubFind
counterpart. This behavior can be attributed to the fact that SubDLe detects
more effectively regions characterized by high density contrast, such as the
centers of subhalos. Conversely, the network tends to miss external low-
density cells, even when they are dynamically bound to the same subhalo.
Nevertheless, the most challenging task in substructure identification is
the location of density peaks, which SubDLe performs pretty well, as I will
discuss more quantitatively later in this Section. Once these peaks are
identified, the detailed matter distribution of each subhalo can be recovered
with a fast neighbor search algorithm, as mentioned in Sect. A.1 for the SO
method.

Another detail that emerges from the comparison of the distribution of
SubDLe and SubFind substructures in Fig. A.5 is the presence of a very large
subhalo among SubDLe substructures at (x,y) ~ (3 Mpc,3 Mpc), while the
corresponding region in the left panel of Fig. A.5is devoid of large structures.
This corresponds to the largest “subhalo” of the cluster, hosting the Brightest
Cluster Galaxy (BCG). This was excluded from SubFind’s substructures
because this algorithm does not separate the largest subhalo of a FoF group
from the diffuse component that is not bound to any specific subhalo (see
Springel et al. 2001b). SubDLe can thus also be applied to separate the
central subhalo from the diffuse component, though further specific tests are
required to assess this application. A machine learning algorithm specifically
designed to disentangle the BCG from the intracluster light (ICL) in the
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spatial distribution of star particles within simulated clusters, by exploiting
their dynamical properties, has already been developed and validated by
Marini et al. (2022).

In the following, I focus on the ability of SubDLe to reproduce the average
subhalo population in cluster-sized halos. Tests performed in different
environments are not presented here, but better results can reasonably
be expected in less dense regions, where galaxies are more isolated and
therefore more easily separated from the background by a density-based
tool like SubDLe.

In order to quantitatively compare catalogs produced by SubFind and
SubDLe, I match each subhalo found by SubDLe to the nearest counterpart
identified by SubFind. Here only SubFind subhalos resolved with at least
100 particles are included. SubDLe substructures are processed in decreasing
order of total mass, so as to avoid matching a SubFind subhalo to a close
small clump of particles found by SubDLe before the actual corresponding
SubDLe subhalo is processed. The proximity was estimated through the
distance between SubFind center, identified as the position of the most
bound particle in each substructure, and SubDLe center, which I define as
the center of mass of the subhalo, for simplicity. The search for matching
substructures is performed within a radius of 50 kpc, then the matched
SubDLe substructures that do not share any particle with their closest match
are excluded from the catalog, since they are unlikely to be matching any
SubFind subhalo. Since SubDLe tends to miss the external lower-density
region of subhalos, while efficiently detecting the central density peaks,
as qualitatively shown in Fig. A.5, the criterion of requiring at least one
common particle was proved to be sufficient to guarantee a significant
overlap and thus a correct match between SubFind and SubDLe subhalos (i.e.,
the central most bound particle of a SubFind subhalo is typically present in
the corresponding SubDLe substructure). Since my primary interest lies in
assessing SubDLe’s performance as a peak locator, I do not apply a stricter
matching criterion.

The distribution of distances between the centers of SubDLe substructures
and their SubFind counterparts is shown in Fig. A.6, in blue. I find that 91%
of pairs of substructures have distances below the gravitational softening
of the DM particles, approximately representing the spatial resolution of
the simulation. There is a tail of pairs which expands up to few tens of
kiloparsecs, which might be due to a displacement between the center of
mass and the center of the gravitational potential well or to an artificial
merging of close substructures, as shown below in this Section. Overall,
80% of all the resolved substructures (i.e., with more than 100 total particles)
identified by SubFind have been identified by SubDLe as well.

Fig. A.7 shows the comparison between matched pairs of SubDLe and
SubFind substructures in three representative cases:

¢ the left column shows an ideal case, with a close to perfect match
between the identifications performed by SubFind and SubDLe (98% of
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Figure A.6: Distribution of pairs of SubFind and SubDLe subhalos as a function
of the distance between their centers, in physical kiloparsecs, for the
identification performed by the all-particle SubDLe (in blue) and stellar
SubDLe (in orange). The vertical dashed lines mark the gravitational
softening used in the gravitational force calculations for the DM parti-
cles (in blue) and for star particles (in orange).

the mass of the original subhalo is recovered by SubDLe). Bottom and
top panels show SubFind and SubDLe subhalos, respectively. The size
of the subhalo, which is few tens of kiloparsecs, is well reproduced,
while individual particles have been added or missed by SubDLe, due
to the lack of information on their velocities, which prevents a direct
assessment of their bound state. I note that this subhalo is well
reproduced despite being resolved with few pixels per dimension.

¢ The central column illustrates the previously discussed trend of SubDLe
truncating the most extended subhalos and retaining only their high-
density cores. Note that this substructure spans several hundreds of
kiloparsecs, thus it was necessarily split in multiple grids, reducing
its detectability as a whole structure. This limitation does not repre-
sent a major limitation in the application of SubDLe, since the most
challenging task of locating the peak of the density field has been
accomplished in this instance as well.

¢ The right column shows a case in which two visibly (and dynamically,
as SubFind identifies them as two different subhalos) distinct sub-
structures were merged together by SubDLe because of their proximity.
Their centers are indeed few resolution elements away and SubDLe is
not able to disentangle them on the basis of their mass distribution
alone. The artificial merging of close substructures is one of the causes
of missing subhalos in SubDLe’s catalogs. I discuss how the increase of
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Figure A.7: Scatter plot of all particles (DM, gas, and stars) belonging to a subhalo
identified by SubDLe (top-row panels) and the matching subhalo iden-
tified by SubFind (bottom-row panels), projected in 2D. Three typical
cases are shown: in the left column, a subhalo with an extension of
few tens of kiloparsecs, perfectly identified by SubDLe; in the central
column a larger subhalo, spanning a distance of about 1 Mpc, where
only the central region is identified by SubDLe; and in the right column,
a system of two close substructures that are combined into one subhalo
in SubDLe catalog due to their short distance, compared with the density
grid resolution.

resolution can indeed boost the percentage of matched subhalos, by
separating close, but distinct substructures, in Sect. A.3.4.

A.3.2  Stellar SubDLe

Since SubDLe works inherently better in identifying highly contrasted clus-
tered structures, I repeat the identification of substructures using stellar
density maps instead of total density maps; I retrain SubDLe to do so and
refer to this version as stellar SubDLe. Stellar substructures (i.e., galaxies) are
indeed more clustered in comparison to DM and gas structures due to their
formation through dissipative collapse of gas clouds. The training data set
consisted of 700 grids of stellar mass densities extracted from cluster CL-1,
while 300 grids are used for validation. Fig. A.8 shows the same comparison
of Fig. A.5, this time with galaxies identified by SubFind (left panel) and by
the stellar SubDLe (right panel) in the cluster CL-2 at z = 0.

The discrepancy in substructure sizes is still visually noticeable, but less
severe than in the former case, where all particles were considered. The
matching between SubFind and stellar SubDLe substructures was performed
as described in Section A.3.1 and the distribution of distances is shown in
Fig. A.6, in orange, and compared to the distribution for the SubDLe run
on all particles, in blue. The dashed lines define the softening lengths for
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star (orange) and DM (blue) particles. As expected, the centering is slightly
more accurate in terms of absolute distances, but overall the percentage
of galaxies for which the distances between matched pairs is below the
gravitational softening for star particles is still 91%, as for the run on all
particles, with respect to the DM softening.

In total, the percentage of SubFind galaxies resolved with at least 100

star particles (corresponding to a total stellar mass of about 4 x 107 Mg),
identified by the stellar SubDLe, is 93%, thus sensibly larger than in the
previous case. Besides identifying a larger fraction of substructures, the
stellar SubDLe performs better in reconstructing the stellar mass distribution
in comparison to the reconstruction of the total mass distribution performed
by the version based on all the particle species, as shown qualitatively in
Fig. A.8.
In order to quantify this, I compute the ratio between the mass in star parti-
cles which both SubFind and SubDLe assign to a matched pair of galaxies,
Mse/sp, and the “true” mass. I assume the true mass to be the one given
by SubFind catalogs (Msf) for the purpose of this comparison. With the
ratio Msg/sp/Msr I quantify how complete the identification of a subhalo
is in comparison with SubFind, in terms of its mass distribution, but not
how pure it is. The mass of SubDLe’s subhalo is generally smaller than the
true mass, because, as already mentioned, SubDLe tends to identify only
the cores of subhalos. Nevertheless, in cases similar to the one shown in
the right column of Fig. A.7 which might still occasionally occur in the
identification of stellar substructures, the mass of SubDLe “galaxy” is the
sum of the two cores merged together. This is caused by the resolution of
the grids and does not represent a conceptual flaw of this method. On the
other hand, I am interested in quantifying the difference of subhalo masses
caused by the intrinsic nature of SubDLe, which does not detect low-density
regions in the d grids. For this reason, I remove the “over-merging” effect
in the analysis of the reconstructed mass distribution, by considering only
the mass of common particles in SubFind and SubDLe pairs (Msf/sp), rather
than the total mass of each (possibly composite) substructure found by
SubDLe. In other words, at this stage of the analysis, I am not concerned
with the “purity” of the mass distribution of SubDLe galaxies, but rather
with its completeness.

The distribution of Msg,sp/Mgr is shown in Fig. A.9, for matched SubFind
and SubDLe substructures in CL-2, when SubDLe is applied to all particles
(in yellow) and to star particles only (in blue), in both cases considering
matching SubFind substructures with at least 100 particles. The stellar
SubDLe performs markedly better at identifying “complete” substructures,
with a higher Msg/sp/Msr. The mean values for Msg,sp/Msr are, indeed, 0.60
and 0.89, for the all-particle and stellar runs of SubDLe, respectively. Having
established the better performance of the stellar SubDLe, I focus only on star
particles in the remainder of this Section, though the general conclusions
can be considered valid in both cases. I defer to future works for an equally
detailed analysis of the all-particle version of SubDLe.
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Figure A.8: Projected distribution of star particles belonging to different galaxies
identified by SubFind (left panel) and by stellar SubDLe (right panel) in
the cluster CL-2 at z = 0.

