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Pero el negro secreto de la noche

y el secreto del agua

,son misterios tan solo para el ojo

de la conciencia humana?

.La niebla del misterio no estremece
al arbol, al insecto y la montana?

JEl terror de las sombras no lo sienten
las piedras y las plantas?

. Es sonido tan sélo esta voz mia?

.Y el casto manantial no dice nada?

Federico Garcia Lorca, 1919



Abstract

Current and future large-sky surveys will produce unprecedented amounts of pho-
tometric and spectroscopic data for billions of sources, opening a new era for the
development of extragalactic astronomy. To fully exploit the scientific potential of
these surveys, realistic simulations of astrophysical sources such as galaxies and Ac-
tive Galactic Nuclei (AGN) have become essential and invaluable tools. These simu-
lations are needed at all stages of the survey, from the design of the telescopes and

the observation plans to the interpretation of the final results.

In this context, we introduce a new, flexible, and efficient computational model
designed to simulate mock catalogues of galaxies and AGN. This model aims to
accurately replicate the statistical properties and observational features of these as-
trophysical sources, providing a robust tool for testing survey strategies and refining

data analysis pipelines and techniques.

To achieve these requirements, we followed a completely empirical approach: the
main constraints that shape the physical and observed properties of the sources within
the model come from observed scaling relations. Specifically, we started with simu-
lated dark matter (DM) haloes from an N-body simulation, to preserve the link with
the cosmic web, and we populated them with galaxies and AGN using abundance
matching techniques. To achieve this we used several observational inputs, such as
stellar mass functions, host galaxy AGN mass functions, and AGN accretion rate dis-
tribution functions studied at different redshifts to assign, among other properties,
stellar masses, the fraction of quenched galaxies, or the AGN activity (demography,

obscuration, multiwavelength emission, etc.).

As a proof test, we applied the method to a Millennium DM lightcone of 3.14
deg? up to a redshift of z = 10 and down to stellar masses of M & 10"°M . We
show that the AGN population from the mock lightcone presented here reproduces
with good accuracy various observables, such as state-of-the-art luminosity functions
in the X-ray up to z 7 and in the ultraviolet up to z 5, optical/near-infrared

colour-colour diagrams, and narrow emission line diagnostic diagrams.

Finally, we demonstrate several applications of this catalogue, mainly using Euclid
as a case example. We computed several forecasts of Euclid observations, and we
tested a pipeline for retrieving photometric redshifts on simulated AGN with Euclid-
like photometry and a spectroscopic analysis pipeline on Euclid-like AGN spectral
energy distributions. Finally, we show an application of this model for the preparation

of an X-ray observational campaign.
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1 Introduction

Chapter 1: Introduction

The main aim of this PhD thesis is to develop a new methodology to e ciently
simulate empirical catalogues of Active Galactic Nuclei (AGN). During this rst
Chapter, we will explain why this is a relevant question to address, and what are the
key ingredients involved in tackling it. To lay the groundwork, we will address the
following questions: What is an AGN? What de nes an empirical simulation? And,
most importantly, why is it relevant to simulate AGN in this type of simulations?

Before we dive into these topics, it is essential to understand the cosmological
principles that govern not only the large-scale structure of the universe, but also
the fate of matter and energy within it. In Sec. 1.1 we will brie y introduce this
cosmological context, and explain how the physical properties of galaxies and AGN
are in uenced by it.

Afterwards, in Sec. 1.2 we will provide a comprehensive overview of AGN. We will
start by introducing the main physical mechanism fuelling their powerful emission,
l.e. accretion onto a supermassive black hole (SMBH). Then we will explore the wide
variety of observational features across the full electromagnetic spectrum that AGN
exhibit, and how we can use this to select AGN from observations. Finally, we will
brie y discuss the interplay between AGN and their host galaxies.

In Sec. 1.3 we will introduce some of the current and upcoming large-sky photomet-
ric and spectroscopic surveys for the next decade. These surveys present promising
opportunities to tackle some of the key open questions in AGN and galaxy formation
and evolution.

Finally, in Sec. 1.4 we will present why simulations are an indispensable tool in
modern astrophysical research, with a special focus on the type of simulation relevant
for this work: empirical models. We will see how and why large-sky surveys rely on
this type of simulations for their design and for the full exploitation of their scienti c
results.
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1.1 Cosmological context: DM to galaxies

Studying the processes that drive AGN formation and evolution requires simulta-
neously studying those that shape their host galaxies. At the same time, galaxy
evolution is deeply in uenced by the broader cosmological context. Understanding
the universe's evolution, therefore, is an essential prerequisite to any galaxy and AGN
studies.

The standard cosmological model: CDM

Our current understanding of cosmology is based on two main pillars. On one side,
Einstein's theory of General Relativity, which describes how the structure of space-
time is shaped by the universe's mass and energy content and distribution. On the
other side, the cosmological principle, which states that the universe is homogeneous
and isotropic on large scales.

