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Abstract

Dust grains are fundamental components of the galaxies of our Universe, affecting both
the physical processes of galaxy evolution and their observability. Therefore, incorporating
dust physics into galaxy evolution simulations is essential. This Thesis investigates various
aspects of dust within galaxy evolution using a state-of-the-art dust model integrated into two
commonly adopted tools: hydrodynamic simulations and semi-analytic models (SAMs). The
dust model includes both stellar production of dust and the growth/destruction of grains in the
gaseous phase, allowing to track the dust content and, in an approximate manner, the size and
chemical composition of grains. This model, originally developed in previous hydrodynamic
simulations, was integrated into a SAM as part of the work done in this Thesis.

The dust model in cosmological hydrodynamic simulations is exploited to study the size
and chemical properties of grains across different galaxies, alongside with some other basic
predictions concerning the simulated galaxy population. The key result is that grains features
depend on the evolutionary history of galaxies. Massive galaxies tend to have a population
of silicate-rich and smaller grains compared to less massive galaxies. This difference is
attributed to the larger relevance of grain growth in the interstellar medium (ISM) of massive
galaxies, driven by the large amount of dense gas, compared to dust production by stars.

The SAM equipped with the dust model is used to explore various topics, including
the evolution of cosmic dust abundance across redshift. Observations suggest a decrease in
galactic dust abundance from z ~ 1 to z = 0. Predictions from the model presented here are in
keeping with this trend, suggesting that the decrease may not be due to intrinsic dust-related
processes but rather the adopted galaxy evolution framework. Specifically, the growth of
supermassive black holes (SMBHs) during disc instabilities (DIs) is critical for reproducing
the observed drop within the context of this model.

The SAM-based model is employed also to investigate the star formation rate (SFR) and
dust content of local galaxies within different regions of the cosmic web. An analysis using
SDSS and GAMA data shows that galaxies in less dense environments (such as voids and
walls) tend to be more star-forming and dust-rich up to a certain mass (~ 10° — 108 My),
beyond which environmental differences reduce. The model is in agreement with these
observations, attributing the reduced environmental impact in massive galaxies to the in
situ growth of SMBHs driven by DIs, which makes galaxy quenching less sensitive to the
environment where galaxies reside.

Finally, the galaxy catalog produced by the SAM is post-processed with a Radiative
Transfer (RT) code to predict observable galaxy properties taking into account dust absorption
and emission. The analysis reported here focuses on the sub-mm emission of galaxies in the
local Green Valley (GV), i.e. the transition region between the blue cloud and red sequence
of the color-mass diagram. In keeping with GAMA and H—-ATLAS observations, the model
predicts significant sub-mm emission in GV galaxies due to their substantial dust content,
which declines more slowly compared to the SFR, resulting in their optical green color.
Conversely, rejuvenating systems in the GV exhibit low sub-mm emission due to insufficient
time for significant dust growth after a quenched period.
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Background and Methods






Introduction

Although luminous matter in our Universe makes up just a ridiculously small fraction (< 5%)
of the total mass-energy budget, it provides most of our knowledge of how everything works.
Astronomers typically refer to it as baryonic matter, which is essentially composed of gas and
stars. These components, especially the stars, are organised into larger structures known as
galaxies. Often called the building blocks of the Universe, galaxies are of particular interest to
astronomers for two main reasons. First, they are complex systems that host a variety of poorly
understood physical processes that rule the formation and evolution of galaxies, including
our own. Second, due to their abundance, galaxies can be used as tracers of the structure
of the Universe. These characteristics make the study of galaxy formation and evolution an
extremely stimulating field for a wide range of diverse interests.

Extra-galactic astrophysics has become one of the major fields of astrophysics and cosmology
since its foundation, which dates back about a century. Although galaxies were observed as
early as the 18th century, their true nature was not understood until the 1920s. Astronomers
initially believed that these nebulae were objects within our own galaxy. This view was
supported by Harlow Shapley, who opposed Heber Curtis’s position during the ’Great Debate’
held at the Smithsonian Museum of Natural History in 1920. Curtis argued that these nebulae
were actually other galaxies, existing on extra-galactic scales. This idea was ultimately
confirmed a few years later by Edwin Hubble (Hubble, 1925), who used Cepheid stars
to measure the distances of some of these nebulae, thereby confirming their extra-galactic
nature.

Since then, extra-galactic astronomy has advanced significantly. Galaxies have been ob-
served in a diverse range of morphologies, luminosities, and sizes, and more recently, their
composition, large-scale environment, and redshift distribution have been extensively studied.
In particular, the fact that light travels at a finite speed is invaluable in astronomy, as it allows
us to observe galaxies at different stages of their evolution. The advancement of telescopes
enabled astronomers to observe the electromagnetic spectrum of galaxies, known as their
Spectral Energy Distribution (SED), up to high redshift. This has provided crucial insights
into the components of galaxies, especially concerning the characteristics of stars and the
Interstellar Medium (ISM) they contain. The radiation observed primarily originates from
stars, but it is heavily modified by the interaction with the surrounding ISM. Consequently,
the SED that we observe is influenced not only by the stars features like age and chemical
composition but also by the composition and geometry of the ISM.

Among the various components of the galactic ISM, dust plays a particularly crucial role,
at least within the context of this Thesis. Dust grains are small solid particles ranging in size
from ~ A to ~ 0.1 um, composed of heavy elements such as carbon, oxygen, magnesium,
silicon, and iron. Despite constituting a tiny fraction of the galaxies mass, dust is critically
important for both the detectability and evolution of these systems.

As for detectability, grains significantly obscure light emitted by stars and Active Galactic
Nuclei (AGN), making it necessary to take dust into account when interpreting observations.
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Ficure 1.1: Example SED of a galaxy with the contribution of stars and
interstellar dust. The flux is in arbitrary units. Different lines refer to the
same SED observed as it were at different redshifts, from z = 0 (blue) to
z = 10 (red). The top figure schematize the contribution of stars (blue) and
dust (red) to the z = 0 observable SED. Also, the stellar emission without the
contribution of dust obscuration (unextincted) is shown as dashed line.
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This insight dates back a century ago to Trumpler (1930) study on light absorption in our
galaxy, which linked it to the presence of "fine cosmic dust particles of various sizes". The
author also noted the non-uniform distribution of these particles within the galaxy. Dust
grains absorb radiation in the optical-UV spectrum, subsequently re-emitting it in the infrared
(IR) region. This is explicitly shown in the pedagogic example reported in Figure 1.1, which
presents a typical galactic SED observed with contribution from both stars and interstellar
dust!. Note that dust IR emission, which shifts to longer wavelengths at higher redshift,
contributes a substantial fraction to the total panchromatic emission of the galaxy.

Detecting this IR emission became a primary objective for numerous facilities developed
since the 1980s, such as the Infrared Astronomical Satellite (IRAS) and the Infrared Space
Observatory (ISO), which operated within the wavelength range of ~ 10to 250 um. These
instruments confirmed the great potential of observing the sky in the IR wavelength regime,
where dust-obscured galaxies or regions become visible. In more recent times, we have
a multitude of instruments able to detect dust emission across (observed) IR and longer
wavelengths (sub-millimeter, radio), like the Herschel Space Observatory and the Atacama
Large Millimeter/submillimeter Array (ALMA), extending our ability to observe galaxies
even at high redshifts. These advancements, coupled with multi-wavelength imaging from
other facilities, have significantly enhanced our understanding of galaxy evolution and the
role of dust in shaping their observable properties.

However, the interaction between radiation and dust depends on numerous uncertain
factors, including the relative star-dust geometry” and the microscopic properties of dust
grains, such as their size and chemical composition. Therefore, it is essential to study the
nature of astrophysical grains. Many different approaches have been taken to link observed
radiation with grain properties, based on physical models of the interaction between these
small particles and light. Examples include observing dust in stellar envelopes or ejecta, where
dust grains are thought to form (e.g. Matsuura et al., 2011), or examining the UV extinction
(e.g. Fitzpatrick & Massa, 2007). Additionally, understanding the chemical composition of
dust is possible by studying the depletion of metals missing from the ISM gas phase (e.g.
Jenkins, 2009) and examining meteorites (e.g. Lewis et al., 1987; Bernatowicz et al., 1987).
However, such detailed studies on dust are only available in the Milky Way (MW) and, to some
extent, in nearby galaxies, making the interpretation of the observations of dusty galaxies at
high redshift even more uncertain.

Besides affecting the radiation we observe from galaxies, dust grains play a significant
role in the physical processes that shape galaxy evolution. They contribute to the cooling
of hot gas: when ions collide with dust grains, thermal energy is transferred to the grains,
which then radiate this energy in the infrared, thus easily losing it from the system (e.g.
Burke & Silk, 1974; Dwek & Werner, 1981; Montier & Giard, 2004). On the other hand,
metals removed from the gas by dust grains would serve as effective coolants in their gaseous
form. Dust grain surfaces also catalyze the formation of H, molecules, along with other
reactions (see review by Wakelam et al., 2017). Consequently, dust promotes the formation
of molecular clouds, which are the sites of star formation, and shields them from stellar light.
The presence of dust in the ISM can enhance the effectiveness of radiation pressure by orders
of magnitude, stimulating the onset of galactic winds (e.g. Murray et al., 2005). Dust can also
help in creating a reservoir of low angular momentum gas in galaxies, providing accretion
fuel for their supermassive black holes (SMBHs, e.g. Granato et al., 2004).

Note that this SED neglects some important features that could significantly influence its shape, such as gas
emission lines and the AGN contribution.

2In this context, the term geometry refers to the relative spatial distribution of stars and the dusty medium,
which affect the total outcoming SED of a galaxy.
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In summary, dust is a crucial ingredient of galaxies, and understanding its formation and
evolution is necessary for interpreting observations and modelling galaxy evolution. This
is the scientific motivation behind this Thesis, which aims to study various aspects of dust
in galaxy evolution, mainly from a theoretical perspective. I will utilize the most advanced
tools available, specifically numerical simulations of galaxy formation and evolution. These
state-of-the-art simulations are integrated with physically motivated models that predict the
abundance and properties of dust grains throughout galaxy evolution. Together, these tools
are invaluable to the astrophysical community, as demonstrated by the growing interest in this
topic over the past decade.

1.1 Structure of the Thesis

Given the broad range of topics this Thesis aims to cover, the next two chapters are dedicated
to introducing them from both a technical and, to some extent, historical perspective. Specif-
ically, Chapter 2 provides an overview of galaxy evolution simulations in a cosmological
context, which is the essential backbone of this work. It introduces the main physical pro-
cesses driving galaxy evolution and provides a detailed description of the two methods utilized
in this Thesis: Semi-Analytic Models (SAMs) and hydrodynamic simulations. Additionally,
the chapter includes a technical description of the specific simulation codes used in this work.
After discussing the framework for simulating galaxy evolution, Chapter 3 focuses on the
modeling of dust grains formation and evolution within these simulations. It begins with a
brief overview of the physical processes ruling the abundance and properties of dust grains
in an astrophysical context. The chapter then reviews the main methods adopted in literature
to incorporate these processes into galaxy evolution simulations, as well as the key results
obtained over the past decade. It is worth noting that some results presented in this Thesis
will be discussed in advance in this chapter to contextualize them within existing simulations.
The chapter concludes with a technical description of the dust model employed in this Thesis
and its implementation within the two galaxy evolution frameworks used.

The remaining chapters present the original results obtained in this work. Chapter 4
exploits the dust model in hydrodynamic simulations. It discusses various issues of the
simulations and focuses on the predicted chemical and geometrical properties of dust grains
both within and outside galaxies, as well as their relation to different galaxy evolution histories.

Chapter 5 studies the total dust budget in the Universe, comparing and discussing SAM
predictions with recent observational estimates of cosmic dust at z < 4. Historically, simu-
lations with dust have struggled to reproduce the observed trends, and in particular the drop
of the galactic dust budget at z < 1. This chapter proposes a solution and discusses other
sources of discrepancies when comparing galactic and extra-galactic dust budgets derived
from simulations and observations.

Chapter 6 focuses on the star formation and dust content of galaxies in different envi-
ronments within the large-scale structure of the local Universe. For the first time, this work
derives observationally based estimates of dust content in various regions of the cosmic web
and compares them with predictions from the SAM adopted here. This comparison is highly
informative for constraining aspects of galaxy evolution as modeled in our simulations.

Chapter 7 explores the impact of dust on the observable properties of galaxies as predicted
by the SAM when coupled with a Radiative Transfer pipeline. Specifically, it studies the sub-
mm emission of dust in the (optical) Green Valley galaxies, achieving a successful comparison
with observations. Additionally, the sub-mm emission of these galaxies provides important
insights into their potential rejuvenating nature.
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Finally, Chapter 8 concludes the Thesis by summarizing the results and discussing poten-
tial future directions for this research.






Simulating galaxy evolution

Given the current wealth and variety of observations, developing advanced theoretical models
to accurately interpret extra-galactic data has become essential. Although various methods
have been devised for this purpose, this Thesis will concentrate on two: semi-analytic models
(SAMs) and hydrodynamic simulations. Both approaches aim to describe the properties and
evolution of galaxies within a cosmological framework by modeling several key physical
processes which are believed to shape galaxy evolution.

This Chapter is structured as follows. First, I will provide a fundamental overview of
the cosmological and astrophysical background on which these theoretical tools are typically
based (Section 2.1). Then, I will explain the typical modus operandi of these two methods
(Section 2.2) and introduce the specific SAM and hydrodynamic simulations used in this
study (Section 2.3 and 2.4).

CONTENTS
2.1 General background ....... ... .. 9
2.2 SAMs and hydrodynamic simulations ............. ... ... i, 14
2.3 The L-GALAXIES SAM .. ..o e e e 23
2.4 Hydrodynamic simulations with MUPPI ......... ... ... . ... ... . ... 27

2.1 General background

This Section provides a basic introduction to the minimal background relevant to galaxy
evolution, namely the cosmological framework, the theory of DM halos and the astrophysical
processes occurring within them.

2.1.1 The cosmological model

Simulating galaxy evolution in a cosmological context first requires adopting certain assump-
tions about a cosmological model. Among the various proposed models for the evolution of
the Universe, the most widely accepted is the ACMD (A Cold Dark Matter). This model is
based on the cosmological principle, which states that the Universe is isotropic and homo-
geneous on large scales, and on Einstein’s General Relativity, which describes the evolution
of space-time. The key features of this model are cold dark matter (CDM) and dark energy
(DE), the latter represented by the cosmological constant A. These components make up
approximately 25% and 70% of the Universe mass-energy density, respectively. Their nature
is dark because we lack a precise physical description of them in terms of fundamental par-
ticles. DM is a type of non-relativistic (cold) matter that interacts only gravitationally and
does not emit electromagnetic radiation, while DE is a form of energy required to explain the
observed accelerating expansion of the Universe. The remaining ~ 5% consists of baryonic
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Ficure 2.1: Example of DM halos merger tree. The bottom DM halos

resulted from the mergers of smaller halos (solid lines) and accretion of

matter (dashed line) at previous times. The size of circles represents the halo
mass.

matter' and < 107% is in the form of radiation. These components are well described by
the standard model of particle physics.

Despite the unclear details of the dark components of the ACMD model, it provides an
extremely accurate description of the observable Universe. Some key observables that this
model is able to reproduce include the temperature anisotropies of the Cosmic Microwave
Background (CMB; e.g. de Bernardis et al. 2000) and the large-scale distribution of galaxies
(e.g. Percival et al. 2001). These and other observables have allowed for the constraint of the
model parameters, such as the mass-energy fraction of each component, which regulate the
Universe evolution.

2.1.2 DM halos

For the purposes of understanding galaxy evolution, one of the most important predictions
of the cosmological model is the formation of structures. These structures emerge from the
gravitational instability of small primordial perturbations in the DM density field, eventually
leading to the creation of gravitationally bound entities, commonly referred to as DM halos,
which decouple from the expansion of the Universe. These virialized halos have masses

I This fraction includes not only baryons but also all non-relativistic particles (e.g., mesons, leptons).
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Ficure 2.2: HMF (gray solid line) compared to the observed SMF (red filled
region, Rodriguez-Puebla et al. 2020). The dashed line represent the HMF
rescaled by a factor 0.15, to emulate the cosmic baryonic fraction fy,r = 15 %.
The HMF has been obtained with the hmf Python package (Murray et al.,
2013), assuming a standard Planck cosmology (Planck Collaboration et al.,

2016).
4r
My = ?Amegir, (2.1)

where App, is the halo mass density, expressed as an overdensity parameter A times
the background matter density pn,. The overdensity parameter is somewhat conventional
and represents the overdensity expected for a virialized object that has undergone spherical
collapse (e.g. Bryan & Norman, 1998). A commonly adopted value is A ~ 200, although it
can sometimes vary with redshift. The virial radius R, is associated with the virial mass
once an overdensity is assumed. Subsequently, the virial velocity of the halo is defined as

GMVir
Viir i= 4| ——- 2.2
vir Rvir ( )
To provide some context, our Milky Way (MW) is expected to have a DM halo with
My ~ 10'2 My, the largest galaxy clusters have My;; ~ 10'> M, and dwarf galaxies have
Myir ~ 10° M.

The first attempt to quantify the abundance of gravitationally bound structures given an
initial perturbation power spectrum was by Press & Schechter (1974). Their theory started
with a Gaussian density contrast, evolved in the linear regime (i.e. when overdensities
|6] < 1). The field is smoothed on different scales R, which is the radius of the spherical top-
hat windows. When a spherical region exceeds a critical density, it is considered a DM halo.
This framework links the abundance per unit volume and mass of virialized halos n(M, z)
with the variance of the linearly extrapolated density fields. The Press-Schechter formalism
has been further extended and improved (e.g., Bond et al. 1991; Sheth, Mo & Tormen 2001;
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see also Zentner 2007). These analytic tools provide highly accurate predictions of n(M, z)
compared to results from numerical N-body simulations (e.g. Efstathiou et al., 1988; Lacey
& Cole, 1994).

Besides confirming analytic results, N-body simulations were fundamental to study the
internal structure of DM halos (e.g. Dubinski & Carlberg, 1991; Navarro et al., 1996). Navarro,
Frenk & White (1997) proposed an universal shape of the DM profile within halos:

4p-2

(=) (+5)

known as the Navarro-Frenk-White (NFW) profile. In this formula, the subscript —2
denotes the radius at which the logarithmic slope of the profile is —2. The profile is typically
described using the concentration parameter ¢ = Ryi;/r_>. Given ¢ and M,;, the profile is
fully specified. This concentration parameter depends on both redshift and halo mass, with
some scatter (e.g., Jing 2000, Bullock et al. 2001). Although the NFW profile is widely used
today, a three-parameter Einasto profile often performs better (e.g. Gao et al., 2008).

DM halos are not smooth entities. They can host numerous smaller halos known as
subhalos or substructures, as demonstrated by high-resolution numerical simulations (e.g.,
Ghigna et al. 1998). When a smaller halo enters the virial radius of a larger system, it becomes
a satellite halo orbiting the larger halo. The dense cores of subhalos typically survive within
the larger structure, although they can lose significant mass through interactions and tidal
stripping, and their orbital velocities can change.

Both mergers of smaller structures and accretion of surrounding matter — known as
diffuse accretion — contribute to the growth of DM halos. This process, known as hierarchical
assembly, is a bottom-up process where smaller structures collapse first and eventually merge
to form larger ones. This growth process is often depicted using a merger tree, as shown in
Figure 2.1.

Studies focused on DM halos are crucial for understanding galaxy formation and evolution,
as these halos are (believed to be) the sites where galaxies form and evolve. In other words,
DM halos constitute the gravitational wells where all the baryonic processes that lead to galaxy
formation occur. Predictions from both analytic calculations and numerical simulations have
provided a solid foundation on which to build our models of galaxy evolution. However,
the connection between DM halos and galaxies is complex. For instance, suppose that each
DM halo with mass Mpy contains a fixed fraction of baryons My, = Mpm X foar, Where
Joar ® 15% is the cosmic ratio between baryonic and dark matter. If a fraction of the baryonic
matter €, has been converted into stars, we can convert the distribution of DM halo masses to
the distribution of galaxy stellar masses. These distributions are referred to as the Halo Mass
Function (HMF) and the Stellar Mass Function (SMF), respectively. An example of HMF
and SMF (solid and dashed gray lines) derived in this way is reported in Figure 2.2, naively
assuming €, = 1. However, when comparing the so obtained SMF with the observed one
(red filled regions) it becomes apparent that the two distributions have profoundly different
shapes. The efficiency of a DM halo in accreting baryonic matter and forming stars is highly
mass dependent, with halos of ~ 10'2 My /h showing the highest efficiency. Unfortunately,
the precise functional form of the ratio between DM and stellar mass is complex and strongly
depends on various baryonic processes, which are discussed in the following Section.

p(r) = (2.3)
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2.1.3 Overview of the main astrophysical processes

While the formation of structures is well understood thanks to gravity, the physics driving
the evolution of baryonic matter is much more complex and challenging to understand. In
particular, it spans a huge range of spatial, time, and energetic scales (see e.g. illustration
in Figure 2.3). Unlike DM, baryons can radiate away their energy, allowing them to cool,
which is a crucial process for galaxy formation. As DM halos form, baryonic gas falls into
them and is heated by shocks. This gas can then cool through various processes to form a
self-gravitating structure at the center of the halo. This cooling process depends on several
factors, including the properties of the DM halo and the cooling capabilities of the gas, which
are influenced by its thermodynamics and chemical composition. This cold gas serves as the
fuel for star formation.

Stars form in the densest regions of cold gas, typically within molecular clouds, where
cooling is effective enough to promote gas collapse to densities needed to ignite nuclear fusion.
The physics of star formation is a field of extensive investigation, but many details remain
poorly understood. The cooling and fragmentation of gas during star formation episodes
lead to a range of stellar masses, from low (S 1 Mg) to high (3 50 — 100 My). The mass
distribution of newly formed stars, known as the Initial Mass Function (IMF), depends on
the physical properties of the star-forming gas and significantly impacts galaxy evolution.
This is because stellar evolution and feedback processes are closely tied to the initial stellar
mass. In addition to enriching the ISM with chemical elements, stellar feedback — particularly
from Supernovae (SNe) — injects energy into the gas phase, potentially driving outflows and
suppressing the star formation of the galaxy.

In addition to stars, Supermassive Black Holes (SMBHs) play a significant role in galaxy
evolution. These objects, whose formation and growth are still not well understood the-
oretically, are found at the centers of many galaxies. Feedback from SMBHs can drive
galactic-scale winds and heat substantial amounts of gas. These processes impact the amount

of gas in DM halos and its cooling, eventually reducing star formation.

2.2 SAMs and hydrodynamic simulations

A robust galaxy formation and evolution simulation should incorporate at least all the afore-
mentioned physics, albeit with a simplified treatment. Both SAMs and hydrodynamic simu-
lations attempt to achieve this. The primary difference between these two methods lies in the
smallest scale they can resolve.

SAMs operate on top of DM halo merger trees, associating each halo with a galaxy.
As DM halos evolve over time, various astrophysical processes occurring within them are
modeled to determine the abundance of different components of each galaxy (e.g., gas, stars).
Thus, SAMs resolve processes up to the galactic scale, sometimes attempting to provide a
simplified distribution of matter within the galaxy (e.g., bulge component, disc profiles).

Hydrodynamic simulations offer better mass and space resolution by dividing a volume
— typically a box — into numerous elements. When these represent mass elements they
are commonly referred to as particles. These units represent dark and baryonic matter that
interact via gravity and hydrodynamics, allowing the structure of galaxies to be resolved
to some extent. Processes occurring within these elements are below the resolution of the
simulation and are therefore treated in an approximate manner.

The strategy of modeling physical processes occurring below a certain resolution (in
mass or space) is commonly referred to as sub-grid modeling. The rest of this Section de-
tails the most common strategies for building SAMs and hydrodynamic simulations, with

2Sometimes the effect of AGNs may result into positive feedback, in which the pressurization of the surrounding
material stimulates star formation.
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SAM

working scheme

Ficure 2.4: Basic working scheme of a SAM. Galaxies are associated with
DM halos, in turn extracted from N-body simulations or generated with
Monte Carlo techniques. Gas is assumed to infall into halos, being shock
heated and becoming hot gas. This can cool to form a rotationally supported
cold disc, where stars can form. Bulges are assumed to form during disc
instabilities or mergers, which are tracked by the DM merger tree. Stars
return chemical and energetic feedback to the surrounding gas, which can
preventing the hot gas to cool further (ejected reservoir). The SMBH accretes
typically during mergers and instabilities, and extert feedback on the gas.
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Ficure 2.5: Basic working scheme of a SPH-based hydrodynamic simula-
tion. Gas, stars, BHs and DM are sampled with particles. All of them interact
gravitationally, while only gas particles follow hydrodynamic equations. The
latters sample the baryonic gas in the Universe, and in particular the ISM.
Hence they are the sites where star formation occurs, i.e. they generate star
particles. In turn, stars enrich the gas particles with chemical elements and
provide them with energy coming essentially from SNe feedback. Finally,
gas particles are also assumed to feed the growth of BH particles, which in
turn exert energetic feedback on them.
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a particular focus on the sub-grid modeled physics. For an excellent review on the topic,
refer to Somerville & Davé (2015). A schematic sketch of the structure of both SAMs and
hydrodynamic simulations is provided in, respectively, Figures 2.4 and 2.5.

Before we discuss the details, it is important to note that the better mass and space reso-
Iution of hydrodynamic simulations comes at the cost of significantly higher computational
demands, whereas SAMs are much less expensive. This is the main limitation of hydrody-
namic simulations, as their high computational demands make it impractical to explore many
sub-grid recipes. Conversely, SAMs are limited by their mass resolution, as almost all pro-
cesses occurring on sub-galactic scales must be included using sub-grid recipes. Therefore,
these two methods can be seen as conceptually similar in many aspects but not mutually
exclusive. Hydrodynamic simulations are particularly suitable for investigating small-scale
processes and their impact on overall galaxy evolution (such as outflows, metal spreading, star
forming regions). Conversely, SAMs allow for the simulation of much larger volumes and the
exploration of a wider range of parameter space, which can, in turn, inform and complement
hydrodynamic simulations.

2.2.1 Gravity

The initial step in simulating galaxies is modeling the formation of structures under the
influence of gravitational attraction. Generally, N-body techniques are employed to simulate
the evolution of a matter field from its initial conditions under the influence of Newtonian
gravity (e.g. Dehnen & Read, 2011). This method involves discretizing the volume of interest
into various mass elements (particles) and solving the Poisson equation considering all the
relative forces. In practice, various methods are adopted to speed up the computation.
One such technique is the tree approach (Barnes & Hut, 1986), in which the gravitational
potential from nearby particles is calculated precisely, while the influence of distant particles
is approximated using multipole expansions. Another widely adopted method is the Particle
Mesh (PM) approach (Hockney & Eastwood, 1988), which involves dividing the volume into
a grid, solving the Poisson equation in Fourier space for each grid cell, interpolating over
the grid, and then evolving the position of each particle accordingly. Hybrid methods are
also common. For example, the tree and PM methods are often combined into the tree-PM
approach, where gravitational forces are computed via the tree method on small scales and
the PM approach on large scales, preserving the accuracy of the former and the computational
efficiency of the latter.

N-body simulations have historically been used to simulate the evolution of collisionless
DM in an expanding universe, leading to significant achievements such as the discovery of the
web-like structure of the Universe and insights into the abundance and properties of DM halos
(see Section 2.1.2). However, identifying halos is not straightforward, and various algorithms
and strategies have been proposed (see e.g., Knebe et al. 2011 for a comparison). The simplest
algorithm is the spherical overdensity method, which identifies halos as regions where the
density exceeds a certain threshold relative to the background density (see Equation 2.1).
Another well-known algorithm is the Friends-of-Friends (FOF, Davis et al., 1985), which
groups DM particles closer than a fraction (usually = 0.1 —0.2) of the mean inter-particle
distance as part of the same structure.

Hydrodynamic simulations follow the evolution of DM particles under the Poisson equa-
tion and the collisionless Boltzmann equation, requiring halo finder algorithms to identify
bound halos (and galaxies) both on-the-fly and in post-processing. In contrast, SAMs are
based on merger trees. Although these can be obtained semi-analytically (e.g., Kauffmann
et al., 1993; Cole et al., 1994; Parkinson et al., 2008), it is now common to derive them from
N-body gravity only simulations. Merger trees provide crucial information (such as mass,
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position, velocity, concentration, and angular momentum) on the evolution of DM halos,
constituting the basis for sub-grid physics modeling in SAMs.

2.2.2 Hydrodynamical modeling

Beside from the ability of hydrodynamic simulations to resolve scales smaller than those of
galaxies (or their macro components, e.g. bulge, disc), the main difference between SAMs and
hydrodynamic simulations is that the latter directly models the hydrodynamics of baryonic
gas. While DM and stars are considered collisionless and influenced only by gravity, gas
particles are evolved by solving both the Poisson and Euler equations for an ideal fluid®. These
equations describe the evolution of the density, velocity, and internal energy of the gas, along
with an (ideal) equation of state.

Two main approaches are generally adopted to solve hydrodynamic equations. The
Eulerian approach discretizes the fluid spatially, evaluating gas properties at grid points.
Sometimes, an adaptive mesh refinement (AMR) is used to enhance grid resolution when
necessary. Examples of Eulerian codes are ZEUS (Stone & Norman, 1992), ENZO (Bryan
et al., 2014), and RAMSES (Teyssier, 2002). These codes perform well in studying shocks
and fluid discontinuities, and can achieve high resolution in fluid dynamics using AMR.

The alternative approach, known as the Lagrangian method, discretizes the fluid mass
into individual particles. This is the method employed in the simulations presented in this
Thesis. This method is particularly advantageous for galaxy evolution problems, in which it is
important to follow the mass assembly and to achieve better resolution in regions where mass
is more concentrated*. The most popular Lagrangian method in cosmological simulations
is Smoothed Particle Hydrodynamics (SPH; Lucy 1977; Gingold & Monaghan 1977; see
Monaghan 1992 for a review). SPH evaluates any (scalar or vector) field F of the fluid® at a
position x as follows:

N F,
F(x) =) i W(x =X ) 2.4)
i=1 t

where the summation i is over neighboring gas particles with values of the field F; and
density p;. The kernel function W(x; ) has a characteristic length 4, which may vary
according to the fluid particle density to ensure uniform sampling accuracy. The kernel
function is symmetric, isotropic, twice differentiable, and vanishes at |x — x;| > hn ~ O(h).
Here n is a parameter that determines the size of the region over which the kernel has a
significant effect, so the summation extends to the nearest N neighbor particles.

In essence, SPH statistically samples fluid quantities by considering the (weighted) con-
tributions of particles near a given position x. This technique has been widely used in
cosmological simulations, e.g. GADGET (Springel et al., 2001; Springel, 2005), GASO-
LINE (Wadsley et al., 2004, 2017), PHANTOM (Price et al., 2017). Lastly, it is worth
mentioning hybrid methods that combine the benefits of mesh-based approaches and SPH
(e.g., AREPO; Springel 2010).

2.2.3 Thermal energy and gas cooling

Baryonic gas possesses thermal energy and, importantly, can cool through radiative processes
such as bremsstrahlung, recombination, and radiative de-excitation. These processes are
accounted for in galaxy evolution simulations with different levels of accuracy.

3Ideal fluids lack viscosity. However, it is common practice to introduce an explicit viscosity term (Artificial
Viscosity; AV) to handle phenomena like shocks (e.g. Monaghan, 1992).

4Actually, this is true also for the aforementioned AMR approach.

3 A similar strategy is used to estimate fluid derivatives.
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In most hydrodynamic simulations, gas particles radiate their internal energy according
to a temperature- and metallicity-dependent cooling function A(7, Z) (e.g., Sutherland &
Dopita, 1993; Wiersma et al., 2009). This function considers cooling from hydrogen, helium,
and metals, operating at temperatures T 2 10* — 103 K. The thermal evolution and cooling
of warm-hot gas are thus consistently modeled in hydrodynamic simulations. Below these
temperatures, cooling by ions fine structure and molecular lines (see e.g., Maio et al., 2007)
becomes significant and must be considered, with gas density playing a crucial role. Col-
lisional de-excitation can overcome radiative processes in these regimes, inhibiting cooling.
However, typical cosmological simulations cannot resolve the cold phase (T’ < 10* K) directly
and instead model it using sub-grid methods.

Hydrodynamic simulations also incorporate photoionization heating. An extragalactic
ultraviolet background (UVB), dependent on redshift and generated by stars and quasars
(QSO0s), is commonly assumed (e.g., Haardt & Madau, 2012) in the post Epoch of Reion-
ization (EoR) (z < 6), when the gas is presumed to be fully ionized. During and prior to
the EoR, when hydrogen remains partially neutral, detailed radiative transfer calculations are
required for an accurate modeling of photoheating.

In contrast, SAMs employ a more complex cooling scheme, since gas hydrodynamics is
not explicitly tracked. Gas is assumed to infall into DM halos, typically assuming a cosmic
baryon fraction Qp,./Qp, and simultaneously undergo shock heating to the virial temperature
Tyir = 35.9 (Vyi/ (km/ s))2 [K]. This heated gas, often referred to as hot gas, is commonly
assumed to follow an isothermal distribution (p o r~2), or in some cases, it is assumed to
follow an NFW profile or a § model (e.g., Cavaliere & Fusco-Femiano, 1976). While this
hot gas can cool down via the aforementioned cooling function, the temperature of the hot
gas remains unchanged, with cooling leading to the accumulation of cold gas. This cold gas
is typically assumed to form a self-gravitating, rotating disc that inherits angular momentum
from the halo. The amount of gas cooling into the disc is determined by comparing the
cooling timescale

Ehot gas (T)

therm

feool = (AT, 2)

with a typical timescale associated with the halo, such as the dynamical time 74y, =

(2.5)

Ryir/Vyir. Here, Eggfna *(T) is the internal energy of the gas, and p(r) represents the radial
density distribution. A common approach is to distinguish between regimes dominated by
cooling or infall. The former (latter) occurs when the cooling time is longer (shorter) than
the dynamical time, resulting in gas transitioning from the hot to the cold phase over different
timescales (e.g., White & Frenk, 1991; De Lucia et al., 2004). This simplified model performs
well when compared to results from hydrodynamic simulations (e.g., Monaco et al., 2014).

Finally, SAMs also account for the UVB, albeit in a more pragmatic way. lonizing photons
from stars are expected to heat gas, preventing it from cooling. Therefore, the amount of
gas infalling into small halos is adjusted according to redshift- and mass-dependent functions
inspired by results of hydrodynamic simulations (e.g., Gnedin, 2000).

2.2.4 Astrophysical modeling

Most of the astrophysical processes of relevance for galaxy evolution occur well below the
resolution of current cosmological simulations. This Section provides an overview of the
most common strategies to implement these processes as sub-grid physics in both SAMs and
hydrodynamic simulations.

¢ Star Formation
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So far, the physics of DM and gas has been discussed. However, a fundamental component
of galaxies are stars, which not only serve as the primary sources of observable luminous
radiation but also provide essential chemical and energetic feedback crucial for the evolution
of the ISM and CGM.

Gas transform into stars within dense and cold giant molecular clouds (GMCs, or MCs),
typically with a relatively low efficiency (around ~ 1%, e.g., Bigiel et al. 2008). GMCs
are characterized by high densities (n 2 1 — 100cm™3), typically exceeding the resolution
capabilities of cosmological simulations. Therefore, empirical relationships are commonly
employed to model their formation. Molecular hydrogen (H») is the main component of
GMC:s. This molecule forms on the surfaces of dust grains (in non-primordial environments;
e.g., Wakelam et al. 2017) and is susceptible to dissociation by Lyman-Werner radiation. In
simulations that distinguish between atomic and molecular gas, these physical processes are
typically incorporated through empirically derived relations linking H, abundance with ISM
metallicity or mid-plane pressure of the disc (e.g., Blitz & Rosolowsky, 2006; Krumholz
et al., 2009).

To simulate star formation, which is quantified by the star formation rate (SFR), both
SAMs and hydrodynamic simulations adopt equations similar to the Schmidt-Kennicutt law
(e.g., Schmidt, 1959; Kennicutt, 1998).

SFR = e—=. (2.6)

Here, € represents an efficiency parameter (typically around ~ 1 — 10%) that determines
how effectively the star formation fuel converts into stars over a characteristic timescale 7sg.
Various approaches have been used to compute the terms in the equation above. One ap-
proach involves considering the star formation fuel as cold gas, often with a specified density
(and sometimes temperature) threshold (e.g., Springel & Hernquist, 2003; Somerville et al.,
2008), either on a hydrodynamic particle level or within the context of SAMs. Alternatively,
when employing sub-grid models to distinguish between atomic and molecular gas, the fuel is
typically assumed to be the mass of gas in molecular form (e.g. Davé et al., 2019; Henriques
et al., 2020). In this context, it is worth mentioning Ragone-Figueroa et al. (2024), who were
the first to model star formation based on the abundance of molecular gas derived from dust
in hydrodynamic simulations.

In hydrodynamic simulations, the star formation timescale 7sg is usually linked to the
free-fall time of the gas, resulting in 7sp o p~'/2. In SAMs, this timescale is often associated
with the dynamical timescale of the halo or disc, < R/V.

SAMs employ additional strategies to model star formation. While the aforementioned
methods describe standard star formation occurring in the cold gas disc, starbursts may be
triggered by galaxy mergers or disc instabilities. In such cases, star formation rates are linked
to parameters such as the mass ratio and gas content of merging galaxies (e.g., Somerville
et al., 2001), or to a short timescale associated with spheroidal components resulting from
disc instabilities (e.g., Lacey et al., 2016). These events, including dry mergers, are assumed
to contribute to the build-up of the spheroidal component of galaxies.

The ultimate outcome of star formation includes the creation of stars (in hydrodynamic
simulations) and the formation of a stellar disc (and possibly a bulge) in SAMs. These com-
ponents represent stellar populations (not individual stars) formed according to an assumed
IMF. Figure 2.6 shows three commonly adopted IMFs: Salpeter (1955), Kroupa et al. (1993),
and Chabrier (2003). The IMF (by mass) ¢(m) represents the distribution of stellar masses
at birth per unit mass interval. In this Thesis, both the Kroupa et al. (1993, in hydrodynamic
simulations) and Chabrier (2003, in the SAM) are adopted. Note the different slope of these
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Ficure 2.6: Three different IMFs widely adopted in literature: Salpeter
(1955, green), Chabrier (2003, yellow) and Kroupa et al. (1993, red). All the
IMFs are by mass and normalized in the mass range [0.1, 100] M.

two in the massive end.
* Chemical and Energetic Stellar Feedback

Galaxy evolution simulations enable the study of chemical and energetic feedback from
stars. In the first works, stars were assumed to release metals into surrounding gas immediately
upon formation, following the Instantaneous Recycling Approximation (IRA). However, more
recent progresses have introduced refined chemical evolution models in both hydrodynamic
simulations and SAMs (e.g., Tornatore et al., 2007; Yates et al., 2013). These models can
track the Star Formation History (SFH) of each stellar component (such as individual particles
or disc/bulge structures), accounting for delayed chemical enrichment from various sources
like Type II supernovae (SNII), Type Ia supernovae (SNIa), and asymptotic giant branch
stars (AGBs) based on assumed stellar lifetimes. They also incorporate detailed element-by-
element yields, weighted by the assumed IMF. However, uncertainties remain regarding these
yields derived from stellar evolution studies.

Stars, particularly SNe, significantly impact the ISM thermodynamics by releasing sub-
stantial energy (approximately ~ 103! — 10°3 erg per event) during their explosions. This
energy heats the gas and drives galactic-scale outflows, a crucial ingredient in galaxy evolu-
tion simulations.

In hydrodynamic simulations, this energetic feedback is modeled injecting energy from
stellar particles (or star forming particles) directly into neighboring gas particles. However,
early studies highlighted the inefficiency of this method in driving galactic outflows, primarily
due to rapid cooling processes (e.g., Katz et al., 1996). To address this, various techniques
have been developed to stimulate outflows. Some simulations temporarily disable gas cooling
following heating events (e.g., Stinson et al., 2006), while others inject kinetic energy to
stimulate outflows (e.g., Springel & Hernquist, 2003). An alternative method, as proposed by
Dalla Vecchia & Schaye (2012), involves stochastic thermal energy injection to sufficiently
heat gas particles and prevent rapid cooling, thereby promoting outflows.

Since the first seminal works like White & Frenk (1991), SAMs have employed tailored sub-
grid approximations to simulate galactic outflows. Specifically, the outflow rate is typically
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tied to the SFR through parameters that often correlate with halo properties. This approach
enhances feedback efficiency in less massive halos with shallower potential wells. These
outflows primarily transfer gas from the cold phase to a hot phase, assumed to be at virial
temperature. Some models also incorporate an additional reservoir known as the ejected
reservoir (e.g. De Lucia et al., 2004; Croton et al., 2006). This reservoir accumulates material
enriched by SN explosions, where the energy released overcomes that required to expel cold
gas into the hot halo, resulting in an excess energy budget. Unlike hot gas, ejected material
can not cool, although it remains available for potential reincorporation into the hot gas.

¢ Black Hole Growth and Feedback

While initial studies typically neglected them, current simulations commonly incorporate
the physics of SMBHs, which is crucial for the evolution of massive galaxies. This includes
modeling both the accretion of SMBHs and the associated feedback processes. These feed-
back mechanisms are typically categorized into quasar and radio modes (e.g., Fabian, 2012).
The quasar mode corresponds to periods of high SMBH accretion rates, leading to the devel-
opment of AGN winds. In contrast, the radio mode, which operates inefficiently in terms of
radiation, produces jets and hot bubbles around massive galaxies during low-power SMBH
accretion.

In hydrodynamic simulations, SMBHs are often represented by individual collisionless
particles. The origin of the seed BHs, from which SMBHs grow, remains a topic of ongoing
debate (e.g., Volonteri, 2010). In simulations, seeds are typically agnostically introduced
once halos reach a certain mass threshold, sometimes with additional constraints on the mass
of stars and gas. These seeds can grow by accreting surrounding gas, commonly modeled
using the Bondi (1952) formula, where the SMBH accretion rate scales with pMéH, with
p representing the surrounding gas density. This accretion is often (upper-)bounded by the
Eddington rate and may be further limited by the non-zero angular momentum of the gas
(e.g., Rosas-Guevara et al., 2015). Eventually, two SMBHs merge when they approach each
other within a specific distance, typically of the order of the softening length. Additionally, a
criterion based on relative velocity can be adopted (e.g., Di Matteo et al., 2005; Davé et al.,
2019).