Figure A.9: Distribution of pairs of SubFind and SubDLe subhalos as a function of
the ratio between the mass of common particles (Msg,/sp) and the mass
given by SubFind (Msf), as a tracer of the completeness of the mass
reconstruction performed by SubDLe, for the run carried on the mass
distribution of all particles (DM, gas, and stars), in orange, and for the
run of stellar SubDLe, in blue, in the cluster CL-2 at z = 0.
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In order to further test the performance of the stellar SubDLe, I applied it
to the identification of galaxies in 11 additional simulated galaxy clusters at
z = 0 (identified as CL-[3-13] in Table A.1), spanning the virial mass range
10'* —10"> Mg. Based on the previous analysis, SubDLe has most difficulty
in recovering large (in comparison with the d grid size) substructures and
in separating close (in comparison with the d grid resolution) ones. While
the former does not compromise SubDLe’s performance as a peak locator,
the latter does. I expect galaxies in clusters to be closer on average than
their counterparts in the field or in small groups, as per definition of cluster
of galaxies. Thus the cluster environment that I probed in this work is the
most challenging scenario for SubDLe.

The cluster analyzed so far, CL-2, is among the smallest in the sample. To
analyze the most massive clusters, however, I had to address the significant
memory usage of the d grids. For this reason, when necessary, I modify
the sampling strategy of the cluster region, with overlapping d grids to
avoid missing information at the borders, opting instead for a sort of sparse
sampling. To this purpose, I build coarse d grids, each encompassing the
whole cluster, and thus spanning regions of few megaparsecs per side (the
exact size depending on the cluster), with a resolution of 640 kpc. I then
define a threshold My, for the mass assigned to each of those coarse pixels
through the NGP scheme, below which the pixel is excluded from the
analysis. In pixels assigned with a mass Mngp > Mn, a 643 d sub-grid is
built with 10 kpc resolution. In this analysis, the size of the clusters and
the memory resources allowed to set M, = 0, thus only empty regions
are excluded. On the other hand, this simple scheme does not allow to
analyze a given (higher-resolution) d grid of the cluster more than once,
as in the previous case with overlapping d grids. If memory constraints
require setting M, > 0, the identification of substructures crossing the
borders with a sub-grid excluded from the sampling will be affected, as only
a fraction of the substructure will be processed by SubDLe. Memory usage
is a limiting factor for SubDLe, but this is expected to be less problematic
when running on multi-node high-performance computing systems with
substantially larger accessible RAM.

Figure A.10 shows the results for all clusters analyzed at z = 0 (CL- [2-13])
in terms of Msr,sp/Msr; the distribution is consistent with that shown
for the single cluster CL-2 in Fig. A.9, with the same mean value of 0.89
(black dashed line, the chosen y-scale here is logarithmic, due to the much
higher number of galaxies when considering 12 clusters), significantly larger
than the mean value for the all-particles SubDLe run (orange dashed line),
0.60. Table A.2 reports the percentages of galaxies identified by SubFind,
which are detected by the stellar SubDLe (completeness) in the 11 clusters
CL-[3-13], along with the percentage of the stellar SubDLe galaxies which
have a SubFind counterparts (purity), and the wall-clock time requested
by SubDLe runs. The latter includes the propagation of d grids through
the network to recover the s grids, but does not take into account the time
required for building the d grids, which might be already available during
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Table A.2: Results of identification of galaxies in 11 simulated galaxy clusters an-
alyzed with stellar SubDLe. The first column reports the cluster ID, the
second and third ones show the completeness and purity of the stellar
SubDLe catalogs, in comparison with SubFind, and the fourth one reports
the wall clock time (in seconds) taken by SubDLe for the processing of

the d grids.

ID Completeness Purity SubDLe time

[s]
CL-3 0.80 0.89 53
CL-4 0.78 0.86 21
CL-5 0.88 0.82 53
CL-6 0.84 0.88 41
CL-7 0.75 0.65 74
CL-8 0.81 0.86 105
CL-9 0.78 0.91 49
CL-10 0.84 0.92 146
CL-11 0.82 0.86 36
CL-12 0.83 0.90 152
CL-13 0.79 0.82 59

the evolution of a simulation (e.g., if gravity is solved through a Particle-
Mesh approach) for stars, nor the final FoF run on pixels, which should
be negligible anyway due to the relatively small number of active pixels in
each s grid.

The average completeness of the stellar SubDLe, weighted by the number of
resolved galaxies in each cluster (reported in the fourth column of Table A.1),
is 0.82 in the set of 12 clusters at z = 0 (including CL-2), while the weighted
average purity is 0.88 (including CL-2, in which SubDLe reported a purity
of 0.82). The purity is sufficiently high, even higher than the completeness,
meaning that the bulk of SubDLe galaxies have been identified by SubFind.
SubFind does not necessarily represent the ideal identifier, though I assume
its catalogs as ground truth in the framework of a “supervised” learning.
Nevertheless, I briefly investigate the nature of the “spurious” identification
(in comparison with SubFind resolved substructures) of SubDLe galaxies. I
relax the resolution limit for SubFind galaxies to a minimum of 20 star parti-
cles and repeat the stellar SubDLe and SubFind matching process, gaining
an increase in weighted average purity from 0.88 to 0.96, confirming that
almost all of the SubDLe galaxies correspond to gravitationally bound struc-
tures found by SubFind. At the same time, the completeness has decreased
from 0.82 to 0.65, as expected since the stellar SubDLe might very well be
able to identify substructures of very few stars where there is close to zero
background, while this is more challenging in the denser central regions
of clusters. I focus on how the galaxy position in the cluster affects the
completeness in Sect. A.3.3.
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Figure A.10: Distribution of the ratio Msg,/sp/Msr in all galaxies identified by the
stellar SubDLe and matched to a SubFind substructure for all the 12
clusters analyzed at z = 0. The mean value, across all 12 clusters,
is traced by the black dashed line, while the orange dashed line
represents the mean value for the all-particle run of SubDLe on cluster
CL-2 (associated with the orange histogram shown in Fig. A.9).
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Figure A.11: Scaling of the percentage of resolved SubFind galaxies in the 12 clusters
analyzed at z = 0 (CL-[2-13]), identified by the stellar SubDLe, with
cluster properties: total virial mass (upper panel), mean inter-galaxy
separation within one virial radius (middle panel), and median galaxy
stellar mass (lower panel), color coded with the total number of
SubFind galaxies (the ones deemed resolved enough, with at least 100
star particles). The circles represent clusters that required a treatment
with sparsely distributed sub-grids (with My, = 0) and the diamonds
represent the three smaller clusters that did not require it.

The wall-clock time taken by SubDLe to perform galaxy identification in
these clusters, shown in the fourth column of Table A.2, is quite interesting
to assess whether SubDLe is suitable for frequent on-the-fly identifications
of galaxies in cosmological simulations. With the above mentioned caveats
about possible overheads, all the analyses required less than 3 minutes
per cluster, which represents a remarkable improvement with respect to
SubFind. For reference, running SubFind on one of such clusters required
about half an hour on one node of the Marconi-100 machine at the CINECA
Supercomputing Center4.

A.3.3 Testing performance against galaxy properties and environment

To gain a clearer understanding of the performance of the stellar SubDLe, I
investigate the origin of the cluster-to-cluster variations in the completeness

4 https:/ /www.hpc.cineca.it/systems/hardware/marconizoo/
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of the SubDLe galaxy catalogs and explore possible correlations with cluster
properties.

In this analysis, I include also cluster CL-2, which yielded the highest (93%)
percentage of identified resolved galaxies. This higher value might be due
to the fact that CL-2 has very similar properties to CL-1, which was used
for the training of SubDLe, pointing to a slight over-fitting of the model. To
investigate this, I look into possible correlations between the completeness
of the stellar SubDLe catalogs and the properties of clusters in Fig. A.11.
This shows the completeness of the identification in the 12 clusters at z =0
as a function of the total virial mass (top-left panel), the mean inter-galaxy
distance for SubFind galaxies within the virial radius (top-right panel) and
the median galaxy stellar mass (bottom panel). The circles in the plot show
clusters that required a sampling with sparsely distributed sub-grids (with
Min = 0, as described above) and the diamonds show the three smaller
clusters that did not require such treatment. I note that clusters with a lower
statistics of galaxies (the three diamonds, CL-[2,5,7], and the darker green
circle, CL-4) appear to be more randomly scattered (thus disproving the
possibility of over-fitting for less massive clusters), with an approximately
increasing completeness with larger cluster mass, while the clusters with a
larger number of galaxies follow a tighter locus with a possible dependence
upon the total virial mass of the clusters, suggesting that the identification
might be less complete in less massive clusters. The analyzed clusters,
though, span a small range of virial masses (see Table A.1), so it is difficult
to draw conclusions on the environment dependence of the model perfor-
mance from this set of simulations.

There is an apparent correlation with the mean inter-galaxy distance, with
two of the diamonds (CL-2 and CL-5) acting as outliers. Nevertheless, the
statistical significance of these two clusters in defining a distinct locus of
higher completeness for clusters identified with a different spatial sampling,
is pretty low, in consideration also of the low completeness of CL-7 (0.75),
which was analyzed in the same way. The general trend of increasing com-
pleteness with increasing inter-galaxy separation can be understood as the
larger the separation, the lower the probability is for SubDLe to merge two
substructures thus reducing the completeness.

On the other hand, the weak apparent anti-correlation between the com-
pleteness and the median galaxy stellar mass shown in the bottom panel
for the bulk of clusters (here CL-4 is not visible because hidden behind
one of the yellow circles) is less intuitive. This could be interpreted as
an indirect effect of the correlation shown in the top-right panel, since a
larger fraction of massive galaxies might be associated with a larger fraction
of close galaxies on their way to merge, thus with a small separation. In
general, the completeness of SubDLe identification does not seem to show a
strong dependence upon global properties of the galaxy population in the
analyzed simulated clusters.

One further step can be done to isolate the factors affecting the model
performance, by studying the completeness as a function of SubFind stellar
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masses and distance from the center of the cluster (defined as the position of
the most bound particle in the halo). This is shown in Fig. A.12; the top-left
panel shows the percentage of SubFind galaxies identified by the stellar
SubDLe as a function of SubFind stellar mass, for all the clusters analyzed
at z = 0 (CL-[2-13]), in solid line, for the ones analyzed with a double
grid (with My, =0, CL-3-4,6,8-13), in dashed line, and the ones analyzed
with a single grid, in dotted line. As already discussed, the latter have
lower statistical significance, with a total of 346 galaxies (see Table A.1). The
completeness, for all clusters, increases with stellar mass, with an apparent
difference below ~ 6 - 10° M, for galaxies belonging to clusters processed
with a single grid. Owing to the relatively poor statistics in this sample
and the proximity to the resolution limit, I do not deem this difference
significant. The increasing completeness with stellar mass is in line with the
expectation that the most massive galaxies are better resolved against the
background.

The top-right panel shows the completeness as a function of the cluster-
centric radius, expressed in units of the virial radius, with the same distinc-
tion between different lines adopted in the top-left panel. As expected, I
see an improvement in performance the farther the galaxies are from the
over-crowded central regions of the clusters, up to ~ 0.2 — 0.3 Ry;, followed
by a saturation at ~ 80% completeness in the outer regions. The dependence
of completeness on the distance from the center is much stronger than what
is observed with the stellar mass (see the different scales in the y-axis of
the top-left and top-right panels), at least in the innermost regions, and is
ubiquitous among galaxies processed in different ways. In any case, a larger
sample of simulations uniformly sampling the halo mass range from groups
to rich clusters would be required to draw a picture of how the external
environment of galaxies affects the stellar SubDLe’s performance.

As a further step, I try to disentangle the dependence of completeness on the
stellar mass and on the distance from the center of the cluster, by separating
galaxies in radial and stellar mass bins (bottom panels of Fig. A.12). The
bottom-left panel shows the completeness of identification of galaxies in
5 radial bins, as a function of stellar mass. The bottom-right panel shows
the completeness in 4 stellar mass bins, as a function of distance from the
cluster center. Here, in order to provide a sufficient number of galaxies in
each bin, I include all the clusters analyzed at z = 0. The separation in radial
bins shows that the stellar-mass dependence is the strongest in the most
central region (below 0.25 Ryi;), where the overdense environment affects
more significantly the identification of lower-mass galaxies. This is con-
firmed by the bottom-right panel, which shows an approximate hierarchy
in the curves describing the completeness as a function of cluster-centric
radius for different mass bins. In the central region of the clusters (below
~ 0.25 Ryir), the completeness increases with the distance from the cluster
center and the curves representing less massive galaxies are lower (besides
stochastic fluctuations due to small-number statistics). In conclusion, the
main limitation of the stellar SubDLe is in the identification of small galaxies
within the crowded core regions of galaxy clusters.
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Figure A.12: Dependence of the stellar SubDLe completeness (defined as the fraction
of SubFind galaxies identified by the stellar SubDLe) on SubFind stellar
masses (left panels) and on 3D distance from the cluster center (in
units of virial radii, right panels), for all the clusters analyzed at z = 0
(see Table A.2). In the top panels I show, with solid lines, the results
for all the analyzed clusters, while dashed and dotted lines represent
clusters analyzed with a single grid and a double grid (My = 0),
respectively. In the bottom-left panel different colors of the dashed
curves correspond to different radial bins. In the bottom-right panel
different colors correspond instead to different intervals of the stellar
mass of the galaxies.

Finally, I compare the distribution of stellar masses produced by SubFind
and by the stellar SubDLe in clusters at z = 0 in Fig. A.13. The figure shows
the median counts among different clusters, with error bars corresponding
to the 25th-75th percentile ranges, in blue for SubDLe and in red for SubFind.
In the low-mass end where the resolution limit of the simulation dominates
the shape of the distribution, the SubDLe stellar mass distribution is slightly
lower due to missing identifications and SubDLe galaxies being smaller than
SubFind counterparts. In the well resolved high-mass end, though, there is
broad agreement in shape and normalization among the two distributions.
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Figure A.13: Comparison of the distributions of stellar masses in the simulated
galaxy clusters at z = 0, as predicted by the subhalo catalogs produced
by SubFind (red dots) and by the stellar SubDLe (blue diamonds). The
points show the median counts in each stellar mass bin among the
12 different clusters, while the error bars mark the 25th and 75th
percentiles.
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A.3.4 Testing the robustness of the stellar SubDLe

I now focus on testing the robustness of the stellar SubDLe on galaxy cluster
CL-13 at z = 1, using the model trained at z = 0. At z =1 this cluster has a
virial mass Myi; ~ 7 x 10'* M. In principle more dynamically disturbed
clusters are expected at z = 1, which could impact the performance of
SubDLe in identifying galaxies. This complements the previous tests in
assessing the capability of the model to extrapolate outside the training
framework, which is always a primary concern in developing machine
learning models. Here, with the uniform sampling of the cluster volume, I
extract 1287 643 d grids with a resolution of 10 physical kpc. The percentage
of resolved galaxies identified is 77%, consistent with the 79% percent of
completeness obtained at z = 0 for the same cluster and with the average
performance achieved by stellar SubDLe with a 10 kpc resolution at z = 0.
This confirms the robustness of the method also when different evolutionary
stages of galaxy clusters are considered.

As a last test, I assess the performance of the stellar SubDLe on higher
resolution d grids. I perform this experiment on the cluster CL-13 at z = 1.
The stellar SubDLe is trained on galaxies of different sizes, so I expect it to be
able to identify galaxies even when using a higher-resolution d grid, with
respect to which their sizes will be larger. In general, I expect this method to
be able to identify galaxies that were already identified at lower resolution.
To increase resolution, I choose a grid size of 2 kpc and, due to memory
constraints, perform a sparse sampling of the cluster volume as described
before, still keeping M = 0. By doing this, I expect to: (i) increase the
sensitivity of the network to small substructures; (ii) separate composite
systems made up of close galaxies artificially merged by SubDLe due to
the poor relative resolution of d grids in the denser regions. In general,
I expect that the higher resolution d grids will increase the percentage of
SubFind resolved galaxies found by the stellar SubDLe. On the other hand,
by increasing the resolution, the average mass per grid pixel decreases,
resulting in a more noisy discontinuous NGP density grid. This in turn
might impact the model’s performance, since CNNs are efficient on input
data with strong spatial dependencies. Moreover, by reducing the pixel size,
while keeping fixed the number of pixels in each grid, the whole d grid
encompasses a smaller volume (128 kpc per side), which I expect to have a
negative impact on the recovered spatial extent of the substructures.

The results of this test are shown in Fig.A.14. In the left panel I show the
distribution of Msg,sp/Msge for SubFind and stellar SubDLe matches, for the
run at lower (10 kpc, orange histogram) and higher (2 kpc, blue histogram)
resolution. The mean values vary from 0.9 at 10 kpc resolution (consistent
with the mean value at z = 0), to 0.7 at 2 kpc resolution. As expected, the
completeness of the galaxy mass distribution recovered by the 2 kpc resolu-
tion run of the stellar SubDLe is slightly lower. The most interesting aspect
is though the increased percentage of identified peaks in the stellar mass
density distribution when running the stellar SubDLe at higher resolution,
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Figure A.14: Comparison of the performance of SubDLe on the same cluster, with
different d grid resolutions. Left panel: Distributions of values of
Msk/s0/Msr for SubDLe galaxies matched to SubFind galaxies. Results
are shown for the cluster CL-13 at z = 1, for SubDLe runs with the stan-
dard resolution of 10 kpc (in orange) and with the higher resolution of
2 kpc (in blue). Right panel: stellar SubDLe completeness as a function
of stellar mass in cluster CL-13 at z = 1, for 2 kpc (in blue) and 10 kpc
(in orange) resolution.

which proves that the model can reach peak performance by simply in-
creasing the resolution. In fact, the percentage of SubFind resolved galaxies
identified by the stellar SubDLe on cluster CL-13 at z = 1 increased from 77
to 87% when increasing the grid resolution. This is shown in the right panel
where the completeness is plotted as a function of stellar mass (blue and
orange lines for 2 and 10 kpc resolution, respectively). This figure highlights
that the higher resolution adopted in the d grids boosts the performance of
SubDLe mainly by recovering a larger fraction of low-mass galaxies, the ones
that SubDLe struggles to disentangle from the background and from other
close substructures in the central region of clusters, at lower resolution. This
further demonstrates the effectiveness of SubDLe in detecting substructures
within the simulated distribution of stars.

A.3.5 Testing with a larger training set

As already emphasized, I expect an improved performance from SubDLe
once it is trained on a much larger data set on more performant computing
facilities. In order to explicitly show that the model’s performance is not
saturated, I carry out a training on a data set which is twice as large as the
original one, extracted from clusters CL-3 and CL-8, which is still feasible in
the adopted computing framework. Then, I test the model on the remaining
clusters at z = 0 and compare the results with the previously trained model,
for those clusters that are not part of the training data set in neither models.

The results of this test are summarized in Figure A.15, where complete-
ness and purity reached by the newly trained model are shown for each test
cluster, against the corresponding quantities obtained from the version of
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Figure A.15: Completeness (blue diamonds) and purity (red diamonds) of stellar
SubDLe identifications, referred to SubFind catalogs, for galaxies in
z = 0 clusters. The y-axis refers to metrics calculated on the catalog
given by the model trained on two clusters (CL-3 and CL-8), while
the x-axis refers to results of the original stellar SubDLe trained on
one cluster. The dashed line represents cases where the metrics are
identical in the catalogs produced by the two models.

the model trained on a single cluster. I note that there is a systematic im-
provement in completeness (blue diamonds), with the overall completeness
(weighted with the number of resolved galaxies in each cluster) increasing
from 0.82 to 0.86. On the other hand, the purity is systematically lower,
meaning that the new version of SubDLe identifies more galaxies which are
either missed by SubFind or fall below the resolution limit. This improve-
ment is quite promising in the perspective of a future use of a more extended
training data set, spanning possibly different redshifts, implementations
of the galaxy formation model and numerical resolutions, which I aim at
carrying out in future developments of this work.