The single-particle representation of SMBHs in simulations is not trivial due to the
statistical nature of N-body simulations. As a consequence of two-body interactions between
SMBHs and surrounding particles, the motion of SMBH particles can become heated (e.g.,
Tremmel et al., 2015), potentially causing them to migrate or scatter outside the central regions
of their host halos. In order to keep SMBHs at the centers of halos (or subhaloes) various
ad-hoc strategies are employed, such as repositioning the center in the particle with minimum
potential, adjusting the BH dynamical masses, or introducing effects like dynamical friction
(e.g., Springel et al., 2005a; Debuhr et al., 2011; Hirschmann et al., 2014; Damiano et al.,
2024).

SMBH feedback is typically implemented by converting the SMBH accretion rate into
a bolometric luminosity. A fraction of this luminosity, known as the radiative efficiency
(= 1 —-20%), is assumed to thermally couple with surrounding gas, heating it. In one of the
pioneering studies on this topic, Sijacki et al. (2007) also incorporated radio mode feedback,
active when the SMBH accretion rate is low, generating specialized hot gas bubbles.

In contrast, SAMs do not require detailed modeling of SMBH dynamics as they are
assumed to form and remain at the centers of galaxies. Occasionally, seeding procedures are
employed in these models. SMBH growth can occur during galaxy mergers (e.g., Kauffmann
& Haehnelt, 2000) and disc instabilities (e.g., Croton et al., 2016), which are known to funnel
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significant amounts of cold gas towards the galactic center. Cold gas accretion is often
dependent on halo properties such as circular velocity. Additionally, accretion from the hot
halo is considered and is typically modeled using phenomenological prescriptions. SMBHs
eventually merge when their host galaxies merge.

In SAMs, SMBH feedback is treated in a simplified manner. Nearly all SAMs incorporate
radio mode feedback, which is linked to low-rate hot gas accretion. This feedback injects
energy into the hot gas medium, heating it and preventing excessive cooling (e.g., Croton
et al., 2006). Quasar mode feedback, associated with cold gas accretion, is typically modeled
by assuming that the ejection rate of cold gas into the hot halo is proportional to the SMBH
accretion rate, adjusted for efficiency and halo properties (e.g., Somerville et al., 2008).
However, in many cases, the quasar mode feedback is not explicitly implemented, justified by
the concurrent occurrence of events like mergers and disc instabilities, which trigger starbursts
which produce stellar feedback. In any case, this type of feedback is modeled using 1 — 2 free
parameters that control the efficiency of energy coupling with the ISM. These parameters are
difficult to constrain and are typically adjusted to reproduce key observables of the galaxy
population.

2.3 The L-GALAXIES SAM

The SAM adopted in this work is the last public® release of the Munich model, L-GALAXIES. A
complete and detailed description of the model can be found in Henriques et al. (2020), as well
as in the supplementary material available online at https://lgalaxiespublicrelease.
github.io/Hen20_doc.pdf. While referring the reader to the aforementioned material,
the main features of the model will be introduced in the following sections.

2.3.1 DM merger trees

L-GaLaxigs has been originally designed to run on DM merger trees extracted from the
MiLLenNTUM and MriLLENNTUM-IT simulations (Springel et al. 2005b; Boylan-Kolchin et al.
2009). The trees are constructed with the SUBFIND algorithm (Springel et al., 2001;
Dolag et al., 2009), and constitutes the backbone on top of which the baryonic processes
are implemented. The time between the snapshots of the simulation, which is of the order
of ~ 30 — 500 Myr, is divided into 20 equally spaced time-steps in order to model baryonic
physics on a finer time grid. The SAM distinguishes between central, satellite, and orphan
galaxies based on the DM halos they belong to. Central and satellite galaxies are associated
with DM halos and satellite subhalos, respectively. Orphan galaxies are satellite that have
lost their DM halo, either due to merging or falling below the resolution of the simulation,
and are in the process of merging with the galaxy associated with the central (sub-)halo.

2.3.2 Gas infall and cooling

The starting point is assigning some gas to each DM halo, that is simulating the infall. The
gas fraction, in the form of hot gas at the virial temperature T;. of the halo, is assumed to be
equal to the cosmic baryonic fraction fpor = 0.155. At each time-step of the simulation, the
total baryonic fraction of the halo is computed and the amount of hot gas is adjusted in order
to ensure that f,, is met. The effect of the UVB, which prevents infall into low-mass, high—z
halos, is as well taken into account by considering a redshift- and DM halo mass-dependent
Joar (Gnedin, 2000).

%The source code is available at https://github.com/LGalaxiesPublicRelease/LGalaxies_
PublicRepository/releases/tag/Henriques2020.
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The hot gas Mo, which is assumed to follow an isothermal distribution within the
gravitational potential of the halo (ppet o r~2), is allowed to cool according to a time-scale:

3:u”nHkBTvir
2,0h0t(r)A(Tvir’ Zhot) ’

where A(TyirZnot) is the temperature- and metallicity-dependent cooling function of
Sutherland & Dopita (1993).

From the cooling time-scale a cooling radius can be defined as the radius where the
cooling time equals the halo dynamical time #qyn nh = Ryir/Vyir:

tcool(r) = (2.7)

tdyn,thotA(Tvir’ Zhot) 05
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(2.8)

Fcool =

If this radius is smaller than the virial radius, gas is in the cooling flow regime and cools
at a rate

. Teool 1
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otherwise, when r¢oo1 > Ryir, gas is in the fast accretion regime:
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2.3.3 The cold disc and star formation

The result of cooling is the formation (or accretion, if already existing) of the cold gas disc
in the center of the halo, assumed to be rotationally supported. In this SAM, cold disc is
divided in 12 concentric annuli with radii r; = 0.01 - 2'A~kpc (i = 0, ..., 11; Fu et al. 2013).
The gas within the disc is assumed to be distributed according to an exponential profile with
scale-length riyg. This is determined assuming the angular momentum of the cooling gas is
conserved, i.e.

j DM, halo
2Vmax

being jpM, halo and Vimax, respectively, the specific angular momentum and the maximum
circular velocity of the DM halo. A simple model for gas inflow within the disc due to the
loss of angular momentum (assumed to be proportional to the angular momentum itself) is
as well included.

The baryonic physics of the cold disc is modelled relying on this ring-based structure. Star
formation is assumed to occur in molecular clouds within the disc. The molecular abundance
is derived following the Krumholz et al. (2009) prescription (see also McKee & Krumholz
2010), which links the molecular-to-atomic ratio to the metallicity and surface density of the
gas. This gives a molecular abundance for each gas ring, from which the SFR is derived
according to:

2.11)

Finfall =

2y
2SFR = H, 2, (2.12)

dyn

where 4y, 18 the dynamical time of the cold gas disc (the ratio between the disc radius
and the circular velocity assumed to be Vinax) and ay, a free parameter of the model.
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2.3.4 Chemical and energetic feedback from stars

The newly formed stars constitute the stellar disc, which is also divided into annuli. Feedback
from these stellar populations is also modeled at the ring level.

The chemical feedback is modelled according to Yates et al. (2013), and it is capable to
follow the time-depedent mass and elements return from AGB stars, SNIa and SNII to both
the cold and hot medium. The model follows 11 elements, namely H, He, C, N, O, Ne, Mg,
Si, S, Ca and Fe. This detailed implementation requires the tracking of SFHs in each ring
(Shamshiri et al., 2015).

These stars will of course produce energetic feedback as well, which is modelled as
follows. A certain amount of energy from SNe explosions is assumed to be returned to the
gas component:

AEgN = fhaloAM*,retnSNESN’ (2 1 3)

where AM, ;¢ is the mass returned from stellar evolution, sy the number of expected
SNe per mass returned to the ISM, Esn = 107! erg the energy of each SN event and €p,10 =
€halo(Vmax) a free parameter of the model. Some of this energy is used to re-heat the cold
gas component, which is transferred to the hot gas atmosphere. The re-heated mass is
AMieheat = €discAM., ret, Where €gisc = €disc (Vmax) 18 another free parameter of the model. The
reheating thus requires an energy

1
AEreheat = EAMreheatV\ir’ (2.14)

which is of course limited by the total amount of AEgy available. Should AEsn > AE cheat
there is still some energy AE¢ject = AESN — AE eheat available. This is used to eject material
from the hot halo into another reservoir, called the ejected reservoir. The ejected mass is
computed as

1
AEeject = EAIWejectV2

vir*

(2.15)

This material represents hot gas which is not able to cool, and it has been historically
introduced in SAMs to avoid the overabundance of low mass galaxies. This material can be
reincorporated into the hot gas atmosphere (therefore being again able to cool) assuming a
reincorporation timescale which is a free parameter of the model and proportional to o Mv‘lr1 ,
so that it is more stringent for less massive objects.

2.3.5 Disc Instabilities and Mergers

While the stellar disc originates from the canonical star formation, a stellar bulge can form
during disc instabilities and mergers. As for the former, they occur when the centrifugal
force of the disc is not enough to counteract its gravity, giving origin to instabilities (e.g. bar
formation). This is modelled by transferring some material from the stellar disc to the stellar
bulge when some condition is met. In this Thesis, the implementation of disc instabilities has
been substantially changed from the original L-GaLaxies formulation, and therefore will be
discussed in detail in Section 5.2.1.

Mergers of DM halos can as well affect the stellar component, and star formation, of a
galaxy. When DM halos merge, their associated galaxies (i.e. all their components) merge
as well, with some delay. This delay, due to dynamical friction, is associated with a time
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scale which depends, among other factors, on the ratio of the satellite and the central galaxy
(Binney & Tremaine, 1987).

Mergers trigger starbursts, modelled according to the collisional starburst (SB) recipe
introduced by Somerville et al. (2001):

M, BsB
M, sg = asp (ﬁ) Mcoq. (2.16)
>

In the above formula, M /M, < 1 is the baryonic ratio of the two galaxies, M¢q is the
cold gas mass in each of the rings resulting from the merger, and asg and Bsp free parameters
of the model.

The outcome of a merger event depends as well on the total baryonic mass ratio of the
two galaxies. If it is > 0.1 the merger is dubbed major, the stellar discs of the two galaxies
are destroyed and transferred to a bulge component’. Also, stars formed in the SB event
are transferred to the bulge. In a minor merger (baryonic mass ratio < 0.1), the stars of the
smaller galaxy are transferred to the bulge component of the larger one. However, the disc of
the latter can survive and host any stars formed during the SB.

The stellar bulge is also divided into concentric rings, and the mass distribution is assumed
to follow a Jaffe (1983) profile. The characteristic scale-length of the latter is obtained from
energy conservation arguments. Updates introduced in this Thesis about bulge sizes are
described in detail in Section 5.2.2.

2.3.6 Black hole physics

BHs in L-GaLAXIEs are assumed to grow in a twofold way, namely by accretion of cold and
hot gas, as well as during mergers of BHs, which are associated with galaxy mergers.

Cold gas accretion, often referred to as quasar mode, is assumed to occur during mergers.
If no BH is present, this is the way to form a BH in this model. The mass of gas transferred
to the new or existing BH during a merger whose total cold gas mass is Mg reads:

_ feu(M/M>2)Mcoiq
1+ (Ven/Vair)®
where fgy and Vpy are free parameters of the model. This merger-driven channel is

the most important for BH growth, albeit it is not associated with any form of feedback. A

commonly invoked justification for this lack is that, during mergers, the feedback associated

with the starburst already ejects some cold gas from the ISM.
The other growth mode® of BHs is the radio-mode, during which BHs accrete material

from the hot gas, according to the phenomenological description introduced by Croton et al.
(2006):

AMpgy

2.17)

(2.18)

. My, Mgy
Mgu = kagN ( ot ) ,

101" Mg 108 M,

with kagn a free parameter of the model. This channel is associated with feedback.
Namely, a fraction of the accreting energy is radiated away and coupled to the hot gas
according to an efficiency n = 0.1:

EAGN = UMBHCZ- (2.19)

7 Also pre-existing bulges, if any, are added to the new bulge.
8This channel can not create a BH. Therefore, a BH must be already in place to be effective.
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This input energy is thought to limit the hot gas cooling into the cold gas disc. Specifically,
the cooling rate discussed in Section 2.3.2 is reduced by an amount of 2EagN/ szir. If the
latter overcomes the cooling rate, cooling is completely stopped. Therefore, this process is
able to quench star formation by preventing cooling of the hot gas.

Finally, in this Thesis a new channel for BH formation and growth has been introduced.
This is essentially the same as in mergers, but assuming to occur during disc instabilities. It
will be discussed at length in Section 5.2.1.

2.3.7 Environmental processes

DM merger trees are able to follow the relative position and mergers of DM halos, thus
processes occurring on inter-galactic scales can be modelled as well.

One of these processes is tidal stripping, occurring when a DM halo enters the virial
radius of a larger one. In this case gas infall is stopped, and the hot gas is removed (stripped)
in the same proportion of the DM mass. When the DM halo is completely destroyed (or,
equivalently, falls below the resolution of the simulation), its hot gas atmosphere has been
completely removed as well. In the context of this SAM, these galaxies are dubbed orphan.

Similarly, ram pressure stripping is assumed to occur in satellites systems of large halos
(MpM. hato = 10" M) and depends on the virial velocities of the two halos. It only affects
the hot gas atmosphere, and not the cold gas disc.

Finally, tidal distruption of orphan galaxies is assumed to occur when the baryonic density
of these galaxies is lower than the DM density of the host halo within the satellite orbit. In this
case, the stars and the cold gas of the satellite are transferred, respectively, to the IntraCluster
Light (ICL) and hot atmosphere of the central DM halo.

2.4 Hydrodynamic simulations with MUPPI

The hydrodynamic simulations conducted in this Thesis adopt the GApGeT3 code, which
evolved from its precursor GADGET2 (Springel, 2005). It is able to follow the evolution
of both collisionless (DM, stars) and ideal fluid (gas) particles. Gravitational forces are
computed with the TreePM algorithm, while the SPH scheme is the one introduced by Beck
et al. (2016).

The modeling of unresolved physics relies on the MUPPI (MUIti Phase Particle Integrator)
algorithm. It is adopted to model the processes already introduced in Section 2.2, i.e. gas
cooling, star formation, feedback. For more information on the model, I refer the reader to
Murante et al. (2010, 2015), as well as to Valentini et al. (2020) for a detailed description of
the version adopted here. In this section, I will sketch its main features, which are essential to
understand the dust model implementation within the context of hydrodynamic simulations
adopted in this work.

2.4.1 Multiphase gas: partitioning and evolution

The fundamental unit of the MUPPI model is the multiphase (MP) gas particle, which
represents a piece of multiphase ISM. It hosts both a hot and a cold phase coexisting at
pressure equilibrium, as well as a virtual stellar component. These components have mass,
respectively, My, M., and M,. The total mass of the MP particle Myp is the sum of the three
components.

The hot and cold phases have number density n and temperature 7 such that they are at
pressure equilibrium, which means
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n.T. = npTy. (2.20)

While the cold gas temperature is assumed to be fixed” 7, = 300 K, the other quantities
are determined in the following way. At the beginning, gas particles are not MP. They become
MP particles when the density and temperature become, respectively, larger and lower than
a certain threshold. In the current implementation, these conditions read n > npesh =
0.0lcm™3 and T < Tyyesh = 5 - 10* K. When these conditions are met, the MP particle is
made entirely of hot gas, whose temperature 7}, is the temperature of the gas particle derived
from the hydrodynamic scheme. The hot gas is allowed to cool, according to the prescriptions
by Wiersma et al. (2009). This prescription links the cooling rate to the metals element
abundance of each MP particle. Moreover, gas is assumed to be optically thin and exposed
to a UVB (Haardt & Madau, 2001). In summary, the cooling rate of each MP particle will
depend on the density, temperature, and redshift. When cooling is on, some hot gas mass
becomes cold gas, with temperature 7. = 300 K. At this point, the mass fraction of the hot
and cold gas, Fj, and F_, are related to the volume filling factor f;, and f. =1 — f;, by

1
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= 2.21)
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where yj, = 0.6 and u. = 1.2 are the mean atomic weights of the hot and cold phase,
obtained assuming a ionized and neutral gas, respectively.

Once the filling factor is known, deriving the number density of the hot (and consequently
of the cold) component of the MP particle is straightforward:

fh,uhme’

with my the proton mass and p the gas particle density as estimated by the SPH algorithm.

np (2.22)

The thermodynamic properties of the MP components are well specified (the stellar com-
ponent of the MP particle is completely specified by its mass M.). The ordinary differential
equations which regulates the exchange of mass and energy between these components are:

Mp == Meool + Mey + M2, (2.23)
M =Meool = My = Mey — M2, (2.24)
M. =M, (2.25)
Ep =Et,1ocal = Ecool + Enydro + ERSN + ENON, (2.26)
Elona =EXSY 2.27)

The first three equations regulate the exchange of mass between the MP particle compo-
nents, while the fourth equation determines the energy (and temperature) evolution of the hot
gas component'’. The last equation describes the AGN feedback energy used to evaporate
the cold gas. Let us analyse each of the terms appearing in these equations.

9Keeping the cold gas temperature fixed is needed because the cooling of the gas is not followed below
< 10* K. The chosen value is a free parameter of the model which essentially regulates the duration of the MP
stage (see Murante et al. 2010).

10pjease remember that the cold gas component is assumed to be at fixed temperature 7. = 300 K.
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2.4.2 Cooling and star formation

The hot mass gas evolution (Eq. 2.23) depends on the cooling, which transfers mass from the
hot to the cold phase at a rate:

. M,
Meo = —2, (2.28)

cool

with 7.o0] the cooling time. Hot gas mass is also enriched by some material coming from
the molecular clouds, which is thought to evaporate as a result of the feedback from newly
born massive stars. This process, called evaporation, is modelled linking the evaporating
mass to the SFR of the particle Mg

Mev = fev - My, (2.29)

where f.y is a parameter of the model.

The cold gas mass (Eq. 2.24) is affected by the same processes (with reversed signs), in
addition to star formation. The latter is assumed to occur in molecular clouds, which are well
below the resolution of the MP particles. The cold phase is assumed to host a certain fraction
of mass fio Which is in the form of molecular clouds''. The molecular fraction is computed
following the empirical prescription of Blitz & Rosolowsky (2006), which has been derived
from observations and links fi, to the pressure P of the gas particle:

1
Jmol = 1+ %', (2.30)
with Py = 2-10* kg Kem™3 is the pressure of the ISM at which fi,o = 0.5 and it is
derived from observations (see Blitz & Rosolowsky, 2006).
Once the molecular mass is specified, the SFR of the MP particle is computed as

Msf: ) (231)
tdyn,c

where f; is the star formation efficiency set to 0.02, and

3

t =4 2.32
dyn,c 32Gpc ( )

is the dynamical time associated with the cold phase of the MP particle.

The MP particle SFR is used to spawn star particles according to the model of Springel
& Hernquist (2003). In brief, given an MP particle of mass Myp which has converted some
gas into stars AM., during a time-step (Eq. 2.25) it has a probability

- 1 —exp |- (2.33)
b M, init P Myp

to generate a star particle with mass M, jyii. Operationally, the star particle is generated
if p exceeds a random number € [0, 1]. In star formation episodes, a number N, = 4 stellar
particles are generatedlz, each with mass M. jnit = Mmp/ N

110f course, thermodynamic properties of the molecular clouds are not the same as the ones of the cold phase.
12WWhen a stellar particle is created, M, jpj; is subtracted from the virtual stellar reservoir. If the reservoir does
not have enough mass, then the required mass is taken from the cold phase.
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2.4.3 Stellar feedback

The thermal energy of the hot gas is regulated by Equation 2.26. In the hypothesis of ideal
gas and assuming a polytropic EOS with adiabatic index y = 5/3, this determines the hot gas
temperature

_ En (¥ = Dupmy
My, kg '

Energy (and temperature) are affected by two processes, that is feedback (from stars
and AGN) and cooling. Feedback from stars is taken into account into the Efb, local and
Ehydro terms'®. The first describes the thermal energy feedback coming from SN explosions
occurring in molecular clouds within the same MP particle (i.e. locally). This is

Ty (2.34)

Eb,1ocal = fb, local ESNRSN I, (2.35)

where Rgy is the IMF- and SFR-dependent SNII rate, Esy = 10°!erg is the energy
assumed to be released by each SN event, and fy, 10cal = 0.02 is a free parameter of the model.

In addition to the feedback coming from the local star formation, also neighboring particles
are able to exert a form of feedback. In particular, star forming particles are able to transfer
a certain amount of thermal energy to their surrounding particles. For each neighboring star
forming particle, this energy is essentially the same as before, but with a different parameter
Siv, therm = 0.2. This means that, in a time-step, each star forming particle is able to donate an
amount of energy

AEfb, therm = ffb, thermESNNSNII’ (236)

with Ngnir the IMF- and SFR-dependent number of SNII formed.

This energy is shared among particles within a cone with opening angle 26 = 60° aligned
as (minus) the particle density gradient. Each particle in the cone receive energy weighted by
the SPH kernel (see Valentini et al. 2017 for details).

Also kinetic feedback is implemented. When a particle exits the MP (p < 0.2presh
or it spent a time Z¢jock = fdyn,c in this stage) it can be eligible to become a wind particle.
This is essentially a particle which can receive kinetic feedback from surrounding particles.
The probability of becoming a wind particle Pying = 0.05 is a free parameter of the model,
as well as the time during which the wind particle is decoupled from the others particle
(twind = 20 — fc1ock [Myr] )!4. Each star forming MP particle can deliver an amount of kinetic
energy in a given time-step

AEgin = fio, kinEsnNsni, (2.37)

with fi, kin = 0.26 a free parameter of the model. Following a similar approach to the
thermal energy distribution, this energy is distributed among wind particles within the afore-
mentioned cone and its smoothing length.

Finally, chemical feedback from star particles is taken into account. The chemical enrich-
ment model, which follows 15 elements (H, He, C, N, O, Ne, Na, Mg, Al, Si, S, Ar, Ca, Fe,
and Ni), relies on the work of Tornatore et al. (2007). Each star particle, which represents a
co-eval stellar population, has the chemical composition of the gas from which it originated.
Assuming the IMF and mass-dependent lifetimes, the contribution of AGB, SNIa and SNII

13The latter also includes the hydrodynamic heating and cooling, that is due to the gravitational compression
and expansion of the gas.

14The particle can also exits the wind stage if its density falls below 0.3 pgpresh, Which would indicate the particle
went out from the star forming region from which it is receiving feedback.
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to the chemical yields is taken into account at each time-step of the simulation. Consistently,
the SNIa rate of each star particle is used to include their contribution to the energy feedback
in Equation 2.26. The ejected metals are distributed among neighbouring gas particles.

2.4.4 Black hole physics

The MUPPI version adopted here includes a treatment for BH physics, i.e. growth and
feedback (Valentini et al., 2020). BHs are represented by sink collisionless particles. When
a DM halo exceeds a threshold of Mpwm, thresh = 1.7 - 10'° M, and has a stellar mass fraction
of > 2%, a BH of mass Mg, seca = 1.1+ 10° My, is seeded in its center'>'°. BHs can grow by
accreting surrounding gas following the Bondi accretion rate:

2142
Mgy = 7O Mau0) (2.38)
()2 + ()?) 2
where p is the gas density, ¢, the speed of sound and v the relative gas-BH velocity. These
quantities are averaged over particles within the BH smoothing length. Both cold and hot gas
accretion is considered, and their sum can not exceed the Eddington limit. In addition, BHs
accretion is limited by the angular momentum of the gas, so that only gas with low angular
momentum (i.e. non rotationally supported) can be accreted into the BH. Operationally, the
accretion is implemented by allowing surrounding gas particle to be swallowed by the BH.
The other BHs accretion channel available is merging, which is assumed to occur when two
BH particles are within twice the softening length, and their relative velocity is lower than
half the speed of sound in the surrounding gas.
Accretion of gas into BHs translates into feedback, an important process which modifies
the thermodynamic properties of the gas. The energy associated with accretion is assumed to
be

ERSN = eerMpnc?, (2.39)

where € and ¢ are two parameters representing, respectively, the fraction of energy
radiated away and the coupling efficiency with the surrounding gas. This energy is distributed
among gas particles within the smoothing kernel. If a gas particle is not MP, this amount of
energy simply enters into the hydrodynamic equation that regulates the internal energy.
For MP particles, a more careful approach is adopted to distribute the energy between the
cold and hot phase. Namely, a fraction A, is used to heat the cold phase, and the remaining
fraction Ap = 1 — A is coupled to the hot phase. In brief, the energy to the hot phase is
used to increase the hot gas temperature (EI?GN in Equation 2.26). Contrarily, being the cold
phase at a fixed temperature 7. = 300K, the feedback to the cold phase translates into the
evaporation of cold gas to the hot phase. At each time-step, the evaporating mass is computed,
represented by the term M ?S}Ij in Equations 2.23 and 2.24. The corresponding AGN energy
used is E ?_Gf; and it also contributes to increase the hot gas temperature (Equation 2.26).
Note that E?_G)E does not necessarily corresponds to the available AGN feedback energy,
since the evaporating mass is limited by the actual amount of the cold gas. For this reason,
the amount of energy coupled to the cold phase which is actually used (Equation 2.27) is
< AE ff't‘)GN. Should remain some available energy not consumed to evaporate cold gas, it is
coupled to the hot gas.

I5These values are possibly scaled with the resolution of the simulation.
1611 order to avoid spurious numerical effects, it is re-positioned in the position of minimum gravitational
potential of the halo at each time-step of the simulation.
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Modeling dust in galaxy evolution
simulations

Being dust grains an essential ingredient of galaxies, it is highly desirable to model its
production and evolution within galaxy evolution simulations. This has at least three different
and well motivated aims. First, it helps us understand the role of various processes that
influence the abundance of observed dust in both local and high-redshift galaxies. Second,
it is a necessary step for our simulations to properly predict observable quantities, which are
of course affected by both dust obscuration and emission. Lastly, since dust grains actively
participate to the physics of galaxy evolution, modeling dust is essential to incorporate a
number of processes that improve the accuracy of our simulations.

In this context, a dust model is a physical model designed to predict the abundance and
properties of dust throughout the galaxy evolution simulation. This model is fully integrated
into the simulation, meaning it both is based on and influences the simulation predictions. In
this Thesis, I will not discuss dust models working in post-processing.

Most of this Chapter is devoted to describe the development and historical evolution of dust
models in literature. First, I will depict the life-cycle of dust grains in galactic environments,
which represents the physical foundation of any dust model. Next, I will review the pioneering
dust models used in galactic chemical evolution studies. Following this, I will introduce and
discuss the dust models recently adopted in both SAMs and hydrodynamic simulations,
highlighting the key results achieved by these studies. Finally, I will detail the dust model
which is at the core of this Thesis.
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Ficure 3.1: Schematic sketch depicting the dust life-cycle in galaxies. Grains form in AGB winds and SNe ejecta, and are thus injected into the ISM.
Here, accordingly to the physical conditions of the medium, different processes may affect grains evolution. Shattering in the diffuse and turbulent medium,
coagulation of small grains and accretion of gas phase metals in dense and cold clouds, sputtering in the hot medium. See text for details on the processes.
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3.1 Dust life-cycle

To model the evolution of dust grains within the broader galactic context, it is essential to
understand their life-cycle and how various astrophysical processes influence their abundance
and properties. A schematic illustration of the main processes described below is provided in
Figure 3.1.

Dust grains are produced in the final stages of stellar evolution. As suggested by IR
observations of circumstellar material (e.g. Gehrz & Woolf, 1971), high density winds asso-
ciated with late stellar phases, in particular the AGB one, of low-to-intermediate mass stars
(1 £ M/Mg < 8) are suitable sites for the condensation of solid grains. The composition of
these grains depends on the chemical composition of the outflowing material (e.g. Ferrarotti
& Gail, 2006; Gail et al., 2009; Di Criscienzo et al., 2013; Nanni et al., 2013, 2014; Dell’Agli
et al., 2017). Grains produced in AGB winds are expected to be relatively large, with sizes
> 0.1 um (e.g. Winters et al., 1997; Ventura et al., 2012).

The other relevant channel of grains production are SNe ejecta. Far-IR observations
of the SN1987A event have clearly demonstrated this (Moseley et al., 1989; Kozasa et al.,
1989; Wooden et al., 1993). Models based on the nucleation theory (Feder et al., 1966)
provided estimates of the amount and properties of grains formed in ejecta of core collapse
SNe, predicting large amount of dust formed (=~ 0.1 — 1 M, per event; e.g. Todini & Ferrara
2001; Nozawa et al. 2003). However, the survival of these grains during the explosion-driven
reverse shock is uncertain (e.g. Nozawa et al., 2007; Bianchi & Schneider, 2007; Bocchio
et al., 2014). The reverse shock is also expected to skew the distribution of grains towards
large sizes, since small grains are destroyed more easily (e.g. Nozawa et al., 2007).

Once ejected into the ISM, various processes can influence the evolution of dust grains.
Collisions between grains can affect the grain size distribution. In dense and cold molecular
clouds, low-speed collisions promote the sticking of grains, known as coagulation, resulting
in the formation of larger particles (e.g. Ormel et al., 2009; Hirashita & Voshchinnikov, 2014).
In contrast, in the diffuse and turbulent medium, collisions can lead to the fragmentation, or
shattering, of grains (e.g. Yan et al., 2004; Hirashita & Yan, 2009), which significantly shift
the distribution towards smaller sizes.

Dust grains can also change their mass during their journey into the ISM. In dense and
cold clouds, gas-phase metals can stick on the surfaces on dust grains, increasing their mass
(e.g. Liffman & Clayton, 1989; Dwek, 1998; Hirashita, 1999b). This process is often referred
to as grain growth or (metals) accretion. It is of course favoured by the metals content of the
cloud, and it also depends on the grain size distribution. Indeed, this is a surface process and
it is more likely to occur on small dust grains, whose surface-to-volume ratio is larger (e.g.
Hirashita & Kuo, 2011).

In hostile environments, collisions between gas and grains can cause grains to lose mass
by returning gas-phase metals to the ISM, a process known as sputtering. The most destructive
environment for this process is the shock generated by a SN explosion, where conditions for
both thermal and non-thermal sputtering are met, such as high velocities > 100kms~! and
high temperatures > 10°K (e.g. Dwek & Scalo, 1980; McKee, 1989; Nozawa et al., 2006; Hu
et al., 2019). In this work, this process will be referred to as SN destruction to differentiate it
from pure thermal sputtering, which occurs in the hot gaseous galactic and circum-galactic
phases. This occurs in the high-temperature (7 2 10° K) plasma as a result of ions-grains
collisions which eventually leads to grains erosion (e.g. Barlow, 1978; Tsai & Mathews,
1995). Another (minor) destruction process at work for dust grains is photo-evaporation,
which occurs in the presence of strong radiation fields (e.g. Nanni et al., 2024).
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To conclude, it is important to mention some additional properties of grains that influence
their life-cycle in the ISM. Grains typically possess a non-zero electric charge, which can affect
their interactions with ions (and thus grain growth), their dynamics, and their interactions
with photons (e.g. Zhukovska et al., 2018; Melzer, 2019; Glatzle et al., 2022). Another
characteristic that can impact grain evolution in the ISM is porosity, as it alters the total
surface area (e.g. Hirashita, 2022). In this Thesis, as well as in the large majority of galaxy
evolution simulations which include dust, neither electric charge nor porosity are considered.

3.2 Chemical evolution models

Historically, the first tools adopted by theoreticians to model dust formation and evolution
in a galactic context were chemical evolution models (e.g. Tinsley 1980; see also Matteucci
2003 and references therein). These are typically one-zone and one-phase models. The
former means that they lack spatial resolution (i.e. same properties in the whole disc, or
disc+bulge in the case of two-zones models), while the latter that the model averages gas ISM
properties over the cold, warm and hot phase. In the most simple cases, a set of coupled non-
linear integro-differential equations are used to model gas infall, star formation, and chemical
enrichment, eventually adopting different prescriptions for different types of galaxies (e.g.
Matteucci & Tornambe, 1987; Bradamante et al., 1998; Chiappini et al., 2001).

Due to the chemically-oriented nature of these models, their use for studying galactic
dust was a natural choice. The first pioneering attempts to include dust within basic models
can be traced back to the 1980s (Dwek & Scalo, 1980; Liffman & Clayton, 1989; Liffman,
1990; Wang, 1991). These early studies mainly aimed to explain depletion patterns or the
chemical composition of grains in the solar neighborhood. They provided valuable insights
for future, more complex models. For example, they suggested the importance of SNe as
grains factories', as well as the need of grain growth in molecular clouds, which was not
always included at that time.

Dwek (1998) was the first to include a dust model in a proper chemo-dynamical, two-zones
chemical evolution model. The equation describing dust evolution is of the type:

M gus . . .
T+ M (Tee) = Mo (Tsnaes) = Mg ™. (3.D)
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This equation essentially relates the ISM dust mass variation to the time-dependent stellar

production of grains M(Sl;asfts(t), the mass of dust re-embedded into stars (commonly referred
Mgrowth

to as astration) proportional to the SFR ¢, the growth of grains in molecular clouds (M ",
dependent on some timescale 7g), the destruction of grains in SN shocks (M gitdes, depen-
dent on some timescale TsN ges), and the mass of dust removed by outflows Mgl‘l’:?ow. These
processes are identified as the fundamental ones in all the future dust models which aim at
following the amount of dust’, even in the case of more complex, numerical simulations.
The main differences among various dust models stand in the assumptions (e.g. dust yields,
time-scales functional forms) that determine the terms in the above equation, along with
possible adjustments in multi-phase models.

In Dwek & Scalo (1980), a number of sources were assumed to produce grains: planetary nebulae, winds of
red giant stars, proto-stellar nebulae, novae and supernovae. As they report in a note added in proof, there was an
observational claim of dust condensation in SN ejecta. The future clear SN1987a detection was just the confirm
of the relevance of the SN channel.

2 Actually, in the original Dwek (1998) model dust densities are considered instead of dust masses.

3Models that additionally describe the evolution of grain sizes should also take into account other processes,
such as shattering and coagulation.
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The seminal work by Dwek (1998) was focused on galactic dust, in particular on depletion

patterns. The model essentially confirmed the dominance of SNII (and SNla, for iron dust)
as dust sources, as well as of the grain growth in molecular clouds.
Thanks to the advance in observations, and in particular to the /RAS satellite and SCUBA
camera operating in the IR, it became also possible to study dust beyond our Galaxy. A
particularly intriguing relation that emerged was that between the dust-to-gas ratio (DTG) and
gas phase metallicity Z (e.g. Issa et al., 1990; Schmidt & Boller, 1993). Chemical models
constituted a powerful tool to investigate this relation, in both dwarf and spiral local galaxies
(Lisenfeld & Ferrara, 1998; Dwek, 1998; Hirashita, 1999a,b; Edmunds, 2001; Inoue, 2003;
Galliano et al., 2008; Mattsson & Andersen, 2012; Kuo et al., 2013; Feldmann, 2015; Schnei-
der et al., 2016). In the low metallicity range, dwarfs exhibit a flatter and more scattered
pattern in the observed DTG—-Z relationship, whereas spiral galaxies display an inclining
slope. It became apparent that, while the relation in dwarf galaxies is well reproduced thanks
to the stellar production channel and some stochasticity to ensure the observed scatter, the
growth in clouds is necessary for explaining the DTG in more metal enriched galaxies (Hi-
rashita, 1999a,b). Inoue (2011) and Asano et al. (2013a) introduced the concept of critical
metallicity, above which ISM grain growth becomes the dominant process. This is set by the
competition between the efficiency of grain growth and destruction (or dust-free inflows, see
Feldmann 2015).

Other extra-galactic observations (e.g. Lilly et al., 1999; Eales et al., 2000) made it
necessary to expand the study of dust evolution in galaxies different from our MW. A step in
this direction was moved by Calura et al. (2008). Adopting a formalism similar to that of Dwek
(1998), they formulated a treatment of the evolution of dust in spirals, ellipticals and irregular
galaxies, assuming different prescriptions for grain growth in each of these categories. Also,
they included ejection of dust by outlows, pointing out that large dust masses may be found
in the hot CGM/IGM, although they were missing a model for the destruction in this hostile
medium by thermal sputtering.

Starting from the Calura et al. (2008) model, Gioannini et al. (2017) tried to overcome
the lack of cosmological context of chemical models. The different prescriptions for dust
evolution in different galaxy types are coupled with some assumptions on the abundance of
spiral, elliptical and irregular galaxies across cosmic time. In this way, the authors were
able to predict the cosmic dust mass density, Qqust, Which was in good agreement with the
observations available at that time. This is the first time that a model has been compared with
this quantity, which will be widely discussed by the forthcoming cosmological models with
dust in the subsequent years.

One on the main ingredients of these models was also the most uncertain, that is the stellar
production of grains. The first detailed studies, based on the nucleation theory, provided
predictions on the effective grains production by different stellar sources (AGBs: Ferrarotti &
Gail 2006; and SNe Todini & Ferrara 2001; Nozawa et al. 2006; Bianchi & Schneider 2007).
Zhukovska et al. (2008) were the first to implement detailed mass and metallicity dependent
dust yields from AGB stars in a chemical evolution model.

The focus on dust sources was further motivated by high-z observations, thanks to which
emerged a picture in which a consistent abundance of dust was in place already in the first
< 1Gyr of the Universe lifetime. This is the case of the SDSS1048+46 quasar at z = 6.2
(Maiolino et al., 2004b), which challenged the models of the time (Maiolino et al., 2004a;
Dwek et al., 2007), who supported a picture in which SN production has to dominate in these
early epochs, although with some extreme assumptions. The model by Valiante et al. (2009),
based on detailed dust yields, suggested that stellar sources could account for the observed
dust, and also that the AGB contribution is not negligible at that early times. However,
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in their model they neglect grains accretion in MCs. Studying z > 6 FIR-detected QSOs,
Calura et al. (2014) claimed the need for a strong efficiency of grain growth (or alternatively
a strong star formation efficiency or a top-heavy IMF; see also Rowlands et al. 2014). A
similar conclusion was reached by Valiante et al. (2011) and Mancini et al. (2015), with a
semi-numerical* chemical model.

Another crucial ingredient that were often missing in many chemical evolution models
was the treatment of the grains size distribution. Some seminal works studied the variations of
the latter in different processes, such as sputtering, grains growth, shattering and coagulation
(e.g. Liffman & Clayton, 1989; O’Donnell & Mathis, 1997; Hirashita et al., 2010; Hirashita,
2010). However, the first work including a treatment of the processes affecting dust sizes in
a galactic context is the one by Asano et al. (2013b). Stars produce large (~ 0.1 um) grains,
whose size may evolve by shattering and coagulation, modelled in a simplified way. Also,
ISM processes like growth and destruction are size-dependent. The result is that the grain size
distribution evolves with the galaxy age, from a large-grains to a small-grains dominated one.
Moreover, also the dust abundance is affected by the processes: shattering plays a relevant
role to produce small grains and to boost up the grain growth process, which is more effective
on small sized particles.

Cheaper treatments of the grain size distributions introduced in the context of chemical
models are also the two-size approximation (Hirashita, 2015) and the method of moments>
(Mattsson, 2016).

At more recent times, although chemical evolution models were replaced by the advent
of more detailed and complex numerical simulations, they are still adopted to study the dust
budget and scaling relations of galaxies (e.g. Clark et al., 2015; Ginolfi et al., 2017; De Vis
et al., 2017; De Vis et al., 2019; Nanni et al., 2020; Galliano et al., 2021; Calura et al.,
2023). Also, one-zone dust-focused® models are adopted to explore dust-related processes
still not included in galaxy evolution models. Examples are dust grains aromatization (Hi-
rashita & Murga, 2020), the treatment and impact of grain porosity (Hirashita & I1’in, 2022),
the evolution of small carbonaceous grains (Hirashita, 2022), molecules formation on grains
(Hirashita, 2023).

In summary, chemical evolution models provided a valuable tool for the pioneering
exploration of dust evolution in galactic contexts. They obtained key results, such as a
physical explanation of the DTG—Z relation and the evolution of the grain size distribution.
Moreover, these models developed analytical prescriptions for dust-related processes which
served as foundation of the forthcoming numerical simulations.

3.3 Numerical simulations

Both SAMs and hydrodynamic simulations allow us to study dust evolution in a cosmological
context, as well as on (sub-)galactic scales. The importance of these tools has to be under-
stood in light of the large amount of observations now available. Nowadays instruments and
facilities (e.g. Herschel, ALMA) made it possible to make a detailed census of dusty galaxies

4Here semi-numerical means that the chemical model has been applied to a set of merger trees obtained with
the extended Press-Schechter algorithm.

5The method of moments is a statistical technique that involves tracking (some of the) moments of the mass
and size distribution of grains. Using this approach, the size distribution is approximated and reconstructed from
a truncated hierarchy of moments.

5This means their goal is to study the dust evolution of galaxies based on certain assumptions about key
features, such as the star formation history.
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up to very high redshifts, as well as to study dust distribution in resolved, nearby galaxies.
Numerical simulations allowed our community to compare with these data and to test our
dust models against them.

As most of the physics considered, given the limited resolution of both SAMs and
hydrodynamic simulations, dust-related processes have to be implemented in a sub-grid
fashion, relying on approximated relations. Drawing from more than 20 years of experience
with chemical evolution models has been fundamental in developing these recipes, which
only required adaptation to fit the new numerical frameworks. The next Section is devoted to
detail this practical aspect.

3.3.1 Modeling dust processes in the SA and hydrodynamic framework

The dust model recipes are tailored to align with the basic working scheme of SAMs and
hydrodynamic simulations (Section 2.2), which defines the fundamental discretization units
of these frameworks. I will resume the main concepts adopted by most of the simulations
to regulate the exchange and the evolution of dust grains in these units. A comprehensive
summary of the processes modeled in various published simulations is reported in Table
3.3.3.

« Stellar production

The starting point of dust life-cycle is the stellar production of grains, and their subsequent
ejection in the gaseous medium. This process closely resemble those of metals production
(by stellar sources) and spreading. As a result, a part of the ejected metals are labeled as
condensed in the solid phase, that is they are in dust grains. These will enrich the gaseous
component of a semi-analytic galaxy (e.g. the gaseous disc, the hot halo), or the gas close
to stars in the hydrodynamic simulation. In most cases, numerical simulations are provided
with detailed chemical models which are able to associate to each stellar population a specific
SFH, thus they are able to follow the delayed chemical (and dust) enrichment by different
stellar sources (e.g. SNII, AGBs, SNIa).