A.4 SUMMARY AND CONCLUSIONS

In this Appendix, I have presented the first application of deep learning
techniques to perform identification of substructures in cosmological hydro-
dynamical simulations, with the goal of providing a much faster alternative
to procedural algorithms typically used for this purpose (see Section A.1 for
a brief review of some popular subhalo identifiers). Substructure identifica-
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tion represents a fundamental step to extract useful information from the
raw output of cosmological hydrodynamical simulations and is typically per-
formed by algorithms that, with different approaches, search for groups of
gravitationally bound particles at the peaks of the density field sampled by
the simulations, within a larger structure. This is computationally costly and
results in long times-to-solution that are unfit for frequent identifications of
galaxies during the evolution of simulations. The on-the-fly identification
of substructures with a fine time cadence, on the other hand, could have
interesting applications in the implementation of sub-resolution models of,
for example, star formation and feedback, when they are parametrized on
global properties of galaxies, such as their stellar masses.

Deep learning (and machine learning in general) consists of statistical
methods to approximate solutions to many classes of problems and offers
the advantage of typically short computational times. I used the architecture
of an efficient fully convolutional network, U-Net (Ronneberger et al. 2015),
developed for pixel-by-pixel identification of objects in 2D images, and
extended it to the task of identifying 3D substructures in simulations.

In this work, I presented SubDLe, a substructure finder which incorporates
this 3D generalization of U-Net. I analyzed the DIANOGA simulations (see
Section A.2), a set of zoom-in cosmological hydrodynamical re-simulations
(Tormen 1997) of galaxy clusters. As the ground truth for training SubDLe, I
used the subhalo catalogs extracted from these simulations by the subhalo
finder SubFind (Springel et al. 2001b; Dolag et al. 2009). I applied SubDLe
to 3D Nearest Grid Point mass density grids extracted from the set of
simulations, splitting the whole cluster regions in 640 kpc per side sub-grids
with 10 kpc resolution (d grids). Twin grids (s grids) reporting a label “1” at
grid meshes containing a majority of substructure-bound particles (and “0”
elsewhere) were also produced for the training, based on SubFind’s catalogs.

I trained SubDLe on a NVidia Tesla P100 GPU on the Kaggle platform on a
large number of representative d and s grids. The test on a different cluster,
after matching SubDLe and SubFind subhalos, resulted in a completeness
of the output subhalo catalogs of 0.80 with respect to SubFind. I then
focused on the identification of galaxies, defined as concentration of star
particles. As such, galaxies provide much more contrasted substructures
against the background field, thus facilitating their identification performed
by SubDLe. I refer to this newly trained version as “stellar SubDLe,” to
distinguish it from the previous version based on the density traced by all
particles. The same test cluster analyzed with the standard SubDLe yielded
a completeness of 0.93 with stellar SubDLe. Furthermore, averaging over a
sample of 12 simulated clusters at z = 0, it reached 0.82 in completeness and
an even higher purity of 0.88 (most of the spurious identifications actually
correspond to under-resolved SubFind galaxies which were excluded from
the input catalog). The average SubDLe time for processing one cluster is
72 seconds, much faster than the typical execution time of SubFind, thus
matching the requirement for short computational times. In the estimate
of the execution time I did not consider the time necessary to build mass
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density grids and the FoF run on grid meshes (see Section A.2). I expect
the FoF runs to add a negligible overhead, while mass grids are typically
already built during a simulation, for example, for gravity calculations.

I tested the robustness of stellar SubDLe by repeating the identification
on one of the clusters analyzed at z = 0, at a different evolutionary stage,
at z = 1, obtaining a completeness comparable to the result at z = 0.
Furthermore, I tested the effect of increasing the resolution of the d grids by
reducing the grid pixel size from 10 kpc to 2 kpc. This led to an increase of
the percentage of SubFind galaxies that are identified by this method from
77 to 87%. This is due to the reduction of close substructures that were
artificially merged together while adopting 10 kpc resolution grids. On the
other hand, the d grids are 5 times smaller, which slightly impact the size of
SubDLe galaxies in comparison with the lower resolution runs.

I found that the stellar SubDLe performs better than the all-particles
version, not only in overall completeness, but also in reproducing the total
mass of substructures. The most challenging aspect for the stellar SubDLe is
the identification of galaxies in the innermost part of the clusters. I showed
that the fraction of SubFind galaxies identified by SubDLe is decreasing
toward the center of each cluster, within about 0.25 virial radii, especially
for lower-mass galaxies (below few times 10'° My). The smaller galaxies
are indeed easier to miss in the high-density cores of clusters, due to smaller
separations and higher level of background density. As a consequence, I
expect the stellar SubDLe to perform even better in different environments
(groups and average fields).

In future developments of this study, I plan to perform a full assessment
of how the stellar SubDLe performs in different environments, with different
resolution and even different sub-resolution physics, which might affect the
distribution of star particles. As far as the improvement of the algorithm is
concerned, I aim to further refine it by taking advantage of high-performance
computing nodes, where multiple GPUs can access a larger shared memory.
This would largely relax the constraints I had to respect in this exploratory
study, in terms of size and resolution of the grids that sample the density
field. This will allow tests on how increasing the physical extent of d grids,
while keeping the resolution fixed, can influence the mass distribution
of the largest substructures which are currently cropped by the stellar
SubDLe. I will be able to train on much larger data sets, which is expected
to improve the performance of the model, as shown in the tests presented
in Sect. A.3.5. I also plan on testing different mass assignment schemes, in
order to enhance the contrast between substructures and the background
field in the d grids, which could improve the completeness of the mass
distribution reconstructed by SubDLe for each galaxy. As a further step,
given the demonstrated improvement of completeness in the identifications
with a higher resolution of the d grids, a possible development of this work
would be a multi-resolution adaptive implementation of SubDLe, to zoom
on higher-density regions in the simulation box and increase the resolution
of the d grids, while keeping the average regions at a reasonable resolution.
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This would require to access adaptively refined meshes to sample the mass
density field in the simulation, which in many cases are already built by the
gravity solvers of the simulation code. Another possible refinement might
be the use of multiple channels in the input grids, including information on
particle kinematics to improve the separation of close substructures.

In conclusion, I have developed SubDLe, a fast algorithm based on deep
learning, capable of identifying a large fraction of galaxies in simulations of
galaxy clusters, while its performance is expected to be even better within
less dense environments. The final step, besides its possible improvements
mentioned above, will be to integrate it into a cosmological code and test it
for highly frequent, on-the-fly galaxy identifications.
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BASICS OF COSMOLOGY

This Appendix summarizes some basics concepts of cosmology, starting
with the description of the homogeneous expanding Universe (Sect. B.1)
and then introducing cosmic perturbations and their statistical properties
(Sect. B.2)

B.1 HOMOGENEOUS EXPANDING UNIVERSE

Modern cosmology is based on the evidence of the expansion of the Universe,
expressed through Hubble-Lemaitre law, and the cosmological principle.

The former is expressed through the observed relation between the receding
velocity of galaxies v and their distance d, originally inferred through the
period-luminosity relation of Cepheids in the original diagram by Hubble
(1929) and from type Ia Supernovae more recently (see Fig. B.1):

V= HOd/ (35)

where H is Hubble constant.

The cosmological principle states that there are no privileged observers in
the Universe, which, combined with the observed isotropy of the Cosmic
Microwave Background (CMB) radiation, implies the homogeneity of the
Universe (on large scales)’.

As a consequence, there is a class of preferred reference frames in cosmology,
those for which the measured temperature map of the CMB is isotropic. In
such frames, with the further request that the Universe is locally flat, the
metric can be written in the form of Robertson-Walker (RW) metric:

R2(t dr?
ds? = —cZdt? + Ri ) o +72d0Q?|, (36)
- %

where R(t) is the dimensional scale factor at epoch t, whose evolution depends
on the content of the Universe through Einstein’s field equations, Ry = R(to),
where t is the present epoch, t and r are temporal and radial coordinates
in the chosen frame and dQ? is the element of solid angle. The RW metric
is usually expressed with the dimensionless scale factor:

. R(t)
alt) = ——.
()= 5
k is the curvature constant, dimensionless, that can be re-scaled to assume
the values {—1,0, 41}, corresponding to an open, flat or closed geometry of

1 Provided that the metric has an analytic solution.
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Figure B.1: Hubble diagram, obtained with 42 high-redshift type lIa Supernovae
from the Supernova Cosmology Project and 18 low-redshift type Ia
Supernovae from the Caldn/Tololo Supernova Survey. Dashed and
dotted lines correspond to different cosmological models, with the
corresponding parameters reported at the top-right corner. Reproduced
from Perlmutter et al. 1999.

the Universe.
A useful re-formulation of Eq. 36 can be obtained by introducing the
distance along the line-of-sight (i.e. the radial direction from the origin of
the reference frame) L, and the distance projected on the sky Lg,, such
that:

ds® = —c?dt” + a*(t) [dL{y + LFy,dQ7] . (37)

Both Lgyy and Lo are comoving distances, which means that they are
defined along a path at the present epoch (i.e., for a = 1).

B.1.1 Friedmann equations

As already mentioned, the evolution of a as a function of the Universe
content is given by Einstein’s equations. In a homogeneous isotropic Uni-
verse, assuming it to be filled with an ideal fluid with matter density p and
pressure p, they yield Friedmann equations:

a 4G p. Ac?

" :—7(9‘5‘307)4‘?/ (38)

az  8nG B kc? —I—ACZ (30)
B R3a? 37 39
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where G is the gravitational universal constant and A is the so-called cos-
mological constant, first introduced by Einstein to achieve a static solution
for the evolution of the Universe. The third Friedmann equation is derived
from the conservation of energy and momentum:

p=—3-(5+o) (40)

2
For a flat universe without a cosmological constant (k, A =0), p = 38H7£tG) ;

this allows for the introduction of the critical density

. 3H(W)?
pelt) = 25 2 (41)
and the density parameter
p(t)
Qt) = . 2
B =" (42)

From Friedmann second equation (39), it follows that for a closed Universe
Q(t) > 1,1ie. p > p¢, and for an open Universe Q(t) < 1,i.e. p < p.. Hence,
the critical density separates closed and open Universes.

Introducing the Hubble parameter:

H(t) = % (43)

Friedmann second equation can be re-written in the more common form:

H(t)? p o
=Qo— +(1—0Qp)a"“.
H2 0 s ( 0) (44)

Hp, the already mentioned Hubble constant, is Hubble parameter evaluated
at the present epoch and Qg = Q(to).
Specifying the different components of the Universe, i.e. matter (with
density parameter Q),,), radiation (Q,) and A (Q ), Eq. 44 can be expressed
as:

H(t)?

E2(t) = 2 = On(to)a 3+ Qr(to)a ™+ QA+ Qx(to)a™2,  (45)
0

where QO = 1 -0, —Q; — QA is a curvature term, equal to 0 if the
Universe is flat.

The standard cosmological model, supported by multiple observations, is
the ACDM (A Cold Dark Matter) model, which describes the Universe as flat
and dominated by a Dark Energy (with a density parameter ) ~ 0.68) and
a dynamically cold non-baryonic matter (Cold Dark Matter, Qppa ~ 0.27).
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B.2 STATISTICAL PROPERTIES OF THE PERTURBATIONS

In this Section, I introduce perturbations in the density field and describe
their statistical.

The perturbation field (or density fluctuation) at the comoving position X
and cosmic time t as:

p(X,t) —p(t)

=T

, (46)
where p(X, t) is the density field at X and at the epoch t and p(t) is its average
over all possible positions.

Let us consider a partition of the “volume” of the Universe in cells centered
at positions Xj, for i € [1,n]. A cosmological model predicts a multivariate
probability function P such that P(81, 92, ...,6n))dd1dd;...ddn is the proba-
bility that the perturbation field § has a value in the infinitesimal interval
(81,01 + ddi] at position Xj, for i € [1,n].

In cosmology, the ergodic hypothesis is usually considered to be true; as a con-
sequence, it is assumed that averages over the physical space are equivalent
to ensemble averages.

Let us introduce some useful moments of the distribution function:

¢ first-order moment?:
<0 >=0,

because of the very definition of 6.
¢ Second-order moments:

— the variance
02 =< 8%(X) >,

independent of the position as a consequence of the ergodic
hypothesis.

— The two-point correlation function
E(x) =< 8(x1)8(x2) >,

where x = [X; —X2|. & is independent of the direction of the
separation vector X7 — X, as a consequence of the cosmological
principle.

If the distribution function P of the perturbation field is Gaussian, then
first and second order moments are enough to define it completely.
I now consider the Fourier components of 5(X), 0k, and its distribution
function P. Tt can be proved that the second moments of P and P are
connected by a Fourier transform. Indeed, once defined the spectral density
(also known as power spectrum) of the perturbation field as:

P(k) = Vi < [5¢)% >,

2 Here I use the notation < - > to refer to an ensemble average.
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where k = [K| and V4, is the volume of the Universe, it can be easily proved
that:

PO = | elx)e R )
Vu
By anti-transforming Eq. 47, &(x) can be written as:
L e 5> sin(kx)
£lx) = 5z | PRI de 49)

In the case of a Gaussian random field, P is a multivariate Gaussian function:

1 1 —1

P(81,82, ., 00) = e 221 8 My 8
( 1 2 TL) [(Zn)”detj\/ﬂ]/z (49)

where M is the covariance matrix, such that M;; =< 8;6; >.

Separating & in its module (6| and phase @y, their joint distribution

function can be written as the product of a Rayleigh distribution function

for 5| and a uniform distribution for @:

1512
N K o~
d(Pke Vo TP | k|

27 V7 'P(k)

This is exploited to generate initial conditions for cosmological simulations,
once P(k) is defined.

P51, p)dldplder = dldgl. (50)

B.2.1 Power spectrum of the perturbations

The most simple model for the initial spectral density P; (k) is a power law:
Pi(k) oc k™, (51)

where n; is referred to as the primordial spectral index. Assuming that
the initial perturbations were generated by inflation, a period of accelerated
expansion of the Universe, P;(k) is expected to have the form of Eq. 51,
with ng ~ 1. The shape of P(k) at the current epoch is determined by the
causal processes which have acted on perturbations from the initial epoch to
the present epoch. On the other hand, the normalization of P(k) is defined
observationally, since there is not a fundamental theory for inflation yet.
Every practical measure is filtered on a given spatial scale. The perturbation
field filtered on the scale R is then defined as:

5(X;R) = Js(x“f)wbu X/, R)d3x’, (52)

where W is a window function defined by the measurement process. Analo-
gously, from Eq. 48, the filtered variance can be written as:

1 (® 3
o?(R) = 53 L P(k)k?W?2(kR)dk, (53)

where W is the Fourier transform of W. Traditionally, the normalization
of P(k) has been expressed through the value og = ¢(8 h™!Mpc), which is
inferred from the large-scale distribution of galaxies.






LINEAR EVOLUTION OF COSMIC PERTURBATIONS

Cosmological structures, such as galaxy clusters, form from the evolution of
small density perturbations through gravitational instability in the highly
homogeneous early Universe. In this Appendix, I introduce the theory
of cosmic perturbations, applying the Newtonian approximation of small
perturbations.

In the following, I denote with X the comoving coordinates and with ¥ to
proper coordinates, which are connected by the dimensionless scale factor
a:

T = ax.

The evolution of perturbations in the linear regime can be described through
Newtonian perturbation theory under the following hypotheses:

¢ the spatial scales of structures are much smaller than the horizon, so
that causality can be considered instantaneous;

e B(X )<<,

¢ the matter content of perturbations can be treated as a non-relativistic
fluid.

The fluid approximation requires the further assumption that the mean
free path of particles is much smaller than the spatial scales of interest,
which applies to both baryonic gas and collisionless Dark Matter (DM; for
the latter, this is valid if the local velocity dispersion is sufficiently small to
neglect diffusion on the scales of interest).

C.1 NEWTONIAN THEORY OF SMALL PERTURBATIONS

I consider a non-relativistic fluid with a proper velocity field ii and a density
tield p, that generates a gravitational potential ¢.

The evolution of the fluid, with pressure P, is described by the following set
of equations:

¢ The continuity equation:

Dp L
Dt +pVe-U=0, (54)

where - is the Lagrangian derivative, defined as:

D 0
a:a#‘?u'v?' (55)
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¢ Euler’s equations:

Di VP

Dt o Vid. (56)
¢ Poisson’s equation:
Vi =4nGp. (57)

This set of equations is closed by the equation of state that specifies the
pressure P.

In terms of comoving coordinates X, peculiar velocity® V (V = a¥X), density
contrast and peculiar potential ® (® = ¢ + Jaidx?), and considering that
p o< a3 for a non-relativistic fluid, the above equations become:

5 1
_— . ] 6 ¥ prm—

6t+av [(T+d)V] =0, (58)

o a1 .. VO VP

ot T T VY E T T Gy (59)

V20 = 4nGpa?s, (60)

. v 9 _ 0,
here V = Vg and 37 = 53l

This description can be extended to the case in which the Universe
contains, beside non-relativistic matter, a smooth relativistic background
and a vacuum component; in this case, only Poisson’s equation should be
modified to include contribution by radiation and vacuum:

Vid = 4nG(pm + pr + pA), (61)

where p = p + i—‘; is the effective gravitational mass density. Equation 60 is
still valid and the source term 5 is still the perturbation in the non-relativistic
component, whereas any other uniform component only contribute to the
definition of the expanding background through Friedmann’s equations.

When P depends only on density, the set of equations in closed, though
generally P may depend on another quantity and can be expressed as
a function of density and specific entropy S. Thus, another equation is
required to describe the fluid, which comes from the definition of specific
entropy S:

dS H-¢C

sxe (62)

1 proper and peculiar velocities are related through: ii = a(t)X+V
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where H and C are heating and cooling rates per unit volume, respectively,
and T is the temperature of the fluid. For non-relativistic monoatomic ideal
gas Eq. 59 becomes:

ov

a.
— 4 —V+
a

= V- Vii=—— =~ VS5, (63)

1

a a al+d 3a

where ¢s = 4 /g—gls is the adiabatic sound speed and T is the temperature of
the background. From Eq. 63 it can be seen that both density and entropy
perturbations can be sources of density fluctuations; accordingly, there
are two modes of initial perturbations, isentropic perturbations, for which
the initial perturbations are only in p (8; # 0,8S; = 0) and isocurvature

perturbations (6; = 0,8S; # 0), which can be both present in the initial
conditions.

In the linear regime (6 << 1 and V] << c) Egs. 58 and 63 become:

06 1

—_— — '_’\:O’

at—i—aV Y (64)
ov a Vo c? 2T

L Ty =T ISYs— VS

at—i—av m aV 3aV , (65)

where T is the background temperature. From Eq. 65, it can be derived that
there is no source for vorticity in the linear regime and V x v c a™!, which
means that swirling peculiar motions die down as the Universe expands.
Differentiating Eq. 64 and using Eqs. 60 and 65, I can derive a second order
differential equation for the density contrast:
2 . 2 T
%Hg% :4nG§6+%V26+§%VZS (66)

The Hubble drag on the left-hand side of the equation creates a friction-
like term which decelerates the otherwise exponential growth of pertur-
bations that can arise from Jeans instability driven by gravity. The source
terms in the right-hand size include the gravitational term depending on
the amplitude of the perturbation and two pressure-like terms that depend
on the spatial non-uniformity of the density contrast and of the specific
entropy.

I now introduce the Fourier transform of the density contrast, 5;(t), such
that:

o 1 o
51,0 = 3 80T ap(t) = - [ 8(x Ve TS, 67)
]_(, w

where V,, is a volume within which ¢ is assumed to be periodic.
In Fourier space Eq. 66 becomes:

d%s- _adé-
k k
e Caam (68)

kZc2 2T
a2

= [4716() ——*
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and Eq. 60 becomes:
—k? Dy = 4nGpa’sy. (69)

Since V x V = 0, the velocity field can be written as the gradient of a scalar
field: v = VV or, equivalently, Vi = ikV. Fourier-transforming Eq. 64,
another relation in Fourier space can be derived:

iak ddy
kZ dt -’

—

K

(70)

For isentropic perturbations (i.e., with null initial entropy perturbation) with
adiabatic evolution, and neglecting the Hubble drag term, Eq. 68 turns to:

d?6-
dtzk = —wZSE, (71)
with w? = & _4nGp.