The fraction of metals condensed into dust grains is the first important assumption that any
dust model has to do. Inspired by chemical evolution models, different options are available.
In the most simplistic cases, a fixed fraction ¢ of the metals yields is assumed to be in the solid
phase (e.g. Aoyama et al., 2017, for SNII only). A more sophisticated still simple approach is
the one of Dwek (1998), widely adopted by both SAMs and hydrodynamical simulations (e.g.
Bekki, 2013; Popping et al., 2017; McKinnon et al., 2016). In this case the condensed fraction
6{ (in the broad range ~ 0.05 — 1) is different for each stellar source (i; AGBs, SNII, and
SNIa) and it refers to each single element assumed to be part of dust grains (j; typically C, O,
Mg, Si, Fe, but also Al, S, Ca, Ti). Another solution is to adopt a condensation fraction which
depends on the assumed chemical composition of dust grains. This method, often referred to
as key element and first introduced by Zhukovska et al. (2008), consist in identifying, for each
dust compounds, the element whose abundance is such that it constitutes a bottleneck for the
formation of the compound with given stechiometric ratios. In other words, the key element
is the one for which the ratio between the available number of atoms and the number of atoms
in a given compound N/ N¢omp is minimum.

A minority of simulations (e.g. McKinnon et al., 2018; Graziani et al., 2020) uses instead
a more detailed treatment of dust production, by adopting mass- and metallicity-dependent
yields for AGB stars and SNe. However, these yields are based on a number of assumptions,
such as the micro-physics and the thermodynamics of the ejected material, which makes
model prediction unavodaibly uncertain.
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* Dust spreading in the ISM

Newly produced dust grains are subsequently spread in the gaseous medium. However,
the dynamics of dust grains is not necessarily the same of the gas.

All the SAMs discussed here assume that dust is simply a component of the various gaseous
units (e.g. disc, halo). It is then implicitly assumed that dust is perfectly coupled with gas.
This is somehow forced to be in SAMs, due to their lack of spatial resolution. However,
it is noteworthy that certain recent SAMs (Parente et al., 2023; Yates et al., 2024) which
incorporate dust feature coarse spatial resolution of galaxy discs and a simplified treatment of
gaseous inflows resulting from angular momentum loss. Therefore, there is an opportunity to
introduce a basic model for gas-dust drag interactions. Employing a distinct inflow mechanism
for dust could provide a straightforward way of representing this phenomenon.

As well, the large majority of the hydrodynamic simulations mentioned here include dust
as an ingredient, or a property, of gas particles. Some exceptions are the work by Bekki
(2015); McKinnon et al. (2018); Li et al. (2021), in which dust grains are represented by
independent /ive particles’. These are coupled to the gas via the modelling of a gas-dust drag
force which depends on the gas properties. This method is particularly suitable for studying
dynamical dust processes (e.g. radiation pressure; see Bekki 2015). Also, these experiments
demonstrated that the widely adopted strong coupling between gas and dust is a reasonable
assumption (McKinnon et al., 2018).

¢ Grains accretion in dense medium

The treatment of dust grains accretion in simulations is generally inspired by some of
the aforementioned analytical works (e.g. Dwek, 1998; Zhukovska et al., 2008; Asano et al.,
2013a), although the practical implementation greatly vary. A commonly adopted functional
form for the accretion time-scale is

Tace < n~ 712771, (3.2)

where n, T, and Z are the density, temperature and metallicity of the gas. This formulation
takes into account that gaseous medium with higher densities, lower temperatures and higher
metal abundances favour the collision and subsequent sticking between gas-phase metals and
grains. This process is of course allowed to occur in the cold gas which is expected to host
dense medium. However, it is worth reminding that this dense medium, namely molecular
clouds, is far below the resolution of our current cosmological simulations. As a result, differ-
ent approaches are adopted to compute the above quantities. In the semi-analytic approach,
only the cold disc is considered, and the density and temperature of the gas are assumed to
be fixed (e.g. Popping et al., 2017). In the hydrodynamic approach, these quantities may
be evaluated on a particle-by-particle basis, relying on the predictions of the hydrodynamic
solver (e.g. McKinnon et al., 2016; Li et al., 2019; Graziani et al., 2020). In some other cases,
being molecular dense clouds below the resolution of typical cosmological simulations, a
fixed n and T is assumed (e.g. Granato et al., 2021).
The dependence on the dense medium is sometimes explicitly considered, for example re-
scaling the timescale by the molecular fraction in the cold gas. This is assumed to be fixed
(e.g. Aoyama et al. 2017) or computed by mean of sub-grid recipes (e.g. Granato et al., 2021;
Parente et al., 2023). Alternatively, Vijayan et al. (2019) and Yates et al. (2024) model an
exchange of dust between dense and diffuse medium (Zhukovska, 2014).

"The expression live particles has been introduced by Bekki (2015). In these cases, the gas properties (e.g.
thermodynamical, metallicity, SN rates; see later) needed to evaluate the efficiency of dust processes, are evaluated
by smoothing the properties of the neighboring gas particles of each live dust particle.
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In both the semi-analytic and hydrodynamic approach, the metallicity of the gas Z is self-
consistently computed by the simulation. However, we point out that some other dependences
are sometimes adopted (e.g. the mass of dust in molecular clouds Vijayan et al. 2019; Yates
et al. 2024).

Eventually, some models incorporate a more sophisticated approach which consider some
extra-dependence on grains properties (e.g. McKinnon et al., 2018; Granato et al., 2021;
Li et al., 2021). For example, accretion depends on both the chemical composition (which
regulates the mass density) and the size of grains. When dust properties are not considered
(e.g. Li et al., 2019; Triani et al., 2020), representative values are chosen (e.g. a size of
~ 0.01 um and material density ~ 2 —3 gcm™3). When a the simulation follows the chemical
composition and size of grains, appropriate values are used to compute T,... The size of the
grains significantly influences the process, with smaller grains being more efficiently accreted
(Tace o size, e.g. Hirashita & Kuo 2011).

¢ Grains destruction in SN shocks

There are relatively few variations in the modeling of dust grain destruction in SN shocks
across different simulations. While the practical implementation may differ, most models are
based on the work of McKee (1989), according to which grains within the sweeping radius
of a SN explosion are destroyed. This is conveniently quantified as a swept mass of gas My,
which depends on the energy of the SN explosion and the shock velocity, assumed to be
fixed values (of the order of ~ 103! ergand ~ 200kms~!). In both SAMs and hydrodynamic
simulations, the resulting destruction timescale reads as:

1
RsnM swf,

where Rgyn is the SN rate which is consistently derived from the simulation, and € a
parameter quantifying the dust destruction efficiency of the order of ~ 10 % (e.g. McKee,
1989; Nozawa et al., 2006). In some cases, different kind of SNe are associated with different
destruction efficiencies (Graziani et al., 2020).

Tdes,SN X (3.3)

The impact of SN explosions on the surrounding medium also depends on the properties
of that medium. As demonstrated by Yamasawa et al. (2011, see also Nozawa et al. 2006),
the swept mass decreases with increasing metallicity and density of the surrounding medium,
as more efficient cooling leads to easier shock deceleration. This has led various simulators
to adopt the fitting formula provided by Yamasawa et al. (2011) to account for the density
(in hydrodynamic simulations) and metallicity dependence of the SN destruction efficiency
(Mg, o n~0:2027-0.298, e.g., McKinnon et al. 2018, Triani et al. 2020, Parente et al. 2023,
Yates et al. 2024). Additionally, Hu et al. (2019) noted that silicate grains are more easily
destroyed than carbonaceous grains. This has been incorporated into some models that track
the chemical evolution of dust (e.g., Yates et al., 2024; Dubois et al., 2024).

Lastly, models accounting for grain size distribution often take into account the larger effi-
ciency of grains destruction on smaller grains, which may be easily eroded by the intervening
shock (e.g. McKinnon et al., 2018; Aoyama et al., 2020; Dubois et al., 2024).

¢ Grain size evolution: shattering and coagulation

Another crucial property of the grains population is its size distribution, as it also affects
the rates of various processes. Among the simulations that account for this, two common
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strategies are used. The first, a coarse and computationally inexpensive method, is the
two-size approximation (Hirashita, 2015). This approach considers only two representative
sizes of grains (e.g., a ~ 0.005 um and ~ 0.1 um), and it is able to reproduce the main
features of full calculations of grain size distribution. The distinction between small and
large grains is determined noting that, when the full size distribution is considered, different
processes generate two peaks in the distribution, with the boundary located at ~ 0.03 um
(see Figure 6 in Asano et al. 2013b). Stars produce large grains, accretion acts on small
grains, and eventually destruction processes have different efficiencies based on the assumed
grains size ratio. In more sophisticated approaches (e.g. McKinnon et al., 2018; Aoyama et al.,
2020; Li et al., 2021), each dust grains population is represented by a N—bins size distribution.

The processes that regulate the exchange between small and large grains, reshuffling
the grain size distribution (GSD) without changing the total dust mass, are shattering and
coagulation. These are collisional processes where grains, depending on their relative velocity,
either fragment into smaller particles (shattering) or stick together to form larger grains
(coagulation). The relative velocity of grains is modeled based on the properties of the gas.
Shattering typically occurs in diffuse medium (gas with n < 1cm™3), while coagulation is
effective in dense, unresolved molecular clouds. Therefore, similar to the approach adopted
for accretion, coagulation efficiency is often linked to the fraction of dense gas assumed by the
model (e.g., Aoyama et al., 2017; Granato et al., 2021). Typical grain velocities are assumed
to be approximately ~ 10km s~! in diffuse gas and ~ 0.1 km s~ ! in dense gas. However, more
complex size- and density-dependent functional forms are used when N-bin distributions are
considered (e.g., McKinnon et al., 2018; Aoyama et al., 2020).

Lastly, it is worth mentioning the SAM by Parente et al. (2023), which will be discussed
extensively throughout this Thesis. It is the only semi-analytic approach that follows two size
distributions®. Given the limitations of the semi-analytic approach, the treatment of shattering
and coagulation is simplified, relying on the fraction of molecular gas in the cold gas disc to
distinguish between the diffuse and dense components of the ISM.

* Grains sputtering in the hot medium

In the hot medium (7 2 10° — 10° K), grains are eroded by the collisions with energetic
particles. The prescription introduced by Tsai & Mathews (1995) is by far the most widely
adopted to model thermal sputtering in galaxy evolution simulation. It suggests a dependence
on the density n and temperature 7" of the hot gas, as well as on the grain radius a:

Topu % [(?) + 1] . (3.4)

This is an outcome of theoretical computation (Tielens et al. (1994), but see also Nozawa
et al. 2006), which essentially predict a rapidly (w = 2.5) increasing sputtering efficiency
with temperature T up to Ty, temperature above which it is nearly constant. This is trivially
implemented in simulations. In SAMs, density and temperature are typically computed
assuming a hot, virialized gas in the DM halo, extending up to the virial radius. The hot gas
is at the virial temperature and at some average density, dependent on the assumed density
profile (e.g., uniform density, 8 model; e.g., Yates et al. 2024). In hydrodynamic simulations,
sputtering is computed on a particle-by-particle basis, with the hot gas having density and
temperature predicted by the hydrodynamic scheme.

* Astration, inflows, mergers, outflows

81 also mention the work by Makiya & Hirashita (2022), who studied the size distribution by post-processing
the galaxies catalog of a SAM.
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It is worth mentioning some processes that re-locate dust within the gas and stellar phases
of the simulations. Astration, the process by which grains are embedded again into newly
formed stars, acts to reduce the amount of dust into the ISM. In both the semi-analytic and
hydrodynamic approach, this is trivially modelled by reducing the amount of dust in the SF
gas’, typically assuming a constant DTG. A constant DTG is typically assumed also in the
case of inflows, outflows, and mergers in SAMs, in which during this process a certain amount
of dust is transferred from a reservoir to another (e.g. from cold disc to hot halo, in the case of
outflows). In hydrodynamic simulations, these processes naturally emerge from the dynamics
and transformation of gas particles. Consequently, dust does not deserve a specific treatment.
However, we note that Li et al. (2019) destroy dust in wind gas particles, which represent
outflows generated by stellar feedback.

3.3.2 Key results from numerical simulations

Galaxy evolution simulations with dust allowed to produce theoretical predictions for a number
of different observables, as well as to study the different contribution of the dust processes to
the total dust budget. In this Section some of the key results obtained by dusty simulations of
the last decade are presented. Also, some comparisons are performed and discussed. Some
of the results obtained in this Thesis will be included in this review process. However, they
will be extensively discussed in the next chapters.

¢ The DTG-Z relation

A key diagnostic relation for dust models already discussed in the chemical evolution
framework is the DTG (and DTM)-Z relation. Also simulations extensively compared with
it, at both low and high redshift. The result is that models are able to broadly match the
observations up to z =~ 5, but not at all redshifts simultaneously. (Popping & Péroux 2022, but
see also Yates et al. 2024). Here I focus on the z =~ O relation, which is reported in Figure 3.2
for various cosmological simulations, compared to observations by Rémy-Ruyer et al. (2014)
and De Vis et al. (2019).

At low metallicity, DTG and DTM are mainly determined by the stellar production
channel, that is the condensation efficiency or the adopted stellar yields. There is a huge
variation (~ 2 dex) in models predictions in this regime. For example, in the study by Hou
et al. (2019) low Z galaxies feature large DTG and DTM ratios, suggesting that their assumed
10% metals condensation fraction in SNII ejecta is too large (or equivalently, the SN-driven
destruction is not efficient). A similar conclusion may be drawn for the Triani et al. (2020)
model.

Grain growth is the main driver of the peculiar s—shape of the increasing relation between
DTG (and DTM) and Z, (e.g. Popping et al., 2017; Li et al., 2019; Parente et al., 2022). This
shape highlights the critical metallicity Z;;, above which grain growth becomes more efficient
than stellar production. The different prescriptions adopted for dust growth, dust production
and dust destruction may substantially affect the outcomes, as well as the other sub-grid recipes
adopted by the models. Also in this case, a huge variation is observed in models predictions for
Zeit ~ 1072 — 1 Z. Parente et al. (2022) have shown explicitly that the grain growth efficiency
regulates Z.i;. However, Popping & Péroux (2022) pointed out that different predictions about
Ziit may inform about more profound differences among various simulations, such as different
star formation timescales (Asano et al., 2013a; Zhukovska, 2014; Feldmann, 2015). They
also suggested that the Yamasawa et al. (2011) Z—dependent prescription for dust destruction
in SN shocks may be inadequate, since the Triani et al. (2020) model — which incorporates

o0r according to the neighboring gas particles in the case of /ive dust particles, (e.g. Li et al., 2021). However,
in some cases astration is not included at all (McKinnon et al., 2018).
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Ficure 3.2: Relation between DTG (top panels) and DTM (bottom panels)
versus gas metallicity Z at z = 0. Predictions from both SAMs (left panels;
Popping et al. (2017), yellow; Vijayan et al. (2019), green; Triani et al. (2020),
magenta; Parente et al. (2023), orange; Yates et al. (2024), their binary stars
model, blue) and hydrodynamic simulations (right panels; Hou et al. (2019),
purple; Li et al. (2019), green; Parente et al. (2022), dark red) are shown.
Median trends and dispersions are reported as solid lines and shaded areas.
Observational determinations from Rémy-Ruyer et al. (2014) and De Vis
etal. (2019) are reported in each panel, respectively as filled circles and stars.
The 16 — 84th percentiles dispersion of observational data is reported as a
yellow region.
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Ficure 3.3: Cosmic rate of ISM grain growth (solid lines) and ISM grains
destruction (dashed lines) as predicted by different SAMs: Popping et al.
(2017, yellow), Vijayan et al. (2019, green), Triani et al. (2020, pink), Parente
et al. (2023, orange), Yates et al. (2024, dark and light blue for the model
with single and binary stars, respectively). Grains destruction refers to only
SN destruction in the case of Triani et al. (2020). The horizontal gray line
marks the rates normalization, i.e. the dust stellar production rate (= 1 in this
scale).

this prescription — predicts a (decreasing up to Z ~ Zy) DTM-Z relation inconsistent with
observations. However, the same Z—dependent prescription is adopted in Parente et al. (2023),
which predicts a DTM-Z relation in keeping with observational data. The Triani et al. (2020)
inconsistency may result from a too low grain growth efficiency at relatively high Z, which
makes the destruction channel dominant. This would agree with the quite high Z.i ~ Zg
featured by this model.

As for the high Z regime, here the saturation of the grain growth is reached, hence a ~
constant DTM is retrived. This is not the case of the Li et al. (2019) model, which predicts a
strongly decreasing DTG and DTM in this region of the diagram. This behaviour is attributed
to the AGN feedback, which induces gas heating and consequently enhances dust destruction
through thermal sputtering.

* The role of dust-related processes

What processes contribute to the dust budget of galaxies, and to what extent do they do
so? Simulations offer some insight into this question. Predictions from various SAMs over a
broad redshift range are shown in Figure 3.3. The rate of grain growth and destruction in the
ISM is summed over the whole galaxy population and normalized to the dust production rate
by stellar sources. This normalization procedure is needed to highlight the relative importance
of the ISM processes. All the simulations agree on the increasing dominance of the grain
growth channel over the stellar production channel as z decreases. The latter only dominates
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in the early phases of galaxy evolution, although there is no consensus on the redshift at which
this transition occurs. This transition redshift is very high (z > 6) for 5 out of the 6 models
reported, while Triani et al. (2020) predicts an unusually low one (z =~ 2). It appears that
grain growth is limited in this model'” (see also discussion of the DTG- and DTM-Z relation).

Also, there is a huge difference in the predictions of the relative importance of grain
growth over stellar production, being it ~ 10 in Triani et al. (2020) and Yates et al. (2024,
their model with binary stars) and ~ 103 in Popping et al. (2017) at z ~ 0. Although the
adopted grain growth prescriptions are different (see Table 3.3.3), it is worth noting that these
variations might originate from the substantial differences on the underlying galaxy evolution
and chemical models. These affect both the star formation, metallicity and molecular fraction,
which are all relevant in determining the timescales for dust processes. Interestingly, the SAM
by Yates et al. (2024), in which the effect of chemical enrichment by binary stars has been
investigated, found two similar transition redshifts (z =~ 6.5) when adopting the chemical
yields from both single and binary stars.

The clear result that should be emphasized is the relative similarity of the grain growth
and destruction rate (but at z > 2 in Triani et al. (2020), which supports the hypothesis of
limited grain growth in this SAM). This means that the metals recycling is quite fast: grains
destroyed in SN shocks produce gas phase metals which are quickly re-locked again into
grains by grain growth. As a result, large differences in rates (~ 2 order of magnitudes) does
not necessarily reflect into large differences in dust masses (see discussion later).

Finally, note that quantities discussed here have been summed over the whole galaxy
population, but it should be kept in mind that the efficiency of the various processes vary from
galaxy to galaxy. For example, Popping et al. (2017) pointed out that grain growth dominates
the dust production budget only in relatively massive galaxies (log M5/ Mg = 8).

* High—z

The role of various processes is more controversial at high redshift. While the hydrody-
namic simulation by Graziani et al. (2020) confirmed the importance of the grains growth
in the ISM to reproduce the dust abundance of 4 < 7z < 8 ALMA detected galaxies, Dayal
et al. (2022) claimed recently a negligible role of this process to explain the mass of dust in
REBELS z = 7 galaxies.

Caution is needed when performing this comparisons, given the large uncertainty of dust
temperature in these objects, whose dust emission spectral region is not always well sampled.
Dust temperature is degenerate with dust mass, thus large uncertainties are expected. This
was recently pointed out by Choban et al. (2024a), who conducted a series of zoom-in
cosmological simulations. They concluded that although grain growth in the ISM is the
dominant channel for dust production at z > 5, their model still under predicts observed dust
masses at such high redshifts.

* The Dust Mass Function and Cosmic Dust Budget

Simulating galaxy evolution in a cosmological context made it possible the comparison
with IR-to-submm surveys, from which dust mass functions (DMFs) and information on
the redshift evolution of cosmic dust abundance are inferred. Figure 3.4 reports DMF
predictions by various SAMs and hydrodynamic simulations at z ~ 0, 1, 2, 4, compared with
acompilation of observations (see caption for details). Itis worth noting several aspects of this
comparison. Firstly, the predicted DMF exhibits a Schechter-like shape in SAMs, whereas it

10Note that in their model a single size of grains is assumed, namely 0.1 um. Smaller sizes could enhance
grains growth.
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Figure 3.4: DMF at z ~ 0, 1, 2, 4 as predicted by SAMs (Popping et al.,
2017; Vijayan et al., 2019; Triani et al., 2020; Parente et al., 2023; Yates
et al., 2024, left panels) and hydrodynamic simulations (McKinnon et al.,
2017; Hou et al., 2019; Li et al., 2019; Graziani et al., 2020; Parente et al.,
2022, right panels). Yellow regions represent compilations of observational
data taken from Vlahakis et al. (2005); Dunne et al. (2011); Beeston et al.
(2018) at z ~ 0, Pozzi et al. (2020, z ~ 1 and ~ 2), Dunne et al. (2003, z ~ 2),

and Traina et al. (2024, z ~ 1, ~ 2, and ~ 4).
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Fiure 3.5: Cosmic ISM dust parameter QM as a function of redshift.
Model predictions from both SAMs (Popping et al., 2017; Vijayan et al., 2019;
Triani et al., 2020; Parente et al., 2023; Yates et al., 2024) and hydrodynamic
simulations (Aoyama et al., 2018; Li et al., 2019; Graziani et al., 2020)
are shown as solid and dotted lines. The yellow shaded region includes a
number of observational derivation of QM obtained by integrating the DMF
(Vlahakis et al., 2005; Dunne et al., 2011; Beeston et al., 2018; Driver et al.,
2018; Dudzeviciuté et al., 2020; Pozzi et al., 2020; Traina et al., 2024).
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appears more irregular in hydrodynamic simulations. It is crucial to bear in mind that SAMs
typically yield a better agreement with the observed SMF than hydrodynamic simulations,
largely due to the simplicity of running and tuning SAMs. Additionally, hydrodynamic
simulations are often conducted on smaller volumes, which may result in inadequate sampling
of the most massive objects. Both these factors are likely to influence the shape of the DMF.

The observed high-z DMF is typically much more difficult to match with respect to
the z ~ 0 one. Graziani et al. (2020) perform the best at z ~ 4, but a larger simulated
volume (their box size is 302~! cMpc) would be needed to better constrain the high mass
end. At such high redshifts all the other models under predict the observed dust masses. A
similar tendency is found at z ~ 2. Here some SAMs (Popping et al., 2017; Vijayan et al.,
2019) and hydrodynamic simulations (Hou et al., 2019; Li et al., 2019) broadly matches, still
underestimating, the high mass end of the observed DMF. However, it is worth noting that
predictions by these models typically worsen at z ~ 0. On the contrary, models that exhibit a
good agreement with the z ~ 0 mass function, tend to (heavily) underestimate the observed
DMF at 7 ~ 1 — 2 (Triani et al., 2020; McKinnon et al., 2017; Parente et al., 2022; Yates et al.,
2024). In conclusion, none of the shown models is able to reproduce both the high—z and
low—z observed DMFs.

A similar issue arises when examining the cosmic dust density pqusi, Or Qqusi' . Here the
focus is on galactic dust, hence Qg5 = Qﬁﬁf. Predictions from both SAMs and hydrodynamic
cosmological simulations are shown in Figure 3.5. None of the models can adequately
reproduce both the shape, characterized by a decline at z < 1, and the normalization of the
observed Qﬁlz’tl In particular, as already noted for the DMF, models struggle to reproduce
both the high— and low—z observed dust abundance. Reasons behind this discrepancy may
be multiple and, importantly, not necessarily related to differences in the dust model. This
has been noted recently by Parente et al. (2023), who showed that a different prescription for
SMBH growth (i.e. galaxy quenching) can improve the z < 1 drop prediction'?. Indeed,
these simulations typically predict very different key quantities, such as SFR density or metals
content, which profoundly affect the dust assembly, and consequently QE;’:.

As a final remark, it is important to highlight that QM may not serve as an ideal
quantity for comparison with observations, where it is computed'? by integrating the observed
DME. The bulk of this integral (= 95 %) arises from the contribution of galaxies with
Mgaus < 108 M, a mass range that is largely unconstrained by observations, necessitating the
use of DMF Shechter-like extrapolation to estimate its contribution. Such extrapolations can
potentially lead to misleading comparisons. As an explicit example, take the DMF and Qésulztl
at z ~ 2. While various models may align well with the observed Qﬁﬁ’t{, none of them can
accurately reproduce the high-mass end of the observed DMF. This highlights the importance

of preferring comparisons based on the latter rather than on Q}Ef;f

* Dust on sub-galactic scales

Hydrodynamical simulations and spatially resolved SAMs allowed to study the dust
distribution and properties on sub-galactic scales. Dust (as well as DTG and DTM) profiles
have been investigated, and compared with the few available observational results coming
from nearby galaxies (e.g. Casasola et al., 2017; Relafio et al., 2020; Chiang et al., 2021).

Simulations recover a slowly decreasing dust, DTG and DTM profiles, in broad agreement
with observations (Granato et al., 2021; Yates et al., 2024). However, the normalization often

The cosmic dust parameter is related to the cosmic dust density by Qquet (z) = p““pLO(Z), with pc o = 2.775 h? x

10 Mo/ Mpc3 the critical density of the Universe today. Note the common bad practice in this definition, which

is at odds with the standard meaning of the density parameters €2 in cosmology, where densities are normalized
p(z)

Perit(2) ©

12This will be discussed at length in Chapter 5.

13 At least in the examples considered here.

to the critical density at a given redshift Q(z) =
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Ficure 3.6: Fraction of dust in and outside galaxies at z ~ 0.5 as predicted
by different simulations (SAMs: Popping et al. (2017); Triani et al. (2020);
Parente et al. (2023); Yates et al. (2024); hydrodyamic simulations: Aoyama
etal. (2018); Lietal. (2019)). Blue refers to dust in the ISM (or, equivalently,
in galaxies), red to dust in the hot gas of SAMs or the IGM (i.e. outside
galaxies) of hydrodynamic simulations, purple to dust in the ejected reservoir
in SAM galaxies. The hatched yellow region represents a naive estimate of
the ISM dust fraction at z ~ 0.5 by combining data from Ménard et al. (2010);
Meénard & Fukugita (2012) (for extra-galactic dust) and Driver et al. (2018);
Pozzi et al. (2020) (for galactic dust).

exhibits discrepancies, as indicated by offsets in various studies (e.g., Aoyama et al., 2017;
Parente et al., 2022; Choban et al., 2022; Romano et al., 2022). The drop of DTM is
particularly clear at outer radii. Yates et al. (2024) noted that this is also influenced by the
efficiency of dust destruction in the hot CGM, which supplies dust to the peripheral regions
of the galactic disc where dust production is less efficient. Romano et al. (2022) highlighted
the importance of dust diffusion in determining the profiles. Diffusion of large grains towards
the outer regions of the galaxy makes the DTM profile shallower and dropping at larger radii
than those obtained when neglecting diffusion.

As for the grain size distribution, most numerical models predict a nearly flat or smoothly
increasing profile of the ratio between small and large grains mass (Aoyama et al., 2017;
Granato et al., 2021; Parente et al., 2022; Romano et al., 2022; Parente et al., 2023), as
observations do (Relafio et al., 2020). This suggests the balance between shattering and
coagulation of grains on galactic scales.

* Dust on extra-galactic scales

Cosmological simulations allow to follow the evolution of the hot CGM and IGM, hence
the dust distribution in these extra-galactic environments. Figure 3.6 reports predictions
from simulations for what concerns the fraction of dust inside and outside galaxies. Dust
inside galaxies is labeled as ISM dust, and it corresponds to dust in the cold gas of SAM
galaxies and to dust bound in identified structures in hydrodynamic simulations. Dust outside
galaxies is identified as dust not belonging to structures in hydrodynamic simulations (IGM),
or belonging to both the hot and ejected reservoir in SAM galaxies. A naive estimation of the
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observed fraction of dust inside galaxies at z ~ 0.5 has been obtained by combining results
from Ménard et al. (2010); Ménard & Fukugita (2012) for extra-galactic dust and from Driver
et al. (2013, 2018) for galactic dust. It is reported for comparison. It should be kept in mind
that this is an upper limit of the real galactic dust fraction, since a considerable part of the
extra-galactic one may be missing.

The variation of model predictions is huge, with the extra-galactic dust fraction ranging
from ~ 10% to ~ 95%, whereas observations suggest a more balanced distribution between
intra- and extragalactic dust (around ~ 60% and ~ 40%, respectively). Since dust is only
produced inside galaxies, key processes that regulate the amount of extra-galactic dust are
thermal sputtering in the hot medium and galactic winds. Differences in the predictions of
hydrodynamic simulations may stem from AGN feedback, which is implemented in Li et al.
(2019) but not in Aoyama et al. (2018). Notably, the latter tends to overestimate the stellar
and dust mass function at z = 0, whereas a process like AGN feedback may aid in reconciling
these discrepancies with observations'4, also helping in ejecting dust and increasing the
extra-galactic dust budget.

As for SAMs, the ones predicting a larger amount of extra-galactic dust (Popping et al.,
2017; Triani et al., 2020) are the only ones having an implementation of AGN feedback capa-
ble to eject dust (and gas) from galaxies. However, the discrepancy with observations suggests
the need to introduce a mechanism for dust destruction within such ejecta. The two remaining
models (Parente et al., 2023; Yates et al., 2024) are based on the same SAM (Henriques
et al., 2020), but feature a factor of ~ 2 difference in the predictions of the ISM dust mass
fraction. This is likely due to the fact that Parente et al. (2023) adopts a smaller efficiency (by
a factor of 10) of the sputtering timescale!>. A reduced efficiency was previously suggested
by simulations examining the dust content of the intra-cluster medium (Gjergo et al., 2018;
Vogelsberger et al., 2019), and in this case allows the model to well match the observed ISM
dust fraction.

Numerical simulations have also investigated extragalactic dust profiles, extending up to
approximately ~ 1 Mpc from the centers of galaxies (McKinnon et al., 2017; Aoyama et al.,
2018; Parente et al., 2022, refer to Figure 4.18). Despite differences in the treatment of dust
evolution and prescriptions for feedback and galactic winds, all of these simulations observe
a similar slope of profiles (Zgyust r=08), broadly consistent with observations (Ménard et al.,
2010).

3.3.3 Future prospects for dusty simulations

So far, dusty galaxy evolution simulations have clarified many aspects of our understanding
of the dust life-cycle inside and outside galaxies. These simulations (and the next ones as
well) have the unique opportunity to exploit dust to improve our galaxy evolution studies.
This can be achieved in different ways.

¢ Realistic mock catalogs

14This aspect has been addressed in Hou et al. (2019), although they do not specifically discuss the abundance
of extra-galactic dust.

15 Also the hot gas density is computed in a different way (isotropic distribution is assumed in Parente et al.
2023, while a 8 model is adopted in Yates et al. 2024).
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The first, and perhaps most obvious, improvement is to use dust to produce mock obser-
vational catalogs'® (as done in Triani et al. 2023). This method allows for a more coherent
comparison with observations, as the observables become genuine predictions of the simula-
tions, eliminating the need to rely on empirical relations to convert fluxes to physical quantities
(e.g., dust mass from IR luminosity). This approach is particularly crucial at high redshifts,
where observations are poor and the conversion from observed data to physical quantities is
highly uncertain.

The other intriguing way to exploit dust is to include it actively in the physics of galaxy
evolution. Indeed, so far most of the simulations include dust as a passive ingredient of the
gas phase of galaxy. One notable exception is the inclusion of dust grain cooling in a few
hydrodynamic simulations (Gjergo et al., 2018; Vogelsberger et al., 2019).

Some natural extensions of the dust models would include:

* Molecules formation on grains surfaces

In a metal enriched Universe, grains are the main channel for molecule formation, in
particular Hy, the most abundant molecule in the Universe (e.g. Wakelam et al., 2017). Since
star formation in simulations is typically linked to H;, incorporating this aspect represents a
significant improvement for current simulations. The work by Ragone-Figueroa et al. (2024)
is the first to explore this direction in a cosmological context.

¢ Radiative transfer

Due to their interaction with energetic photons, dust grains significantly influence the
physics of the ISM. For instance, dust shielding can affect the thermal properties of gas,
thereby facilitating star formation. Also, in the presence of radiation fields from stellar
sources or AGNs, radiation pressure must be considered, especially for the dusty medium.
Radiation pressure on dusty gas can drive galactic outflows, which are crucial in the current
galaxy evolution paradigm. Therefore, a proper dust-based model for this process is highly
desirable. A first step in this direction, that is the inclusion of radiation in dusty simulations,
has been done in the THESAN project (Kannan et al., 2022).

1610 the literature, there are several examples of simulations that have been post-processed to produce mock
catalogs (e.g. Lacey et al., 2016; Vijayan et al., 2021; Shen et al., 2022). However, in these cases, dust abundance
is not consistently tracked by the simulation. Instead, it is typically linked to the ISM metals content by assuming
a certain DTM ratio.
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3.4 The dust model in L-GavrLaxies and MUPPI

The work presented in this Thesis is based on a dust model incorporated into two numer-
ical frameworks used for galaxy evolution simulations in a cosmological context. These
frameworks are the L-GaLaxies SAM (Henriques et al., 2020) and the MUPPI model for
sub-resolution physics used in hydrodynamic simulations (Valentini et al., 2020). The main
features of these models have been thoroughly described in Sections 2.3 and 2.4. This Section
focuses on the implementation of the dust model within these two contexts.

The dust model was initially introduced by our group in Gjergo et al. (2018) within the
context of galaxy cluster hydrodynamic simulations. It was later refined and integrated with
MUPPI'7 in Granato et al. (2021) for zoom-in simulations of isolated MW-like galaxies, and
then further adjusted in Parente et al. (2022), who explored its application in a cosmological
volume. More recently, as a relevant part of the work presented in this Thesis, the dust model
was incorporated into the L-GarLaxies SAM framework (Parente et al., 2023).

The dust formation and evolution model tracks the mass evolution of two grain populations
of different sizes, referred to as large and small grains. It utilizes the two-size approximation
proposed by Hirashita (2015), which has been shown to be a computationally efficient method
for accurately capturing the effects of various processes in dust evolution models, including
grain size distribution. This method has been further validated by Aoyama et al. (2020).
Additionally, the dust model independently tracks carbonaceous (C) and silicate dust grains,
specifically olivine (MgFeSiOy).

The model takes into account the most important processes capable to affect both the
mass and size of grains within a galactic context (Section 3.1). These are:

* Dust production by stellar sources;

* Grains accretion in dense molecular clouds;
* Grains destruction in SN shocks;

* Shattering and coagulation;

* Sputtering in the hot medium.

Before delving into the specifics of each process and its relative implementation, I give
a brief overview here of the model. Large grains are produced by stellar populations and
injected into the surrounding gas medium, in the same manner as gas-phase metals. Once in
the diffuse medium, large grains may shatter to produce small grains. On the contrary, in the
dense medium, small grains can coagulate into large grains. The two latter processes do not
affect the total amount of dust, but only the size distribution (small < large). Small grains
can accrete gas phase metals in the dense molecular clouds of the ISM, hence increasing the
dust mass. Also, both small and large grains may be destroyed in presence of SN shocks
and sputtered in the hot gas. The two latter processes act to decrease the dust content. A
diagram illustrating how these processes regulate the exchange between the various dust and
gas-phase metals components is provided in Figure 3.7, while a schematic description of
their implementation in both the SAM and hydrodynamic framework adopted in this work is
reported in Table 3.2.

In both the SAM and hydrodynamic implementations, dust grains are a component of the
gas. Specifically, dust grains reside in the cold gas disc, hot atmosphere, and ejected reservoir

7Note that the dust model in Gjergo et al. (2018) was implemented on top of a different star formation and
feedback model.
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gas phase
metals

Ficure 3.7: This schematic diagram illustrates the processes included in the
dust model within both the SAM and hydrodynamic simulations discussed in
this Thesis (refer to Table 3.2). Dust grains are categorized into two represen-
tative sizes (large and small) and are associated with the gaseous components
of the simulations. In the hydrodynamic simulation, this corresponds to gas
particles, whereas in the SAM framework, it corresponds to the cold gas
disc, the hot gas atmosphere, and the ejected reservoir. Stellar populations
enrich the gaseous medium with gas phase metal elements and large dust
grains. Various processes in the gaseous medium regulate the exchange of
mass between large grains, small grains, and gas phase metals. Shattering
and coagulation transfer mass between small and large grains without affect-
ing the total dust content. Gas phase metals can accrete onto small grains,
increasing their mass. Additionally, both large and small grains can be de-
stroyed in SN shocks and energetic collisions with ions (thermal sputtering),
converting them back into gas phase metals. Another process that can reduce
dust amounts is astration, which involves the incorporation of grains into
newly formed stars. This process, which also affects gas phase metals, is not
depicted in the diagram as it is simply a consequence of the transformation
of some gas (along with the dust and metals it contains) into stars.
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Physical Where?
Process SAM Hydro Net effect
Production  stellar disc, bulge and ICL  star particles + larce
by stars to cold disc and hot halo  to gas particles g
Shattering cold gas disc gas particles  large — small
. cold gas disc MP particles
Coagulation (dense phase) (dense phase) small — large
. cold gas disc MP particles
Accretion (dense phase) (dense phase) + small
Destruction . . — small
in SNe shocks cold gas disc MP particles _ large
Thermal hot gas and — small
. . . hot gas phase
sputtering ejected reservoir — large

TaBLE 3.2: List of the processes included in the dust model adopted in this

work (see also Figure 3.7). The second and third columns schematically

indicate the component of the SAM or hydrodynamic simulations in which

each process is effective. The last column reports the net effect of each

process in terms of the mass variation of small and large grains. See the text
for details.

in the SAM, and in the gas particles of the hydrodynamic simulation. Based on the properties
of the gas as modeled in the two frameworks, the dust mass evolution of both small and large
grains (Mg, M) is computed according to the following equations:

* SAM

M](iOld :M:OId + Mcoag - Mshat - Mastr - MSN; (35)
M§01d :Macc - Mcoag + Mshat - Mast.r - MSN; (3.6)
MY =M — Mpy; (3.7)
M = = Mgp; (3.8)
M == Mg, (3.9)

* Hydro
MEas =M., + Mcoag - M shat — Mastr - MSN - Mspu; (3.10)
Mégas =Macc -M coag t Mshat - Mastr - MSN - Mspu- (3-11)
(3.12)

In the equations above, M, represents the dust produced by stars (large grains), while
M. denotes the dust grown through metal accretion, affecting only small grains. The terms
Mgy and MCoag describe the processes of shattering and coagulation, respectively. Mg
represents the dust removed from the gas phase during star formation (astration), and Mgy

is the dust destroyed in SN shocks. Mgy, describes thermal sputtering. Below, I provide



58 Chapter 3. Modeling dust in galaxy evolution simulations

a detailed description of these processes. Most are modeled by computing an associated
timescale Tprocess, from which the mass rate is derived:

. MSL
Ms) =

(3.13)

Tprocess

The following sections will detail how these timescales are computed.

3.4.1 Stellar production

The model for grain production takes advantage of the detailed chemical evolution models
provided by L-GaLaxies and MUPPI (Yates et al. 2013 and Tornatore et al. 2007, respec-
tively), both capable of tracking chemical enrichment element by element.

Stellar populations enrich their surrounding medium with gas-phase metals and large

dust grains. Specifically, winds from AGB stars and SN ejecta are considered the sources of
grain production. It is assumed that a certain fraction of these elements, as detailed below,
condenses into dust grains. In our model, grains are produced by AGB stars and SNII ejecta.
Although dust production from SNIa sources can be trivially computed, it has been neglected
in our last works, with our results being largely insensitive to this choice (see also e.g.,
Gioannini et al. 2017; Li et al. 2019).
AGB stars are assumed to produce either carbonaceous or silicate grains, depending on the
C/O ratio in their ejecta. Due to microscopic mixing in the ejecta, the maximum amount of
CO forms before grain condensation, leaving only the remaining C or O atoms available for
other compounds (e.g., Dwek, 1998). When C/O > 1, AGB stars generate carbon dust by
utilizing the C atoms that are not bound in CO:

Mc qust = max [dace,c (Mcej —0.75Mo.j) , 0], (3.14)

where My ;j is the ejected mass of the X element and 0.75 is the ratio between O and C
atomic weights. The condensation efficiency dagp,c = 0.1.

AGB stars produce silicates when C/O < 1. In the model, the key element technique is
adopted to determine the amount of silicate dust produced, once the chemical composition
of silicate grains is assumed. The key element minimizes the ratio between the number of
ejected atoms and the number of atoms required to form the compound, thus determining the
maximum units of silicate compounds Ny that can potentially form in the ejecta. The mass
of the element X belonging to the compound and condensed into dust is then

Mx qust = Nsitux N, (3.15)

where ux is the atomic weight of the element and Ni%o the number of X atoms in the
compound.

In the model we assume that silicates have the chemical composition of Olivine, i.e.
Mg, Fe;_SiO4 (here x = 1 is taken). The key element is identified by computing

. Mx ej
min < |
Xe[Mg,Fe,Si,0] luXNato

Nsil = O AGBsil (3.16)
and taking 5AGB,sil =0.1.

Differently from AGB stars, in SNII ejecta the formation of carbon and silicate dust grains is

not mutually exclusive due to the lack of microscopic mixing in their ejecta. Therefore, we

determine the mass that condenses into dust grains in SNII ejecta as

Mc qust = OsnicMcej (3.17)
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for carbon grains and
My dust = NeitpixNygo. (3.18)

for silicates, being X € [Mg,Fe,Si,0]. In the above expressions, Mx.;j is the mass of the
X element ejected by SNII, and Ng; is computed as in Equation 3.16, adopting dsni,c =
Osn,sit = 0.1.

In concluding this Section, it is important to note that the condensation efficiency param-
eters used in this study and their impact on model predictions will be further discussed within
the context of the hydrodynamic simulations described in Chapter 4.

3.4.2 Shattering and coagulation

In the context of the two-size approximation used here, shattering simply transfers mass from
large to small grains, and conversely, coagulation does the opposite.

Shattering occurs in the diffuse medium where typical velocities are relatively high. The
corresponding timescale in our model is calculated as:

-3
Tsh,0 Q0L ) om Ngas < lcm_3a
| Tsh0 {DTGL ) Tngas 310
Tsh = 001 | em™ [ ngas |3 lem™3 < <103cm™3 G19
Tsh,0 | DTG, e\ cm—3 S Ngas s

where 7,0 = 5.41 - 107 yr (assuming a grain size of 0.1 um and material density of 3 gcm™3;

Aoyama et al., 2017), DTGy, represents the dust-to-gas ratio considering only large grains,
and ng,, denotes the gas density. Differently from Aoyama et al. (2017), the smooth scaling
of the shattering time-scale adopted here at ng,s > 1 cm~> has been introduced in Granato
et al. (2021) and resulted to be significant for the production of substantial amounts of small
grains.

In the MUPPI context, the gas density of the particle is used to evaluate ng,s, except when
the particle is in the MP state, in which case the cold gas density is employed. Shattering in
the hot phase is neglected because the hot phase constitutes a typically insignificant fraction

of the gas mass, and grains in the this phase are rapidly destroyed.

Clearly, in the SAM some assumption is needed to use a proper gas density in the above
formula. In the fiducial model, ng,s is computed in each cold gas ring from:

2cold gas

—_— (3.20)
0.1Rco1d gas

Pgas =
where Xcold gas 18 the surface density of the cold gas in a ring, and Rcold gas the radius of the
cold gas disc (i.e. we assume the height of the disc to be 0.1 its radius). Assuming u = 1.2,
Ngas 18 derived from the above formula. The reasons for the choice of this prescription instead
of, for example, a fixed ng,s will be briefly discussed in Section 5.4.4.

By converse, in the densest phases of the ISM (molecular clouds), small grains have
relative velocities low enough to allow them to aggregate into large grains. The adopted
coagulation timescale is (Aoyama et al. 2017; see also Granato et al. 2021):

) -1
0.01 )(0.1 km s ) 1 3.21)

Tcoa = Tco,0 (DTGS

Vcoa Fiense
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In the above expression, T¢pa0 = 2.71 10° yr (obtained assuming a grain size of 0.005 ym
and material density of 3 g cm ™), Veoa = 0.2km s~! DTGy is the dust-to-gas ratio consider-
ing only small grains, and Fyepse is the dense gas fraction.

In MUPPI, coagulation is assumed to take place exclusively in MP particles. The fraction
of dense gas, Fyenge, 1S determined using the molecular gas partitioning provided by MUPPI
(see Section 2.4.2), specifically calculated as Fgense = fmol * feold» Where feolg denotes the
mass fraction of the gas particle in cold gas.

In the SAM, coagulation is able to affect only small grains in the cold gas disc, and
Fdense = fmol, Where the molecular fraction is computed self-consistently by the model for
each ring (Section 2.3.3).

3.4.3 Grains accretion

The process of grains accretion, or grain growth, is effective within molecular clouds. There-
fore, it operates in MP gas particles in the MUPPI based hydrodynamic simulations and within
each cold gas disc ring in SAM when the molecular gas fraction is non-zero. The accretion
timescale is modeled for each element X according to Hirashita & Kuo (2011):

(3.22)

Tace,X =

afxsux [ 2n 05 1
3nZxaS \mxkT Faense

In the above expression, S = 0.3 is the sticking efficiency, T = 50K and n = 10 cm > the
temperature and the density assumed for molecular clouds, ux and mx the atomic weight and
mass of the element, & the mean molecular weight, fx the mass fraction of the element in the
grain, and Zx the gas phase mass fraction of the element. The material density s is assumed to
bes=22¢g cm™ and s = 3.3 g cm™? for carbonaceous and silicate grains. Fyepse represents
the fraction of dense gas where the accretion process occurs (similar to coagulation), and
a denotes the grain radius. According to Hirashita (2015), this surface process is assumed
to exclusively affect small grains due to their larger surface-to-mass ratio. A representative
radius of a = 0.005 um for small grains is employed in the previous equation.

The accretion timescale is computed for each chemical element that contributes to the
dust composition, within each MUPPI MP gas particle and within each L-GALAXIESs cold gas
ring. The timescale derived from Equation 3.22 is straightforwardly applied to carbon grains.
For the elements composing silicate grains (O, Si, Mg, and Fe), the accretion timescale of the
element that maximizes it is used. This approach ensures the preservation of the olivine-like
chemical composition adopted in this model.

3.4.4 Grains destruction in SNe shocks

The implementation of small and large grain destruction in SN shocks differs between the
MUPPI and L-GaLaxiEs contexts. However, conceptually, both models relate the number of
exploded SNe to the rate of grain destruction, with some assumptions about the efficiency of
this process.

In the hydrodynamic simulations, the SN destruction timescale due to the explosion of
Nsn SNe (both SNII and SNIa) during a time-step Az is written as (Aoyama et al., 2017):

At

o (3.23)

Tdes, SN =

where
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. MSW
= —, 3.24
n ESNmm( M, ) (3.24)

being esn = 0.1 the destruction efficiency and Mg, the swept mass per SN event (which
is always much smaller than the mass of the gas particle My). The swept mass is computed
following McKee (1989) as

Esn Vs -2
Mgy, = 6800M, ( )" 3.25
™ ¢ (1051erg) 100km s~ (3:23)
where Esy = 10°! erg is the energy assumed to be associated with each SN event and

vs = 200km s~! the shock velocity.

In the SAM, the timescale of the process is evaluated for each cold gas ring, when the rate
Rsn of the associated stellar disc ring is non zero:

M cold

_ (3.26)
esNMw RsN

Tdes, SN =
where M.q1q is the mass of the gas ring, My, is the gas mass swept by a SN event, Rgy is the
SN rate and egn = 0.1 is the dust destruction efficiency. Following Asano et al. (2013a, see
also Yamasawa et al. 2011) the swept mass is evaluated as:

7 -0.289
Miwepe = 1535 (Z_ + 0.039) Mo, (3.27)
©

being Z the gas metallicity of the ring. The SN rate is computed self-consistently by the
SAM, without differentiating between SNII and SNIa, so that Rgn = Rsnir + RsNia-

3.4.5 Grains sputtering

Sputtering is assumed to take place in the hot phase of gas particles within hydrodynamic
simulations and in the hot atmosphere of SAM halos.
The timescale for this process is obtained following Tsai & Mathews (1995):

ag.1 um Tspuo ¢
Topn = Tapu 0l ( . o ) +1], (3.28)
8as, mln(Tgas,hot, 3-10 K)
10-27 g cm~3
h = 2.10°K, w = 2.5 is the grain radius in 0.1 its, ptooi!
where Typu0 = 2 ,w = 2.5, ap um is the grain radius in 0.1 ym units, Pl0-27 g o3

the hot gas density in 10727 g cm™ units, and Tgas hot the hot gas temperature. The repre-
sentative grain radii assumed for large and small grains are, respectively, ar, = 0.05 yum and
as = 0.005 yum.

The hot gas density in the hydrodynamic simulation is determined either by considering
the gas density of the particle or solely the density of the hot gas phase in the case of MP
particles. A fully ionized medium with a molecular weight of u = 0.59 is assumed. Similarly,
the temperature corresponds to that of the gas particle or the temperature of the hot phase.

In the SAM, the hot gas density is determined by averaging its value assuming it fills the
DM halo up to the virial radius. The temperature of the hot gas is set to the virial temperature

um
Tvir = z—kavzir, so that:
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gashor _ Meashor g5 (W i (K] (3.29)
- 47TR3ir/3 gas,hot = . km/s ) .

where Ry and Vi, are the virial radius and virial velocity of the halo for central galaxies,
or these quantities at infall for satellites.
The same prescription is adopted for dust in the ejected reservoir of SAM galaxies.

In the hydrodynamic simulations, the normalization constant for thermal sputtering is
Tspu,0 = 2.7 108 yr. However, in the SAM, this constant is doubled to g0 = 5.4 - 108 yr in
order to obtain a less efficient sputtering process. The rationale for reducing the sputtering
efficiency has been discussed in previous studies of galaxy clusters by Gjergo et al. (2018)
and Vogelsberger et al. (2019). In the SAM context, this reduction is further implemented to
better match the cosmic abundance of dust in the CGM (see Section 5.5.2).

3.4.6 Dust cooling

In hydrodynamic simulations, the contribution of dust infrared (IR) emission to gas cooling
in the hot phase is considered, whereas this effect is not included in the SAM implementation.

The heating rate of dust grains within gas particles is expressed as a function of the grain
size, gas temperature Ty,s and electron number density n, (Dwek & Werner, 1981):

5.38 - 10~ Bn, a1} x> 4.5,

gas

H(a,T) =1{3.37-10"Bn,a?>*T7088 15 <x <45, (3.30)

gas

6.48 - 10~°n,a> 1.5 <x,

with x = 2.71 - 10%¢%/ 3Tg‘a;. From the above expression, the cooling rate Agys due to large
and small (@ = 0.05 ym and 0.005 yum) is derived as:

Agust(a) = nqust(a)H (a, Tgas> Ne). (3.3D

This contribution is summed to the one coming from the metallicity- and temperature-
dependent standard gas cooling function.
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Dust evolution with MUPPI in
cosmological volumes

The admittedly complex and uncertain dust processes are incorporated into cosmological
galaxy formation and evolution simulations in a non-systematic way (Section 3.3). Moreover,
dust properties are often neglected in these simulations, which are able to track only the
mass of dust and not, e.g., the size distribution and/or chemical composition of grains (see
Table 3.3.3 for a summary of other cosmological simulations). In this Chapter, we' analyze
a cosmological box simulated with the sub-resolution model MUPPI (see Murante et al.,
2015; Valentini et al., 2020, and references therein; see also Section 2.4), and including the
state-of-the-art dust model introduced in Gjergo et al. 2018; Granato et al. 2021 (see also
Section 3.4).

The present study is the first one in which the evolution of the chemical composition of
dust and its size distribution are tracked simultaneously and independently for two dust species
in a cosmological volume. Moreover, for the first time, the general performances of the most
recent version of MUPPI, with included AGN physics, are tested on cosmological volumes.
MUPPI has been developed, refined and calibrated in a series of papers on zoom-in cosmo-
logical simulations of Milky Way (MW) like galaxies. For this reason, in the present work,
the MUPPI parameters and setup are taken as given, and particular attention is devoted to the
properties of the simulated galaxies hosted by DM halos featuring a mass within a factor ~ 3
from that of MW. In this Chapter, these objects are referred to as MWHM (Milky Way Halo
Mass) galaxies. However, the results of MUPPI when compared with observations related
to the general galaxy populations are critically discussed, and a few possible modifications
of the model are discussed in order to improve its performances. The MW halo total mass?
adopted is Mpgo =~ 10"2M,, (for arecent compilation of estimates see Callingham et al., 2019).

The Chapter is structured as follows. The simulations setup is introduced in Section
4.1. Sections 4.2 and 4.3 discuss how the simulated galaxy population matches the available
observational constraints, focusing on general properties independent of dust. Then we will
discuss the ISM dust properties of galaxies in Section 4.4, including the DMF, dust scaling
relations and grains properties. Section 4.5 focuses on extra-galactic dust. Finally, Section
4.6 presents a summary, some discussion and future developments.

IThis Chapter is based on a published work done in collaboration with Cinthia Ragone-Figueroa, Gian Luigi
Granato, Stefano Borgani, Giuseppe Murante, Milena Valentini, Alessandro Bressan, and Andrea Lapi (Parente
et al., 2022).

2 My is the mass enclosed within a sphere whose mean density is 200 times the critical density at the
considered redshift. The radius of this sphere is dubbed Ryqg.



66 Chapter 4. Dust evolution with MUPPI in cosmological volumes

9.00 cMpc/h 9.00 cMpc/h

9.00 cMpc/h.

Ficure 4.1: Maps of stars, gas, and dust in the largest simulated box at
z7=10.0,2.5, and 4.9. These distributions correspond to slices of the box with

a depth of 5Mpc/h.
CoONTENTS
3.1 Numerical SImulations . ..............oiiiiii i 66
3.2 General properties of the galaxy population ............. ... ... ... 67
3.3 Main properties of the MWHM galaxies ..............ccoiiiiiiiiinniiennn... 74
3.4 Dust inSide alaxies ... ......uutttt et e 76
3.5 Dust outside galaxies . ... .....uuuuittte e 85
3.6 Summary and DiSCUSSION ... ...ttt 90

4.1 Numerical Simulations

The hydrodynamic simulations are performed with our branch of the GADGET3 code, which
is a non-public evolution of GADGET?2 (Springel, 2005). The hydrodynamics is treated with
the improved SPH by Beck et al. (2016).
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The same cosmological parameters as the IllustrisTNG simulation® are used here, which
in turn were selected in accordance with Planck Collaboration et al. (2016). Thus Q,, =
QpMm + Qp = 0.3089, Q, = 0.0486, Qp = 0.6911, h = 0.6774, adopting a power spectrum
with primordial index ng = 0.9667 and normalization og = 0.8159. The main simulated box
has a size of 26 cMpc from initial conditions (ICs) obtained at z = 99. Maps of the stellar,
gas and dust component of this box are shown in Figure 4.1. To improve the statistic, and to
test quickly the effects of model variations, 4 boxes of size 13 cMpc each were also run. The
initial conditions have been generated with the public code N-GenIC*.

The mass resolution of DM particles is Mpy =~ 3.75 - 107 My, while the gas particles
have initially a mass Mg, =~ 7 - 10° My. However, the masses of gas particles undergo
modifications due to star formation and chemical feedback (i.e. enriched gas restitution due
to stellar evolution processes) from neighbouring stellar particles, which are spawned from
the former ones during the evolution of the system (Section 2.4.2). The gravitational force
is softened with a Plummer-equivalent softening length of 740 pc, constant in comoving
units at z > 2, and constant in physical units at lower redshift. The resolution adopted
here is very similar to that of the AqC6 initial conditions, which have been extensively
studied in Granato et al. (2021), as well as in several previous MUPPI works not related to
dust. However, as discussed in Murante et al. (2015), MUPPI is weakly resolution dependent,
as long as molecular cloud masses are not resolved (see also Figure 13 in Granato et al., 2021).

This work relies on the MUPPI model for unresolved processes, namely star formation,
feedback, chemical enrichment (Section 2.4) with parameters as in Valentini et al. (2020).
The dust evolution model is the one outlined in Section 3.4. The adopted IMF is that by
Kroupa et al. (1993).

4.1.1 Galaxies identification

The Friends-of-Friends (FoF) algorithm is used to arrange particles in groups with a linking
length of 0.16 the mean interparticle separation. Then the gravitationally bound sub-structures
of the identified halos are detected by applying the Subfind algorithm (Springel et al., 2001;
Dolag et al., 2009). Throughout this paper only central galaxies are analysed, which are
associated with the main subhalo of a FoF halo, i.e. the subhalo which hosts the most gravi-
tationally bound particle of the group.

The quantities of each galaxy (e.g. stellar mass, metallicity, dust mass) are computed con-
sidering gas and stellar particles within a 3D aperture with radius Rgy = 0.1R200, including
only particles belonging to the corresponding subhalo. This refer to Ry as the radius of the
galaxy. In our analysis we consider only galaxies with stellar mass M,y > 108 Mg, which
corresponds to > 100 stellar particles.

4.2 General properties of the galaxy population

This Section discusses how our fiducial simulation aligns with several fundamental observa-
tional quantities associated with the stellar component of the galaxy population. Nevertheless,
we emphasize that the goal of this work is to evaluate our dust evolution modeling on a rela-
tively large sample of simulated galaxies, specifically targeting those with masses similar to
that of the MW, for which MUPPI has been previously tailored, rather than to modify MUPPI

3https://www.tng-project.org
4https ://www.h-its.org/2014/11/05/ngenic-code
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Ficure 4.2: Main Sequence of the set of fiducial runs at different redshifts.

Star symbols refer to MWHM galaxies and their progenitors. At z = 0.0

we compare our results with Renzini & Peng (2015). Four contour levels

from their Figure 4 are shown. From lighter to darker blue they correspond

to number density of ~ 4,8,11,13 - 104, At higher redshift we show with

shaded regions the distribution of Main Sequence galaxies from Leja et al.
(2019).
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FiGure 4.3: Stellar Mass Function of the set of fiducial runs at different

redshifts; the shaded area is the Poissonian error. The local determination of

Baldry et al. (2012) is shown, while we compare with Tomczak et al. (2014)
data in the z = 1.25 and z = 2.25 panels.
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to fit the general galaxy population in the sample. Unsurprisingly, achieving this outcome
required several model adjustments, as we detailed in Ragone-Figueroa et al. (2024).

4.2.1 Galaxy Main Sequence

It is well established that galaxies concentrate in specific regions on the star formation-
stellar mass plane (see Renzini & Peng, 2015, and references therein). Star-forming galaxies
delineate the so-called main sequence (MS), as these two quantities are strongly correlated.
The MS represents the most populated region of the plane in terms of number, whereas the
mass budget in the local Universe is dominated by quenched galaxies, which exhibit a SFR
roughly an order of magnitude below the MS.

In Figure 4.2, we present the distribution of simulated galaxies on the Ms-SFR plane
across three redshift snapshots, along with a selection of recent observational data. At
z = 0, we overlay four density contours from Figure 4 of Renzini & Peng (2015). Their
spectroscopic sample, which is drawn from the Sloan Digital Sky Survey DR7 release,
includes approximately 240, 000 galaxies.

At z = 1.25 and 2.25, we show the recent observational determinations of the MS of star-
forming galaxies by Leja et al. (2019) for the redshift ranges 1.0 < z < 1.5and 2.0 < z < 2.5,
respectively. To accurately compare our results with observational data, we convert the
observational estimates of SFRs and stellar masses to our adopted IMF (Kroupa et al., 1993)°.
Figure 4.2 shows a reasonable qualitative agreement at z = 0 between the distribution of our
simulated galaxies and the observed MS in the Mg, s-SFR plane. However, our simulation
exhibits a shortage of quenched galaxies, particularly at z = 0. We found that this issue could
be mitigated by increasing the SMBH growth and related AGN feedback, compared to the
setup used in Valentini et al. (2020) (Section 4.2.3).

At higher redshifts, the simulated galaxies show a deficiency in SFR by a factor of ~ 3 at
a given stellar mass, consistent with the under-prediction of the SFRD discussed in Section
424,

4.2.2 Stellar Mass Function

The predicted SMFs at the same three cosmic epochs are shown in Figure 4.3, alongside
several observational estimates. At z = 0, the agreement is reasonably good, although there is
a tendency to overproduce galaxies with M, < 10'°M and under-produce those above this
mass. This issue becomes more clear at higher redshifts. However, the statistical significance
at high masses is limited by the size of the simulated sample. It is noteworthy that achieving a
good match with observed SMFs in state-of-the-art cosmological simulations often requires
complex and somewhat ad-hoc adjustments to galactic wind velocities and/or efficiencies,
which may vary with galaxy properties such as metallicity, mass, and redshift (e.g., Pillepich
et al., 2018).

4.2.3 SMBH-bulge relation

Here we briefly explore the impact of modifying the SMBH growth and feedback scheme in
our fiducial model (Section 2.4.4). The model dubbed FID-moreBH was obtained from the

SFor SFRs, we use the coefficients reported in Table 1 of Driver et al. (2013). The conversion of stellar
masses is more uncertain as it depends on the region of the SED used to estimate the stellar mass and on the star
formation and metal enrichment histories. Throughout this work, when comparing our predictions with observed
stellar masses, we use the results by Portinari et al. (2004), who provide the M /Ly papq ratios for different IMFs.
Specifically, we scale the observed stellar masses by a factor (M /Ly xo93)/(M /L1vE), Where the subscripts K93
and IMF refer to the Kroupa et al. (1993) IMF (used in this work) and the generic IMF used to derive the observed
stellar masses, respectively. For the metallicity values investigated by Portinari et al. (2004), the correction is
approximately 1.1 for a Chabrier (2003) IMF and 1.4 for a Salpeter (1955) IMF.
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FiGURE 4.4: Left panel: Same as z = 0.0 panel of Figure 4.2 for our fiducial

run and the run with enhanced BH feedback (see text). MWHM galaxies are

marked with star symbols. Right panel: Mpyg — Mpy at z = 0.0 for fiducial

run and the run with enhanced BH feedback. MWHM galaxies are marked
with star symbols. The fit by McConnell & Ma (2013) is shown.

fiducial one by increasing the feedback efficiency ef, from the value 0.01 used by Valentini
et al. (2020) (see their Equation 19 and 25, and their Table 2) to 0.05, and by switching off the
angular momentum limiter described in their Section 3.3. As it is clear from the figure, this
modification produces a population of more quenched galaxies at low redshift, and yields a
correlation between the SMBH and spheroidal stellar component® in better agreement with
the observations. However, since the results discussed here on dust are largely unaffected, we
stick to the setup of Valentini et al. (2020) for the fiducial run.

4.2.4 Cosmic Star Formation Rate

Figure 4.5 illustrates the redshift evolution of the total cosmic SFRD from our simulations,
together with some observational determinations. Unfortunately, the SFRD predicted by our
fiducial run (FID) significantly deviates from observational estimates, exhibiting a broad peak
at too high redshifts (around z ~ 4) and low values at lower redshifts. The largest discrepancy
occurs at redshifts around ~ 2 — 3, where we under-predict the SFRD by a factor of ~ 3.

It is important to note that numerous studies have explored the consistency between the
histories of the SFRD and the cosmic stellar mass density (SMD). In many cases, it has
been found that the former needs to be revised downward to align better with the latter,
particularly around z ~ 2. This discrepancy could arise from various factors that might lead
to an underestimate of the SMD or an overestimate of the SFRD (see Yu & Wang, 2016,
and references therein). If the SFRD were adjusted downward, it could better align with our
fiducial simulation.

Indeed, as discussed in Section 4.2.2, the predicted SMF in the local universe matches
reasonably well with observations. Consequently, the final stellar mass density is well repro-
duced. The integral of the observed and simulated SMFs differs by a modest ~ 0.1 dex.

Setting aside the aforementioned considerations about potential observational tensions,
we dedicated some effort to investigate an enhancement to our model, exploiting our treatment

6See the definition of bulge stars in Section 4.3.
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Ficure 4.5: Median SFRD of the boxes used in this study (FID; red),
alongside a potential enhancement discussed in Section 4.2.4 (effDTG; blue).
We overlay various determinations of SFRD(z) from the literature: the solid
and dashed black lines represent fits to the cosmic SFRD by Madau &
Dickinson (2014) and Davies et al. (2016), respectively, while the black
points denote the measurements by Driver et al. (2018). All these data have
been recalibrated to match our IMF (Kroupa et al., 1993) using the coefficients
provided in Table 1 of Driver et al. (2013).
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of ISM dust. A better alignment with the SFRD can be achieved if the star formation efficiency
increases with cosmic time. A plausible hypothesis is that this efficiency rises with the DTG
ratio of the gas particles in our simulation. It is conceivable that an ISM enriched with dust
enhances star formation through mechanisms not fully resolved at our simulation’s level. Star
formation occurs within cold, dense, and dusty molecular clouds, whose masses and sizes
are far below our current resolution. Dust plays a pivotal role in these regions by influencing
the amount of star-forming gas. It promotes processes such as the formation of H, molecules
and shields gas from the UV interstellar radiation field. It is well established that catalytic
reactions on the surfaces of interstellar grains become the primary channel for H, formation
whenever dust is present (for a recent review, see Wakelam et al., 2017). Furthermore, it has
been proposed that dust shielding might be even more critical than H, presence in facilitating
star formation within gas clouds (e.g., Krumholz et al., 2011; Glover & Clark, 2012; Byrne
et al., 2019). In conclusion, molecular clouds with higher DTG ratios could potentially
convert a larger fraction of their mass into stars before eventual destruction, benefiting from
enhanced shielding and increased capability to produce new H, molecules.

Motivated by these insights, we decided to explore a star formation efficiency that depends
on the DTG, as detailed in the following.

The DTG-dependent star formation efficiency we adopt is (eff DTG model in Figure 4.5):

fmolMc

“4.1)
tdyn,c

Mg = f.(DTG) -
Here M. is the cold mass of the MP particle, fio its molecular fraction, and gy, is the
cold gas dynamical time. The factor f,(DTG) represents the star formation efficiency of the
molecular clouds. In our fiducial model (as well as in previous MUPPI works), the same
equation is used setting a constant and quite low value for f. = 0.02. The dependence on the
DTG ratio of the particle is adopted instead in the eff DTG model:

-1
L—a

f(DTG) =|a+ W

(4.2)

DTGerit

A good match with the observed SFRD can be obtained by setting 8 = 50, @ = 12, DTGgj; =
2-107% and y = 0.8. With these values, the star formation efficiency increases smoothly with
DTG, ranging from 0.02, when there is no dust, to ~ 0.08, when DTG > DTG;;. We remark
that Equation 4.2 simply aims at describing an increasing star formation efficiency with DTG,
with a smooth functional form covering reasonable star formation efficiency values (e.g. Kim
et al. 2021).

Despite the promising results regarding SFRD predictions with the eff DTG model, we
have not pursued this solution. We recognize that further modifications to the code would
be necessary to align the statistical results with observations and to recover the findings from
MUPPI zoom-in simulations of MW-like galaxies. Consequently, this work has been deferred
to Ragone-Figueroa et al. (2024), where we aimed to address these goals by adjusting the
model and incorporating a dust-promoted Hy component to model the SFR.

To summarize the results of this Section 4.2, our current model struggles to accurately
reproduce the cosmic SFRD, although the local SMF shows acceptable agreement with
observational data, especially for galaxies with stellar masses within approximately an order

7We utilize our dust model and consider the DTG of SPH gas particles hosting star formation. However, due
to the DTG-Z correlation (see Section 4.4.3), a metallicity-dependent star formation efficiency might also yield
similar outcomes.
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FiGURE 4.6: Bulge-to-Total ratio as a function of the stellar mass (a) and halo

mass (b) at z = 0.0. We show the full sample of our simulated galaxies,

and mark MWHM galaxies with a star symbol. In small panels we show

the distribution of M, (¢), Maoo (d) and B-to-T (e) restricted to MWHM

galaxies. The solid line marks the median of all galaxies, while the shaded
region encloses the 25-75th percentiles.

of magnitude of the MW mass. This alignment is consistent with MUPPI calibration on this
particular galaxy mass scale.

Therefore, we focus particular attention on galaxies forming in halos with final masses
M ranging from 3 - 10!! to 3 - 10'? M, which spans one dex around the estimated mass of
the MW halo (10'2Mo) (see Callingham et al., 2019, and references therein). These galaxies,
referred to as MWHM galaxies hereafter, are where MUPPI is believed to capture the essential
characteristics of unresolved star formation and feedback processes.

4.3 Main properties of MWHM galaxies

We now discuss some properties, not directly related to dust, of the simulated galaxies formed
in DM halos whose mass is within a factor ~ 3 that of the MW (MWHM galaxies).

Figure 4.6 shows 1D and 2D distributions of the bulge over total mass ratio B/T as a
function of stellar and halo mass. The B/T is estimated from the star particles 6D phase
space information, following Murante et al. (2015). We compute the orbital circularity
€ = Jz j/Jcire,j of stellar particles within Rg,. Here, Z is the net spin axis of the galaxy,
J3,j is the z component of the particle j specific angular momentum and J¢;yc ; 18 its specific
angular momentum if the particle had a circular orbit with the same energy. The bulge mass
is obtained by summing the mass of the stellar particles with €; < 0, and multiplying it by 2,
under the hypothesis that the bulge is supported by velocity dispersion and the number of co-
and counter-rotating stars is equal.

The resulting distribution of B/T for MWHM galaxies is quite broad, featuring a median
of 0.68 and an inter-quartile range 0.47-0.83. This is in broad agreement with observational



4.3. Main properties of MWHM galaxies 75
1 '0 T T T T T T T 1 .0
- 0.8 ()

1 0.6
n
(o]
“_U‘

0.4

0.2

5 M : ] 0.0 ) : i i
8 9 10 1" 120.0 0.2 0.4 0.6 0.8 1.0 0.00.10.20.30.4
log Mgy q/s Mg] B-to-T fraction
Ficure 4.7: Gas fraction feas = Mgas mp/(MgasMp + Mytars) as a function of

log Z [Z)]

the stellar mass (a) and Bulge-to-Total ratio (b) at z = 0.0. We show the

full sample of our simulated galaxies, and mark MWHM galaxies with a star

symbol. In the right small panel (c) the distribution of fy,s of the MWHM

galaxies is shown. The solid line marks the median of all galaxies, while the
shaded region encloses the 25-75th percentiles.

T T T ; 0’5 T

1 0.0§....

_1{-05

1-1.0f-

1 [ =mmMm19 1-1.5
= = Tremonti+04  (q) - DeVis+19 ® 1 |

1 1 1 1 —2,0 1 I

Z
gas
Ztot

log Mstors [MO]

Ficure 4.8: Mass-Metallicity relation for our simulated galaxies at z = 0.0
(MWHM galaxies are marked with a star symbol). We report both the gas
metallicity (Zgas = Mmetals,gas/Mgas, panel a) and the total ISM metallicity
Ziot = (Mmetals,gas + Mmetals,dust)/MgaSv panel b), e.g. including also the
metals locked in dust grains. Some determinations from literature are shown:
Tremonti et al. (2004, black dashed line), Maiolino & Mannucci (2019, green
shaded region), and De Vis et al. (2019, gray points and dashed line). De
Vis et al. (2019) data refer to the DUSTPEDIA sample, with their reference
(PG16S, their Section 3.2) calibration for metallicites and stellar masses
derived by Nersesian et al. (2019). In panel (c) the distribution of both Zg,
and Zy is shown for MWHM galaxies. The solid line marks the median of
all galaxies, while the shaded region encloses the 25-75th percentiles.
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results and with those from other simulations (see for instance figure 3 in Tacchella et al.,
2019, and references therein). However, the details depend on the different methods used to
derive B/T, as discussed in Section 3.2 of the latter paper.

Figure 4.7 shows 1D and 2D distributions of the gas fraction fgas = Mgasmp/(Mgasmp +
Msmrs)8 as a function of the stellar mass and of B/T. The median gas fraction of MWHM
galaxies is 9.3, with a tendency for lower values at larger B/T, as expected. In particular, later
type galaxies feature fg,s values somewhat larger than those found in nearby late type galaxies
(e.g. Saintonge & Catinella, 2022).

Finally, we report gas phase metallicity Zy,s and total ISM metallicity Zio = (Mmetals,gas +
Minetats,dust) / Mgas % in Figure 4.8. The slope and dispersion of the stellar mass-metallicity
relation reasonably well matches the observed ones. As for the normalization, which is still
uncertain by a factor ~ 3 (Maiolino & Mannucci, 2019), we are possibly low by a factor > 2.
It is worth pointing out that most previous model determinations not including dust evolution,
neglected the fact that a significant fraction of metals > 50% is depleted to dust (e.g. Figure
4.11), while this is not the case in the present work. To better illustrate this point, the central
panel of this figure shows Zy.

To sum up this Section, we showed that MWHM galaxies in our simulated boxes have a
morphological distribution in reasonable agreement with observations, a possibly somewhat
high gas fractions, and metallicities likely low by a factor ~ 2. The latter two issues may
partly come from an overabundance of non-processed gas in the galactic region. However,
alternative solutions for the low metallicity problem include adopting a more top-heavy IMF
or increasing stellar yields'”.

Finally, the stellar masses produced by the selected halos are low by a factor about 3 with
respect to expectations. Indeed (see Figure 4.6) even halos whose total mass is three times
that of the MW, produce galaxies whose stellar mass is similar to that estimated for the MW
~ 5.10'M, by Cautun et al. (2020). This problem is largely inherited from the adopted
MUPPI setup (Valentini et al., 2020) which results in a galaxy whose mass is about 60% that
of the MW (see table 5 in the latter work) in a DM halo (dubbed AqC, Springel et al., 2008)
almost twice as massive as the MW halo Mago ~ 1.8 - 10!2 M.

4.4 Dust inside galaxies

Let us now analyse the properties of dust within galaxies of our simulated boxes, namely the
DMF and some scaling relations involving dust, predominantly at z = 0.

4.4.1 Dust Mass Function

The simulation DMF is shown in Figure 4.9 at different redhsifts. Local observations are in
excellent agreement with our results, while we heavily under-predict the abundance of dust
rich galaxies (Mgygt 2 108 My) at z = 1.25 and 2.25. Comparing with other hydrodynamic
simulations, a similar problem has been found by McKinnon et al. (2017) (when calibrated
to match the local DMF) and, to a lesser extent, by Li et al. (2019), while the simulations by

8Here MP refers to multiphase gas. The fraction is computed excluding hot non-MP particles, since observa-
tions typically refer to the cold has component of galaxies. Note also that MP particles are dominated in mass by
its cold component.
?In this work we assume Zg = 0.0134 following Asplund et al. (2009).
10For an extensive analysis of different IMFs and stellar yields in zoom-in simulations of MW-like galaxies
using MUPPI, refer to Valentini et al. (2019).
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FiGure 4.9: Dust Mass Function of the set of fiducial runs at different
redshifts; the shaded area is the Poissonian error. We show observations from
Dunne et al. (2011), Vlahakis et al. (2005), Clark et al. (2015), (Beeston et al.,
2018, z = 0), (Pozzi et al., 2020, z = 1.25 and z = 2.25) and (Dunne et al.,
2003, z = 2.25). Results from other cosmological simulations including dust
at similar redshifts are shown as well: (McKinnon et al., 2017, z = 0.0, z =
1.0, z = 2.5), (Li et al., 2019, z = 0.0, z = 1.0, z = 2.0), and (Hou et al.,
2019,z=0.0, z=1.0, z =2.0).
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Condensation Efficiency  Accretion

Run
OSN OSNIla ~ OAGB Tace
condG21-accG21 0.8 0.8 1.0 TGl
condG21-acc0.2 0.8 0.8 1.0 51601
CONDO.1-accG21 0.1 - 0.1 TG21
CONDO.1-acc0.2 0.1 3 0.1 5 - 7601

(fiducial this work)

TaBLE4.1: Dust parameters adopted in runs of Figure 4.12. The condensation

efficiencies for all the stellar channels are shown (they are the same for both

carbonaceous and silicate grains), as well as the accretion timescale with

respect to Granato et al. (2021) choices. Refer to Sections 3.4.1 and 3.4.3 for
the definition of these parameters.

Hou et al. (2019) over-predict the number of very dusty system at z = 0, and under-predict
them at z = 2.5. In conclusion, most current hydrodynamic cosmological simulations do
not reproduce well the observed DMF over cosmic time. Identifying the reasons behind
the differences between cosmological simulations is complex and outside the scope of the
present work. We only point out that, while the dust processes included are the same, their
implementation differs in several aspects. I refer to Section 3.3.2 for a deeper comparison
of the DMF (and DMD) predicted by various hydrodynamic and SAM-based cosmological
simulations.

4.4.2 Dust, Stellar Mass and SFR

Figure 4.10 illustrates the correlation between dust mass Mgyg and stellar mass M5, Where
colors indicate the specific star formation rate (sSSFR= SFR /M) of each simulated galaxy.
Our findings are compared with various observational datasets. Dust content shows an almost
linear increase with stellar mass, and galaxies with higher sSFR at a given stellar mass tend
to contain more dust.

Similarly, recent determinations by De Vis et al. (2019) show a linear increase of dust
mass with stellar mass, akin to our simulations, while older estimates suggest a gentler growth.

4.4.3 Dust and Metallicity

While both the gas phase and dust metals originate from evolved stars, their relative abun-
dances are strongly influenced by dust evolutionary processes in the ISM. We illustrate in
Figure 4.11 the DTM (bottom panel) and DTG (top panel) ratios as functions of metallicity at
z = 0. Simulated galaxies populate these diagrams across three distinct regimes, as previously
identified by various studies (e.g., Hirashita, 2013, and Section 3.3.2).

Firstly, a regime at low metallicity where dust content is determined by direct production
from stars. Secondly, an intermediate metallicity regime characterized by a steep increase in
the DTG ratio with metallicity due to enhanced accretion. Lastly, a high metallicity regime,
often referred to as the saturation limit, where the growth of the DTG ratio slows down as
the availability of metals that contribute to the dust budget becomes nearly depleted. The
influence of grain accretion on shaping these relationships is highlighted by the fraction of
cold gas in each galaxy, as color-coded in Figure 4.11. Grain growth predominantly occurs
in the cold and dense phases of the ISM; hence, galaxies with higher fractions of cold gas at
a given metallicity tend to exhibit larger DTG and DTM ratios.
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Ficure 4.10: Dust mass as a function of the stellar mass of our simulated

galaxies at z = 0, while the specific SFR is shown as color code. Star symbols

are the MWM galaxies in our sample. Data from De Vis etal. (2019), Beeston

et al. (2018). De Vis et al. (2019) data refer to the DUSTPEDIA sample,

with their reference (PG168S, their Section 3.2) calibration for metallicites
and stellar masses derived by Nersesian et al. (2019).
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Ficure 4.11: Dust-to-Gas (fop panel) and Dust-to-Metals (bottom panel)

ratio as a function of the ISM gas phase metallicity Z for simulated galaxies at

7z = 0 (MWHM galaxies are star symbols). The compilations of observational

data are by Rémy-Ruyer et al. (2014) (black cross) and De Vis et al. (2019)

(dots). We also report the fit derived by Galliano et al. (2021) (grey shaded

area, which contains the 98% of their observations). The color code shows
the cold fraction of the total gas content of each galaxy.
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Ficure 4.12: Same as Figure 4.11, but for different assumptions on the dust
condensation and/or accretion efficiencies (see Section 4.4.3 and Table 4.1).
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FiGure 4.13: Dust-to-Gas (left panel) and Dust-to-Metals (right panel) ratio
as a function of the ISM gas phase metallicity Z for simulated galaxies at
z = 0 (MWHM galaxies are star symbols). We report results from our
fiducial run (red) compared to the effDTG-FID (blue) and effDTG-more ACC
(yellow) model, with DTG dependent star formation efficiency (see text).
The compilations of observational data is the same as in Figure 4.12.
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A few model assumptions largely determine the precise locations of the three regimes
mentioned earlier. This dependency becomes evident when examining Figure 4.12, where
we present results not only from our current fiducial model but also from simulations using
different dust parameter values, as detailed in Table 4.1, most of which coming from Granato
et al. (2021) choices.

The vertical position of the low metallicity branch depends on the dust condensation
efficiencies assumed for ejecta from evolved stars. The transition between the low and
intermediate metallicity regimes is influenced by the adopted accretion efficiency, while
the vertical placement of the saturation limit is dictated by the maximum availability of
metals, which is closely linked to the chosen IMF and stellar yields. To better align with
observational data from nearby galaxies, we found it necessary to significantly reduce both
efficiencies compared to those originally proposed by Granato et al. (2021)'!.

Figure 4.11 displays a fairly good agreement between the fiducial model and the available
data. However, the three regimes are much less evident in the data, possibly due to their
significant uncertainties.

Before concluding this Section, we note that if we adopt the alternative effDTG model
proposed in Section 4.2.4, which results in galaxies having a lower amount of gas available
for efficient accretion, a higher accretion efficiency would be required. This efficiency would
need to be closer to the value used in Granato et al. (2021) to align with this dataset.

This is shown in Figure 4.13, where we report two renditions of the eff DTG model.
The run effDTG-FID has dust parameters identical to the fiducial run, while in the effDTG-
moreACC the accretion efficiency has been enhanced by a factor 2.5. These modified models
produce galaxies featuring a factor ~ 3 lower gas fraction than the fiducial one. An even higher
decrease, by a factor ~ 4, occurs in the molecular gas fraction. As a result, the predicted
molecular mass in MWHM galaxies in the effDTG runs turns out to be less than ~ 1.5 %
of the baryonic mass. Consequently, in the eff DTG-FID model, the accretion process is less
productive than in the fiducial one, and the critical metallicity (that above which accretion
becomes relevant) shifts to larger values. When increasing the accretion efficiency (effDTG-
moreACC; still a timescale twice as large as that used by Granato et al. 2021), the tension
with observations reduce. Considering this and the fact that the eff DTG models require some
future adjustment to increase the predicted molecular mass, the conclusion that the accretion
timescale adopted in the latter work needs a downward revision appears to be robust.

4.4.4 Size and chemical composition of grains

Our dust model tracks the formation and evolution of four distinct grain species, tracking
their chemical compositions and, to a limited extent, size distributions of grains. Figure 4.14
includes two panels illustrating the Small-to-Large grains mass ratio (S-to-L), respectively
plotted against the total ISM metallicity Z;y (including both metals in gas and dust grains) and
the stellar mass at z = 0. As in previous plots, larger symbols denote MWHM galaxies. This
figure allows for a direct comparison with Figure 6 of Hou et al. (2019), who conducted cos-
mological simulations in a (larger) cosmological volume, modeling dust enrichment through
a two-size approximation without accounting for dust chemical composition.

Our findings generally align with those reported in their study. However, discrepancies
arise due to our local galaxy sample covering a narrower range of Zy. At the high Z; (or
Mars) end, this discrepancy may arise from their use of the more top-heavy IMF by Chabrier
(2003). Conversely, at the low M, and Zo end, subtle differences in their modeling resulted

1By running a couple of zoom-in simulations of MW-like galaxies, we verified that these adjustments do not
substantially alter the conclusions drawn in their study.
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Ficure 4.14: Small-to-Large grains ratio at z = 0.0 as a function of total ISM
metallicity Zi; and stellar mass. Star symbols represent MWHM galaxies.
Local observations from Relafio et al. (2020) are shown for comparison
(upward triangles for the DSG sample, downward triangles for Kingfish

galaxies).
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FiGure 4.15: Same as Figure 4.14 at z = 1.25. Star symbols refer to MWHM
progenitors. Local data from Relaiio et al. (2020) are also shown for reference.

[ |
8.0 8.5 9.0 9.5 10.010.511.011.5
log Mstors [MO]

A
M
8 9 10 11
log Mstors [MG)]
[ ——

-1.2-1.0-0.8-0.6-0.4-0.2 0.0
log Z, [Z(D]

log Sil/C

0.4r1 ]

g 0.0 ]
5

LO; -0.4 b':'l?:‘: : . . 4

-0.81 ]

8 9 10 11 12

log Mstcrs [MG]
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Ficure 4.17: Evolution in time of the median and 25-75% percentiles of

molecular fraction, gas fraction, Small-to-Large grains ratio and Silicate-to-

Carbon grains ratio. MWHM galaxies are depicted in red while in blue we
show the behaviour of galaxies with Mo < 3 - 101 M.

in significantly lower metallicities, as evident when comparing their Figure 2 with our Figure
4.14. Notably, our results in this mass range are more consistent with observational data.
The behavior of our model in the very low metallicity regime can be explored at earlier
times, as it is done in Figure 4.15 for z = 1.25. Together, these figures support the conclusions
drawn by Hou et al. (2019): in small galaxies with high gas fractions and low metallicities, the
predominance of relatively large grains formed by stellar ejecta contributes to the relatively
modest dust content. As metallicity increases, and consequently mass, the production of
small grains through shattering and accretion becomes increasingly significant, leading to a
rapid rise in the S-to-L grains mass ratio with Z;,;. However, beyond a certain threshold,
approximately log Ziot ~ —1 or log Zg,s ~ —1.5, further increases in metallicity do not corre-
spondingly increase the S-to-L ratio, because in the saturation regime the mass increase of
small grains due to accretion turns out to be balanced by their coagulation into large ones.

We compare our model predictions with the determination of the S-to-L reported in
Relafio et al. (2020), where the authors analyzed the integrated spectral energy distributions
(SEDs) from the KINGFISH and DSG surveys. Our model results, varying with stellar mass
and metallicity, generally agree with observational data, except for the absence of simulated
galaxies showing a log S-to-L ratio > —0.2. Additionally, observations appear to confirm a
flat relationship between S-to-L ratio and M, up to large stellar masses. In contrast, Hou
et al. (2019) predicted a sharp decrease in this ratio at high stellar masses, which Relafio et al.
(2020) tentatively attributed to the influence of AGN feedback in their simulations (refer to
Section 4 of Relaiio et al. (2020) for detailed discussion).