When w? > 0, i.e. when k > ky = 7“17;56‘_’(1, the solution is a sound wave
propagating at speed cs, whereas for k < kj, w? < 0 and the solution is a
stationary wave whose amplitude either increases or decreases exponentially

with time. The spatial scale corresponding to kj is the Jeans length, A; =
Considering the Hubble drag, for k > kj (A < Aj) the acoustic waves are
damped, while for k < k; the exponential growth of the growing mode of
the solution is slowed down; in conclusion, only perturbations with k < k;

can grow.

Cc

C.2 COLLISIONLESS GAS

In case of collisionless particles (such as DM particles), the fluid approxima-
tion is not valid, thus to resolve the evolution of perturbations one has to
resort to Lagrangian mechanics. The Lagrangian of a particle of mass m in
a gravitational potential ¢:

2

1
L=-mu

2 —mao, (72)

which can be transformed, through a canonical transformation, into:
L= Emazxz —mQ. (73)

For a collisionless gas, the phase-space density f obeys Boltzmann collision-
less equation, which can be rewritten as Vlasov’s equation:

of(X, P, t) P . S, Oof(X,p,t)
ot mal(d) VE(X, P, t) —mV(, ) o5 =0. (74)
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P = %7 = mav is the canonical momentum conjugate to the comoving
coordinates.

Observable quantities are defined through the coarse-grained p-moments;
given a quantity Q, its (first) p-moment is:

<Q>((X) = Hchﬁ 5, n= de%? = pa’[1 +5(X)]/m. (75)

Here, I assume that the density of the Universe is dominated by the colli-
sionless particles under consideration.

Using the previous definitions and Eq. 74, one can obtain the collisionless
equivalent of the continuity equation and Euler’s equations in an expanding
Universe:

3
06 1 0
" aga— +8) <vj > =0, (76)
0 <v;> 1 0<vi>
T <v1>+a]Z< o
__1ao ia (1+38), (77)
T Ao +5 o 77
where
012]- =< ViV > — < vy >< Vv > (78)

describes chaotic motions, that play the role of an anisotropic pressure in Eq.
77. The equations for first velocity moments involve the second moments
and, in general, equations for the i-th moments involve the (i + 1)-th, thus
the dynamics can be fully resolved only if some assumptions are made to
truncate the hierarchy of Euler-like equations.

Adopting a perturbative approach, one can solve Vlasov’s equation splitting
the phase-space density in an unperturbed term (fy), which depends only
on [p| in a homogeneous isotropic background, and a perturbation (f7):

f=fo+fy. (79)
The equation for f1, to first order in the perturbed quantities, is:
ofq 1 ofo
— 4+ ——p - Vf O.—=0.
m + 5P - Vi —mV o5 (80)

Fourier transforming it and defining the variable & such that g—z = a?, the
solution for the Fourier transform of f;, given the initial condition f¢(p, &),
is:

iK-p )
fe(P, &) = fe(p, e w (S84

— of iK-p /
mik - ( ag) J dg/a?(£) (£ e W EE), (81)

which can be solved iteratively. The first term of Eq. 81 is a kinematic
term which describes the propagation of the initial condition, whereas the
second one describes the dynamics through ®.
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C.3 FREE-STREAMING DAMPING

If k-B/m >> &' (a/k << vt), the integrand of the dynamical term in Eq.
81 varies so rapidly that the integral is negligible, so perturbations cannot
grow with time and, since the density contrast is proportional to [ f; d3p,
the rapid variation of the kinematic term in Eq. 81 implies that perturbations
not only are prevented from growing, but they are damped as well. This
is known as free-streaming damping and is due to the particles’ random
motions; the free-streaming length below which this effect is important is
the comoving distance traveled by the particle till the cosmic time t:

_ t\)(t/) ,
Afg = JO a(t’) dt’. (82)

Assumig that a particle becomes non-relativistic prior to the equivalence
(teq), it can be shown that, at teq:

2ctny
a(tnr)

From this, one can obtain the free-streaming mass for light neutrinos of
mass my:

)\fs =

(1 +1n(a(teq)/a(tnr))]~ (83)

-2
_ 15( My
M¢s =13 x 10 <30eV> Me. (84)

Thus, in a Universe dominated by light neutrinos, the first objects to form
should be superclusters.



NUMERICAL METHODS FOR COSMOLOGICAL
SIMULATIONS

To describe the formation of cosmic structures in detail, particularly in
the highly nonlinear regime where perturbations on different scales are
coupled, numerical simulations are essential. In this Appendix, I give a
brief overview of the main numerical techniques used to solve gravity (sect.
D.1), followed by a description of hydrodynamic methods (sect. D.2), with a
focus on Smoothed Particle Hydrodynamics (SPH).

For this Appendix, I refer to Appendix C of Mo et al. 2012, Dolag et al.
(2008), Rosswog (2009), and Springel (2005).

D.1 N-BODY CODES

N-body techniques represent the most advanced tools available for solv-
ing gravitational dynamics in a cosmological context, where the linear
approximation described in Appendix C breaks down, and the gravitational
instability of DM perturbations in the strongly nonlinear regime must be
treated numerically. In simulations, the DM density field is sampled either
by particles or on a grid. We can therefore consider a system of N collision-
less particles, defined by their positions T; and velocities t; (i € [1,N]) ata
given time, and write down the equations of motion for each of them. The
equations of motion for the i-th particle are:

dri

T Uy (85)
and

dti; .

pTale —Vzdi. (86)

In comoving coordinates and for peculiar velocity and potential, these
become:

dX; Vi dvy
a

~a’ at

. 1
i + (% = VO, ®7)

where H(t) is the Hubble parameter at cosmic time t.

The gravitational force acting on each particle depends on all the other
particles’ positions, so there are 6N coupled first-order ordinary differential
equations that can be numerically integrated in finite time steps t,,. In order
to solve these numerically, different time integrators are available. In the
leap-frog time integrator, positions and (specific) forces (F;) are evolved in
time by half time steps. For example, in the Drift-Kick-Drift version of the
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method, the first step is a “drift”, an update of the position at half time step,
followed by a “kick”, an update of velocity at full time step, and then by
another drift:

3} Aty
Tl(tn+]/2) = Ti(tn) +Tnui(tn)/ (88)
Ui(tn1) = Uiltn) + Filtny1,2) Atn, (89)
o R t .
Tiltnet) = Tiltnar/a) + =5 altn). (90)

Aty
where tni1 = tn + Atn, ther/2 = tah £ 255

The crucial point in solving the evolution of a large number of particles
is to find an efficient way of calculating the force (or the gradient of grav-
itational potential) on each particle. The different implementations of an
N-body scheme thus correspond to different ways of computing forces (or
potentials) and are briefly discussed in the following Sections.

p.1.1  Direct Integration Codes

The most simple and accurate way to describe gravitational interaction
between mass points m; is to calculate explicitly Newton'’s force:
m; (v —73)

Fo—cy mi) (o1

e

where F; is the force per unit mass acting on particle i at 13 due to interaction
with all the other particles, over which the summation is performed, and G
is the gravitational constant.

At every time step, forces acting on each particle are recalculated and
particles moved according to the adopted time integrator. During intervals
between time steps, particles follow a uniform linear motion, thus to reduce
errors in computed trajectories, time intervals need to be shorter where
particles undergo stronger accelerations, which typically happens when
close encounters occur.

The accuracy in controlling the time steps is fundamental in this scheme to
reduce integration errors.

Using Eq. 91 to express the force between two extended pseudo-particles’
provides a better approximation the farther apart the particles are. At small
distances, the behavior of particles is not realistic, since the gravitational
force between point-like particles described by Eq. 91 diverges as they ap-
proach, while this is not the case for extended mass elements. This problem,
called “collisionality”, causes unrealistic behavior in close encounters, with
particles moving on hyperbolic orbits.

Here, I refer to pseudo-particles as the mass elements used to sample the DM density field in
N-body simulations, emphasizing that these are not physical DM particles.
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To avoid this problem, in direct codes, a “softening parameter”? e is in-

troduced in the denominator of Eq. 91. A possible choice, called the
“Plummer” softening, is to add the square of € to the squared module of
inter-particle separation in Eq. 91, so that the implementation of the specific
force experienced by particle i becomes:

; my( — )
Fi =—G ) )
D Y 2

In this approximation, forces are non-Newtonian on scales smaller than

few € (~ 2.7 x € for the specific case of Eq. 92). As a consequence, the
trajectory of a single particle is not physically meaningful. Nevertheless,
pseudo-particles tracing the DM density field are not real particles, as
mentioned before, thus only their collective and statistical properties should
be considered.
This method is considered the most accurate in solving an N-body problem
and is applied when high precision is needed. On the other hand, it has
the disadvantage that computational cost is proportional to N2, where N is
the total number of particles, since the computation of forces is a pairwise
operation. This results in a prohibitive number of operations for large
systems, making it not feasible for solving problems that cover a wide
dynamical range, such as cosmological simulations.