Similarly, Figure 4.16 illustrates the variation of the Silicate-to-Carbon dust mass ratio
(Sil-to-C) at z = 0 as a function of total metallicity and stellar mass. Interestingly, within
log Ziot € [-0.9, —0.6], galaxies exhibit a diverse range of Sil-to-C ratios, displaying a some-
what dichotomous distribution. Less massive galaxies with Mgy < 3 - 108 M, typically
feature a ratio approximately three times smaller than MWHM galaxies at the same Z.
These less massive galaxies also show Sil-to-C ratios similar to those observed in galaxies
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with lower metallicities within the same stellar mass range.

The distinct behaviors observed in the two stellar mass regimes can be understood by
examining Figure 4.17, where we present the evolution of some key quantities for galaxies in
two representative mass regimes. These include the gas molecular fraction Mo/ Mgas, the
gas mass fraction fgas = Myas/(Mgas + Mars), and the S-to-L and Sil-to-C ratios.

At very early times, all galaxies in our simulations tend to exhibit a relatively high Sil-to-C
ratio because dust predominantly consists of grains produced by SNII. Subsequently, this ratio
decreases rapidly due to the substantial production of carbonaceous dust by AGB stars. If
dust accretion becomes significant, the ratio begins to increase again, albeit slowly, as the
growth of silicate dust is constrained by the availability of key elements.

Lower mass galaxies encounter greater difficulty in reaching the regime dominated by
dust accretion compared to their more massive counterparts at the same metallicity. This
challenge arises because lower mass galaxies typically possess a smaller fraction of dense
gas, where efficient accretion processes occur. In the low mass bin, the gas mass fraction
remains consistently higher by a factor of several, while the fraction of molecular gas is lower
by an order of magnitude or more throughout much of cosmic history (top panels of Figure
4.17). Consequently, the dust accretion process never becomes sufficiently robust to increase
the Sil/C ratio in low mass galaxies.

Finally, we remark that the typical values obtained here for both the Large-to-Small and
Sil-to-C ratios for MWHM galaxies at z = 0 are not far from those adopted in most dust
mixture models derived for the MW dust. For instance, model 4 in Weingartner & Draine
(2001) has S-to-L ~ 0.21 and Sil-to-C ~ 2.5. However, the variations predicted in different
galaxies at z = 0, and even more at higher redshift, would be significant when computing dust
radiative effects (see also Section 3.1 in Granato et al., 2021).

4.5 Dust outside galaxies

Observations have detected dust beyond the galactic region (Holwerda et al., 2009; Ménard
et al., 2010; Roussel et al., 2010; Hodges-Kluck & Bregman, 2014; Peek et al., 2015; Ruoyi
& Haibo, 2020). This has been found also in several cosmological simulations (McKinnon
et al., 2017; Aoyama et al., 2018). Exploring this issue is crucial for providing a more
comprehensive description of the cosmic cycle of dust and metals, constraining the cooling
capacity of the CGM, and characterizing the opacity of the Universe on intergalactic scales.
Dust produced and reprocessed within galactic environments can be expelled from the ISM
through mechanisms such as galactic winds and radiative pressure (see e.g. Bianchi & Ferrara,
2005; Hirashita & Inoue, 2019).

In our simulation, only galactic winds acting on gas particles are considered. Addi-
tionally, our model assumes dust is dynamically coupled with gas. This assumption, which
might impact the quantity and nature of ejected dust, has generally been validated as a good
approximation due to the strong coupling between these two components in most situations
(see e.g. McKinnon et al., 2018, who explicitly address the dynamical forces acting on dust
particles).

In the following sections, we analyze our simulation to investigate the quantity and
properties of dust surrounding our simulated galaxies at various epochs.

4.5.1 Dust profile around galaxies

To quantify the amount of dust beyond galactic scales, we compute the dust surface density
profiles. Observationally, Ménard et al. (2010) examined the reddening caused by dust in
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the halos of massive galaxies (i.e., on extra-galactic scales). They data come from a sample
of ~ 85,000 quasars at z > 1 and a massive sample of 2 - 107 galaxies at z ~ 0.3. By
cross-correlating the colors of the quasars with the (projected) overdensity of galaxies, they
were able to constrain the reddening caused by dust grains outside galactic regions. Their
findings suggest that the dust associated with an extra-galactic diffuse component is at least
comparable to that observed in the ISM of galaxies and that the dust profile extends up to ~ 10
Mpc from the centers of galaxies. Subsequent studies (e.g. Peek et al., 2015) have confirmed
the presence of significant amounts of dust beyond galactic radii.

To compare our simulation results with the observational estimates by Ménard et al.
(2010), we compute the dust surface density for galaxies at z ~ 0.3 with Mg > 10" M.
This mass range is broadly similar to the masses of the galaxies studied by Ménard et al.
(2010, see e.g. Aoyama et al. 2018). Although this mass range is slightly larger than that of
our MWHM galaxies progenitors at z = 0.3, using MWHM progenitors as in the rest of the
paper would only slightly alter the profile, without affecting our conclusions.

The results are presented in Figure 4.18, where we show the median dust profile'”
compared with Ménard et al. (2010). We also plot the median dust profile excluding MP
particles and the gas metals profile.

The slope of our dust profile is somewhat steeper than that derived by Ménard et al. (2010),
and its normalization is slightly lower than the observational data, although this discrepancy
is reduced when considering the overall dispersion. It is important to note that the dust density
derived from reddening by Ménard et al. (2010) also depends on the dust model adopted.
They assume a Small Magellanic Cloud dust type, but the properties of dust on extragalactic
scales at z = 0.3 may differ from those inferred in local galaxies (see the following discussion).

To understand the extent to which this profile originates from the diffuse dust component
outside galaxies, we also plot in Figure 4.18 the median dust profile obtained excluding MP
particles, which trace the dusty galactic environments in our simulations. The contribution of
non-MP particles to the total profile is minor within r < 10, kpc (the galactic region where star
formation occurs), but outside this region, it accounts for about 90% of the total. Therefore,
on extra-galactic scales, the dust budget in the simulations is dominated by a diffuse dust
component in galactic halos. Satellites and overlapping galaxies play a minor role, consistent
with the conclusions of Ménard et al. (2010).

Finally, we compare our profile with results from two other cosmological simulations that
include dust evolution, those by McKinnon et al. (2017) and Aoyama et al. (2018). Despite
the different sub-grid modeling prescriptions for dust evolution, all three simulations show
a similar slope for 4,4 on extra-galactic scales. Notably, our profile normalization is quite
close to that of McKinnon et al. (2017). We note that factors beyond dust-related prescriptions,
such as feedback and galactic winds recipes, are also expected to substantially impact these
results.

4.5.2 Redshift evolution of dust profiles

In Figure 4.19, we present the redshift evolution of the median profiles for the S-to-L and
Sil-to-C dust mass ratios, as well as for the DTG and DTM. This analysis considers the
MWHM galaxies and their main progenitors at z = 0.5, 1.0, and 2.0. The radial coordinate is

12Radial profiles are obtained by considering a randomly oriented cylinder centered on each selected galaxy.
Gas particles are grouped into 20 logarithmic bins along the cylinder radius, and the surface density is calculated
by summing the contributions of all particles in each annulus. The vertical axis coincides with the z axis of our
simulation box. The cylindrical region has a radius of 4 cMpc/h and a half-height of 500 ckpc/h; we verified that
our results are not critically dependent on these parameters.
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normalized to the Rygp of each halo at the corresponding redshift. Both the DTG and DTM
profiles show a continuous increase over time, reflecting the ongoing production and ejection
of dust from galaxies.

Large grains dominate both inside and outside (» > 0.1 Ryoo) galaxies at any redshift. At
Z 2 2, the S-to-L grains ratio is significantly smaller outside, but this difference decreases
over time, nearly disappearing by z = 0. This is due to the rapid increase of this ratio in the
galactic region at early times (look-back time > 10 Gyr) for massive galaxies (see the red
band in the lower left panel of Figure 4.17). Dust is primarily produced in the galactic region
and then transported outside, taking some time to pollute the surrounding area. Therefore,
the dust properties in these outer regions reflect the dust properties of the galactic region at
earlier times.

At low redshift, the ratio tends to increase up to logr/Rypo =~ —1.2. This is likely due
to the radial decrease in specific star formation, which increases the relative importance of
small grain production by accretion compared to large grain production by stellar injection.
Additionally, the balance between shattering and coagulation shifts in favor of shattering,
as a result of a decrease of the fraction of dense, star forming, ISM which promotes dust
coagulation.

At larger radii, the ratio decreases because the gas temperature suddenly reaches a few
10° K, where sputtering, which is ten times more efficient for small grains, begins to be
non-negligible, progressively with time (see Figure 4.20).

As for the contribution of Silicates and Carbon to the dust budget, Figure 4.19 (top right
panel) confirms the trend discussed in Section 4.4.4. The abundance of silicate grains in-
creases with cosmic time at z < 2 (look-back time < 10 Gyr) in sufficiently massive galaxies.
This evolution occurs both in the galactic region (see also Figure 4.17, bottom right panel) and
outside it. This trend arises because of the delay in Silicate accretion caused by the limited
availability of key elements at early times. A striking feature of the profile evolution is the
reversal of the slope over time, shifting from an increasing Sil/C ratio with radius at high
redshift to a decreasing ratio at low redshift. This can be understood by considering that the
dust mixture outside galaxies is influenced by the dust conditions inside galaxies at an earlier
time, with some reprocessing. Figure 4.17 shows that the Sil/C ratio rapidly decreases over
time at z > 2 (look-back time > 10 Gyr) to a minimum and then begins to increase slowly in
massive galaxies.

We compare our results with a few available observations at z = 0. Relafio et al. (2020)
used spatially resolved observations of three local disc galaxies (M101, M33, and NGC628)
to study the shape of the S-to-L, DTG, and DTM radial profiles'3. Since only disc galaxies
were considered in their work, we also show the profile of simulated MWHM galaxies with
B-to-T< 0.6 at z = 0.0 (grey lines and shaded areas). The simulation reasonably reproduces
the observed profiles. The DTG and DTM profiles are underestimated by a modest factor of
~ 1.6, but the discrepancy reduces for the B-to-T < 0.6 sample. Two of the three observed
S-to-L profiles have large uncertainties and show a fairly constant profile with log S-to-L
—0.7, similar to our simulated z = 0.0 galaxies. The S-to-L profile of M33 is a factor of
1.6 below our results.

1

1

13They express the radius in units of R,s, the radius where the B-band surface brightness falls to
25, magarcsec_z. To translate their profiles to our Ryqy normalization of the radius, we first assumed Rys = 4R,
where Ry is the disc-scale length obtained by fitting the simulated stellar surface density profile with an exponen-
tial function X(r) = Zgexp(—r/Rq). Then we used the mean Rys/R>o for our MWHM disc-like galaxies (those
with B-to-T < 0.6) at z = 0.0, which turns out to be ~ 0.07.
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FiGure 4.18: Median dust surface density profile (solid line) around galaxies

with Mars > 1010 My, at z = 0.3, with the shaded area indicating the full

dispersion of the profiles distribution. The profile excluding MP gas particles

is also shown as a red dotted line, as well as the gas metals profile (grey

dotted line). Filled star points data refer to observations by Ménard et al.

(2010). We also overplot results from McKinnon et al. (2017) (green dashed
line) and Aoyama et al. (2018) (magenta dashed line).
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Ficure 4.19: Median radial profiles ratio of Small-to-Large (top left),
Silicate-to-Carbon (top right), Dust-to-Gas (bottom left) and Dust-to-Metals
(bottom right) for MWHM galaxies (z = 0.0) and their progenitors (z = 0.5,
z = 1.25, and z = 2.0). The radial coordinate has been normalized to the
Ryop of each galaxy. We show the 25-75th percentile dispersions. We over
plot the profiles reported by Relafio et al. (2020) derived from the spatially
resolved observations of three local disc galaxies (M101, M33, NGC628).
For the sake of a more meaningful comparison, we also show the profiles
obtained considering only z = 0.0 simulated disc galaxies (B-to-T< 0.6, grey
line and shaded region).
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Ficure 4.20: Median gas temperature profile of MWHM galaxies and their
progenitors at z = 0.5, z = 1.25, and z = 2.25. Shaded regions are the
25th-75th percentiles dispersion.

4.6 Summary and Discussion

In this Chapter, we presented and discussed hydrodynamic simulations performed with a state-
of-the-art dust model to predict the formation and evolution of grains, taking into account its
chemical composition and, to a minimal level, the size distribution. The production of grains
by stellar sources and the subsequent evolution of grains in the galactic ISM via different
processes are considered. As for the star formation and feedback modelling, we adopted the
MUPPI formalism, here in the specific version presented by Valentini et al. (2020), without
any tuning of its parameters. Nevertheless, we proposed a couple of possible directions to
relieve the tensions with some properties of the galaxy population.

We mainly focused on the dust properties of MW-like galaxies since MUPPI has been
calibrated to reproduce the properties of these objects. More precisely, we devoted particular
attention to galaxies formed in DM halos having a mass M»qo within a factor 3 that estimated
for the MW, dubbed Milky Way Halo Mass galaxies (MWHM). Dust-independent properties,
such as the morphology, the gas fraction and the metal content of our sample of simulated
MWHM galaxies, are in acceptable agreement with local observations. However, we iden-
tified clear tensions between our results and observational data when considering the entire
simulated galaxy population. Specifically, the predicted cosmic SFRD is lower than observed,
and there is a deficit of quenched galaxies in the local Universe. Although we propose steps
to address these discrepancies, we have chosen to retain the setup carefully calibrated by
Valentini et al. (2020) on zoom-in simulations, postponing a thorough analysis of the issue
for future work.

Instead, we adjusted the dust parameters from Granato et al. (2021), specifically the
condensation efficiency in stellar ejecta and the accretion timescale. We studied the influence
of these parameters in shaping the relation between dust and metallicity in local galaxies
(DTG-Z and DTM-Z, Figures 4.11 and 4.12). Specifically, the accretion timescale primarily
determines the transition metallicity where accretion becomes dominant. Meanwhile, a
lower condensation efficiency allows for matching the DTG ratio of objects with the lowest
metallicities. Following these adjustments, all simulated scaling relations involving dust,
stars, and metal content appear consistent with available observations.



4.6. Summary and Discussion 91

Our dust model also predicts the relative abundance of small and large grains and their
chemical composition (silicates and carbonaceous). Interestingly, these properties are inter-
connected. Low-mass galaxies, where dust content is primarily driven by stellar production,
are dominated by large, carbonaceous grains. Silicates, which in our model have a olivine-like
chemical composition, are dominant when accretion onto small grains becomes significant
(galaxies with M, 2 108> Mg, logZ/Zs 2 —0.8). In this transition regime, the Small/Large
grains mass ratio peaks but is suppressed in larger galaxies due to the contribution of coagu-
lation. At z = 0.0, MWHM galaxies appear rich in silicates and large grains. Dust evolution
in these objects indicates that silicate growth becomes prominent at z < 2, contrasting with
low-mass galaxies where the molecular gas mass fraction remains approximately an order of
magnitude lower throughout cosmic time, causing a low accretion efficiency. For MWHM
galaxies, the final S/L and Sil/C values broadly align with those typical of widely used dust
extinction models. However, a more detailed analysis, such as studying depletion patterns,
would be necessary to validate our chemical predictions, which are also influenced by as-
sumptions on the assumed silicate composition and the adopted IMF.

Surface density profiles around massive galaxies exhibit reasonable agreement with the
few available observations, supporting indications from the literature of a significant dust
presence beyond galactic regions. Furthermore, the redshift evolution of the S/L and Sil/C
profiles indicates that halo dust characteristics reflect those of galactic dust at earlier epochs,
with this effect more pronounced at higher redshifts.

The issues discussed here underscore the need for future developments and improvements.
It is clear that our sub-resolution model, MUPPI, requires further investigation to achieve
accurate statistical properties for the entire galaxy population across cosmic time, while
maintaining its strong performance in zoom-in simulations of disc galaxies. Additionally,
since we adjusted the dust parameters based on local observations, it would be important
to assess the model ability to reproduce dust properties at high redshift once a more robust
galaxy evolution framework is in place. A step in this direction was recently taken by Ragone-
Figueroa et al. (2024), where we (i) improved the physical model by incorporating molecular
hydrogen formation on dust grain surfaces, (ii) linked the SFR to the H2 content, and (iii)
reformulated other sub-resolution physics to better align with the properties of the observed
galaxy population, significantly enhancing the model predictive capabilities. Although this
resulted in substantial improvements, further testing in larger cosmological volumes than the
26 Mpc box used is required to better capture the high-mass regime.
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The z < 1 drop of cosmic dust
abundance

Given the relevance of dust in our Universe, a detailed understanding of the build-up of dust
in galaxies across cosmic time would be highly advantageous. The total budget of dust in our
Universe is commonly given in terms of Qgust = Odust/ pc,ol, and can be thought as the sum
of a galactic and an extra-galactic component (in this Chapter Q}ﬁ;’t{ and Qdcgf/[ respectively).
Understanding the evolution of this quantity is one of the major tasks of cosmological galaxy
evolution models which include dust (Section 3.3.2).

In this Chapter, we? will study the cosmic evolution of Qg from a theoretical, semi-
analytical perspective. The strategy of the Chapter is as follows. First, we will introduce the
observations which allow for an estimate of Qg in Section 5.1, as well as the shortcomings of
current simulations. Then, Section 5.2 is devoted to detailing the adopted SAM. Some basic
results concerning the whole galaxy population are presented in Section 5.3, while predictions
about dust properties are in Section 5.4 Finally, Section 5.5 contains our predictions of the
galactic and extra-galactic dust abundance, as well as their comparisons with observations.
The main conclusions are summarised in Section 5.6 .
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5.1 Observing the cosmic dust abundance

From observations, the cosmic abundance of galactic dust (Qg};’f) can be estimated by deriving

the dust mass of a galaxy sample through SED fitting, then constructing a DMF and integrating
it. Several examples exist in the literature. Dunne et al. (2011) used a sample of ~ 2000
sources from the Herschel-ATLAS survey, each with a reliable counterpart from the SDSS,

"Here pgyy is the comoving dust mass density, and peo = 2775 1% x 101" Mg, /Mpc3 is the critical density of
the Universe today. Note the common bad practice in this definition, which is at odds with the standard meaning
of the density parameters Q in cosmology, where densities are normalized to the critical density at a given redshift

- p&)
Q(Z) " Pait(z)
2This Chapter is based on a published work done in collaboration with Cinthia Ragone-Figueroa, Gian Luigi

Granato, and Andrea Lapi (Parente et al., 2023).
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to examine the DMF evolution at z < 0.5. They found that high-redshift massive galaxies
contain more dust than local galaxies, and Q}E:f decreases with decreasing redshift. Driver
et al. (2018) estimated dust masses for ~ 570, 000 sources from the GAMA, G10-COSMOS,
and 3D-HST catalogues over a wide redshift range (0 < z < 2), also finding a smooth decline
in Q™ at z < 1. More recently, Pozzi et al. (2020) greatly enhanced our understanding of
the DMF cosmic evolution, studying it up to z = 2.5. Their results confirmed earlier findings,
showing a broad peak of Qg};’t{ at z ~ 1, followed by a decline towards the local Universe.
Also z ~ 0 determinations of the DMF are available today, and are consistent with the findings
highlighted above. To mention one representative work, Beeston et al. (2018) studied the
DMF of a z < 0.1 galaxy sample from the Herschel-ATLAS and GAMA surveys, providing
precise constraints on QM (z = 0).

Conversely, measuring the amount of extra-galactic dust (Qdcgivl) is more challenging and
thus more uncertain. Notably, Ménard et al. (2010, also Ménard & Fukugita 2012; Peek
et al. 2015) estimated dust in galactic halos® by examining the reddening of distant quasars

by foreground absorbers, showing a significant amount of dust beyond galaxies.

The combined result of these observations (e.g., Péroux & Howk 2020, their Figure 12)
indicates that the dust abundance in galaxies has decreased by a factor of about 2-3 over
the last ~ 8 Gyr. This trend remains unclear from a theoretical perspective. The relatively
recent inclusion of dust in some SAMs (Popping et al. 2017; Vijayan et al. 2019; Triani et al.
2020) and hydrodynamic cosmological simulations (McKinnon et al. 2017; Aoyama et al.
2018; Hou et al. 2019; Li et al. 2019; Graziani et al. 2020; Parente et al. 2022) of galaxy
evolution has allowed the study of the DMF build-up across cosmic epochs, investigating
the roles of various processes in dust evolution in a cosmological context. However, most
of these studies do not reproduce the observed peak of ijilg’t[. Notable exceptions are the
hydrodynamic simulations by Aoyama et al. (2018) and Li et al. (2019). The former group
reproduces a decline in Q™ at z < 1, attributing it to astration, though their normalization
is about six times too high at z = 0. The latter group provides an excellent fit to the observed
galactic Qﬁ;’t[ across cosmic time but does not discuss the origin of this behavior.

Motivated by this issue, Ferrara & Peroux (2021) tried to constrain the efficiency of dust
destruction processes, assuming these processes overcome* the processes responsible for dust
growth at z < 1. However, their straightforward calculation only considers the efficiency of
dust processes for z < 1, neglecting the impact of these processes on the earlier evolution of

Qdu ste

The goal of this Chapter is to address the shortcomings of current simulations and discuss
a model that can reproduce the observed cosmic dust abundance. Additionally, we aim to
discuss the reasons behind the decline in cosmic dust abundance at z < 1 from a theoretical
perspective.

5.2 The SAM simulations

In this Chapter we make use of the L-GaLaxies SAM (Henriques et al., 2020, see also Section
2.3), which has been extended with the dust model adopted in this Thesis (Parente et al., 2023,
and Section 3.4).

3However, some of the absorbers selected by Ménard & Fukugita (2012) feature equivalent widths which are
associated with column density typical of neutral gas, thus ISM (see §4.2 of Péroux & Howk 2020).

4This assumption is necessary to obtain a decline in Qqys, as they consider both galactic and extra-galactic
dust.
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The model is run on the MILLENNIUM merger trees, (original box size 500/h, 21603
particles) adopting a Planck cosmology® (Planck Collaboration et al. 2014) with h = 0.673,
Qp = 0.315, Q, = 0.0487, 0 = 0.829. We adopt a Chabrier (2003) IMF.

5.2.1 A new treatment for Disc Instabilities

Alongside with the dust model, the L-GaLaxies SAM adopted in this Thesis has been ex-
tended with a new model for the treatment of Disc Instabilities (DIs). The original treatment
of this process in the SAM is based on the Efstathiou et al. (1982) criterion (see Section
2.3.5). This prescription determines when a disc becomes unstable to bar formation due to its
self-gravity, causing a redistribution of disc material that eventually funnels disc stars into a
bulge-like structure (e.g. Debattista et al. 2006). Due to its appealing simplicity, this criterion
has been widely adopted, often with minor modifications, within the SAM community (e.g.
De Lucia et al. 2011; Lacey et al. 2016; Lagos et al. 2018), although not without criticism
(Athanassoula 2008; Devergne et al. 2020; Romeo et al. 2022). This secular process is crucial
for producing a sufficient number of intermediate mass spheroids (e.g. Husko et al. 2022)
and may also significantly influence BH growth at high redshift (Bournaud et al. 2011).

Our implementation is inspired by Irodotou et al. (2019), with some key differences.
Unlike Irodotou et al. (2019), we do not differentiate between classical bulges (formed during
mergers) and pseudo-bulges (originating from disc instabilities). Another significant differ-
ence is our division of discs into rings within the SAM we use. While we determine if a disc
is unstable based on its global properties, a ring-by-ring evaluation of instability could also
be an interesting approach (see e.g. Stevens et al. 2016). We extend the instability criterion
to include the contribution of the gaseous disc to the overall stability of the disc (gas+stars),
unlike Henriques et al. (2020), which considers only stars. To achieve this, we evaluate the
stability of the galactic disc using the parameter €:

Mgisc tot€tot = Maisc stars €stars + Mdisc,gasfgas, (5.1)

where

G Myisei \*
e,-:c,-( d‘“") i (5.2)

2
Vc Rdisc,i

with i = {stars, gas}.

In this formula, V. is the circular velocity of the host halo, M; is the mass of the i com-
ponent of the disc, R; the scale length, and cyars, Cgas are parameters of order of 1 (Efstathiou
et al. 1982; Christodoulou et al. 1995). In our fiducial model we set cgiars = Cgas = 1.

If €or > 1 the disc is unstable. Unstable gas is allowed to form stars and to accrete the
central SMBH, while stars are transferred from the disc to the bulge, until stability is restored.
This is done by iterating over rings, from the innermost to the outermost one, and for each of
them:

* if gas Mg;g is present in the ring, some of it forms disc stars and accretes the central
SMBH. In a single time-step df, we assume that the mass available for the former

processes is M;;I;gunst = (dt/1) - Mg;;g, where 7 is proportional to the free fall timescale

5The original MILLENNTUM cosmology has been scaled according to Angulo & White (2010) and Angulo &
Hilbert (2015).
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of each ring, i.e.

T=4|— (5.3)

where p is evaluated as in Equation 3.20.

A fraction fgy,unst Of the mass Mg, unst accretes onto the central SMBH. This fraction
is evaluated following almost the same prescription adopted by the SAM when dealing
with BH growth in galaxy mergers®, namely

fBH,unst = fB—H > (54)

( VBH, DI )2
P R
Vvir

where fgy controls the accretion efficiency and the (Ve pr/ Viir)? term introduces a de-
pendence on the binding energy of the system since we expect that less gas concentrates
in the center of low mass systems.

This prescription was initially introduced by Kauffmann & Haehnelt (2000) to model
SMBH gas accretion during major mergers. This phenomenological recipe has been
widely adopted by the SAM community (e.g., Croton et al. 2016; Lagos et al. 2018;
Izquierdo-Villalba et al. 2020) for both galaxy mergers and disc instabilities, where
gas is funneled toward the galaxy center, triggering starburst episodes. We adopt the
same approach. Specifically, in our fiducial model, we assume fgy = 0.066 during
disc instabilities, as in mergers, but use a Vpy pi, the virial velocity at which accretion
saturates, that is six times larger than that used during mergers (700km,s~!). This
increase is necessary to prevent excessive SMBH growth and the subsequent quenching
of intermediate mass galaxies.

Once the fraction of the unstable mass accreting the BH has been determined, the
residual fraction 1 — fpp ung form stars.

* If a stellar mass MS:I% is in the disc ring, it is moved to the bulge. In a single time-step
dt, we perform a sub-iteration of Nyeps, removing at each sub-step a mass M;;:rgs/ Nsteps
and re-evaluating the stability of the disc each time. This procedure avoids removing
the whole stellar mass from a single ring when just a fraction of it would be sufficient
to restore stability. We adopt Ngeps = 20, and we verified any value Ngeps 2 10 yields

similar results.

We perform the steps above for each ring until the stability of the whole disc is restored.

5.2.2 Bulge sizes

Also the size of bulges formed/grown as a result of both mergers and disc instabilities is
determined taking inspiration from Irodotou et al. (2019).

* Major Mergers
In major mergers, all the pre-existing stars and those formed during the merger are added
to the bulge of the descendant galaxy, following the collisional starburst formulation

SEquation S27 of the supplementary material of Henriques et al. 2020, setting Mgat/Mcen = 1.
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by Somerville et al. (2001). Its half-mass radius Ry, bulge 18 computed from energy
conservation arguments (see also Tonini et al. 2016):

(M*,l + M*,Z + M*,burst)2 _
Rﬁn,bulge

(5.5)

(1 + kpag) + ( M\M> ) .

2 2
R
Rl R2 R1+R2

In this equation, M; are the total baryonic mass of the progenitors, M., ; their total stellar
mass, R; their stellar half-mass radii, and M. purs the stellar produced in the burst. The
term kg includes energy dissipation by gas due to radiative losses, and it is computed

as:
Mgas,l + Mgas,2
M1 +M2

being Mg, ; the gas mass of the progenitors, and Cp,q is a parameter of order ~ 1
(Covington et al., 2008) quantifying the efficiency of radiative losses. Here set to = 1.

krad = Crad ( (5-6)

* Minor Mergers
In minor mergers the disc of the larger progenitor survives and will host the smaller
progenitor’s cold gas and the stars formed during the merger-driven starburst. Instead,
the bulge of the larger galaxy accretes the stars of the second progenitor. Its size
Réin, bulge 1 computed according to:

(5.7)

Rpuige1 Rz Rpulge,1 + R

2 2
(Mbulge,l + M*,Z)z Mbulge,] M*,Z Mbu]ge,l M*,Z
= + (1 + krad) +|=—].
Rﬁn,bulge

In the above expression, Mpyige,1 and Rpylge,1 are the mass and half-mass radius of the
bulge of the first progenitor before the merger, M, > and R, the mass and half-mass
radius of the stellar component of the smaller progenitor. The k.,q term is computed as
in Equation 5.6.

* Disc instabilities
If the galaxy already has a bulge with mass Mj, and half-mass radius Rj,, the bulge size
Rygn after a disc instability event leading to a final bulge mass My, is given by:

2 2 2
Mﬁn _ Min Munst g MinMunst
Rﬁn Rin Runst c Rin + Runst

(5.8)

with @ = 1.5 (C is a structural parameter and « regulates the energy dissipation;
Boylan-Kolchin et al. 2005). In the above expression, My, is the mass of the material
transferred from disc to bulge as a result of the instability, and Ry its half-mass
radius’.

When a galaxy does not possess a bulge before a disc instability event (Mj, = 0), we
simply assume Rg, = Rypst-

A couple of results demonstrating the improvements due to these new prescriptions are
illustrated and briefly discussed in Section 5.3.3. However, these have no relevant effect in
determining the major result discussed in this Chapter, that is the evolution of the cosmic dust
abundance.

7Note that, since the unstable material is already in rings, we can trivially compute the half mass radius of the
unstable mass.
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5.3 General Properties of the Galaxy Population

This Section examines model predictions related to general, non-dust-related properties of
the galaxy population. This analysis is necessary to understand the impact of the newly
introduced prescriptions for DIs detailed in Sections 5.2.1 and 5.2.2. Importantly, none of the
model parameters related to the physical processes originally included in the SAM (Section
2.3) has been modified.

5.3.1 Mass Functions and Cosmic SFRD

As an initial benchmark for our model, we discuss its results for the SMF, HI Mass Function
(HIMF), and H2 Mass Function (H;MF) at z = 0.0 (Figure 5.1), as well as the cosmic SFRD
(Figure 5.2). In our fiducial model, the SMF and HIMF show slight deviations from the
results obtained using the original instability criterion of Henriques et al. (2020, dubbed
oldInsta). While the fiducial SMF remains consistent with observational data, the HIMF
slighlty underpredicts observations at high masses. This discrepancy persists regardless of
the uncertainty associated with the neutral gas fraction of the cold phase in a galaxy, here
assumed to be fiew = 1/1.3 (Fu et al. 2010). Even in the extreme case where fpey = 1,
the HIMF still appears under-abundant at high masses. In contrast, both the HyMF and the
cosmic SFRD align well with observations when our fiducial model is used. Notably, the
H,;MF shows significant improvement compared to recent determinations by Andreani et al.
(2020) and Fletcher et al. (2020), as the oldInsta model tends to overestimate H, in the most
massive galaxies, as previously discussed in Henriques et al. (2020).

We anticipate the reason for the differences outlined above: our model allows SMBHs to
grow during disc instabilities, leading to accelerated SMBH growth rates, followed by quicker
quenching through cooling suppression via radio mode feedback. This results in lower gas
contents (and then H, and star formation) when disc instabilities occur.

In summary, our fiducial model yields a plausible galaxy population at z = 0.0 and a
cosmic SFRD that aligns well with observational data. This outcome holds true despite
adjustments made to the physics within the SAM framework, without requiring parameter
re-tuning.

5.3.2 Galaxy morphology and star formation

We now move to analyse the morphology of the model galaxies, quantified by the Bulge-to-
Total stellar mass ratio (B-to-T). Figure 5.3a shows the relative fraction of disc-dominated
(B-to-T < 0.3) and spheroid-dominated galaxies (B-to-T > (.3) as a function of stellar mass
for our fiducial model and the model without the new implementation of disc instabilities
(oldInsta). The same figure also includes results from the Galaxy And Mass Assembly
survey (GAMA; Moffett et al. 2016). In their local sample of observed galaxies, these authors
analyzed the contribution of different morphological types to the total galaxy SMF. They
found that the transition mass where spheroidal galaxies (E, SO-Sa, LBS®) types begin to
dominate over disc-dominated galaxies (Sd-Irr, Sab-Scd types) occurs at Mg =~ 100 M.,
This finding aligns well with our model predictions.

The updated DI recipe is essential to produce a reasonable number of bulge-dominated
systems, as the oldInsta model predicts a transition mass that is too high. Disc instabilities are
crucial for bulge formation in the 10'? — 10! M, stellar mass range, where bulge growth via

8We include Little Blue Spheroids (LBS) in spheroid-dominated galaxies, unlike Moffett et al. (2016). LBS
are often associated with pseudo-bulges (Sérsic index n < 2). Since we do not explicitly distinguish between
classical and pseudo-bulges, we include LBS in spheroid-dominated galaxies. However, their contribution is
significant only at Mgars < 1095 Mg.
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FiGure 5.1: Mass functions at z = 0.0 of our fiducial model (FID; red) and
the model without updated treatment of disc instabilities (oldInsta; blue). Top
left panel: SMF compared with observations by Baldry et al. (2012). Top
right panel: neutral hydrogen mass function (HIMF) compared with data from
Zwaan et al. (2003), Jones et al. (2018), and Said et al. (2019). The dispersion
obtained assuming the neutral fraction to be 1/1.3 or 1 is shown. Bottom
panel: molecular mass function compared with observations by Fletcher et al.
(2020) and Andreani et al. (2020). As for the latter work, results obtained
assuming either a constant (purple) and luminosity-dependent (green) CO
conversion factor are shown.
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Ficure 5.2: Cosmic evolution of the Star Formation Rate Density in our
fiducial model (FID; red) and in the model without the new implementation
of disc instabilities (oldInsta; blue). As for our FID model, we also show the
star formation triggered by disc instability episodes (SF instability; dotted
line). Data from Driver et al. (2018) are also shown for comparison.

mergers is insufficient (see the detailed discussion in Irodotou et al. 2019 in the context of L-
GavLaxies 2015, and in Husko et al. 2022), and in the mass range (3 - 10° < M, /M, < 3-10'0)
where pseudobulges are observed to dominate (Fisher & Drory, 2011).

After verifying that our model reproduces the number of spheroidal galaxies observed in
the local Universe, we now analyze their star formation properties. The relationship between
galactic morphology and galaxy properties has been well studied (e.g., Roberts & Haynes
1994), with early-type galaxies typically being redder and less star-forming than late-type
ones (see e.g., the recent work by Dimauro et al. 2022). While a solid theoretical explanation
for this is still lacking, many SAMs, including ours, produce passive, elliptical galaxies as
a result of mergers that trigger bulge formation and BH growth. The subsequent BH radio
mode feedback prevents the cooling of hot gas, thereby halting star formation (e.g., Croton
et al. 2006). In our model, we introduce a new BH growth channel, i.e. gas accretion during
DIs, which indirectly modifies the original quenching mechanism.

It is thus interesting to examine the star formation properties of our simulated galax-
ies. Figure 5.3b shows the z = 0 distribution of our galaxies in the specific SFR (sSFR =
SFR/Mgtars) VS. Mgrs plane, colored by the mean B-to-T ratio in each bin. We also plot the
observed star formation main sequence fit by Elbaz et al. (2007). Our simulated galaxies
follow this relation up to log M/ Mo < 10'03. Galaxies that align with the observed main
sequence are mainly disc-like (B-to-T < 0.4). As stellar mass increases, the passive pop-
ulation becomes dominant, typically featuring a bulge-dominated structure (B-to-T > 0.7).
Our model thus shows a qualitative correlation between B-to-T and the position in the sSSFR
- Mgys plane, consistent with observations (e.g., Dimauro et al. 2022). However, a detailed
analysis of the interplay between morphology and quenching is beyond the scope of this work.
For a thorough investigation of this topic in a SAM, see Koutsouridou & Cattaneo (2022).

A deeper analysis of the impact of the new DI prescription on the star formation properties
of our simulated galaxies is shown in Figure 5.4. This figure reports the specific SFR
distribution across different stellar mass bins for both the FID and oldInsta models, compared
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Ficure 5.3: Left panel: fraction of disc-dominated galaxies (B-to-T < 0.3,
blue) and spheroid-dominated galaxies (B-to-T > 0.3, red) for our fiducial
model (FID; solid line) and the model without the updated disc instability
model (oldInsta; dotted line). We compare with observations of Moffett et al.
(2016) (coloured regions). Right panel: Specific SFR as a function of stellar
mass at z = 0.0 for our fiducial model. The bins of the 2D histogram are
coloured according to the mean B-to-T, while log-spaced density contours are
shown as black lines to give a qualitative idea of the distribution of galaxies
in this plane. We overplot the Elbaz et al. (2007) star forming main sequence
as a gray hatched region.

with SDSS-DR7 data (Katsianis et al. 2020). The two models perform similarly for log
Mgiars/ Mo < 10.5, but at higher stellar masses, the FID model generally exhibits lower sSFRs
and less bimodality. Our fiducial model matches the shape of the observed distribution in the
highest stellar mass bin, though with a lower normalization. In contrast, the oldInsta model
predicts too many star-forming objects in the same mass bin, likely due to their excessive
molecular gas content (see bottom panel of Figure 5.1).

The differences in star formation between these two models are attributed to the enhanced
SMBH growth during DIs. In galaxies in which DI occurs, BHs grow faster and, through
radio feedback, prevent cooling, leading to more rapid quenching. This mechanism prevents
the formation of massive, gas-rich, star-forming galaxies at z = 0.0. However, the discussion
above suggests that the current BH-driven quenching likely needs further revision to match
SDSS data for logM. /My > 11, where our model normalization is too low.

5.3.3 Bulge sizes and Bulge-BH relation

The DI model introduced here also impacts the bulge size of galaxies and the mass of the
central SMBH. Although these are not the main focus of this Chapter, we present some results
regarding these predictions as a consistency check.

In Figure 5.5 we present the stellar half-mass radius Ry for disc-dominated (B-to-T
< 0.5) and spheroid-dominated (B-to-T > 0.5) galaxies, comparing our results with obser-
vations from Lange et al. (2015) and Zhang & Yang (2019). Overall, our trends broadly
agree with the observational data. However, our fiducial model predicts a median stellar
half-mass radius for disc-dominated galaxies that is approximately half the observed value.
This discrepancy is only slightly influenced by the new implementation of DIs, as a similar
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dominated (left panel, B-to-T< 0.5) and bulge-dominated (right panel, B-
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16 — 84th percentiles dispersion of our fiducial model results, while log-
spaced density contours are shown in background. The median relation
obtained by the oldInsta model is shown as a gold dashed line. We compare
with observations of Lange et al. (2015) (red circles; we use their classification
of disc and bulge dominated galaxies according to the Sérsic index) and
Zhang & Yang (2019) (hashed red regions, corresponding to the 16 — 84th
percentiles of the observed dispersion).

pattern is found in the context of the oldInsta model. For bulge-dominated galaxies, the new
computation of bulge sizes detailed in Section 5.2.2 improves the fiducial model predictions,
resulting in lower stellar half-mass radii that are more consistent with observations.

The BH-bulge mass relation at z = 0 is illustrated in Figure 5.6 for both the FID and
oldInsta models. The new implementation of BH growth during disc instabilities results in
slightly larger BH masses, but these values still align with the observations by McConnell &
Ma (2013).

5.4 Dust properties

To validate our dust implementation within the SAM, we now discuss some model predictions
related to dust at various redshifts. In this Section, we consider only galactic dust, which
corresponds to the dust in the cold gas of galaxies. Our primary focus is on global galaxy
properties, so we limit our analysis to these quantities.

5.4.1 Dust Mass Function

Figure 5.7 shows the DMF at z = 0.0, z = 1.0, and z = 2.25, alongside several observational
determinations. The local DMF predicted by our fiducial model aligns excellently with
observations (Vlahakis et al. 2005; Dunne et al. 2011; Beeston et al. 2018), whereas the
oldInsta model overpredicts the high-mass end. This discrepancy is closely linked to the HI
and H; mass abundance of the most massive galaxies discussed in Section 5.3, as well as the
number of massive star-forming objects shown in Figure 5.4. The faster quenching due to
disc instabilities in the FID model prevents the presence of very dust-rich galaxies, which are
not observed at z = 0 but are predicted by other models (see Section 3.3.2).
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FiGure 5.6: BH-bulge mass relation at z = 0 for our fiducial model (log

spaced filled red contours of the density of galaxies in this plane) and for the

oldInsta model (blue contours) compared with observations by McConnell
& Ma (2013).

For z > 0 bins, we compare our results with those by Pozzi et al. (2020), who derived
the DMF up to z ~ 2.5 and found an increasing characteristic dust mass with redshift. Our
model also predicts more dust-rich galaxies at z > 0 compared to z = 0. However, we slightly
underestimate the abundance of high—z galaxies with log Maus /Mo = 9.

Finally, given that the new model for DIs has improved the predictions for the morpholog-
ical types of simulated galaxies (Section 5.3.2), it is interesting to examine the relationship
between dust content and morphology. Beeston et al. (2018) combined their dust mass
measurements with the morphological classification of GAMA galaxies (Driver et al. 2012;
MoffTett et al. 2016) and derived the local DMF for elliptical and non-elliptical galaxies. We
present their results in Figure 5.8, compared with our model predictions. Consistent with
the data, our elliptical galaxies are more dust-poor than non-elliptical ones in both the FID
and oldInsta models. Specifically, the update of DIs significantly improves the match for
non-elliptical galaxies at the high mass end. In contrast, the DMF for elliptical galaxies is
less affected by the DI prescription. Both models slightly overestimate the high mass end of
the observed DMF for elliptical galaxies.

5.4.2 Dust, stars and metallicity

Figure 5.9 shows the relationship between dust and stellar masses in our fiducial model at
z=10.0, z = 1.0, and z = 2.25, compared with observations from Beeston et al. (2018), De
Vis et al. (2019) (DustPedia), and Santini et al. (2014). Overall, our predictions align well
with all data points. The relation observed in the z > 0 redshift bins is reproduced up to
Mg ~ 108 — 1032 M. As mentioned in the previous Section, galaxies with such high dust
masses are not observed in the local Universe. At z = 0, the observed M, — Mgys relation
flattens towards larger stellar masses (Beeston et al. 2018, binned data), trend successfully
captured by our model as well.

Such a drop of Myys/ Myrs towards large stellar masses has been previously observed in
literature and linked to various processes that regulate the ISM dust content (e.g. Cortese
etal., 2012; Hunt et al., 2014; Calura et al., 2017). Here we utilize our detailed modeling and
tracking of these processes to investigate the cause of the decline in Mgyg;/ Mars at large stellar
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and oldInsta model are shown (solid and dotted lines). We compare with the
observations of Beeston et al. (2018).

masses. The left panel of Figure 5.10 presents the evolution of Mgygt/ Mytars for galaxies with
z = 0 stellar masses of ~ 10°>, 10'°, 10'%5, 10'! M. The peak value of Mgus/ Mytars during
their evolution has a weak dependence on the final stellar mass (it is within a factor of < 2
for all the galaxies samples). However, more massive galaxies feature a lower dust-to-stellar
mass ratio today due to their earlier evolutionary history. In these galaxies, the (molecular)
gas budget and star formation drop earlier, causing the ISM dust destruction processes (SN
shock destruction, astration, and ejection) to dominate over dust growth processes (stellar pro-
duction and accretion). This is explicitly shown in the right panel of Figure 5.10, where the
ratio of dust production to destruction rates is plotted over time. More massive galaxies reach
an equilibrium between these processes earlier, and since this equilibrium is skewed towards
destruction, their dust mass continues to decrease over time, leading to a lower Mays/ Mtars
by z = 0.

In concluding this analysis, it is worth mentioning the work by Calura et al. (2023), who used a
chemical evolution model to study the dust abundance and distribution in M74. Their findings
also indicate that dust accretion and destruction reach equilibrium at recent times. However,
they highlight potential model degeneracies, as different models with different equilibrium
values can still produce similar dust profiles.

Another critical relation is that between the ISM DTG and the metallicity, since the
accretion process links these two quantities (e.g. Hirashita 2013). Figure 5.11 illustrates this
relationship at various redshifts. Observations (Rémy-Ruyer et al. 2014; De Vis et al. 2019;
Popping & Péroux 2022) indicate a positive correlation between DTG and gas metallicity,
with a nearly non-evolving trend over cosmic time (see the discussion in Popping & Péroux
2022). Our fiducial model successfully reproduces this scenario, particularly at z = 0.0,
where this relation is well constrained by observations. The model also aligns well with data
at z > 0, although it slightly overpredicts DTG in the 2 < z < 3 redshift bin.
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5.4.3 Grain sizes

Our dust model accounts for two distinct dust grain sizes: small and large grains (Section
3.4). The relative abundance of grains with different sizes can be estimated in observations
through SED fitting. This estimation has been conducted for a sample of local galaxies in two
recent studies by Relafio et al. (2020) and Relaiio et al. (2022). Figure 5.12 shows their results
alongside our model predictions. We caution the reader about this comparison. In our model,
the transition from small to large grains occurs at 0.03 um, whereas it occurs at 0.015 ym in
the model used by Relaiio et al. (2020) and Relafio et al. (2022)°. Additionally, Relafio et al.
(2020) and Relaio et al. (2022) assume carbonaceous properties for small grains, whereas
our model also considers a silicate composition for small grains.

The relation between the observed Small-to-Large grain mass ratio (S-to-L) and stellar
mass (top panel) shows a nearly flat trend with a median value of S-to-L. ~ 0.2 — 0.3 and
a dispersion of ~ 0.7 dex. However, the more recent work by Relafo et al. (2022), which
used a significantly larger sample of galaxies with respect to Relaiio et al. (2020), suggests
a slowly decreasing trend of S-to-L with My,. The relationship between S-to-L and ISM
metallicity (bottom panel) exhibits a similar qualitative behavior. While our model matches
the median S-to-L, it fails to reproduce the decrease toward high M., and Z. Other cosmo-
logical simulations that use the two size approximation (Hou et al. 2019; Parente et al. 2022)
attribute this behavior to the dominance of coagulation over accretion and shattering. In our
model, high S-to-L galaxies with large M, or Z typically have low molecular gas fractions,
making coagulation of small grains less effective. We conclude that, although our model
can reproduce the S-to-L ratio for most observations, some improvements in the treatment
of shattering and coagulation are necessary to avoid over-predicting the abundance of small
grains in massive galaxies.

5.4.4 Dust profiles

Adopting a non-constant n,5(7) in Equation 3.30 (according to Equation 3.20) has a negligible
impact on the integrated grain size properties. However, it is relevant when looking at the
S-to-L radial profile of galaxies, as shown in Figure 5.13. The S-to-L profile is too high in
the outer regions of the galaxies when assuming ng,s = 1 or 10 cm~3 because these values are
too high for the outer rings. In contrast, calculating ng,s from Zcojq gas €nsures a progressively
lower efficiency of shattering with increasing radial distance, which is necessary to match the
observational results of local disc galaxies (Relafio et al. 2020).

5.5 The Cosmic Dust Abundance

In this Section we present and discuss the main result of this Chapter, that is the cosmic
evolution of the galactic, extra-galactic and total dust budget across cosmic time.

5.5.1 Galactic dust budget

The galactic dust mass density Q}ii];f as a function of redshift for the two models discussed
above is shown in Figure 5.14, along with observational determinations and predictions from
some other cosmological models. We also present results from a model where fgy unst = 0

(Equation 5.4), meaning BH growth during DIs is not allowed. Observations from Vlahakis

9The adopted cosmic dust model by Desert et al. (1990) includes polycyclic aromatic hydrocarbons (PAHs),
very small grains (VSGs), and big grains (BGs). The former two are considered small grains, while the latter
component is the only constituent of large grains.
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FIGURE 5.9: Mgyst — Mgars relation for our fiducial model at z = 0.0, z = 1.0,
and z = 2.25 (top, middle, and bottom panel, respectively). The median
relation is shown as black line, while the gray shaded region refers to the
16 — 84th percentile dispersion. We show in background log-spaced density
contours of our galaxies in this plane. Data from Beeston et al. (2018), De
Vis et al. (2019), and Santini et al. (2014) are shown for comparison.
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Figure 5.10: Evolution of Mg/ Mguse (left panel) and the ratio between

ISM dust production and destruction rates (right panel) for galaxies with dif-

ferent stellar mass at z = 0, namely Mars/ Mo =~ 10°3, 1010, 10193 and 10!,

The processes contributing to dust production are stellar production and ISM

grains accretion, while destruction processes are astration, ejection and de-

struction in SNe shocks. Solid lines and shaded areas refer to the median
trend and 16 — 84th percentile dispersion.

et al. (2005), Dunne et al. (2011), Beeston et al. (2018), Driver et al. (2018), Dudzeviciuté
et al. (2020), and Pozzi et al. (2020), which are based on integrating the observed DMF, are
included for comparison.

Both the FID and oldInsta models align with the data within a factor of ~ 2. While the
oldInsta model better matches the z > 1 data, our fiducial model performs better at lower
redshifts, particularly in drop of Qésgtl. This is due to the influence of BH accretion during
DIs and its effect on quenching. This is further confirmed by the fgp, ynst = O model, which
behaves similarly to the oldInsta model and fails to reproduce the desired decline of ijsuz/t[(z)
toward z = 0.

Figure 5.14 illustrates that most other cosmological simulations (SAM or hydrodynamic)
published so far struggle to accurately reproduce the observed Qﬁg’t’(z), often overpredicting
the data and showing only a mild, if any, decrease from z ~ 1 to z = 0 (see also Section 3.3.2
for a more updated comparison). The exception is the SIMBA simulation (Li et al. 2019),
which exhibits an Q™ evolution very similar to our fiducial model.

We now investigate why and how galactic dust decreases from z ~ 1 to z = 0 in our fiducial
model. To do this, we examine the rates of various processes that affect the abundance of dust
in the cold gas of our model galaxies: production by stars, accretion, dust transfer from hot
to cold gas by cooling, destruction by SNe, ejection from cold gas, and astration. These rates
are shown in Figure 5.15 as a function of redshift, along with the sum of those contributing
to a decrease (increase) of Pdust.cold-

Except for dust cooled (i.e., dust transferred from the hot to cold gas during cooling), all
other rates roughly follow the shape of the SFRD with some delay. This result is expected
since they all depend directly (dust produced by stars, astration) or indirectly (destruction by
SN, ejection from cold gas due to stellar feedback, grain growth) on star formation. Among the
processes contributing to the increase of dust, accretion is by far the dominant one (accounting
for > 80 — 90%, at least for z < 4, where our focus lies). Conversely, all destruction/ejection
processes significantly contribute to the decrease of ISM dust (destruction by SN ~ 45%,
ejection ~ 35%, and astration about ~ 20% at z = 0).
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FIGURE 5.11: DTG—Z,,s relation for our fiducial model at z = 0.0, z = 1.0,

and z = 2.25 (top, middle, and bottom panel, respectively). The median

relation is shown as black line, while the gray shaded region refers to the

16 — 84th percentile dispersion. We show in background log-spaced density

contours of our galaxies in this plane. We compare with observations by

Rémy-Ruyer et al. (2014), De Vis et al. (2019), and Popping & Péroux
(2022).
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(top panel) and ISM total metallicity (bottom panel) for our fiducial model
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while the gray shaded region refers to the 16 — 84th percentile dispersion.
We show in background log-spaced density contours of our galaxies in this
plane. The SAM results are compared with observations by Relafio et al.
(2020) (red triangles; both DSG and KINGFISH data), and Relafio et al.
(2022) (red circles; binned data).
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An interesting exercise is to examine the impact on Qésuzf when the processes of destruc-

tion/ejection (astration, ejection from cold gas, and SN destruction) are alternatively turned
off. Figure 5.16 illustrates the results of this experiment.

When neglecting dust destruction by SNe (noSNdes), the predicted Q}E;f closely resembles
that of our fiducial model, albeit with a slight increase, particularly at higher redshifts. This
pattern emerges because in the FID model, most of the gas phase metals produced by SN
destruction are rapidly incorporated into dust grains via the accretion process. In contrast, in
the noSNdes model, this mechanism does not occur, and accretion is also reduced compared to
the FID model. Consequently, the final Q"™ does not deviate significantly from the fiducial

dust
result. Thus, the decline of QﬂSM is evident even in this model without SN destruction.

Regarding the importance gb% SN destruction, Ferrara & Peroux (2021) recently proposed
that the observed drop in Qgug from z ~ 1 to z ~ 0 may imply that each SN destroys
approximately Mges sy = 0.45 Mg of dust, which is much lower than the commonly assumed
value of Myessn = 4.3 M. Ferrara & Peroux (2021) derived this lower destruction mass
assuming a solar DTG of ~ 0.006. In our calculations, we find Mges sn = 2.5 M for galaxies
with DTG ~ DTG, but when considering the entire galaxy population, we obtain a median
Mgessn = 0.71(0.47) Mg at z = 0(1), which aligns closely with the estimate by Ferrara
& Peroux (2021). We also confirm that Mges sy = 4.3 Mg would not be acceptable. This
higher median value would require increasing the efficiency of SN destruction by a factor of
~ 6 — 10, yet it would still under-predict Q™ at all redshifts by a factor of ~ 1.5 —2.5. This
discrepancy arises because the accretion process is not sufficiently effective in re-incorporating
all the metals destroyed by SNe back into dust grains.

As for the other destruction/ejection processes, a similar decline of Q(Ij?};f occurs when
astration and ejection from cold gas are switched off, but for the normalization, which is
higher than in the fiducial model, since we are shutting down channels able to remove dust
grains and the metals locked in them from the cold gas. Note that this is intrinsically different
from what SNe destruction does. Indeed, the latter process transfers dust metals to gas metals,

still leaving them available for new accretion processes in the cold phase.
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Ficure 5.14: Cosmic ISM dust abundance across cosmic time. We show the
dust abundance in cold gas for: (i) our fiducial model (FID; red solid line); (ii)
a model without the new implementation of disc instabilities discussed in this
work (oldInsta; blue solid line); (iii) a model without BH accretion during
disc instabilities (fggunst = O in Equation 5.4; green solid line). Results
derived from the integration of the DMF at various redshifts are shown as
stars: Vlahakis et al. (2005) (purple), Dunne et al. (2011) (pink), Beeston
et al. (2018) (orange), Driver et al. (2018) (green), Dudzeviciute et al. (2020)
(brown), and Pozzi et al. (2020) (red). A shaded grey region shows the global
behaviour of these data. Results from other groups are shown as dashed
(SAMs; Popping et al. 2017 in blue, Vijayan et al. 2019 in light cyan, Triani
et al. 2020 in green) and dotted (hydrodynamic simulations; Aoyama et al.
2018 in purple, Li et al. 2019 in dark blue) lines.

In concluding this Section, the processes included in our model provide a good normal-
ization of ij?};/t[, and we have shown that none is the only one responsible for its decline. The
cosmic evolution of galactic Q‘Ii?ltf is intrinsically linked to the star formation history, since all
processes depend on it to some degree. The new treatment of DIs and the associated SMBH
growth reduces the star formation, gas, and dust content of massive local galaxies, sharpening

the QM drop towards z = 0, which improves the match with low redshift data.

5.5.2 [Extra-galactic dust budget

This Section presents the predictions of our model concerning the quantity of extra-galactic
dust. As mentioned earlier in Section 5.1, there are only a few observational estimates of dust
located beyond the ISM of galaxies, notably those derived by Ménard et al. (2010) and Ménard
& Fukugita (2012). In Figure 5.17, we compare their determinations of Qdcucif/[ with the dust
present in the hot halos of our model galaxies, which can broadly be associated with the CGM
of galaxies. However, within the framework of our SAM, there exists another component of
extragalactic dust, namely the ejected reservoir. This component represents a reservoir of hot
gas that cannot cool (unlike the hot gas), but its physical interpretation remains ambiguous.
For this reason, we also present the extreme scenario where CGM dust is considered to reside
in both the hot gas and the ejected reservoir.
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Ficure 5.15: Cosmic evolution of the rates of the processes contributing to

the overall abundance of dust in the cold gas of galaxies in our fiducial model:

stellar production (blue dot-dashed), accretion (blue dashed), dust transferred

from hot to cold gas by cooling (blue dotted), destruction by SN (red dashed),

dust ejected from cold by stellar driven winds (red dot-dashed), and astration

(red dotted). The total rate of the processes leading to an increase(decrease)
of dust in the cold gas is shown as a solid blue(red) line.
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Ficure 5.16: Cosmic evolution of galactic dust obtained by switching off

one at a time the processes responsible for the dust destruction/removal in

the cold gas: destruction by SNae (noSNdes; blue), astration (noAstr; green),

ejection from cold gas (noWinds; pink). We also report for comparison our

fiducial (FID; red) model and the compilation of observations introduced in
Section 5.5.1 (gray shaded region).
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It is important to note that in our fiducial model, we adopt a sputtering efficiency that is
reduced by a factor of 10 compared to the efficiency originally proposed by Tsai & Mathews
(1995), as we discussed in Section 3.4.5. This adjustment is consistent with findings from
studies by Gjergo et al. (2018) and Vogelsberger et al. (2019), who conducted simulations
of dust evolution in galaxy clusters and found that the Tsai & Mathews (1995) sputtering
efficiency results in an insufficient amount of dust in the Intracluster Medium (ICM) compared
to recent observations based on Planck data (Planck Collaboration (XLIII) et al., 2016). In
this Section, we provide further support for the lower sputtering efficiency by presenting
results from a model labeled 7, x0.1, which employs the original Tsai & Mathews (1995)
sputtering efficiency.

When considering only hot dust, the 73p,x0.1 model consistently underestimates ob-
servations across all cosmic epochs, typically by a factor of 3 — 10, with the discrepancy
diminishing towards lower redshifts. On the other hand, the model incorporating both hot
and ejected dust aligns better with observations at lower redshifts, yet it still exhibits a ten-
sion of approximately a factor of 5 around z ~ 2. Conversely, adopting a longer sputtering
timescale as in our fiducial model helps to match the abundance of CGM dust more closely
to observations, especially when considering both hot and ejected dust components. It is
noteworthy that available observations do not indicate a significant decline in the abundance
of extragalactic dust at z < 1, unlike what is observed for ISM dust. Instead, observations
suggest a nearly constant trend with redshift, which contrasts with our model steeper decline.
This discrepancy may imply that our model lacks some crucial physics. While sputtering is
the primary process directly influencing the amount of dust in the hot gas and ejected reser-
voir, its quantity also depends on various physical mechanisms incorporated in our SAM. For
instance, SN-driven winds play a crucial role in enriching the hot gas with dust. Moreover,
assumptions regarding the composition of ejected material with respect to cold gas DTG and
the inclusion of AGN-driven outflows, which are currently not accounted for in our model,
could potentially impact our findings.

The agreement observed at low z with a reduced sputtering efficiency is confirmed by
comparison with the work of Peek et al. (2015). These authors examined the CGM reddening
of low z galaxies, deriving typical CGM dust masses of ~ 6 - 107 M, and a weak dependence
on stellar mass for 0.1L, — L, galaxies. Their results are shown in Figure 5.18 alongside
our predictions for both the fiducial and the 74,,x0.1 models. The FID model successfully
captures the CGM dust values reported by Peek et al. (2015), and we note that including both
hot gas and the ejected reservoir as CGM dust improves the comparison with the observed,
nearly flat slope of this relation. From the comparison of the FID and 74,,x0.1 models,
it is evident that sputtering is significant only above a stellar mass of M = 100 M,
where virial temperatures are high enough to make this process efficient. Additionally, in
both models, ejected dust contributes notably only below this critical mass threshold, beyond
which SN-driven winds are less effective at expelling gas (and dust) from the hot halo. These
qualitative findings align with those discussed by Popping et al. (2017) and Triani et al. (2020),
though within different SAM frameworks. Finally, we note that above M, 2 10" M, the
amount of hot phase dust increases since Tyi; 2 Tpy,0, the temperature above which sputtering
efficiency saturates (see Equation 3.28).

To conclude this section, we note that the limited information on the extra-galactic dust
budget suggests a reduction in the thermal sputtering efficiency, as previously observed by
Gjergo et al. (2018) and Vogelsberger et al. (2019) in hydrodynamic simulations of galaxy
clusters. However, we advise caution with these comparisons, as CGM dust within a SAM
framework is not well defined.
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Ficure 5.17: Cosmic evolution of dust in hot gas (solid line) and both hot
gas and ejected reservoir (dotted line). The fiducial model is shown as red
lines, while a model with a sputtering efficiency enhanced by a factor 10
(i.e. adopting the timescale originally introduced by Tsai & Mathews 1995)
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with a sputtering efficiency reduced by a factor of 10 is shown as blue lines.
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5.5.3 Total dust budget

Finally, we put together the results concerning the amount of galactic and extra-galactic dust
and thus discuss the cosmic evolution of the total amount of dust in our simulation. Deriving
an accurate observational estimate of this quantity is a challenging task, so we consider two
different estimates. The first one is simply the sum of the galactic ISM (Qliﬁ’f that is the
compilation of observations introduced in Section 5.5.1) and CGM contribution'? (Qdcc;’%v[,
Meénard et al. 2010 and Ménard & Fukugita 2012 data, Section 5.5.2). The second one is
the result of Thacker et al. (2013), obtained with the observation of FIR background. This
technique should capture the thermal emission of the whole population of dust grains in
our Universe. Both these determinations are shown in Figure 5.19, together with our model
predictions. Moreover, we show results considering the CGM made either by hot gas only or
hot plus ejected gas.

First, we note that our naif derivation of the total amount of dust and Thacker et al.
(2013) results agree remarkably well, but at z < 0.2, where FIR background observations
predict a weak decline of Qg4,s. However, we stress that our Qg derivation is based on an
extrapolation of CGM observations down to z = 0; this may constitute a source of tension.
Second, our model predictions broadly reproduce observations within a factor ~ 2, even better
when considering the CGM made of hot+ejected gas (as already highlighted in Section 5.5.2).
Our model does not reproduce any drop in the total dust budget towards z = 0. However, this
drop is evident only for ISM data. Thacker et al. (2013) observations only constrain the whole
population of (typically cold) grains responsible for the emission; a hot dust component may
be thus missed. On the other hand, CGM observations, which trace the absorption of grains
in typically hot environments, do not show any sign of drop up to z ~ 0.3. We thus conclude
that, given the available observations, our model reasonably reproduces the cosmic evolution
of the total amount of dust. Future observations may better constrain its behaviour, especially
for the hot, extra-galactic counterpart.

5.6 Conclusions

In this Chapter, we investigated the z < 1 drop of galactic cosmic dust from a SAM perspective.
The integration of observationally derived DMFs at 0 < z < 2.5 suggests that the total dust
content in galaxies has decreased by a factor of ~ 2 — 3 over the last ~ 8 Gyr. However, the
reasons for this decline remain unclear.

We utilized the latest public version of the L-GarLaxies SAM (Henriques et al., 2020),
incorporating a state-of-the-art dust model and new prescriptions for disc instability. The dust
model is based on the two-size approximation and includes dust production by type II SNe and
AGB stars, grain accretion in molecular clouds, destruction in SNe shocks, sputtering in the
hot phase, and the shattering and coagulation of grains. Additionally, we updated the original
model disc instability recipe to account for the gaseous disc contribution to the overall disc
stability and to allow for star formation and SMBH growth when the instability criterion is
met.

This new prescription for disc instability significantly impacts galaxy evolution. Firstly, it
enhances the efficiency of stellar bulge growth, resulting in a better match with the observed
number of local bulge-dominated galaxies. Secondly, it promotes SMBH growth, which
indirectly promotes quenching according to the radio-mode feedback scheme used in the
SAM. Key quantities predicted by our model, such as the local SMF, HIMF, cosmic SFRD,
and the local BH-bulge mass relation, show good agreement with observations. Additionally,

10T take into account the contribution of CGM observations, we perform a linear fit extrapolated down to
z = 0. We have no reasons to assume something more complex than this.
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Ficure 5.19: Cosmic evolution of the total dust budget (Cold+Hot, black
solid line, and Cold+Hot+Ej, black dashed line) as predicted by our fidu-
cial model. Shaded and hatched regions correspond to different sets of
observations. ISM dust (blue hatched region) refers to the compilation of
observations shown in Section 5.5.1. CGM dust (red shaded region) is ob-
tained by performing a linear fit, extrapolated down to z = 0, of Ménard
et al. (2010) and Ménard & Fukugita (2012) data (Section 5.5.2). Summing
the above components (ISM+CGM) we obtain an estimate of the total dust
content (gray hatched region). Results obtained by Thacker et al. (2013) are
shown as a green hatched region.
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the H, mass function (H2MF), which was previously slightly overestimated, now aligns well
with the observed one.

The enhanced SMBH growth also (indirectly) influences the dust properties of our simu-
lated galaxies. While it has only a modest effect on the DMF at z > 0, it significantly improves
the match with observations by suppressing the high mass end of the local DMF. Addition-
ally, several scaling relations involving dust, such as Mgyt — Mgtars and DTG — Z, show
good agreement with observations at 0 < z < 2.5. The reproduced median small-to-large
grains mass ratio at z = 0 also aligns well with observations. However, our model tends to
overproduce the mass of small grains in galaxies with large M, (and ISM metallicity Z), in-
dicating that an improved treatment of shattering and coagulation processes may be necessary.

Our model provides insights into the behavior of the cosmic dust density, particularly the
galactic component, which is the primary focus of this Chapter. We successfully reproduce
the observed evolution of the galactic cosmic dust density, a challenging task for cosmological
galaxy evolution models. Specifically, incorporating the new treatment of disc instabilities
results in a more pronounced decrease in the amount of dust in galaxies from z ~ 1to z = 0.
Among the processes contributing to the increase of galactic dust, accretion in molecular
clouds is dominant. Regarding the processes responsible for the destruction or ejection of
galactic dust — astration, destruction in SNe shocks, and ejection in winds — all play significant
roles. In the fiducial model, their contributions to the total destruction rate of dust in cold
gas at z = 0 are approximately 45%, 35%, and 20%, respectively. Notably, Q4,5 only slightly
increases when SNe shock destruction is turned off, as the metals returned to the gas phase
are rapidly re-incorporated into grains via grain growth. Conversely, turning off astration or
dust ejection from cold gas results in a factor of ~ 2 — 3 increase in Qqyst.

The amount of extra-galactic dust in our model continuously grows with time. It broadly
reproduces the few available observations but with a steeper redshift evolution, especially
when considering both hot gas and the ejected reservoir as CGM. This achievement has been
made possible by adopting a sputtering efficiency which is a factor of 10 lower than the
canonical one. This result confirms the claim of hydrodynamic cosmological simulations
(Gjergo et al. 2018; Vogelsberger et al. 2019). The total cosmic dust budget also grows with
time, and we argue that more observations of extra-galactic dust, especially at z ~ 0, are
needed to constrain this quantity better.

The main conclusion of the work presented in this Chapter is that the observed decrease
of the galactic dust budget at z < 1 may be reproduced assuming canonical prescriptions for
dust production and evolution. This drop is enhanced by the new treatment of disc instabilities
and SMBH growth, which promotes the suppression of highly star forming, dust-rich galaxies
at z = 0, providing a better match of the observed local galactic dust abundance. However,
although we presented a reasonable model of SMBH growth during disc instabilities, we also
speculate that a comparable result could be obtained with different prescriptions. Indeed,
many processes may affect the gas content of these galaxies. For instance, SMBH feedback
may cause AGN-driven outflows, while in the present model it only brakes gas cooling.
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Star Formation and Dust in the
Cosmic Web

Galaxy evolution is shaped not only by the physical processes occurring within galaxies, but
also by the external interactions with the surrounding environment. It is well established that
galaxy local environment (< 5 Mpc) strongly affects their star formation activity, colors and
morphology (e.g. Dressler, 1980). These works show that galaxies tend to be less star forming,
redder and more elliptical as local density increases. On the other hand, galaxies define a large
scale cosmic web structure, ranging from vast low-density regions known as cosmic voids to
higher-density regions such as walls, filaments, groups, and galaxy clusters. This has been
demonstrated by extensive redshift galaxy surveys, and reproduced by cosmological simula-
tions. The latter helped to understand how the cosmic web results from the gravity-driven
evolution of primordial density perturbations. As a result, galaxies and their local enviorn-
ments are embedded in different large-scale environments (> 10 — 100 Mpc) of the cosmic
web. However, the role of such environments on galaxy formation and evolution remains
amatter of debate (e.g. Alfaro et al., 2022; Rodriguez-Medrano et al., 2023; Wang et al., 2023).
In this Chapter, we! study the dependence on the large-scale environment of the star
formation and, for the first time, the dust content of local galaxies. We use a galaxy catalog
obtained from the SAM discussed in this Thesis (Sections 2.3 and 5.2), and different methods
are adopted to identify cosmic environments, namely voids, walls, filaments, and nodes.
Adopting multiple methods to define environments enhances the reliability of our results and
mitigates the inherent arbitrariness in defining large-scale structures.

Our results have been compared with observations. We use the Sloan Sky Digital Survey
(SDSS-DR16) for environmental classification, stellar mass, and star formation rates. At the
same time, for a subset of galaxies, we utilised dust mass measurements from the GAMA
and H-ATLAS surveys. Our qualitative comparison yields highly encouraging results, high-
lighting the significance of the in situ supermassive black hole (SMBH) growth mechanism,
specifically secular accretion during disc instabilities (DIs) in our case. This work underscores
the importance of investigating galaxy evolution in diverse environments as a possible way to
assess the relative significance of in situ and ex situ processes.

The chapter is organised as follows. Section 6.1 recaps some results from literature
concerning galaxy properties across the cosmic web from both simulations and observations.
In Sections 6.2 and 6.3 we present the simulated and observed galaxy sample adopted here,
as well as the techniques adopted to identify cosmic web environments. Section 6.4 discusses
the properties of galaxies in different environments as predicted by the theoretical model,

IThis Chapter is based on a published work done in collaboration with C. Ragone-Figueroa, P. Lépez, H. J.
Martinez, A. N. Ruiz, L. Ceccarelli, V. Coenda, F. Rodriguez, G. L. Granato, A. Lapi, and R. van de Weygaert
(Parente et al., 2024a).
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while Section 6.5 compares these results with observations. Finally, results are summarised
and discussed in Section 6.6.
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6.1 Galaxies in the Cosmic Web: Observations and Models so far

Both observations and theoretical studies indicate that different large-scale regions of the
Universe host distinct galaxy populations. The densest regions of the cosmic web are nodes
and filaments. The most massive nodes host galaxy clusters, which represent the largest
entities in the Universe that exist in a state of quasi-virial equilibrium. They feature a
deep gravitational potential well permeated by an intra-cluster medium (ICM) of hot ionized
gas. In this dense and possibly hostile environment, multiple mechanisms influence galaxy
evolution. Some of them, such as ram pressure stripping, strangulation and tidal stripping,
trigger gas depletion, leading to the quenching of star formation (see e.g. Abadi et al. 1999;
Vijayaraghavan & Ricker 2015; Steinhauser et al. 2016; Peng et al. 2015; Gnedin 2003).
Due to these processes and frequent interactions, clusters of galaxies host galaxies, often
characterised by red colours and elliptical morphologies (e.g. Dressler, 1980; Whitmore
et al., 1993; Dominguez et al., 2001; Bamford et al., 2009; Paulino-Afonso et al., 2019).

Nodes are connected by filaments, elongated structures which have undergone gravita-
tional collapse along two principal axes. They represent a kind of bridges along which matter
flows to accrete into nodes. Filaments are the predominant visual features within the cosmic
web and host galaxies, which tend to exhibit a larger mass, a redder colour, and earlier-type
morphologies compared to their counterparts in less dense environments (Chen et al., 2017;
Kuutma et al., 2017; Laigle et al., 2018; Kraljic et al., 2018).

In contrast to high-density regions, large voids represent the extremely low-density en-
vironment characterized by reduced galaxy mergers and interactions compared to the field
or groups. Cosmic voids represent a unique and pristine environment where galaxies are
unaffected by the transformation processes typical of over-dense galaxy systems, like clusters
and groups. Thus, they allow us to study the evolution of the galaxy as a result of nature
alone, without nurture. Numerous studies have focused on galaxies in cosmic voids and found
that they appear to have significantly different properties than field galaxies. The luminosity
function of galaxies in voids (e.g. Hoyle et al. 2005) shows a fainter characteristic magnitude.
However, the relative importance of faint galaxies is similar to that found in the field. The
spectroscopic and photometric properties of void galaxies have also been studied in detail
(Rojas et al., 2005; Hoyle et al., 2005, 2012; Kreckel et al., 2012). These results indicate that
galaxies inside voids have higher star formation rates and bluer colours than galaxies in denser
regions and are still forming stars at a rate relatively closer to the past one. Statistical studies
using observational data report that void galaxies are smaller, bluer, later-type morphology
and more star forming than those in average density environment (Grogin & Geller, 2000;
Rojas et al., 2004; Hoyle et al., 2005; Patiri et al., 2006; Park et al., 2007; Wegner & Grogin,
2008; Kreckel et al., 2011; Liu et al., 2015; Tavasoli et al., 2015; Moorman et al., 2016; Beygu
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et al., 2017; Ceccarelli et al., 2021; Jian et al., 2022). Finally, we mention the relevant result
recently presented by Dominguez-Goémez et al. (2023), within the context of the CAVITY
project. The authors of the latter work performed a spectral analysis on a sample of nearby
galaxies in voids, filaments and walls, and clusters. They find a clear correlation between the
density of the large-scale environment and the star formation history (SFH), namely galaxies
in less dense environments feature a slower SFH, that is, void galaxies assemble their stellar
mass slower.

On the theoretical side, both hydrodynamic simulations and SAMs have been used to shed
light on the influence of the large-scale environment on galaxy evolution. Kreckel et al. (2011)
identified higher star formation rates and younger stellar ages in void galaxies through their
hydrodynamic simulation. Rieder et al. (2013) studied the formation of (sub)structures in the
halo distribution in voids, within the context of the CosmoGriD simulation. Habouzit et al.
(2020) employed the Horizon-AGN simulation (Dubois et al., 2014), coupled to the VIDE
void finder (Sutter et al., 2015), in order to investigate the black hole population within cosmic
voids. They reported no significant variations in black hole growth in voids compared to more
dense environments. Rosas-Guevara et al. (2022) studied central galaxies located within and
near voids using the EAGLE simulation (Schaye et al., 2015) and the spherical voids catalog
by Paillas et al. (2017). They analysed in detail the star formation, metallicity, morphology,
and assembly history of galaxies as a function of their stellar mass and environment. Alfaro
et al. (2020, 2021) studied the Halo Occupation Distribution (HOD) in cosmic voids and
Future Virialized Structures (FVS). Making use of the semi-analytic catalog MDPL2-SAG
(Knebe et al., 2018; Cora et al., 2018) and the hydrodynamic simulation TNG300 (Pillepich
et al., 2018), they found a lower(higher) than average HOD and formation redshift in voids.
Finally, Jaber et al. (2023) exploited the SAGE SAM (Croton et al., 2016) and the Spine-Web
algorithm (Aragén-Calvo et al., 2010) to study the large-scale dependence of the metallicity
and stellar-to-halo mass ratio. Their results indicate the presence of a threshold mass (respec-
tively, Mhao =~ 10'2 Mo /h and M ~ 10'° M /) below which the stellar-to-halo ratio and
metallicity are enhanced in dense environments.

Despite the substantial achievements of these studies, we still need a complete under-
standing of how galaxy properties correlate with the large-scale environment. The distinct
underlying physical models within different simulations and the lack of a single clear defini-
tion for large-scale environments hinder a direct comparison of results. Furthermore, such
complexities make it challenging to establish the relative impact of different physical mecha-
nisms on galaxy evolution in distinct environments.

6.2 The simulated and observed samples

6.2.1 The SAM catalog

The galaxies catalog adopted for this work to study large-scale dependencies of galaxy
properties have been obtained exploiting the SAM discussed in this Thesis. This is an
updated version of the public L-GaLaxies SAM (Henriques et al., 2020) which includes a
state-of-the art dust model and an updated treatment of disc instabilities. I refer to Sections
2.3 (general features), 3.4 (dust model), and 5.2 (disc instability) for an extensive description
of the model. The catalog here adopted has been obtained by running the SAM on the
MiLLENNTUM merger trees (Springel et al. 2005b, box size 500Mpc/h, adopting a Planck
Collaboration et al. (2016) cosmology (7 = 0.673, Qn = 0.315, Q, = 0.0487, o3 = 0.829)
and a Chabrier (2003) IMF. For this analysis, we consider galaxies with a stellar mass content
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of at least log(Msars/Mo) = 9, which approximately corresponds to the resolution limit of
the underlying DM simulation (e.g. Guo et al., 2011).

6.2.2 Observational data

We use different data sets to test our model predictions on the star formation and dust content
of galaxies in various environments. We use the SDSS Data Release DR16 (Ahumada et al.,
2020) to identify cosmic environments. We use galaxies with r—band apparent magnitudes
r < 17.77 (completeness limit) and in the redshift range 0.02 < z < 0.1. We take stellar
masses and star formation rates from the MPA-JHU catalog (Kauffmann et al., 2003).

As for dust masses, we exploit the results presented in Beeston et al. (2018), who studied
the local (z < 0.1) dust mass function for galaxies in the GAMA/H-ATLAS surveys. Specifi-
cally, the physical properties of these galaxies (including dust mass) were obtained by Driver
et al. (2018) using a SED fitting procedure.

6.3 Identifying Cosmic Web Environments

In this Chapter different methods are employed to identify cosmic environments within
the simulated and observed large-scale structures. Environments are categorized in two
fundamental ways: one involves employing a single and homogeneous method, NEXUS+, to
segment the cosmic web into voids, walls, filaments and nodes. The other approach, which
will be often dubbed as R19+T23+FOF, utilizes multiple independent methods for identifying
specific environments (voids and walls, filaments, and groups). The former is exclusively
applied to the simulation, while the latter is employed in both the observed and simulated
galaxy catalogs. It is important to stress that no tuning of their parameters has been made
to match environments extracted from NEXUS+ to those extracted with the R19+T23+FOF
approach. As can be appreciated in Figure 6.1, there are various differences between these
two approaches, the most important one being the number of galaxies detected as belonging
to a given environment. While NEXUS+ associates every galaxy in our simulation to a given
environment, this is not true for the R19+T23+FOF method. However, although there is a
discrete visual match between the environments detected by the two approaches, we stress that
the aim of our study is not to compare the performances of different identification algorithms.
Instead, our focus is on examining the consistency and reliability of our results concerning the
influence of the environment on galaxy properties, regardless of the method used to identify
the different environments.

In the following sections, we introduce each specific environment we focus on and a
comprehensive overview of each identification method adopted.

6.3.1 Cosmic web segmentation: NEXUS+

For the segmentation of the simulated cosmic web into its distinct structural environments
we use the Multiscale Morphology Filter (MMF)/NEXUS pipeline, specifically its NEXUS+
version (Cautun et al., 2013; Cautun et al., 2014). It is the highest dynamic range version
of the library of routines for pattern classification based on the MMF/NEXUS formalism
(Aragén-Calvo et al., 2007, 2010; Cautun et al., 2013; Cautun et al., 2014; Aragon-Calvo
et al., 2014, see also Libeskind et al. 2018 for a short review). This formalism represents a
scale adaptive framework that classifies the matter distribution on the basis of local spatial
variations in either the density field, velocity field or gravity field. Subsequently, a set
of morphological filters is used to classify the spatial matter distribution into three basic
components, the clusters, filaments and walls that constitute the cosmic web. The remaining
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volume elements are classified as part of voids. The end product of the pipeline is a a map in
which for each location in the analyzed volume the morphological identity is specified.

In practice, NEXUS+ takes as input a regularly sampled density field, which we obtain by
projecting the halo distribution to a regular grid using the cloud-in-cell interpolation scheme.
In a first step, the input field is Gaussian smoothed using a Log-density filter that is applied
over a set of scales from 1 to 114~'Mpc. It results in a map of 1024> cells, corresponding
to a cellsize of 0.472h~'Mpc. Then, for each smoothing scale, the resulting density is used
to calculate the Hessian matrix and its corresponding eigenvalues, whose values and signs
determine the environment response at each location, i.e. grid cell. In the last step, NEXUS+
combines the environmental signature of all the scales to obtain a scale-independent value.
In this work, roughly 79.3% of the total volume of the box corresponds to cells located in
voids, 14.5% is classified as a belonging to a walls, 6.0% as located in filaments and only
0.2% correspond to nodes. Assigning to each halo the environment of it hosting cell, we find
that, out of the total DM mass within the box, 9.5% resides in voids, 16.9% in walls, 34.5%
in filaments and 39.1% in the cluster nodes of the cosmic web.

6.3.2 Spherical voids identification

We use the spherical void finder algorithm presented in Ruiz et al. (2015, 2019) as an
alternative method to construct our voids catalog. This method aims at identifying the largest
and non-overlapping spherical regions that satisfy that the number density of tracers inside
them is less than 10 percent of the mean:

A(ryoid) < =09, (6.1)

where A(r) is the integrated density contrast at scale r and ryoiq is the void radius.

We use the DM halos as structure tracers when applying this algorithm to our SAM
galaxies. We adopt Mpq, > 10"2h~'M,, as halo mass cut, obtaining 2729 voids. After
constructing the voids catalog, we define void galaxies as those residing within r/rysq < 1
and void wall galaxies as those located immediately outside the voids with 1 < r/ryeq < 1.2.
These void galaxies are predominantly found in NEXUS+ voids (~ 64%), while galaxies
in the voids shells are more homogeneously distributed among NEXUS+ voids, walls and

filaments (respectively, ~ 31 %, 34 %, 32 %).

The same algorithm is adopted to identify voids on top of the observational catalog.
Details about the algorithm application to observational samples are provided in Ruiz et al.
(2019). Specifically, in this work the void identification is the same as in Rodriguez-Medrano
et al. (2023, see their Section 2.1). Voids are identified in a volume complete sample with
limiting redshift z = 0.1 and maximum absolute magnitude in the r band M, — Slogh = -20
extracted from the main SDSS region. In our analysis, we have discarded voids close to the
edge of the catalog, namely, void centers at distances smaller than 1.8ry.iq. Starting from this
voids catalog we then define void (r/ryeig < 1) and void wall galaxies (1 < r/ryeig < 1.2).

6.3.3 Filaments and groups identification

As for the more dense environments, we also identify galaxy groups and filaments with
an alternative approach. Galaxy groups are identified with FOF haloes in our SAM cata-
log. As for observed galaxies, we utilize the groups catalog presented by Rodriguez et al.
(2022), which is derived from the SDSS-DR16 using the algorithm introduced in Rodriguez
& Merchédn (2020). This method initially applies the FOF algorithm to identify galaxy
systems that are gravitationally bound and have at least one bright galaxy with an r-band
absolute magnitude brighter than -19.5. Subsequently, a halo-based algorithm (Yang et al.,
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Number of objects [10°]
NEXUS+ R19+T23+FOF

Voids 33.6 9.3
Walls 384 19.0
Filaments 49.9 8.6

Nodes / Massive groups 30.1 11.0

TABLE 6.1: Number of galaxies in our simulated catalog categorized based on
environmental classification via the two approaches employed in this work,
namely NEXUS+ and R19+T23+FOF (Section 6.3).

2005, 2007) is applied. A three-dimensional density contrast is calculated in redshift space
using a characteristic luminosity calculated with the potential FOF galaxy members. The
estimation procedure considers the incompleteness caused by the observational catalog lim-
iting magnitude. Next, by abundance matching on luminosity, the mass of each group is
assigned. Assuming that galaxies populate the DM halos following a Navarro, Frenk &
White (1997) profile and using the assigned mass, the three-dimensional density contrast
is calculated to associate galaxies to the groups. With this last assignment of members,
the procedure recalculates the characteristic luminosity and iterates until it converges. This
algorithm showed excellent results in purity and completeness (Rodriguez & Merchan, 2020).

Once galaxy groups are identified, they are used to build a catalog of filaments in the
large scale structure. They are cylinders linking groups of galaxies. Our approach is similar
to the filament identification carried out by Taverna et al. (2023), which, in turn, is based on
the original algorithm by Martinez et al. (2016). Starting from the group sample, we search
for all pairs of groups more massive than a selected mass cut-off M,;, that are separated (in
redshift space in the case of the observations) by a comoving distance smaller than a given
threshold Ap,x. For each pair of groups thus selected, we compute the numerical overdensity
of galaxies in a cylinder of radius R that extends between the two groups. The overdensity in
this volume is obtained by the ratio between the number of galaxies that lie in the cylinder, and
the number of points within the same cylinder from an unclustered homogeneous distribution
of points. This homogeneous distribution of points mimics the selection function of galaxies
while being 100 times denser in order to reduce shot noise in the overdensity computation.
We require the numerical overdensity of galaxies in the cylinder to be greater than unity in
order to consider a pair of groups are linked by a filament. Galaxies in these cylindric regions
are considered to be galaxies in filaments.