D.1.2 Particle-Mesh scheme

In Particle-Mesh (PM) methods, gravitational potentials and forces are evalu-
ated on a mesh and then interpolated at particle positions. At first, a scheme
to assign density to mesh points is chosen, then the density is Fourier-
transformed and potential at mesh points is computed from the density
field by solving Poisson’s equation in Fourier space. The next steps are
anti-transforming the potentials, calculating forces at mesh points through a
finite-difference approximation of derivatives, and then interpolating the
forces at particle positions.
For explanatory purposes, consider a cubic domain of side length L, dis-
cretized into N = M3 cubic cells (or meshes) of side § = L/M. The domain
is assumed to be periodic, implying that any physical field — such as forces
or potentials — evaluated at mesh points is periodic as well. Consequently,
these fields admit a discrete representation in Fourier space. Every grid
point is identified by a triplet of integers and its coordinates can be expressed
as:

Xg =04,
where § = (q1,q2,q3) and q; € [1,M], for i =1,2,3. This indexing scheme
defines the regular lattice on which the discrete fields are computed.
As previously discussed, the first step in solving an N-body problem with

2 € is usually chosen to be 1/20-1/50 times the mean inter-particle separation in the simulation.
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a PM method is defining an assignment scheme to map the mass density
field on the grid. For a generic assignment scheme, if the mass of a particle
is distributed to the closest 1> meshes, then the contribution of the i-th
particle to the mass density assigned to the grid point X is described by a
weighting function W(Xg —Xi), defined as:

W(xa—xi)zjw< q)S(x—xi,hm% (©3)

where h = nd, S(X,h) is a shape function that defines the assignment
method, and:

W(x) = 1 |X|<0.5 (94)
0 otherwise.

At this point, all the necessary ingredients have been introduced to express
the mass density assigned to the mesh point X3, under a given assignment
scheme (once S, and therefore W, are fixed):

ol@) = o > MW — %) 99)

The weighting function, also referred to as the kernel function, is normalized
to unity:

Jd3>ZW: 1. (96)

In the following I list some examples of mass assignment schemes3.

¢ Nearest Grid Point (NGP): the mass of a particle is assigned to the near-
est mesh point, resulting in discontinuous forces. This corresponds,
in the previously introduced notation, ton =1 and S(X, h) = 503 (),
where §(3) here denotes the 3-dimensional Dirac §-function.

¢ Cloud In Cell (CIC): the mass of a particle is distributed to the closest 8
mesh points, weighted by the intersection of the volume of the a cube
centered on the particle position with side § and the volume of the
mesh. In this case, the forces are continuous but their first derivatives
are not. Here n =2 and S(X, h) = W(X/h).

¢ Triangular Shaped Cloud (TSC): n =3 and S(X,h) =1— %, it is asso-
ciated with a piece-wise quadratic interpolation function and provides
both a continuous density field and a continuous first derivative of
density.

Once the assignment scheme is chosen, the density field can be evaluated at
mesh points and its Fourier components p(K) can be computed with a Fast
Fourier Transform (FFT) technique.

3 I use the expressions “mass assignment” and “mass density assignment” interchangeably
because all grid cells have the same volume &3, so mass and mass density assigned to a
mesh point only differ by a constant factor
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The gravitational potential of a given mass distribution can be written as a
convolution of the density field and an appropriate Green’s function, which
depends on the boundary conditions:

-

5(%) = | &gz~ x")p(x) ©7)
Then, the Fourier transform of the potential can be expressed as:

where gi is the Fourier transform of Green’s function, which needs to be
computed only once, at the beginning of the simulation, from Poisson’s
equation in Fourier space:

k2 = 4nGpy; (99)

where k = [K|. This givest g = _4]7;726’ from which ¢ is obtained through

Eq. 98 and then, by anti-transforming it, the potential in real space can be
recovered at mesh points.

The next step is the calculation of forces at mesh points by computing
the approximate gradient of the potential via finite-difference. To update
positions and velocity of particles, forces must be evaluated at particles’
positions X; via interpolation:

F(xi) = ) W(X; —%g)F(Xg). (100)
q

Here W(X) should be the same kernel used for mass assignment, in order
to guarantee symmetry in forces between pairs of particles, which in turn
guarantees the conservation of momentum.

In this scheme, the force resolution is limited by the size of the grid, so a
strong constraint is given by memory rather than computation time, which
is the major limitation of this method. On the other hand, the computation
time is dominated by the time required to perform a FFT, which gives the
advantageous scaling of Nlog(N),where N here is the number of meshes.

D.1.3 Tree codes

In a tree code, the force acting on a particle is calculated from truncated
multipole expansions® of the gravitational potential generated by other par-
ticles, which are hierarchically grouped according to their distance from the

This is referred to the Laplace operator in R3, the discretized spatial domain and the mass
assignment scheme modify gy.
The potential of an arbitrary distribution of matter can be written as an expansion in
multipoles as:
Yi"(6, ¢)
(b(r/ e/ (P) = Z lTl#le’ (101)

1,m

where Y™ are the spherical harmonics and Qy,, are the multipole moments of the system.
See Binney & Tremaine (1987) for details.
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particle under consideration.

In this scheme, one can either fix the order of the multipole expansion, in
which case more distant particles can be grouped together and their con-
tribution to gravity can be accounted for by considering a single multipole
force, or one can fix the force accuracy instead. In the latter case, more
distant groups require fewer terms in the expansion to achieve the same
accuracy as nearby particles.

The central point of this method is the hierarchical grouping of particles,
which can be done through a recursive space partition. in the version pre-
sented by Barnes & Hut (1986), this is done by building an oct-tree, in which
the matter distribution is encompassed by a cubical root node, which is
repeatedly partitioned in eight “children” cubic nodes with half-side length
until each node either contains one particle or is parent to other nodes. To
obtain the total force acting on the considered particle, one has to walk down
the tree, summing contributions to the force by the different nodes as long
as a fixed criterion - the “opening criterion”, which defines the accuracy
of the force computation - is met. At each node, starting from the root,
an evaluation is made to check if the multipole expansion of that node
guarantees enough precision in the force evaluation. If this is not the case,
then the node is “opened”, which means that one has to walk down the tree
to its children nodes and check if they meet the accuracy criterion. In the
standard formulation, given an accuracy parameter 9, a node of size 1 is
opened if r < 1/9, where 1 is the distance from the center of mass of the cell
to the particle for which the force is computed. This means that the node is
opened if it is seen by the particle under an angle larger than 9 (typically
¥ ~0.5rad).

A simplified 2D example is shown in fig. D.1: a 2D box is hierarchically
divided in squares with half the side of their parent until each of them only
contains one particle.

In a tree code, the force evaluation requires a number of operations approxi-
mately proportional to Nlog(N), which is the exact scaling for a homoge-
neous distribution of particles, whereas in case of strong inhomogeneities
the scaling is less efficient. The force error can be conveniently controlled
through the accuracy criterion, for example reducing 9 in the standard
formulation, which means walking lower levels in the tree, opening nodes
which are farther from the particle for which the force is computed. A
drawback is that, at least in the standard formulation, the force between
two particles is not symmetric, which means that momentum is not con-
served; nevertheless, there are extensions of this scheme with improved
conservation properties.

D.1.4 Hybrid schemes

Hybrid methods can be constructed by combining the ones previously
described, like the TreePM (see, for example, Xu 1995), which merges a Tree
code and a Particle-Mesh, or a P3M (Particle-Particle-Particle-Mesh) code,
which is a synthesis of a direct and a PM code.
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Figure D.1: A schematic illustration of the implementation of an oct-tree in two
dimensions; the root node (top left) with side 1 is divided in sub-
squares of sides 1/2 (top right), then the same is done with each of
the children nodes and with their children as well, until each square of
the final partitioned domain contains only one particle (bottom right).
Reproduced from Springel et al. (2001a).

In TreePM codes, the Fourier transform of the gravitational potential is split
in a short-range and a long-range term based on a spatial scale r:

b q)short _Hblong (102)
where
29 = dre (103)

If rg is small compared to the size of the box, the solution for the short-range
term in real space is obtained from Poisson’s equation:

d)short -G Z ’ (104)

2.2
7k TS

where 1; = [X; —X| and erfc(x) is the complementary error function. The
corresponding force term is evaluated in real space with a tree code, whereas
the long-range term is calculated with a PM scheme. This hybrid method
has the advantages of a tree code with an improved accuracy in the long-
range force, which is no more an approximation as in a pure tree code.
Furthermore, for rs slightly larger than the mesh spacing, it avoids the
anisotropies typical of PM codes on small scales.

In a P>M code, long-range forces are calculated with a PM algorithm,
while forces between particles closer than two times the mesh spacing are
computed directly. To prevent high time consumption, since in the case of
highly clustered particles the computation time is basically that of a direct
code, an adaptive mesh can be applied. In this case, wherever there are
many close particles in a parent grid, a finer grid is used, which defines an
AP3M (Adaptive P3M) scheme.

D.1.5 time step criterion

The variation of the position vector ¥ in a time step At = t,, 1 —tn can be
expanded as:
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1=
A?:ﬁ(tn)At—i-EF(th/z)Atz—I-‘~. (105)

In order to have an accurate integration, the second term on the right-
hand side of Eq. 105 must be sufficiently smaller than the first, which calls
for a time step criterion of the form:

o
At = Kol =, (106)

[F|
where o is the typical velocity dispersion at the considered position and
Qo1 is a dimensionless tolerance parameter (with a typical value of ~ 0.1).

D.1.6 Initial conditions

To define the initial conditions for cosmological simulations, one needs to
set up a uniform background for the unperturbed Universe and add initial
perturbations with statistical properties depending on the cosmological
parameters; the density contrast is typically assumed® to be a realization of
a Gaussian random field with a power spectrum P(k), which is the variance
of the density fluctuation field in Fourier space, and completely describes
the statistical properties of the Gaussian field.

As a consequence, the first step to generate initial conditions is to generate
a set of complex numbers whose phases are uniformly distributed and
whose amplitudes have a Rayleigh distribution with variance P(k) (see, for
example, Bardeen et al. 1986). Randomly drawing two real numbers r; and
T2 in the interval ]0, 1], one gets the realization of the density contrast in
Fourier space for a given K:

dp = +/—2P(k)InT4 el2mr2, (107)

The potential on a regular grid q in real space can be written as a Fourier
transform:

O(F) =)

—

k

>

&

eﬂ?ﬁ/ (108)

=
N

A uniform background represented through a regular grid of particles has
the disadvantage of altering the statistical properties of perturbations on
scales approaching the grid spacing and introducing strong anisotropies on
all scales. As suggested by White (1996), one could use a uniform glass-
like isotropic configuration, which can be created by generating a random
distribution of particles in the simulation box and letting them evolve with
the desired N-body integrator with an artificial repulsive gravity, resulting
in a uniform background with no recognizable anisotropy on scales larger

This assumption is theoretically expected and confirmed with good precision by observations
of the Cosmic Microwave Background.
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than few inter-particle separations, from which small-scale structures do not
grow until the expansion factor reaches large values.