In this work we use Mupin = 103 Mg, Amayx = 20 Mpc, which is the correlation length of
groups more massive than Mp;, according to Zandivarez et al. (2003), and R = 2.2 Mpc (see
Taverna et al. 2023). Galaxies identified in cylindric filaments belong mainly to NEXUS+
filaments (~ 55%), walls (~ 25%), and nodes (~ 19%), while galaxies in massive groups
almost uniquely belong to NEXUS+ nodes (~ 95%). For the SDSS-DR16 groups and
galaxies, our unclustered homogeneous distribution of points mimics the selection function
of SDSS-DR16 galaxies regarding angular coverage and redshift distribution.

6.4 Properties of galaxies across cosmic environments

This Section examines various physical properties of our simulated galaxies in different
environments. First, we look at the stellar mass distribution and the central/satellite galaxies
relative fraction in each environment. Then we look at the star formation and dust content,
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FiGure 6.1: A 25 Mpc/h slice of our simulation box showing the outcome of
the environment identification processes. Each point represents a DM halo,
and is color-coded according to the assigned environment. The left panel
shows the results obtained by NEXUS+, which categorizes each DM halo of
the simulation as belonging to a void, wall, filament, or node. On the right
panel we show the combination of the specific identifiers for distinct envi-
ronments (R19+T23+FOF), i.e. spherical voids and their walls, cylindrical
filaments, and massive groups (Mgroup > 103> Mo). It is important to note
that while NEXUS+ assigns every DM halo to an environment, this is not
necessarily the case for the R19+T23+FOF approach, where a galaxy might

not be classified as belonging to any specific environment.

as well as dust properties such as the DTG ratio, the size and chemical composition of dust

grains.

In the following analysis, we show the results for the NEXUS+ environments (voids,
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walls, filaments, and nodes), as well as for the other environments definitions adopted in this
work, namely spherical voids and their associated walls, cylindrical filaments and massive
groups (Mgroup > 1035 M,). A visual representation of the environments identification in
our simulated box can be appreciated in Figure 6.1 for both the aforementioned methods, and
we report the number of objects identified in each environment in Table 6.1.

6.4.1 Environments Stellar Mass Function and satellites fraction
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Ficure 6.2: Stellar Mass Function (left panels) and number fraction of simu-
lated galaxies of type O (centrals, green), type 1 (satellites, purple), and type
2 (orphans, pink) (right panels) at z = 0.0 for different environments. The
top panels shows the predictions for environments as identified by NEXUS+
(voids, walls, filaments and nodes), while the bottom panels report the other
environments definitions adopted in this work, namely spherical voids and
their walls, cylindrical filaments and massive groups (R19+T23+FOF). The
SMF of the whole sample of galaxies is also shown as a dashed gray line for
reference.

Here we present the SMF and the number abundance of type 0, 1, and 2 galaxies (respec-
tively centrals, satellites and orphans® in the L-GaLaxies framework) for different cosmic
environments at z = 0. We report the cosmic environments we focus on in the paper: voids,
walls, filaments and nodes as identified by NEXUS+, as well as spherical voids and their as-
sociated walls, cylindrical filaments and massive groups (R19+T23+FOF). Results are shown
in Figure 6.2. We also perform a fit of the SMFs with a Schechter function (Schechter, 1976):

2Qrphan galaxies are objects that have already lost their DM halo, but still have a baryonic component (see
Section 2.3.7).
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Environment log M./Mg Environment log M./ Mg
Voids 10.66 Sph Voids 10.59
Walls 10.84 Sph Voids Walls 11.02

Filaments 10.92 Filaments (T23) 11.02
Nodes 11.64 Massive groups 11.67

TaBLE 6.2: Characteristic mass, derived with a Schechter fit, for the SMFs
of the different environments discussed in the main text. SMFs are shown in
Figure 6.2.

¢(m)dm = In(10)¢* 10"+ @) x5 (10"~ ) dim, (6.2)

where m = log Mars/ Mo and m* = log M./ M. The latter is a parameter often referred
to as characteristic mass. We report this parameter of the SMFs of different environments in
Table 6.2.

As for the NEXUS+ SMEF, the denser is the environment, the larger is the number of
massive galaxies (the same is observed for the HMF; see e.g. Figure 17 of Cautun et al.
2013). The characteristic mass M, of the SMF as well increases with the density of the
environment (Table 6.2). The Nodes SMF exhibits a feature at log M5/ Mo =~ 11.5. This is
due to one of the parameters required by NEXUS+, that is the minimum mass for a cell to be
classified as a node (Myi; > 2 - 10" M, here, about Mgy = 2.5 - 10'! My). For this reason,
every cell containing objects which meet this criterion will automatically be classified as a
node.

Also, the relative fraction of central, satellites and orphan galaxies is sensitive to the
environment (top right panel of Figure 6.2). The denser is the environment, the smaller is the
number of central (type 0) galaxies. More dense environments, particularly nodes, typically
host more groups and clusters of galaxies, and this explains the progressively larger number
of satellite (and orphan) galaxies.

A similar pattern is observed when comparing R19+T23+FOF environments (bottom
panels). We note that in this case walls galaxies are typically more massive than filaments,
and also host a lower fraction of central (type 0) galaxies.

6.4.2 Star Formation and Dust

Since the environment selection introduces a mass bias, namely, more massive galaxies are
associated with more clustered environments, in this Section we analyze galaxy properties in
different environments at fixed stellar mass.

Figure 6.3 reports the sSFR and dust mass as a function of stellar mass. In the range
9 < log Myas/ Mg < 10.8 we observe a clear trend with the environment, regardless of the
definitions adopted. Namely, at fixed stellar mass, the less dense is the environment, the
more star forming and dust-rich are the galaxies. Above this stellar mass value, we observe
no clear trend with the environment for the sSFR. As for the dust mass, differences among
environments are strongly reduced. This result suggests that the environmental dependence of
dust and star formation properties is suppressed in galaxies above the stellar mass threshold.
We will discuss this point at length in the following.

We note that our finding of higher star formation in voids is in keeping with some ob-
servational results which pointed out that void galaxies are typically more SF and gas-rich
than non-void ones (e.g. Rojas et al. 2005; von Benda-Beckmann & Miiller 2008; Kreckel
et al. 2014; Beygu et al. 2016; Moorman et al. 2016; Florez et al. 2021). The same has also
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been found in numerical simulations (e.g. Cen 2011; but see also Rosas-Guevara et al. 2022,
who found different environmental trends in different stellar mass regimes). Our findings are
also consistent with Martinez et al. (2016) particularly in relation to the sSFR of filament
galaxies. These rates are intermediate falling between those observed in groups and those in
less dense environments. These authors additionally find indications that variations among
environments are less pronounced when considering high mass galaxies.
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Ficure 6.3: Specific SFR (left panel) and dust mass (right panel) as a
function of stellar mass for simulated galaxies in different environments. We
report the results for NEXUS+ environments (voids, walls, filaments and
nodes, fop panels), as well as for the other environments definitions adopted
in this work, namely spherical voids and their walls, cylindrical filaments
and massive groups (R19+T23+FOF, bottom panels). Solid lines represent
median trends, with the typical 16 — 84th percentile dispersion shown as a
gray shaded area.

6.4.3 Galaxy evolution across environments

The scenario depicted above, mainly in Section 6.4.2, may be understood if galaxies undergo
a slower evolutionary process in less dense environments. This idea is corroborated by the
mass-weighted age of stellar populations, displayed in Figure 6.4, which suggests the existence
of a relationship between age and environment for My, < 10'98 M. Voids galaxies are the
youngest and nodes (or massive groups) galaxies exhibit the oldest ages. Walls and filaments
galaxies fall in between, with filament galaxies systematically displaying older ages compared
to wall galaxies. We devote this Section to further investigation of this point. In particular,
we aim to understand the differences in the evolution of galaxies with equal stellar mass at
z = 0, but residing in different environments.

We thus inspect the stellar mass®, SFR, and dust mass evolution for galaxies with
MZ0 /My ~ 10°, 10'°, 10'%5, and 10'! in Figure 6.5. The figures indicate that the denser is

stars

the environment, the faster is the evolution for Mszta:r(; < 10'%3 M, in the sense that the SFR

peaks at earlier epochs, and consequently the evolution of the stellar mass is more rapid. This

3Normalized to the z = 0 value.
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Ficure 6.4: Mass-weighted stellar populations age as a function of stellar
mass for simulated galaxies in different environments, as detailed in Figure
6.3.

holds true irrespective of the chosen environments definition. As for the dust mass evolution,
it reaches a maximum more recently than the SFR, suggesting that the time of the maximum
dust content of a galaxy does not correspond to the time of the maximum of its star formation
activity. We argue that this is due to the fact that the dust budget is determined not only by
the production of dust by stars but also by its evolution, and by grains accretion in particular®.
We also note that the peak of the dust abundance occurs later in lower density environments
and in lower M= objects. This maximum has yet to be reached in voids and wall galaxies

stars
of the less massive MZZ° bin. This is consistent with the slower evolution of galaxies in lower

stars
density environments.
The slower stellar assembly in less dense environments has already been pointed out by
other works based on hydrodynamical simulations (Artale et al., 2018; Alfaro et al., 2020;
Habouzit et al., 2020; Rosas-Guevara et al., 2022), and recently confirmed through observa-

tions by Dominguez-Goémez et al. (2023).

As for the most massive stellar bin under examination, galaxies with M0 ~ 10" Mg
show no notable differences across diverse environments. The lack of differences in the
evolution of these high-mass galaxies aligns with the findings discussed in Section 6.4.2,
which suggest the existence of a certain stellar mass threshold (= 10'%8 M) above which the
influence of the large-scale environments becomes less relevant.

The same conclusions may be drawn from an analysis of #7q, the look-back time at which
the stellar mass of a given galaxy is 70% of its present day value. In Figure 6.6, t7¢ is shown
as a function of stellar mass and for different environments. First, we note that #7o tends to
increase with stellar mass for voids, walls, filaments and, more weakly, nodes and massive

groups. The last is due to the significant impact of old satellite galaxies, mainly dominating

4The efficiency of the accretion process is delayed with respect to the dust production by stars also on a cosmic
scale, as can be appreciated in Figure 5.15.
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the population of these dense environments at log Myrs /Mo < 10.5. Secondly, we observe
that for log M./ Mo < 10.5 — 11, at a fixed stellar mass, the time of assembly for the stellar
mass is delayed in less dense environments. This delay is reflected in #79, which is typically
smaller for galaxies in less dense environments. Above the mentioned mass, there is no clear
dependence on the environments, as already pointed out earlier.

Notably, the observational study by Dominguez-Gémez et al. (2023) also revealed minimal
changes in the assembly time of high-mass galaxies (log Mgurs/Mo =~ 10.5 — 11) across
various environments, contrasting with galaxies of smaller masses (9 < M/ Mo < 10.5 —
11, refer to their Figure 4a and 4d). They hypothesized that the evolution of these high-
mass galaxies might be more influenced by local interactions or their massive DM halos
than by large-scale environments. In our model, we anticipate that, regardless of galaxy
interactions, the in-situ growth of SMBHs in galaxies is crucial for understanding this behavior.
Likewise, Dominguez-Gémez et al. (2023) observed similar assembly times for galaxies in
their lowest stellar mass bin (log Mrs/ Mo < 9), suggesting a strong impact of the small-
scale environment on objects of these masses, which are predominantly satellites. Since our
analysis is limited to galaxies with log Murs/Mo > 9, we cannot determine if this behavior
is also present in our model.

6.4.4 The impact of in situ SMBH growth on isolated galaxies evolution

The latter result(s) is quite interesting. It suggests that the environmental dependence of
galaxy evolution is important up to some characteristic mass (log M5/ Mg =~ 10.8 in our
model). Above this threshold, galaxies in different large-scale environments and the same
stellar mass feature very similar properties.

This outcome is due to the treatment of SMBH growth and feedback, the main channel
of massive galaxies quenching in the adopted SAM. More in detail, SMBHs can grow during
mergers, by hot gas accretion, and during disc instabilities (see Sections 2.3.6 and 5.2.1). In
massive galaxies, the contribution of the latter process” is typically less relevant than mergers
in terms of mass. However, this channel is crucial in isolated systems, where (in absence of
mergers) it is the only available channel for starting the SMBH growth, which will eventually
quench the galaxy. Thus it has a profound impact on the results discussed in this work.

We demonstrate this by comparing the results obtained by our fiducial (FID) SAM and
a version in which the SMBH growth in DIs is switched off (fgg,pr = 0; similarly to what
has been done in Section 5.5.1). In particular, Figure 6.7 displays the number of mergers
experienced up to z = 0 and the fraction of stellar mass assembled ex situ (i.e. in mergers)
for galaxies in distinct environments for both models. In the fgy pr = 0 model there are
evident differences across environments for log M./ Mo = 10.8, namely the denser the
environment, the larger the number of mergers experienced at z = 0, and consequently the
fraction of stellar mass assembled ex situ. However, these differences are not present in the
FID model. At first glance, this is quite surprising since we would expect the number of
mergers to be independent of the baryonic physics implemented within the model, as it is
determined by the adopted DM halos merger tree®.

51t has been introduced in this Thesis work, while the other two SMBH growth channels are left as in the
public L-GaLaxigs release (Henriques et al., 2020).

6Actually, the number of mergers experienced by a galaxy up to a certain redshift also depends on the time
a galaxy need to merge once its associated DM subhalo merged. In the adopted SAM, such a merging time is
estimated with the dynamical friction timescale (Binney & Tremaine, 1987), as detailed in Section S1.16.1 of the
supplementary material of Henriques et al. (2020).
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Ficure 6.5: Stellar mass (top panels), SFR (middle panels), and dust
mass (bottom panels) evolution for galaxies with different values of
the present-day stellar mass, namely (from left to right) Mszta:g/ My =
10°, 10'°, 10'%3, and 10!". For each quantity, we report the results for galax-
ies residing at z = 0 in different NEXUS+ environments (voids, walls, fila-
ments and nodes), as well as for the other environments definitions adopted
in this work, namely spherical voids and their walls, cylindrical filaments and
massive groups (R19+T23+FOF). Colors are as in previous figures. For each
environment, we randomly selected ~ 103 objects with M0 in a narrow
range (0.1 dex) around the reported value, and traced their evolutionary paths
along the merger tree back in time. Solid lines represent median trends, with

the 16 — 84th percentile dispersion shown as a shaded area.

The reason why the novel” in situ SMBH growth channel produces such differences may

71t is worth clarify that the SMBH growth during DIs is not a novelty in the panorama of SAMs, since it has

been adopted by the community for a long time (e.g. Croton et al., 2016; Lacey et al., 2016; Lagos et al., 2018),
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FIGURE 6.6: Assembly time of the stellar mass for galaxies in different

environments and different z = O stellar mass bins. The time is expressed

as 79, the look-back time when the galaxy reached the 70% of the present

stellar mass. Crosses and circles refer to median values, while the typical

16 — 84th percentile dispersion is reported as lines on the left side of each
panel. Colors and environments are as in Figure 6.3.

be understood in the following picture. The DI-driven SMBH growth enhances the quenching
of the most massive objects, thus only galaxies that can accumulate a significant mass fraction
through mergers are capable of reaching large stellar masses (log M5/ Mo = 10.8), since
the in situ star formation is suppressed by the instability-driven SMBH growth. This effect
is particularly pronounced in galaxies located in less dense environments, which generally
undergo fewer merger events. This is the reason why also the fraction of stellar mass formed
through mergers, i.e. acquired ex situ, is influenced by our DI model (Figure 6.7).

In other words, according to our fiducial SAM, only galaxies which acquire a substantial
stellar mass from mergers can reach large M (= 10108 M)

Concluding this Section, it is worth remarking that the adopted DI model significantly
modifies the in situ evolution of galaxies®, particularly impacting the environmental depen-
dence of certain properties. This is not surprising, considering the prominent role of mergers
in shaping galaxy evolution within SAM frameworks. Consequently, we speculate that a
thorough (also observational) study of galaxy properties in different cosmic environments
could serve as an effective test bench for assessing the relative significance of the in situ and
ex situ processes implemented within SAMs. We perform a step in this direction in Section
6.5, where we compare the specific SFR and dust content for the FID and fgy, pr = 0 models
across different large-scale environments with observations.

Finally, it should be noted that Jaber et al. (2023), using the SAGE SAM, observed a
significant increase in metallicities for galaxies located in the densest environments compared

also in the context of the same L-GaLaxies model (Irodotou et al., 2019; Izquierdo-Villalba et al., 2020). The
wording novel adopted here has to be intended as novel with respect to the public release of the L-GaLaxies SAM
(Henriques et al., 2020).

8Nonetheless, we note that our model still reproduces many crucial properties of the galaxy population,
including the Stellar Mass Function, which is only mildly affected by the DI model (Section 5.3).
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FiGure 6.7: Mean number of mergers (left panel) and ex situ fraction of
the total stellar mass (right panel) as a function of stellar mass for simulated
galaxies. We report the results for galaxies residing at z = 0 in different
NEXUS+ environments (voids, walls, filaments and nodes, top panels), as
well as for the other environments definitions adopted in this work, namely
spherical voids and their walls, cylindrical filaments and massive groups
(R19+T23+FOF, bottom panels). Results from both the fiducial (solid) and
Jfeu.p1 = 0 (dotted) SAM are shown.

to the entire sample. However, similar to our findings, the influence of the environment
disappears for galaxies with stellar masses exceeding ~ 10'°M/h. It is notable that their
model also utilizes unstable cold gas to fuel the growth of central black holes, although they
do not attribute the observed result to this mechanism.

6.4.5 Convergence mass and SMBH growth

Based on the previous discussion, it becomes clear that there is a stellar mass threshold
beyond which no noticeable distinctions exist among galaxies in various environments, given
a constant stellar mass. In our reference model, this convergence mass may exhibit slight
variations depending on the property under consideration and the method used to identify
the different environments. However, it is approximately Mcony = 10'98M,, for both the
sSFR and dust mass (Figure 6.3). In Section 6.4.4 we have shown that this behaviour is
due to the DI-driven SMBH growth channel. This process is regulated by the parameter
JBH. DI, representing the fraction of unstable gas that undergoes accretion onto the BH during
episodes of DIs (fsu,unst in Equation 5.4). Here we assess the stability of the convergence
mass to changes in fgy pr when using different environments identifiers: NEXUS+ on one
hand; or specific identifiers for distinct environments — spherical voids, cylindrical filaments
and massive halos — on the other hand (R19+T23+FOF).

To this aim, we operationally define the convergence mass as follows. We calculate the
median trends of the My, — SSFR relation® for all the environments, as reported in Figure
6.3. We employ stellar mass bins of 0.1 dex. The convergence mass Moy is identified as

9 A similar approach can be applied to the Msiars — Mys relation.
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Ficure 6.8: Convergence mass for different runs where the parameter rul-
ing the DI-driven SMBH growth (fgg, p1) is modified by a constant factor,
specifically fsu.pr x 0.2, 0.5, 2, 5, and 10. The convergence mass is the
stellar mass above which the Mg,s — sSSFR relation show no discernible dif-
ferences among galaxies belonging to different environments, at fixed stellar
mass. We report the results obtained with NEXUS+ environments (purple
crosses) as well as for the other environments definitions adopted in this
work, namely spherical voids and their walls, cylindrical filaments and mas-
sive FOF groups (green circles, R19+T23+FOF).

the smallest M5 value where the median sSFR for all environments falls within a range of
0.2 dex. We compute My for different runs in which we modify only the fpy, pr parameter by
a constant factor!'?, specifically fpy, p1x0.2, 0.5, 2, 5, and 10. The results for the convergence
mass obtained in these experiments are reported in Figure 6.8.

The general trend suggests that, regardless of the environment classification process, the
convergence mass decreases as the efficiency of the DI-driven SMBH growth increases. This
is because higher values of fgy pr lead to more efficient and rapid SMBH growth, enabling
these objects and their associated feedback to be relevant in less massive systems. A departure
of a factor of 2 from the fiducial x1 value implies a variation of approximately 0.2 dex in Mcopy-

It is important to note that the parameters defining fgy, p; allow our model to reproduce
the local SMF and the fractions of quenched galaxies at different masses (Sections 5.3) and
were not further adjusted in the present work. Interestingly, as will be seen in Section 6.5, the
convergence mass also manifests in observed galaxy samples. However, we prefer to use the
results in this Section as an experiment to improve the understanding of our model’s physics
rather than using it for direct model refinement.

6.5 Comparison with observations

In this Section, we compare observations with our SAM predictions. As for our simulated
galaxies, in order to highlight the importance of the in situ, DI-driven, SMBH growth chan-
nel, we compare the predictions obtained from our fiducial version of the SAM with the
aforementioned scenario where SMBH accretion during DIs is switched off (fgy,pr = 0).
Our goal is to compare the environments identified in the simulated and observed samples
as fairly as possible, exploiting the identification methods detailed in Section 6.3. Specifically,
here we focus on four different environments, ranging from low to high large-scale density:

10Byt maintaining its functional dependence on the halo virial velocity.
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Number of galaxies

Environment Algorithm Criterion SDSS GAMA
H-ATLAS
catalog sample
Voids Ruiz et al. (2015, 2019) r/Fyoiad < 1 9367 95
Walls Ruiz et al. (2015, 2019) 1 <r/ryia £ 1.2 16863 138
Filaments Taverna et al. (2023) Muodges > 1035 My 12556 395
Massive groups  Rodriguez & Merchén (2020)  Mgroups = 10135 My 35161 380

TaBLE 6.3: Details on the environment identification performed on the SDSS-

DR16 catalog (see Section 6.3). For each environment (voids, walls, fila-

ments, and massive groups), we report the identification method adopted and

the number of galaxies identified in the SDSS catalog and GAMA/H-ATLAS

sample. Note that the number of galaxies in our simulated sample is much
larger (Table 6.1).

* Voids In both the observed and simulated catalogs we take galaxies residing within the
spherical voids as identified by the Ruiz et al. (2015, 2019) algorithm (Section 6.3.2).

e Walls This category includes galaxies in the proximity (1 < r/ryq < 1.2) of the
aforementioned spherical voids.

* Filaments Galaxies within filaments are identified using the Taverna et al. (2023)
algorithm, as applied to both the observed and simulated galaxy samples (Section
6.3.3).

» Massive groups These are galaxies belonging to groups more massive than Mgoup >
10135 M. In the observational catalog the group mass is estimated by the Rodriguez
& Merchén (2020) algorithm, while in our SAM we take the virial mass of the FOF
halo (Section 6.3.3). We take these galaxies as representative of the densest regions of
the large-scale structure.

The criteria employed and the number of objects identified in each environment within
the observed galaxies catalog are summarized in Table 6.3.
We emphasize that our purpose is not to conduct a one-to-one comparison between environ-
ments in observations and simulations. Instead, our main interest is comparing trends among
the environments of the two samples.

6.5.1 Star formation

In Figure 6.9 we show the sSFR distributions for galaxies in different stellar mass bins and
cosmic web environments. As widely discussed in literature (e.g. Katsianis et al., 2020), this
distribution typically features a bimodal behaviour, which corresponds to the superposition
of a star forming (sSFR =~ 1071 yr~!) and a passive population (sSFR =~ 10~'2yr~!) at z = 0.

From the reported observations it is clear that the larger the stellar mass is, the larger
is the prevalence of the passive population in each environment. This pattern is even more
evident when examining the fraction of passive galaxies fyassive (defined as those featuring
sSFR < 10~ yr~1) and the sSFR as a function of stellar mass, both displayed in Figure 6.10.
The observed fpassive(SSFR) increases(decreases) with the density of the environment at fixed
stellar mass for Mg < 101" Mo,.
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Ficure 6.9: Specific star formation rate distributions for galaxies in dif-
ferent stellar mass bins, namely (from left to right) log Myyus/Me €
(9.5-10), (10-10.5), (10.5-11), (11 = 11.5). Results for different cos-
mic environments are shown, namely (from top to bottom): voids in blue,
walls in green, filaments in orange, and massive groups (Mgroup > 10'3 Mo)
in magenta. We report our model predictions obtained with both the fidu-
cial (FID) and fgu,pr = O version of our SAM (respectively solid and dotted
lines). In each panel we compare with SDSS data, shown as filled histograms.
Environmental classification in both the observed and simulated catalog is

performed as detailed in Section 6.5 (see also Table 6.3).

Our fiducial model displays similar trends, that is an increase of fpagsive and a decrease
of the sSFR with stellar mass and, for My,s < 1098 — 10! My, with the density of the
environment. Differences between the FID and fgy pr = O results are particularly evident
at large My, and for low density environments. In the two most massive stellar mass bins
reported in Figure 6.9, the fgy pr = 0 model tends to predict more star forming galaxies
than the FID one in both voids and walls. The same holds true when inspecting Figure 6.10.
Voids galaxies in the fgy,pr = 0 model exhibit a too large(small) sSSFR( fpassive) With respect
to observations at large M. Instead, the FID model aligns well with SDSS observations in
this mass regime. Thus the impact of the SMBH growth during DIs is particularly relevant

for star formation quenching in such isolated galaxies.
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FIGURE 6.10: Fraction of passive galaxies (sSSFR < 10~!! yr=!; top panel) and
SSFR (bottom panel) as a function of stellar mass in voids, walls, filaments and
massive groups (Mgroup > 10! M). Colors are as in Figure 6.9. We report
our model predictions obtained with both the fiducial (FID) and fgy,p; = 0
version of our SAM (respectively solid and dotted lines). Filled circles refer
to observations (SDSS data). We also report the typical 14-86th dispersion
of observations (vertical lines) and of our model (grey shaded rectangle) in
the right side of the bottom panel.

Also, the passive fraction (and the sSFR, to some extent) of the fgy pr = 0 model ex-
hibits a clear trend with the environment at any stellar mass. This behaviour contrasts with
observations, where the environmental trend is observed only up to Mys < 10" M. Con-
versely, the fiducial model predicts a lack of environmental dependence at large Ms (=
10198 — 10! M), in keeping with the observed pattern.

We conclude that the SMBH growth mechanism adopted by the fgy, pr = 0 model is not
sufficient to shut down the star formation in massive, isolated galaxies.

6.5.2 Dust mass

Figure 6.11 compares model predictions on dust masses in local galaxies, as a function of
stellar mass and environment, to available observations. The data reported in this Section
are obtained by matching the SDSS-DR16 catalog and the GAMA/H-ATLAS sample, thus
the final number of objects is much smaller than the number of SDSS objects shown in the
previous Section (see Table 6.3). We focus on the mean trends of data, which feature a large
dispersion, keeping in mind the limited sample size.
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FiGure 6.11: Dust — stellar mass relation in different large scale environ-
ments: voids in blue, walls in green, filaments in orange, and massive groups
(Mgroup > 10'3° M) in magenta. The results obtained from our SAM are
shown as lines, which refer to medians, while the typical 14-86th dispersion
is shown as a grey shaded rectangle in the upper left of the plot. Solid lines
refer to our fiducial SAM, while results from the fgy, pr = 0 model are shown
as dotted lines. Observations from the GAMA/H-ATLAS sample (Beeston
et al., 2018) are shown as filled points which represent the mean dust mass
in stellar mass bins of 0.3 dex width, while the whole sample of observations
is shown in the background as low opacity circles. We also report the typical
14-86th dispersion associated with each environment as vertical lines in the
upper left side of the figure. Environments and groups in this figure are
identified as detailed at the beginning of Section 6.5 (see also Table 6.3).
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For Myys < 10192 Mg, observations suggest that at fixed stellar mass galaxies are gen-

erally more dust rich in less dense environments, with void galaxies featuring a mean dust
content 5 — 10 times larger than massive groups objects. The median trends and the envi-
ronmental differences in this mass range predicted by the FID run of our SAM are consistent
with observations.
At larger stellar masses (Mg > 10'%3 My in observations and Mys 2 10'%8 Mg in our
model) dust masses appear to be nearly environment-independent both in observations and
in the FID model. By converse, in the fgy pr = 0 model, the objects residing in low density
environments feature a far too large median My,g. This is consistent with the discussion in
Section 6.5.1, according to which the fraction of highly star forming massive galaxies (likely
gas and dust rich) is suppressed in low density environments by the in situ SMBH growth.

Although a direct comparison between the convergence mass (Section 6.4.5) in the SAM
and observations is not straightforward‘ I we note that for observed Mgy curves, convergence
occurs around log Mg/ Mo ~ 10.5 — 11, which is in nice agreement with the results obtained
from SAM galaxies.

6.6 Summary and conclusions

In this Chapter, we studied the dependence of local galaxy properties, mainly sSFR and dust,
on the large-scale environment, at fixed stellar mass. We adopt the simulated galaxy catalog
produced by the SAM discussed in this Thesis (Sections 2.3, 3.4 and 5.2; also Parente et al.
2023), which is an extension of the L-GaLaxies SAM (Henriques et al., 2020). This version
includes a state of the art model of dust production and evolution in galaxies, as well as
an updated treatment of the bulge and SMBH growth during disc instabilities (DIs). We
identify cosmic web environments from the underlying DM simulation exploiting different
methods. We employ NEXUS+ (Cautun et al., 2013) as a comprehensive method to dissect
the cosmic web into voids, walls, filaments, and nodes. This approach provides us with a
unified framework to identify different cosmic environments. In contrast, we also utilize
specific algorithms tailored for distinct environments: the method introduced by Ruiz et al.
(2015, 2019) for identifying spherical voids and associated walls, the approach outlined in
Taverna et al. (2023) for detecting cylindrical filaments, and the well-known FOF halo finder
to pinpoint massive groups (Mgroup > 10133 M), representing the most dense environments.

First, we study galaxy properties as a function of M, to highlight the role of the
environments (Section 6.4.2). For galaxies with M. < 10'98 My we find a clear and
systematic trend: at fixed stellar mass, galaxies in less dense environments feature a larger
specific SFR and dust abundance. Contrarily, differences among environments are much less
evident in more massive objects.

We interpret these results in light of the evolution of galaxies with the same z = O stellar
mass, but residing in different environments (Section 6.4.3). At M, =0 < 10105 Mg, the less

stars —
dense is the environment, the slower is the stellar mass evolution. At a given MZ", galaxies
in less dense environments feature a SFR peak at more recent times, ending up with a larger
SFR and dust content. Contrarily, galaxies in more dense environments are in the declining
phase of their star formation activity. Thus void galaxies host, on average, younger stellar
populations, are more star forming and dust rich with respect to galaxies located in other

environments with the same Mftjr(l Relevant differences in the stellar mass assembly are not

'This would need to identify environments in mock catalogues from the simulated galaxy sample in the same
way as we do in the observed sample. Also, due to the lower number of objects in the observed catalog the
accuracy of its calculation in observations is somewhat unreliable.
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observed instead for more massive galaxies (M;:g > 10'98 M), and this is in keeping with
the environment-insensitivity of star formation and dust for massive objects already discussed.
This finding is remarkably robust, irrespective of the variety of methods for environments
identification adopted in this work.

The picture resulting from our model suggests that galaxy properties are affected by the
large-scale environment up to a certain threshold mass. The key to interpreting this finding
stands in the supermassive black hole (SMBH) growth channel during DIs, which is adopted
in our model. This channel enables the growth of SMBHs even in isolated galaxies, allowing
them to halt star formation through AGN radio mode feedback. In the absence of this channel,
the growth of SMBHs in isolated objects is significantly discouraged, as the other prominent
growth channel in our SAM occurs during merger events. This in situ SMBH growth tends
to erase differences among galaxies that exceed a specific stellar mass (Mars = 10108 M,
mass above which the SMBH driven quenching becomes relevant in our model) residing in
different environments.

Finally, we test our results against observations (Section 6.5). We identify different
environments in the SDSS-DR16, namely spherical voids, their associated walls, cylindrical
filaments, and massive groups (Mgroup 2 10133 My) using the algorithms by Ruiz et al.
(2015), Taverna et al. (2023), and Rodriguez & Merchan (2020). This is conceptually similar
to the identification process in our SAM catalog, allowing us to compare the results. The
fraction of passive galaxies (sSFR < 10~H1 yr‘l) with Myas < 10199 — 101! My, increases
with the increasing density of the environment, in both the SAM and SDSS catalog. As for
the most massive objects (Mgrs = 10195 — 10! M), in both our model and observations,
we do not find any sign of a prominent star forming population in any environment. This
is a direct consequence of the DI-driven SMBH growth adopted in our model. Without this
channel (fgy, p1 = 0), our model would produce a star forming population among massive
voids galaxies, and this is not present in the observed sample (Figures 6.9 and 6.10).

We perform a similar comparison between our model and observations (combining the
SDSS-DR16 and GAMA/H-ATLAS surveys) in the M5 — Mause plot (Figure 6.11). We
find a good match, namely the less dense is the environment, the larger is the dust content
of galaxies with Myrs < 10193 Mg in observations (Mg < 1098 My in our model). The
~ 0.5 — 1 dex difference in the mean dust mass of voids and massive groups galaxies is not
observed above this mass. Again, this confirms the importance of the SMBH growth channel
in DIs, without which too dust-rich void galaxies would be predicted.

We draw two main conclusions from this work. First, we confirm the relevance of the
secular process of SMBH growth during DIs in our SAM, since it causes quenching of
galaxies in isolated environments. The importance of this growth channel has been pointed
out also by recent observational and simulation-based investigations, whose claim is that
secular processes dominate over mergers in growing the central SMBH (e.g. Martin et al.,
2018; Smethurst et al., 2019). The second conclusion concerns our approach more than our
results. Investigating the properties of galaxies in different large-scale environments may be
a useful tool for constraining the relevance of in situ and ex situ processes in shaping galaxy
evolution.

The method outlined here can be improved in various ways, for example, by striving for a
more accurate match between the environments identified in simulations and observations. A
possible way to achieve this may be to identify environments from mock catalogs derived from
the SAM (or from hydrodynamical simulations as well) to mimic the identification process
performed on the observed catalog as closely as possible.

In any case, besides any possible improvement, the role of future observational surveys
such as Euclid (Laureijs et al., 2011), DESI (DESI Collaboration et al., 2016) and LSST
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(Ivezi€ et al., 2019), is crucial. They will substantially advance our knowledge of the large-
scale structure and, concomitantly, deepen our insight into the evolution of galaxies within
distinct cosmic environments.
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Dust sub-mm emission in Green
Valley galaxies

The "Green Valley" (GV; Wyder et al. 2007) in galaxy evolution refers to the transitional
region on a color-magnitude (or color-mass) diagram that lies between the blue cloud (BC) of
star-forming galaxies and the red sequence (RS) of passive galaxies. This valley is believed to
result from the relatively rapid transition of galaxies from the star-forming state to a passive
one, making it crucial for understanding galaxy quenching processes (see Salim 2014 for a
review). However, some inactive galaxies can experience "rejuvenation,” a phase where they
undergo a new burst of star formation after a period of minimal activity. This rejuvenation
can move galaxies in the red sequence back into the GV, and in some cases, even into the blue
cloud (e.g., Graham et al. 2017; Rowlands et al. 2018; Chauke et al. 2019).

In this Chapter, we' focus on the sub-mm emission of galaxies within the GV. As high-
lighted by Eales et al. (2018) using Herschel data, GV galaxies display notably strong sub-mm
emission compared to galaxies with either bluer or redder colors. We explore this character-
istic using a galaxy catalog generated from the SAM discussed in this Thesis, which includes
a self-consistent model of dust formation and evolution. By applying a radiative transfer
(RT) approach, we derive observable properties that account for both stellar emission and the
absorption and re-emission by dust grains. After defining GV galaxies with a new criterion
applicable to any dataset, we find that the number of 250 ym emitters in the GV is comparable
to that found in the BC, in keeping with local observations. This is because, despite a decline
in sSFR and the resulting green optical colors, the dust content remains high during the GV
phase, fueling the sub-mm emission. The differences in the evolution of sSFR and dust
content make sub-mm emission a potential indicator for identifying rejuvenating galaxies,
which transition to bluer optical colors while still exhibiting low sub-mm fluxes.

The Chapter is organized as follows. We introduce our simulated galaxy catalog in
Section 7.1, and in particular the pipeline to obtain observable properties from it (Section
7.1.2), while the observational data we compare with are presented in Section 7.2. After
inspecting the color-mass diagram predicted by our simulation in Section 7.3, we present our
new definition of GV in Section 7.4, which is applied to both the simulated and observed
sample of galaxies. We then move to analyse dust attenuation in GV galaxies in Section
7.5, while Section 7.6 and 7.7 focus on dust 250 um emission. Such emission in systems
undergoing rejuvenation is discussed in Section 7.8. Finally, we summarise our results and
highlight the main conclusions in Section 7.9.

IThis Chapter is based on a work (submitted, under revision) done in collaboration with C. Ragone-Figueroa,
G. L. Granato, L. Silva, V. Coenda, H. J. Martinez, H. Muriel, and A. Lapi Parente et al. (2024b).
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7.1 The simulated catalog

7.1.1 The SAM catalog

The simulated catalog adopted in this analysis is derived from the SAM extensively discussed
in this Thesis, which is an updated version of the public L-GaLaxies SAM (Henriques et al.,
2020, Section 2.3). This version incorporates a state-of-the-art dust model (Section 3.4) and
an improved treatment of disc instabilities (Section 5.2).

While referring to the above mentioned sections for full details on the model, the main
feature of the simulation are reported here for convenience. The catalog used in this analysis
is obtained by running the SAM on the MiLLENNIUM merger trees (Springel et al. 2005b,
box size 500Mpc/h, adopting a Planck Collaboration et al. (2014) cosmology (h = 0.673,
Qn = 0.315, Q, = 0.0487, os = 0.829) and a Chabrier (2003) IMF. In this work, to keep
the analysis within a reasonable computational time, a reduced sample — preserving the same
SMF as the full simulation — is post-processed to derive observable properties.

7.1.2 Radiative Transfer with GRASIL

The observable properties of our simulated galaxies are derived using the Radiative Transfer
(RT) code GRASIL (Silva et al., 1998; Granato et al., 2000). This code computes the emission
from stellar populations and the absorption and thermal emission from dust grains. It utilises
the information on SFHs, the geometry of stars and ISM, and the abundance and properties
of dust grains for each galaxy as predicted by the SAM, as detailed in the following sections.
We refer to the above-mentioned papers for a detailed description of GRASIL.

Stars and ISM geometry

Simulated galaxies are assumed to have a disc-like ISM, while the stellar component is
organized into a disc and a bulge. Both the stellar and ISM discs follow a radial and vertical
exponential profile, meaning the density of the disc is given by

p ocexp (=r/ra) exp (= |z[ /za) » (7.1)

where r and z are the radial and vertical coordinate, while rq and z4 the respective scale
lengths of the exponential profiles. The scale length radii of the stellar and ISM discs are
predictions from the SAM (note that these values usually differ). For both cases, we set the
scale height to 0.1 of the scale radius. The stellar bulge is assumed to have a King profile,
with its core radius derived from the half-mass radius predicted by the SAM.
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Stellar emission

The stellar emission of galaxies originates from the populations in the disc and bulge. Both
components have an associated SFH?, which tracks the time assembly of their stellar mass and
metallicity. The SFH is stored in Ngpy time bins, with the size of each bin varying with time
so that the most recent bins have the highest resolution (see Figure S2 of the Henriques et al.
2020 documentation for a schematic representation). The emission from stellar populations
at time ¢ is calculated (for both disc and bulge stars) by summing over the SFH bins:

NsrH
L(t) = Z Li(t =13 Z;) - YAt (7.2)
i=0
where [;(t — t;; Z;) is the emission associated with a unit mass simple stellar population fea-
turing age’ # — t; and metallicity Z;; y,; and At; are the SFR and time width associated with
the i—th bin.

Radiative Transfer

Radiation emitted from stars propagates into the ISM, where it is extinguished, heats dust
grains, and causes their subsequent thermal emission. Modeling these processes requires
detailed RT computations, which are performed by GRASIL.

The interaction between starlight and dust grains depends on the abundance and proper-
ties of the latter. The mass of dust in each galaxy, as well as the chemical composition and
size of the grains, are predictions of the SAM. As detailed in Section 3.4, the model predicts
the abundance of four dust species, following two chemical compositions (silicate and car-
bonaceous) and two sizes with representative radii of 0.05 yum and 0.005 um (referred to as
large and small). GRASIL uses this information and considers a population of silicate and
carbonaceous grains with two different grain size distributions, which are power laws shaped
by the ratio of small to large grains. These information are needed to model the absorption
and emission of grains.

Dust is assumed to be organized into two phases of the ISM: the dense molecular clouds
(MCs) and the diffuse medium. Dust properties are assumed to be the same in the two regions.
The fraction of the total dust mass residing in MCs is fi,01, Which is the fraction of the total
ISM gas in molecular form. This parameter is predicted by the SAM, which relies on the
Krumholz et al. (2009) prescription.

MCs are assumed to have a mass M and a radius r, which are parameters of GRASIL.
The combination M. /r2 determines the optical depth of the clouds. Stars are assumed to form
in these clouds and progressively escape according to an escape timescale f.ic. The escape
time 7.5c is @ GRASIL parameter and is set to 3 Myr here. Specifically, the fraction of stars
inside MCs decreases with time according to

1 I < fteses
f(t) =492- [/[esc fese <t < 2ege, (7.3)
0 t > 2Uese.

2The same SFH is adopted within the SAM to compute the chemical enrichment from stars. However, although
the SFH in the code is recorded on a ring-by-ring basis, for GRASIL post-processing we use the SFH integrated
over the entire stellar disc and bulge.

3Here t; is the central lookback time of the i—th bin.
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Starlight propagation in MCs is simulated using full RT computations (Granato & Danese,
1994) because the high densities of these objects make the self-absorption of IR photons
significant.

In contrast, starlight propagation in the diffuse medium (where IR photon self-absorption
is negligible) is treated in a simplified manner by introducing an effective absorption optical

depth, defined as Taps_eff = \/Tabs (Tabs + Tsca), Where Typs and 7y, are the true absorption and
scattering optical depths, respectively.

The outcome of the pipeline described above is that, at each point of the galaxy, stellar
radiation is absorbed, the temperature of the grains is calculated (with large grains reaching an
equilibrium temperature and small grains experiencing stochastic temperature fluctuations),
and the dust emission is modelled as a grey body. This results in a SED from 0.1 ym to
1000 um for each galaxy along a given line of sight. The apparent magnitude of the galaxy in
a specific band is then obtained by convolving the resulting SED with the appropriate filter*.