Starting from the unperturbed Universe, positions and velocities of parti-
cles sampling a linearly evolved density field can be generated through
Zel’dovich approximation (see Zel’Dovich 1970), which gives the following
velocity and displacement:

i=-D(t)VO(§); %(g,t)=d—D(t)D(q), (109)

where D(t) = 6 (t), the linear growth rate, is the amplitude of the growing
mode of the perturbations.

D.2 NUMERICAL HYDRODYNAMICS

The evolution of the collisional baryonic component of the Universe, in the
gravitational field created by DM in nonlinear regime, is described through
numerical hydrodynamic schemes. These consist of two main classes of
methods, Lagrangian and Eulerian schemes. In Lagrangian methods, the
evolution of fluid elements is traced, whereas the Eulerian approach follows
the evolution of fields (e.g., density, velocity of the fluid etc.) at fixed
positions.

The evolution of a collisional fluid is described by the set of the following
six equations, which are expressed in a Lagrangian formulation, since
the description of numerical hydrodynamics in this section will focus on
Smoothed Particle Hydrodynamics, a widely used Lagrangian method:

¢ the continuity equation:

% _ oV, (110)

where p and 1i are density and velocity of the fluid, respectively.

¢ Euler’s equations (for a non-viscous fluid):

du VP .
—_— = ——— f,
It 0 + (111)

where P is pressure and f is a possible external force per unit mass
(e.g., gravitational or magnetic force);

¢ the first law of thermodynamics (adiabatic case):

e _ P u (112)
dt ’
where € is the internal energy per unit mass;

¢ the equation of state, which for an ideal gas, takes the form
P=(y—T1)p¢, (113)

where v is the polytropic index, equal to 5/3 for an adiabatic monoatomic
gas.
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D.2.1 Smoothed Particle Hydrodynamics

Smoothed Particle Hydrodynamics (SPH) is one of the most popular La-
grangian approaches to solve hydrodynamics numerically. The fluid is
sampled with particles and hydrodynamic quantities, like density, are car-
ried by each of them and smoothed over their neighbors. Here I describe
the basic form of SPH equations, the standard SPH, and then give some hints
of how to derive a more modern version with more “natural” conservation
properties; to this purpose I will follow mainly the review by Rosswog
(2009).

The standard SPH results from a direct discretization of hydrodynamics
equations, with an ad-hoc symmetrization to guarantee momentum conser-
vation.

In SPH, the already mentioned “particles” are not to be intended as physical
constituent particles of the gas, but merely points at which thermodynamic
quantities are interpolated, which are advected with the local velocity of the
fluid.

The core part of SPH is the kernel approximation, which gives an approxi-
mate representation of a function f(¥) smoothed on a scale h, as:

—

fr(F) = J f(r)W(F—17,h)d3r’, (114)

where W(T) is the smoothing kernel, that, in order to recover the exact
function in the limit of a vanishing smoothing length h, has to satisfy:

lim £, (7) = £(7), (115)
JW(F—F’, h)d3r’ = 1. (116)

Equation 114 can be re-written as:

fr(F) = J ;((:_;)) W(F—17,h)p(r)) a3, (117)

that can be discretized as:

f(¥) = Z %be(F— %, h), (118)
b

where fy, = f(1%). The kernel needs to have a compact support, to avoid
inefficient N2- method, that would be of no use in realistic hydrodynamics
problems with large number of particles. From Eq. 118, the central equation
of SPH formulation can be derived:

p(F) =) myW(F—13,h), (119)
b

which expresses the density evaluated at position ¥ as a weighted sum
of masses of particles in the neighborhood of . In order to ensure the
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conservation of angular momentum, radial kernels are usually employed,
with a popular choice being a cubic spline kernel (Monaghan 1992):

1—3R%/2+3R3/4 0<R<1
W(r, h) = e (2—R)3/4 1<RK2 (120)
0 otherwise,

where R = r/h. Other than its compact support and radial symmetry, the
kernel defined in Eq. 120 has the advantage of having both first and second-
order derivatives continuous.

By writing f(¥”) as its Taylor expansion around ¥ and substituting Eq. 120
in Eq. 114, one can write explicitly the error made in this particular kernel
approximation:

fL(F) = £(F) + c2h? + O(hY), (121)

where the coefficient ¢, depends on the second-order derivatives of f, thus
the smoothed representation is exact for constant or linear functions. Since,
in addition to the interpolation, the equations of hydrodynamics have to
be discretized, the final accuracy is also dependent on the distribution of
particles.

If the particle masses are fixed, the mass conservation is perfect and the
density can be computed from Eq. 119, without solving a discretized version
of Eq. 110. The discretization of Egs. 111-113 can be done without resorting
to finite differences for the evaluation of derivatives thanks to the kernel
approximation:

vim =Y %fbVW(F— o, h), (122)
b

since the exact gradient of the kernel can be used.
Discretizing Eq. 111 with f = 0 gives:
diiq 1

Mp
= —— —PuVaWab,
at Pa & o bVaWab (123)

where Wq, = W(Fq — 7). We note that Eq. 123 breaks the conservation
of momentum, since the forces exerted by particle a on particle b and vice
versa read, respectively:
o MpMg

ab = PoVaWayb; F‘;a = -
PvPa PaPo

MaMp

T

PoVaWap, (124)

where the property VWq, = —V, Wgp of radial kernels has been exploited;
the presence of the pressure breaks the symmetry, since in general P, # Py,
thus Newton’s third law is not respected.

Nevertheless, we can take advantage of the freedom in the discretization to
enforce the conservation of momentum, starting from:

P VP Ve
V() ="-P, 12
<p> P p? (125)
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isolating the term VP p on the left-hand side and using the right-hand side
for the discretization of Eq. 111. In the end, one obtains the manifestly
symmetric equation:

dua = —Z ( = > VoW, (126)
pb

The implicit assumptions made till now are that h is constant and that
VaWap is symmetric in the smoothing lengths (ie. V W(rqp, ha) =
VaW(rab, hp)); while the latter can be imposed by enforcing the sym-
metry, the former is a simplification and h is usually different from particle
to particle, which is the origin of the “grad-h-terms” that appear in the gen-
eralized equations of SPH, that are reported in the following. A variable h
is used to exploit the Lagrangian nature of SPH, by increasing the (Eulerian)
resolution where density is higher, i.e. where more particles are present.
The discretization of Eq. 112 gives:

dég

Xt Zmbuab VaWap, (127)

e 5

where ligp = Ugq — Up.
Together with the (straightforward) discretization of the equation of state,
Egs. 119, 126 and 127 form the complete set of equations that are solved in
the standard SPH formulation.
For the choice of h, one would like to decrease it where density is higher,
which can be done in several ways, like keeping the mass or the number of
neighbors of each particle constant within a radius h or by solving;:

dhg 1

dt - gha(v ' v)a/

which comes from the ansatz h(t) « p(t)~'/3 and the continuity equation.
The evolution of gas can easily develop in discontinuous solutions (on the
scale of the simulation), known as “shocks”, as a consequence of physical
viscosity; this problem can be approached numerically by using the ana-
lytical solution to Riemann problem or by adding an artificial viscosity to
broaden the discontinuity over numerically resolvable lengths, where the
gradients of thermodynamic quantities can be calculated. Most astrophysi-
cal SPH implementations apply the second strategy, by adding an artificial
contribution to the pressure term in Eq. 126:

dv P
V“ = —Z < + pﬁ’ +ﬂab> VaWap. (128)

Equation 127 should be modified consistently:

déq

T = o2 Z MpVab - VaWab + = 2 Zmbﬂabvab VaWay. (129)

e 5

I refer to Monaghan & Gingold (1983) for a more detailed description of
widely-used versions of artificial viscosity.
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As already mentioned, symmetries need to be enforced ad hoc in the standard
SPH to ensure conservation of energy, momentum and angular momen-
tum, whereas a “clean” approach based on the variational principle can
be adopted to derive SPH, based only on a Lagrangian with appropriate
symmetries, the first law of thermodynamics and a prescription for density
(e.g., Gingold & Monaghan 1982). The discretized Lagrangian of an ideal
fluid reads:

LspH = Zml ( E(pi,s )I) (130)

where s represents the entropy per unit mass. To obtain a prescription to
compute density as a function of particle positions, Eq. 119 can be used,
allowing for different smoothing lengths for different particles:

Z mpW(rqa — 1%, ha), (131)

where the adaptivity of h can be accounted for with hq = n(mg/ pa)1/3
(withn € [1.2,1.5], see Gingold & Monaghan 1982). In this way, p depends
on h, which in turns depends on p, so iterations are needed to reach
convergence.

From Eq. 131 and using the properties of radial kernels:

dpa
dt

1 _
= _O.ia % MpUagb - va\/\/ab (ha)r (132)

where

Qa_< Z aW“b )>. (133)
b (1

By using Lspy in Euler-Lagrange equations, the first principle of thermody-
namics and the new prescription for density assignment while still keeping
the particle masses constant in time, the generalized SPH equations can be
derived:

déq
= W (h
m Qapa ; MpUab - VaWab (ha), (134)

dig
dt:_Zmb<

By allowing a varying h, the terms on the right-hand side of the SPH
equations have gained 1/Q factors, which are known as “grad-h” terms and
ensure better accuracy in the solutions of SPH equations. Fixing the masses
in time, the continuity equation does not need to be solved, whereas the
others must be integrated with a time integrator. Because of the presence of

Py,
ab(ha) + pr%VaWab(hb)>~ (135)
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spatial derivatives in the equations, the time step needs to fulfill the Courant
condition |[v|At/Ar < 1, which gives, in SPH:

axchy

At = pury iR _ 7 (136)
YRV - @il 4+ max(cs i, [T )

where c ; is the sound speed at the position of the i-th particle and . is a
tolerance parameter.

SPH performs poorly in low-density regions, being a Lagrangian, particle-
based method, whereas it can achieve high resolution in dense regions;
the conservation properties are its major strength and, in its “generalized”
formulation, it is not affected by any arbitrariness.
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