7.2 Observational data

The observational analysis presented in this work relies on data from the Galaxy And Mass
Assembly (GAMA) survey5 (Driver et al., 2009; Driver et al., 2011; Liske et al., 2015; Baldry
etal.,2018; Driver et al., 2022). This is a spectroscopic, large scale survey covering a total area
of ~ 280 deg? across five different regions of the sky. Together with spectroscopic redshifts,
this survey provides pancromatic photometry for > 200, 000 galaxies obtained combining data
from other surveys operating from the X-ray to the far-IR side of the spectrum. Moreover,
many other data products obtained from SED fitting are available, such as stellar masses,
SFRs, dust masses.

In this work we exploit the last GAMA Data Release DR4 (Driver et al., 2022). In
particular, we use GAMA 1I° data for the three equatorial survey regions G09, G12 and G15,
which all have a limiting Petrosian r—band apparent magnitude of 19.8. We select galaxies
with high quality redshift measurements in the range 0.002 < z < 0.8. In our analysis
we are interested in the optical colour # — r and the sub-mm 250 um emission of galaxies.
GAMA provides both quantities, the former coming from the Sloan Digital Sky Survey
(SDSS; Abazajian et al. 2009) and the latter from the H—ATLAS survey (Eales et al., 2010;
Valiante et al., 2016). Here we use the matched aperture photometry fluxes obtained from
the LAMBDAR code (Wright et al., 2016) and select galaxies with a signal-to-noise ratio > 3.
Fluxes are corrected for galactic extinction and k—corrected to z = 0 (i.e. they are rest-frame;
Loveday et al. 2012). Finally, we select stellar masses obtained from this photometry by
SED fitting (Taylor et al., 2011), selecting galaxies with Mg > 10° My, as in our simulated
sample.

7.3 The color-mass diagram

Before analysing any properties of GV galaxies in our catalogs, it is worth looking at the
distribution of simulated galaxies in the color-mass diagram. The color (u — r) — stellar mass
diagram for local galaxies (z < 0.08) is reported in Figure 7.1. For comparison, we also report
observations from the GAMA sample as black contours. The reported colors are k—corrected
to z = 0 and dust-attenuated, the latter meaning that they are not intrinsic stellar colors.

“4The technical specifications of the filters are taken from http://svo2.cab.inta-csic.es/theory/fps/
Shttps://www.gama-survey.org/
5The second GAMA surveying phase.


http://svo2.cab.inta-csic.es/theory/fps/
https://www.gama-survey.org/
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Figure7.1: Color (u —r) — stellar mass diagram at z < 0.08 for our simulated

galaxies (2D histogram). Contour lines are 1, 5, 20, 50, 70, 80, 90 % of the

distribution and refer to the same color-mass relation in the GAMA sample

adopted in this work. The u — r color is dust-attenuated and k—corrected to
z=0.

Our model produces a clear population of blue galaxies at Mgys < 10'%3 My, which
well matches the observed BC. As for red galaxies, in our model these are typically more
massive than the blue ones, in line with observations. However, our model overproduces the
abundance of low mass (Mars < 10'° M) red galaxies. These are mainly satellite systems,
and in particular orphan galaxies. This has been noted recently by Harrold et al. (2024) in the
context of L-Garaxies. These authors highlighted the overabundance of orphans in the low
mass SMF at 0.5 < z < 3, and claimed that increasing star formation in these systems could
help resolve this problem.

A similar distribution, and similar issues as well, are observed when adopting NUV—r or
g —r colors, not shown here for brevity.

7.4 Defining the GV

The GV lacks a universally accepted definition, with its boundaries differing across studies
and sometimes being set by subjective empirical limits. Since our work involves defining
the GV in both observed and simulated samples, our aim is to establish a clear, objective
definition that can be applied automatically, free from subjective criteria.

* Gaussian fits

We adopt a Gaussian fitting approach to define the GV, applicable to any color-mass
distribution of galaxies. The sample is first divided into Npj,s mass bins, with only bins
containing more than 50 objects being considered. Within each bin, we use the Python class
GaussianMixture to fit both one and two Gaussians to the color distribution. For the two-
Gaussian fit, this class also provides the mixture weights of the resulting Gaussian components,
indicating the significance of each component in the overall distribution. Additionally, it
computes the Bayesian Information Criterion (BIC) value, which evaluates not only how well
the model fits the data but also considers the simplicity of the model.
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Ficure 7.2: Examples of the Gaussian fits based algorithm used to identify
blue and red populations across different mass bins are shown. The three
cases illustrate the color distribution of our simulated sample at z < 0.08 in
three different mass bins, offering a clear demonstration of how our algorithm
works (see text for full details). The full color distribution of galaxies in each
bin is shown as a grey histogram, and the gaussian fits are reported as curves,
with the shaded regions indicating the standard deviation, and the dashed line
the intersection between the two curves, where present. The parameters for
each Gaussian (mean u, standard deviation o, and weight w) are labeled in
every panel. In the top and middle panels, our algorithm favours a double
Gaussian distribution (blue and red). However, a real GV (green histogram)
is identified only in the middle panel, since here the condition in Equationn
7.4 is met. In the bottom panel, the algorithm prefers a single Gaussian
fit, which is reported as a red curve. In this case, a subsample of the total
is extracted to obtain a symmetric distribution centered around the peak of
the original sample. This sub-distribution, represented by the dark grey
histogram, is fitted by the yellow Gaussian curve. The parameters from this
fit better represent the red population in this mass bin and are used in our
analysis.
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Ficure 7.3: GV identification in the color-mass diagram of both our simu-
lated and observed sample at z < 0.08. The distribution of galaxies is shown
as contours marking the 1, 5, 20, 50, 70, 80, 90 % percentiles of the distri-
bution. The circles and error bars indicate the mean and standard deviation
of the Gaussian fits performed by our algorithm in each mass bin for both
the blue and red population. Filled circles are associated with bins in which
the real GV can be identified (according to Equationn 7.4). This region is
depicted as solid green in the plots. The green hatched region represents an
extension of this GV, obtained by using information from the Gaussian fits.
The light green hatched region in the SAM sample marks the region of the
diagram occupied by galaxies identified as non belonging to the RS, since a
single Guassian fit is favoured at these mass bins. In the GAMA sample, the
GV has been linearly extrapolated in the high stellar mass range where the
number of galaxies per bin resulted to be not sufficient to perform a double
Gaussian fit (< 50 galaxies).

To determine whether the distribution is better represented by two populations, we apply
three criteria.

(1) The BIC value must favour the two-Gaussian model.
(i) None of the obtained weights w must be less than wy, = 0.2.
(i) The areas within one standard deviation in the two Gaussian curves must not overlap.

When all conditions are met, we determine that the color distribution is described by a
two-Gaussian fit. The means u and standard deviations o of these Gaussian components are
used to help determine the presence of a GV in the distribution. Specifically, denoting xgRr as
the intersection point of the blue and red Gaussians, we require that

{MR — OR 2 XBR; (7.4)
UB + OB < XBR,

where the subscripts B and R refer to the blue and red Gaussians, respectively. This approach
defines the GV, which we term the real GV, as the region of the color distribution spanning
from ug + o to ur — oR.

The described conditions at work are explicitly shown in Figure 7.2, in the top and middle
panels. In both mass bins, our algorithm prefers a double-Gaussian fit for the distribution.
However, in the 9 < log, M;My < 9.35 mass bin, the two Gaussians do not meet the criterion
specified in Equationn 7.4, so a real GV is not identified. In contrast, the Gaussians in the
10.05 < log, M./Ms < 10.40 bin are well-separated, allowing us to identify a real GV,
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represented by the green distribution in the histogram.

When the algorithm favors a single-Gaussian fit, we proceed as follows. We first identify
the peak of the entire distribution and isolate the portion extending from this peak to the
nearest extreme. This segment is then mirrored to create a symmetric distribution centered
on the original peak. We fit this mirrored distribution with a single Gaussian, using its mean
and standard deviation as representative of the population.

An example of this process is illustrated in the bottom panel of Figure 7.2. The mirrored
distribution, shown in dark grey, is fitted with a Gaussian (yellow curve), in contrast to the
red curve used to fit the full distribution (light grey). This mirroring technique effectively
removes the tail of the distribution, yielding Gaussian parameters that better represent the
bulk of the objects in this region.

* Building the GV

The fitting procedure described above results in the Gaussian function parameters for each
mass bin of the distribution. These parameters are then used to split the color-mass diagram
into different classes (and in particular to identify a GV), as illustrated in Figure 7.3 for both
the simulated and observed samples.

We begin with the real GV, which is identified in the bins where the condition in Equationn
7.4 is satisfied. In these cases, the GV directly corresponds to the real GV, represented by the
green shaded area in Figure 7.3.

In the mass bins where the algorithm does not identify a real GV but still applies a two-
Gaussian fit, we extend the real GV by using the Gaussian parameters and assigning a width
based on that of the real GV. Specifically, we select the Gaussian with the highest weight in the
double-Gaussian fit. Given the mean and standard deviation of this Gaussian, the extended
GV in this mass bin is defined with bounds of u + o and u = (o + A?:e?lr,GV)’ where A?eejlr,GV
represents the width of the real GV in the nearest mass bin where it has been identified. If
two neighboring mass bins have a real GV, the average width is used. The =+ sign is chosen
based on the Gaussian fit, with + for blue and — for red. This extended GV is shown as a
hatched green region in Figure 7.3. This approach allows us to define a GV in the color-mass
diagram for every mass bin where a two-Gaussian fit has been applied.

In cases where a single-Gaussian fit is used, we take a more conservative approach and
choose not to define a GV. Instead, we divide the galaxy population into two categories, using
4 £ o as the boundaries for these groups, with — for a red peak and + for a blue peak. If a red
peak is identified, the categories are labeled RS and no-RS. If a blue peak is identified, they
are labeled BC and no-BC. This scenario occurs in the most massive bins of our simulated
sample, where only the red population is clearly defined, as indicated in light green in Figure
7.3. Conversely, in high-redshift snapshots of our simulation, it is more common to find only
a clear blue population in the less massive bins (see Fig. 7.8).

This definition allows us to identify a GV (where possible) for any given distribution in
the color-mass diagram. Once the GV is specified, the BC and RS are defined as everything
below and above the GV, respectively (except in cases where no-BC or no-RS is identified). It
is important to note that our approach is fairly conservative, as we avoid to extrapolate the GV
to mass bins where a clear color bimodality is not observed. However, our findings remain
largely unaffected by this definition. We have verified that using alternative methods, such as
extrapolating the GV where a single Gaussian is preferred or applying two simple linear fits
to delimit the GV, would not significantly alter our conclusions.

All analyses presented below use the definition of GV outlined above, specifically the
region formed by the real GV and its extensions where a two-Gaussian fit is preferred.
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Figure 7.4: Intrinsic color (u — r)—mass diagram for our sample

of simulated galaxies at z < 0.08. Contour lines represent the

1, 5, 20, 50, 70, 80, 90, 99 % of the distribution. Red, green and blue con-

tours refer to galaxies in the RS, GV and BC, respectively, as defined using

the dust-attenuated color-mass diagram (Section 7.4 and left panel of Fig.
7.3).

7.5 The impact of dust attenuation

It is well known that dust obscuration reddens the true, intrinsic color of galaxies resulting
from pure stellar emission. Consequently, some intrinsically blue, star-forming galaxies may
appear redder (green or red in our classification). We exploit our simulated sample, for
which both dust-attenuated and dust-free colors are available, to explore the impact of dust
on shaping the color-mass diagram.

In our model, galaxies in the BC and GV typically have more dust than equal stellar mass
galaxies in the RS, which are mainly passive and gas-poor. As a result, dust reddening is
more pronounced for galaxies in the BC and GV, where the intrinsic # — r color is reddened
by ~ 0.4 — 0.2 dex. Attenuation is modest in RS galaxies (< 0.2 — 0.1 dex).

In light of this, when considering intrinsic colors the blue region of the color-mass diagram
shifts downward by about 0.2 — 0.3 dex, while intrinsic colors are nearly identical to dust-
attenuated ones for red galaxies. The net effect of the attenuated-to-intrinsic transformation
is a shift towards bluer u — r colors, which is more pronounced for blue galaxies. Importantly,
in this transformation, GV galaxies are likely to remain GV galaxies: although their color
becomes bluer, most dust-attenuated GV galaxies also have intrinsic green colors. In other
words, the transition population identified in the dust-attenuated color-mass diagram of Figure
7.1 mainly consists of galaxies with intrinsic intermediate colors. The percentage of significant
outliers due to dust attenuation is very low. To give an idea, only ~ 6.5% of intrinsically blue
galaxies move to what would be classified as GV when dust attenuation is considered. As for
the transformation of the GV, the ~ 94 % of galaxies belonging to the intrinsic GV are within
0.2 dex of the dust-attenuated GV. These percentages were derived by defining BC, GV, and
RS in the intrinsic color-mass diagram using the same procedure detailed in Section 7.4.

Figure 7.4 further illustrates the modest impact of dust on the BC-GV-RS classification.
Keeping the categories established in Figure 7.3, we now plot the intrinsic colour of galaxies
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Ficure 7.5: Color u — r distribution for all the galaxies in both our simulated

(solid lines) and observed sample (filled histograms) at z < 0.08. We report

the full color distribution in dark blue, as well as the one obtained when

selecting galaxies with a S50 ,m larger than a given threshold, i.e. 25 and
100 mJy (orange and yellow).

on the y-axis. The overlap of contours illustrates the extent to which colors shift due to dust
attenuation. The bulk of the GV population is observed to have intermediate intrinsic colors.

The conclusion of this analysis is that, although dust obscuration plays a role in reddening
galaxies, the bulk of the galaxies in a dust-attenuated GV belongs as well to a transition region
in the intrinsic color-mass diagram.

7.6 The sub-mm 250um emission

In this Section we analyse the sub-mm 250 ym emission of both simulated and observed
7z < 0.08 galaxies. We start from the u — r color distribution as reported in Figure 7.5,
imposing a threshold (25 or 100 mJy) on S350 ,m. The 25 mly threshold, which will be
adopted in the rest of this work, is approximately the flux value of the 14th percentile of the
observed S»s0 ,m distribution when selecting objects with a signal-to-noise ratio larger than 3.
For this reason, we will often refer to the objects satisfying this criterion as sub-mm emitters.
In model galaxies, both the S50 ;m > 25 mJy and S>50 ,m > 100 mJy distributions are biased
towards the blue peak, indicating that blue galaxies are more likely to have significant sub-
mm emissions. This is also the case for the S>50 ,m > 25 mly distribution of the GAMA
sample. However, when raising the sub-mm emission threshold to 100 mJy, the distribution
of observed galaxies peaks at around intermediate colors.
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Ficure 7.7: Fraction of galaxies in the BC (blue), GV (green) and RS (red)

with a S50 ,m flux larger than 25mJy as a function of stellar mass in both

our model (top) and GAMA+H—-ATLAS observations (bottom panel). The

top panel sample (SAM) also includes galaxies classified as not belonging

to the RS in light green (see Section 7.4). Results for the whole samples are
reported in grey.

A similar result was previously noted by Eales et al. (2018), based on a similar dataset’.
They observed that sub-mm detected galaxies (specifically those with 250 um emission
> 30mly from H—ATLAS) are predominantly located in the optical GV (although no ex-
plicit GV definition is used in that work). They suggested that this could originate from a
continuous, non-bimodal distribution of galaxies in the M,s—SFR diagram, attributing the
SFR bimodality to an incorrect mapping between colors and SFR (and vice versa). In other
words, they interpret the observation of a ’green mountain’ as an argument against the widely
accepted scenario which associate GV galaxies to a transition (in terms of SFR) population.
While we stay agnostic regarding this conclusion, we will exploit our model to investigate the
substantial sub-mm emission in GV galaxies.

We conduct a more detailed analysis of the above result, noting that in general the color
distributions shift towards redder colors with increasing stellar mass (e.g. Figure 7.1). We

7We have exploited more recent data products of the GAMA team, in particular matched aperture photometry.
Also, our limiting 250 um fluxes are different.
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perform the same analysis but at various mass bins, as shown in Figure 7.6. At fixed stellar
mass, galaxies with bluer colors have a higher fraction of sub-mm emitters. Thus, the analysis
reveals that S»50,,m emission is likely present in galaxies with colors within the blue peak of
the u — r distribution, as well as within the GV region between the blue and red peaks. This
finding is consistent in both the simulated and observed samples.

This analysis helps to understand the main discrepancy between our model galax-
ies and the GAMA sample, as noted in Figure 7.5, i.e. the different color distribution
of $250um = 100mly galaxies. Our model produces a non negligible number of blue,
§250um = 100mly galaxies with masses 10 < log M/ Mo < 10.5, whereas the GAMA
sample shows a lower fraction of blue galaxies in this mass range, with the observed popula-
tion peaking at redder colors compared to our model predictions. We argue that the primary
shortcoming of our model is the overproduction of blue galaxies in this mass range, rather
than an issue with the sub-mm emission itself. Indeed, when plotting Figure 7.5 for log
Mars/ Mo < 10 galaxies (not shown here for brevity), the distribution of S»50,m > 25 mly
and S250,m = 100mlJy galaxies peaks on the blue peak in both the observed and simulated
sample.

The above considerations do not rely on any specific definition of the GV but are solely
derived from the positions of the blue and red peaks in the color distribution. We can further
analyze the results using the explicit definitions of BC, GV, and RS. To accomplish this, we
categorize galaxies into these three classes (and also no-RS galaxies for the simulated sample)
in both the model and observed samples, as detailed in Section 7.4. Figure 7.7 shows the
fraction of galaxies with a 250 um flux larger than 25 mJy as a function of stellar mass for both
our model and observations. Across the whole sample (grey points), the fraction of galaxies
with $750,,m > 25 mJy generally increases with stellar mass up to Mgars = 1010 — 10! M,
after which the slope becomes shallower. The 250 um emission is strongly correlated with
the dust content of galaxies. Indeed, this trend mirrors the Mgy,s — Mquse relation, which
also flattens above a similar stellar mass (e.g., Beeston et al. 2018 for GAMA and Parente
et al. 2023 for our model galaxies). This is because galaxies in this stellar mass range have
relatively low quantities of gas (and dust) due to the quenching process. In our model, this is
regulated by radio-mode AGN feedback.

We also note that the f(S250 ,m > 25 mly) fraction is typically higher, by a modest factor,
in our model compared to GAMA. This is due to slightly larger dust content in intermediate-
mass galaxies in our model sample (see top panel of Figure 5.9), which is linked with the
overproduction of blue, intermediate-mass galaxies in our model as noted above.

A more intriguing insight comes from the analysis of f(S250 um > 25 mly) for the differ-
ent considered populations. In both the model and observed samples, BC and GV galaxies
with logMars/Mo < 10! are more likely to have S»s0,m > 25 mly, while the fraction is
generally lower for RS galaxies. At large stellar masses (Mgyrs 2 10'! M), the differences
among the classes reduce. In our model, this behaviour is due to the large fraction of reju-
venating galaxies found in this mass range. These galaxies are those that were previously
passive (i.e. they were in the RS), but now have bluer colors (meaning that they belong to the
no-RS class, since a BC is not explicitly identified in this mass range) as a consequence of
a rejuvenation event (a starburst). Despite featuring blue-to-green colors, these rejuvenating
systems have relatively low 250 ym emission (see discussion in Section 7.8), lowering the
fraction of galaxies with S250,m > 25 mly.

To conclude this Section, we highlight that our results are independent of the 25 mJy
threshold, as the same qualitative behavior is observed with higher thresholds, such as 50 mJy
or 100mJy. While the adopted GV definition provides a quantitative, albeit approximate,
understanding of the sub-mm properties of different populations, we stress that the main result
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of this Section is independent of the GV definition. The result is that observed and simulated
galaxies in both the blue peak and the transitioning region of the color (u — r) distribution
exhibit substantial sub-mm emission, in contrast to those in the red peak.

7.7 Evolution in the color-S5 ,,m diagram

This Section is devoted to a careful examination of the sub-mm emission during the evolution
of our model galaxies, with particular focus on the GV phase. It might be argued that the
substantial sub-mm emission in GV galaxies occurs because these are fundamentally blue
galaxies (i.e., star-forming galaxies) with a significant amount of dust, which reddens their
optical colors and fuels the sub-mm emission. However, this is not the case, as already
indicated in Section 7.5 (Figure 7.4): only ~ 6.5 % of blue galaxies move to the GV as a
result of dust attenuation. Model galaxies in the GV (on average) exhibit intermediate sSSFR
and intrinsic color. Thus, they represent a transitioning population, rather than merely a
dust-reddened one.

The reason for the sub-mm emission of GV galaxies is that, while these galaxies experience
a rapid quenching that quickly reduces their sSSFR and turns their color green, the amount of
dust in these objects remains relatively high, enabling a conspicuous 250 um emission. We
will show this comprehensively in the following sections.

7.7.1 Model GV redshift evolution
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Ficure 7.8: GV evolution with redshift (0.03 < z < 2.25) as identified in
our simulation with the method described in Section 7.4.

Since we are interested in the evolution of the properties of our model galaxies, we need
to adopt an evolving definition of the GV, which is expected to vary with redshift. We exploit
the definition of GV introduced in Section 7.4 in order to identify it in all the shapshots of our
simulations. We only use z < 2.25 outputs, but this choice does not impact our results given
the young age of the Universe at this redshift. The GV (s) are reported as shaded regions with
different redshift-dependent colors in Figure 7.8. The two key features to note are the mass
and color evolution of these regions. The masses where a GV is identified by our method are
generally large at high—z, while they cover nearly the whole range as the redshift decreases.
This is because the RS is clearly identified only in the large mass range at high—z. In the low
mass range, our method identifies a BC and a no-BC region. Also, we note that the color of
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Ficure 7.9: Evolution of a z ~ 0 red sequence galaxy with MSZIZI(; o~
10'%9 My. The top panels display the rest-frame color (u — r) evolution

and the Sgszg‘l . The bottom panels illustrate the evolution of the galaxy in
pHm

the SSFR-Mgyst/ Mstars and color-S 5;8 '/im diagrams. Each point corresponds to
a snapshot of the simulation and is colored accordingly to the galaxy position
at that given time in the M, s—color diagram (i.e., blue, green, or red for the
BC, GV, or RS, respectively) according to the z—dependent GV definition

given in Section 7.7.1. The reference GV evolution is shown in the first panel.

the GV progressively becomes redder as the redshift decreases, mirroring the color evolution
of the blue and red populations, both bluer at high—z.

7.7.2 A red galaxy case study

We begin by analyzing the evolution of a red galaxy at z =~ 0, with MZ° ~ 10'%9 M. This
is illustrated in Figure 7.9, which shows the evolution of the sSFR, the dust-to-stellar mass
ratio (Must/ Mistars), the color (u — r), and the 250 um emission. For the latter, we use Sész(())',lmv
which is S50 ,m calculated assuming the galaxy is at z = 0.1 at each time. This particular
galaxy was selected because its evolution is relatively smooth in terms of star formation,
aside from a few bursty episodes, making it an ideal example for pedagogical purposes. The
galaxy is classified as part of the BC, GV or RS, represented by blue, green, and red points,
respectively, based on the redshift-dependent definition of the GV outlined in Section 7.7.1.
The sSFR of the galaxy gradually decreases, leading to a reddening of its color. Around
flookback = 10and 9 Gyr, the galaxy transitions into the GV and eventually the RS. The key
point to emphasize is that during this transition from the BC to the RS, the galaxy color
reddens significantly, while Sgsz(())',im’ though decreasing, remains comparable to its high levels
during the BC phase. In other words, while the u — r color evolves rapidly and consistently

towards redder values, the Sg(())',lm in the transition (GV) region stays relatively high. This

results in a semi-circular trajectory in the color-S3z>! diagram, where the GV region is
250 um

characterized by intermediate colors and high 250 um fluxes. This pattern is also reflected in
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Ficure 7.10: Time evolution of some key quantities for a sample of z ~ 0
red galaxies. In a clockwise order, we show the sSFR, SFR, color u —r,

z=0.1 : : .
SZSO/tm flux, dust mass and specific dust mass. An evolving GV (assuming

the median mass evolution of the sample) is shown in the (# — r) — time plot.

Tracks of individual galaxies in each diagram are shown in grey lines, while

we report the median and 16 — 84th percentiles dispersion of all the tracks

in blue. Finally, we report the typical e—folding timescales associated to the
(decaying) evolution of the sSFR and dust mass.

other galaxy properties, particularly dust content and SFR, both normalized to stellar mass.
Although the sSFR consistently decreases, the specific dust mass in the GV region remains
quite high (Mgust/ Mstars = 10‘3), comparable to the values observed during the blue phase.

As the galaxy becomes redder, its S>s50 ,m continues to decline, along with its specific
dust mass. During this phase, two noteworthy events occur at fiooxpack = 5 and 8 Gyr, when
the galaxy experiences two bursts of star formation. Each burst temporarily makes the galaxy
bluer, moving it from the RS back to the BC for a single snapshot. We refer to galaxies
undergoing these events as rejuvenated. However, during these rejuvenation-induced BC
phases, the S250 ,m remains quite low because the dust production has not had sufficient time
to accumulate enough mass to produce significant 250 yum emission. We will discuss some
interesting implications of this in Section 7.8 concerning rejuvenating systems.

7.7.3 A red statistical sample

We now turn to the analysis of the evolution of the same key quantities in a large statistical
sample of ~ 2,000 red galaxies at z ~ 0. These are the sSFR, dust mass, («# —r) color, Sészg}im’
and are shown in Figure 7.10. This analysis, averaged over the entire sample, highlights the
key features relevant for interpreting the sub-mm flux during the GV transition.

Both the sSFR and (u — r) color evolve monotonically towards a passive (or red) state.
However, this is not the case for the dust content (and specific dust content), which reaches a
maximum at fjookback ~ 9 Gyr. Notably, this peak does not coincide with the peak in the SFR,
which occurs earlier at #jgokback ~ 11 Gyr. This discrepancy is due to two main factors. First,
once dust is produced by stars, it remains in the ISM until it is removed by other processes
such as astration, galactic outflows, or destruction by SNe. On the contrary, the SFR is an
instantaneous quantity, meaning that it keeps track of a relatively short period of the evolution
of the galaxy. Second, and more importantly, the dust budget can increase due to grain growth
in the ISM, leading to a delay of > 1 Gyr between the SFR peak and the dust abundance peak.
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Ficure 7.11: Time averaged Sgszg';m flux normalized to the maximum flux

reached during the evolution of each galaxy when it was in the BC, GV,
or RS (represented by blue, green, and red histograms, respectively). To

construct the histogram, the evolution of the Sgszg'l flux was analyzed for
pum

each galaxy in a sample of ~ 2, 000 red galaxies at z ~ 0, and the BC-GV-RS
classification was performed according to the redshift evolving GV definition

detailed in Section 7.7.1. For each galaxy, a time averaged S;;g '/im flux was

derived for each phase (BC-GV-RS) and then normalized to the maximum

z=0.1
SQSOym reached.

Another way to examine this is by comparing the e-folding decay timescales of the sSFR
and dust abundance, as shown in Figure 7.10. The timescale for dust abundance is roughly
twice as long as that for sSFR, indicating a slower decline in dust content.

As a result, the sub-mm $550 ,;,m emission remains relatively high throughout the GV
transition due to the large dust content. This is clearly illustrated in Figure 7.11, where the
time-averaged Sgszg ﬁm flux is shown for each of the BC, GV, and RS phases. These values are
normalized to the maximum 250 um flux achieved during the evolution of each galaxy. The
analysis reveals that, on average, the sub-mm flux during the BC and GV phases is close to
the peak flux reached by the galaxies. Median values for the BC and GV phases are ~ 42%
and ~ 40% of the maximum, respectively. In contrast, the mean flux during the red phase is

significantly lower, < 15% of the maximum.

7.7.4 The color-S,5) ,m diagram

To conclude, we show the color-S»50 ,;m diagram for our model galaxies at z < 0.08 in Figure
7.12. Building on the previous analysis of evolutionary trends, we depict a schematic evolution
path in this diagram using a yellow arrow. The key message is that sub-mm emission increases
during the BC phase, remains high throughout the GV transition, and then decreases once
the galaxy evolves into the RS. Indeed, most red galaxies fall significantly below the 25 mJy
threshold used here to select sub-mm emitters.
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7.8 Rejuvenating systems

The differential variation in color and sub-mm flux has important implications for rejuvenating
systems within the GV. Not all galaxies in the GV come directly from the BC. Some of them are
undergoing a rejuvenation process, marked by a reverse quenching scenario in which galaxies
shift from a quiescent to a star-forming state, often driven by factors such as increased gas
supply, which is frequently the result of mergers in our SAM.

In Figure 7.13 (left panel), we show the predicted Sészgﬁm as a function of stellar mass for
z =~ 0 galaxies in the GV. We differentiate between quenching GV galaxies and rejuvenating
systems, which are transitioning back from the RS to the GV. Rejuvenating galaxies are
operationally defined as those that spent at least 3 out of 5 snapshots in the RS just before
moving to the GV. While this definition can be somewhat ambiguous due to the episodic nature
of star formation and color evolution, it helps identify galaxies that are not simply transitioning
from a star-forming state. However, we have also verified that alternative plausible definitions®
of rejuvenating galaxies yield similar results. Typically, rejuvenating systems have S50 um
values lower than the GV average. As previously discussed in Section 7.7.2, this occurs
because rejuvenating systems experience bursts of star formation that temporarily make their
colors bluer, but they maintain relatively low dust masses, leading to lower 250 um emission.

In the right panel of the same figure, we present the distribution of S;;?ﬁm, normalized to
the mean S>s0,m for each galaxy (averaged over its entire evolution). Rejuvenating systems
show lower Sggﬁm fluxes than standard GV galaxies, typically by a median factor of =~ 2.

In summary, sub-mm emission proves to be a valuable indicator for identifying rejuve-
nating systems within the GV. Although these systems have green colors similar to other GV
galaxies, their sub-mm flux is on average lower, due to their shorter time available to rebuild

their dust content.

7.9 Summary and Conclusions

In this work we have studied the 250 ym sub-mm emission of galaxies during their transition
through the GV. We utilized predictions from a SAM of galaxy evolution that incorporates
processes for the formation and evolution of dust grains within a galactic context. These
predictions were employed to estimate observable properties of galaxies, including sub-mm
emission, using the radiative transfer code GRASIL, which simulates both dust attenuation
and thermal emission of dust grains.

We concentrate on galaxies at z < 0.08, whose distribution in the u# — r color-mass
diagram (Figure 7.1) aligns well with GAMA/H—-ATLAS observations, showing a clear color
bimodality, although some tensions are highlighted, especially at low and large stellar masses.
To analyze the properties of galaxies in the GV, we introduce a new, precise definition of the
GV that can be applied to any color-mass diagram distribution (Section 7.4). This allows
us to make consistent comparisons between our simulation results and observational data,
although there is no perfect match in terms of absolute colors.

With our new definition, we analyzed various properties of the different galaxy populations
identified in the color-mass diagram, mainly the BC, GV and RS. We found that dust-induced
attenuation does not significantly alter the distribution of our model galaxies in this diagram
(Figure 7.4). Galaxies in the GV, as seen in the dust-attenuated color-mass diagram, are
generally also identified as transitioning galaxies in a dust-free (or intrinsic) color-mass
diagram.

8These include considering galaxies that, just before moving to the GV, have spent (i) at least 5 out of 10
snapshots in the RS, and (ii) 3 consecutive snapshots in the RS.
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When examining sub-mm emission across different populations, we observed that both
the BC and GV host a substantial number of sub-mm emitters, defined as those with 250 um
emission exceeding 25 mJy. This is true for both our simulated galaxy sample and GAMA
observations (Figure 7.7). In contrast, galaxies in the RS exhibit a lower-than-average fraction
of sub-mm emitters in both samples. These differences are in place for stellar masses of log
Mars /Mg < 10, At higher stellar masses, the fraction of sub-mm emitters is similar across
the various populations. We interpret this finding in the context of the numerous rejuvenating
systems outside the RS in this mass range, which have blue colors but relatively low sub-mm
emission.

We use our model to further investigate the sub-mm emission of galaxies during the GV
phase. The sSFR of galaxies evolves (on average) in a generally monotonic fashion, causing
their color to gradually redden. In contrast, 250 um emission — which is associated with
the dust content in galaxies — increases during the BC phase and remains high as galaxies
transition toward the RS, making GV galaxies significant sub-mm emitters (Figure 7.9 and
7.10). When averaged over time, the S;;g'llm emission during a single-galaxy evolution is
similar in both the BC and GV phases, being ~ 4 times higher than during the RS phase
(Figure 7.11).

Finally, we have highlighted that sub-mm emission can help identifying rejuvenating GV
galaxies. Specifically, at a given stellar mass, GV galaxies undergoing a rejuvenation event
exhibit median 250 ym emission that is 0.1 — 0.4 dex lower compared to standard GV galaxies
(Figure 7.13). This lower emission is because rejuvenating galaxies become bluer due to a
starburst, not having had sufficient time to accumulate enough dust to produce significant
sub-mm emission. Testing this prediction on a observed sample along with other techniques
for identifying rejuvenating systems would be extremely interesting.
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Closing remarks and perspectives

The results presented in this Thesis cover various aspects of dust in galaxy evolution, including
grain properties, cosmic abundance across different epochs, galaxy dust content in diferent
large-scale environments, and the impact of dust on the observability of galaxies. These
insights were made possible by exploiting advanced tools such as cosmological simulations
— both hydrodynamic and semi-analytic — that are equipped with a state-of-the-art model for
dust production and evolution in galactic environments.

Cosmological simulations of galaxy evolution incorporate a wide range of physical pro-
cesses, enabling us to compare the simulated galaxy populations with observations in order
to test the underlying physics thought to drive galaxy evolution. The dust model, integrated
into these simulations, can predict the abundance and properties of dust grains throughout the
simulation, in a manner that is self-consistent with other processes like star formation, metal
enrichment, and outflows. Incorporating a dust model into galaxy evolution simulations is
advantageous for two main reasons:

(i) enhancing the predictive power of simulations: this allows for comparison with and
interpretation of a broader range of observations;

(ii) improving the physical scheme of simulations, by including dust-related processes
which can have an impact on galaxy evolution.

This Thesis mainly addresses the first point by comparing a variety of simulation predic-
tions — such as grain properties, dust abundances inside and outside galaxies, dust content in
different regions of the cosmic web, and dust emission — with observational data. The second
point, while only marginally explored in this work, is also significant. The simulations are
practically ready to incorporate additional physical processes, starting with the predictions
made by the dust model, and an example of this will be provided later.

In this Chapter, I summarize the main achievements of this Thesis, along with some other
projects carried out with the tools developed here. I also highlight potential future research
directions.

8.1 Results summary
* Dust in hydrodynamic cosmological simulations

Chapter 4 focuses on dust evolution in hydrodynamic simulations, based on the published
work Parente et al. (2022). In that study, we utilized our detailed dust model (Granato
et al., 2021), integrated with the MUPPI star formation and feedback sub-resolution model
(Murante et al., 2010, 2015; Valentini et al., 2020), to explore various properties of the
simulated galaxy population. The dust model employed here enables the tracking of grains
with different chemical compositions and sizes, allowing us to examine how dust properties
vary across different galaxies. The key finding of this study is the predicted evolution of grain
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properties over a galaxy lifetime, driven by the dominant role of stellar production at early
stages and grain accretion in the dense ISM at later stages. This leads to a clear dichotomy in
the chemical composition and size of grains across the galaxy population.

Another key goal of this work was to evaluate the performance of the MUPPI sub-
resolution model in cosmological volumes. The model predictions for general galaxy popu-
lation properties, such as SMFs and the cosmic SFRD, did not align well with observations.
This indicates that the MUPPI model, which is optimized for zoom-in simulations of disc-like
galaxies, requires modifications when applied to cosmological scales. An initial effort to
address this issue was made in Parente et al. (2022), where we explored linking the modeling
of star formation with the DTG ratio in gas particle. More recently, in Ragone-Figueroa
et al. (2024), we introduced a more physically motivated approach by implementing a model
for the formation and evolution of hydrogen molecules (Hy) on grain surfaces. In addition
to recalibrating the MUPPI parameters to better match observed galaxy populations with
our simulations, this work fully integrates the dust model to incorporate a critical physical
process in galaxy evolution. Since molecular clouds are the primary sites of star formation,
our self-consistent model allows for a more realistic treatment of this process within the
simulations.

» Cosmic dust abundance evolution

The cosmic evolution of dust abundance inside and outside galaxies is the main topic
of Chapter 5, which is based on Parente et al. (2023). The study particularly focuses on
investigating the causes behind the observed drop in galactic dust abundance at z < 1.
This Chapter discusses the integration of the dust model, previously used in hydrodynamic
simulations, into the L-GaLaxies SAM (Henriques et al., 2020). In addition to incorporating
the full dust model, the SAM has been enhanced with a new approach for modelling disc
instabilities, a secular process that contributes to the growth of both the spheroidal components
of galaxies and their central SMBHs.

The scaling relations involving dust show good agreement with observations for 0 < z <
2.5, demonstrating the successful implementation of the dust model. However, there is a
noticeable scarcity of very dust-rich galaxies at z > 1 in the simulations compared to the still
limited observational data available. This issue is not unique to our model, as it is also a
challenge observed in other galaxy formation models. The updated disc instability model also
improves predictions related to the morphology of local galaxies. Regarding galactic dust
abundance, the model effectively reproduces the observed decline at z < 1. This outcome
relies on the disc instability model, which slightly enhances SMBH growth and subsequently
increases galaxy quenching through radio-mode feedback, leading to a reduction in both gas
and dust content. This result emphasizes that not only dust-related processes but a wide range
of physical processes included in these simulations can significantly impact model predictions
concerning dust.

As for the extra-galactic dust abundance, it continously grow with decreasing redshift and
does not show clear signs of drops, neither in our simulations nor in observations, although
the latter determinations are rather uncertain.

* Dust across the cosmic web

The SAM predictions have been adopted to study also the abundance of dust in the local
Universe across different regions of the cosmic web — voids, walls, filaments, and nodes. This
has been discussed in Chapter 6, which is based on Parente et al. (2024a). While it is well
established that galaxy properties are influenced by the large-scale environment, there has
been a lack of studies examining dust abundance in this context. By using various methods
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to identify cosmic web environments, we compare the model predictions with observations
from SDSS and GAMA data, focusing on star formation and dust mass.

The result is that, at fixed stellar mass, galaxies up to M =~ 109 — 10'! M are more star
forming and dust rich in less dense environments, such as voids. This is because these galaxies
have experienced delayed evolution (they are younger), as a result of the environmental
assembly bias. In contrast, the SFR and dust mass in more massive galaxies are nearly
independent of their environment. This result is due to the SMBH-induced quenching, which
operates similarly across all environments. Specifically, the in situ SMBH growth driven
by disc instabilities is essential to accurately reproduce the observed amount of quenched
and dust poor massive galaxies in less dense environments, such as voids and walls. The
agreement between our model and observations underscores the significance of in sitt SMBH
growth in our galaxy evolution paradigm. Specifically, this leads to a more pronounced
downsizing effect in less clustered environments, as also shown by the observational analysis
of Dominguez-Gémez et al. (2023).

* Dust sub-mm emission in Green Valley galaxies

Including dust in galaxy evolution simulations is important also for predicting the observ-
able SED, which is heavily affected by the absorption and emission of grains. This is possible
by coupling model predictions with RT computations able to simulate starlight propagation
in a dusty medium. This has been done in Chapter 7, based on Parente et al. (2024b) where
SAM predictions are coupled with the RT code GRASIL (Silva et al., 1998). In addition to
establishing a pipeline for generating directly observable predictions from our model, the goal
of this work was to study the sub-mm emission in galaxies transitioning through the optical
Green Valley (GV).

While these galaxies exhibit intermediate optical colors due to their intermediate SFRs,
they still feature significant sub-mm emission, as indicated by both our model and obser-
vational data. This sub-mm emission results from the relatively high dust content, whose
decline is delayed with respect to that of the SFR, which is responsible for their characteristic
green optical color. Another interesting finding from this analysis is that rejuvenating systems
within the GV are predicted to have relatively low sub-mm emission compared to the whole
GV population, offering a potential diagnostic tool for identifying these rejuvenating systems.

8.2 Other projects and perspectives

The tools developed in this Thesis offer valuable and adaptable starting point for various
research lines in the field of galaxy evolution. Notably, the SAM introduced in Parente et al.
(2023) has received the interest from the observational community, leading to collaborations
where model predictions are used to help interpret observational data.

This is the case of Nadolny et al. (2024), where we examined the gas and dust removal
timescales in our model for Early Type Galaxies (ETGs) and their progenitors at 0.02 < z <
0.32, finding strong agreement with observational data. The main factor driving the reduction
in gas and dust is the radio-mode feedback from SMBHs, whose growth is mainly driven by
mergers. These are also responsible for the morphological transformations in most of the
analyzed ETGs. Interestingly, we found that none of the dust destruction mechanisms in the
model — such as astration, ejection, or SN destruction — significantly impact the dust removal
timescale.

Another example is Traina et al. (2024), where we derived the DMF and cosmic dust
density from the ACOSMOS database on a broad redshift range (0.5 < z < 6). When
comparing the cosmic dust density with various model predictions, including those from both
hydrodynamic simulations and SAMs available in the literature, we found that none of the
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existing models successfully reproduce both the high normalization of dust density at z > 1
and the already discussed drop at z < 1. In particular, in simulations there is a dearth of very
dusty galaxies at high redshift. Using the SAM introduced in this Thesis, we investigated this
lack of dusty galaxies at high redshift and concluded that the only dust process capable of
producing the observed dust amounts is grains accretion in molecular clouds. However, we
also noted (as discussed in Chapter 5) that the shortage of dusty galaxies might be related to
other limitations of the galaxy evolution model, such as the under representation of highly
star forming galaxies.

In addition to continuing these collaborations to use the model for interpreting obser-
vational data, I plan to further exploit the model in two main ways. First, I aim to use its
predictions, possibly with minor modifications, to study other quantities influenced by dust,
including its IR emission through the SAM+GRASIL pipeline.

One ready-to-go project is analyzing the chemical abundance and dust depletion patterns
in MW-like and elliptical galaxies, to test the chemical aspect of the dust model. Extending
this study to higher redshift, where dust composition is unknown, would be interesting as
well. Another natural outcome of the model is investigating sub-mm number counts across a
wide range of redshifts, particularly in relation to dust evolution and cosmic dust density.

On the other hand, I aim to extend the SAM by taking advantage of the dust model. Some
potential developments, which will require careful implementation, include: (i) improving
the dust model in terms of grain sizes and chemical composition; (ii) incorporating the
molecular formation on grain surfaces, as we already done in hydrodynamic simulations
(Ragone-Figueroa et al., 2024); and (iii) using dust to refine the modeling of galactic outflows
(both SN- and AGN-driven), including the effects of dust radiation pressure.

Although these goals are challenging, they are definitely within reach and would offer a more
complete understanding of the physical processes taking place in the galaxies that populate
our Universe.
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