Alongside this, several ground-breaking observational discoveries over the past
century have de ned our cosmological model. The discovery of the cosmic mi-
crowave background (CMB; Penzias & Wilson 1965) and its subsequent extensive
study through the years have been especially crucial in shaping our current standard
cosmological model, the CDM ( Cold Dark Matter) model.

According to the CDM model, we live in a at (Euclidean) universe, which is
accelerating due to the e ect of a component known as dark energy (parametrised in
the model by the cosmological constant, ). Dark energy constitutes about 70% of the
total matter-energy content of the universe. The remaining is formed by about 25%
of dark matter (DM) and only less than 5% of baryonic matter, that constitutes the
visible universe (stars, gas, and galaxies). Observational evidence for the accelerated
expansion of the universe comes, among other sources, from distance measurements
of Type la supernovae upte 1.5 2, (Riess et al., 1998; Perlmutter et al., 1999).
The expansion rate of the universe is parametrised by the Hubble paramete,,
which is a function of cosmic time. The present-day value of this parameter is called
the Hubble constant,Hy.

Another fundamental parameter related with the expansion of the universe is
redshift, dened as 1 +z =  gpserved= emitted » Which quanti es the shift between the



1 Introduction 1.1 Cosmological context: DM to galaxies

emitted and observed wavelength of any electromagnetic radiation. Assuming a given
cosmological model, which relates with the universe's expansion, allows to use as
a measurement of cosmic distances.

Dark matter accounts for about 85% of the entire mass content in the Universe.
Despite this, its physical nature is still a matter of debate. According to the standard
CDM model, DM is cold (non-relativistic) and collisionless. Even though DM does
not interact electromagnetically with baryonic matter, its existence is supported by
several observational ndings that demonstrate its gravitational e ects. Some of the
most relevant evidences include the attening of galactic rotation curves at large radii
(Roberts & Rots, 1973; Rubin et al., 1978, 1980), the high dynamic mass in clusters
of galaxies, and gravitational lensing of background galaxies (Zwicky, 1933).

The relative contribution of each one of the matter and energy components of the
universe (dark energy, dark matter and baryonic matter) is parametrised by their
time-dependent densities (z). The most precise measurements of the present-day
values of these densities, as well as of the Hubble constant are provided by the Planck
Collaboration et al. (2016) as:

Ho=67:8 0:9 km s 'Mpc *;
m =0:315 0:013
ov = 0:2666 0:0022 (1)
g = 0:0494 0:0002
=0:685 0:012

VWA AR 0

Galaxy formation in the CDM model

As we just saw, DM dominates the matter content of the universe, accounting for
about 85% of its total. Therefore, the birth and growth of large-scale structures is
dominated by the gravitational potential of DM.

According to the standard cosmological model, when a perturbation of the density
eld exceeds a critical overdensity relative to the background density of the universe,
the region within that excess density stops expanding and begins collapsing, forming
gravitationally self-bound structures known as haloes (see e.g. Navarro et al., 1996).
Once formed, these haloes grow over time by merging with and accreting smaller sys-
tems, resulting in progressively larger and more massive haloes. This model is known

3
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as the hierarchical (or bottom-up) structure formation scenario. One consequence of
this process is the creation of subhaloes, which are gravitationally bound structures
smaller than the main halo they belong to, orbiting within the gravitational potential

of their main halo. Baryonic matter follows the gravitational potential wells created

by DM, and consequently, galaxies form at the centres of these haloes and subhaloes
(White & Rees, 1978), with a stellar masdM that is proportional to the DM mass

of the halo (more on this on Sec. 1.4.1).

However, the formation and evolution of galaxies are not only governed by grav-
ity, as it is for dark matter, but also by a vast range of diverse and complex physical
processes. Some of these processes include: gas cooling, which is a necessary condi-
tion in order for the Giant Molecular Clouds of gas to collapse and form stars and
structures; ionisation produced by the strong radiation elds of the newly born stars,
which deeply in uences the thermal and dynamical evolution of galaxies; and me-
chanical and radiative feedback, produced mainly by massive stars, supernovae and
Active Galactic Nuclei (Sect. 1.2), which can signi cantly suppress star formation.
The combination of all of these processes determines the fate of baryons that form
the visible matter from the galaxies we observe today.

Understanding these processes is fundamental, since most of the information we
have about the universe is obtained from observations of electromagnetic signals that
originate from the baryonic component of galaxies. However, in the following, we will
focus mainly on a specic type of galaxies, Active Galactic Nuclei. For a detailed
description of the key processes that shape galaxy formation and evolution we refer
the reader to the following reviews and books: Dayal & Ferrara (2018), Naab &
Ostriker (2017), Mo et al. (2010) and Cimatti et al. (2019).
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1.2 Active Galactic Nuclel

"Wir fanden ein Licht ganz hell und Klar,
dass heller als die Sonne war;

als wir es sahen,

verging um uns die Nacht.

Wir haben es von allen Seiten betrachtet,
auf Farbe und Benehmen des Lichtes geachtet,
doch die Grande fur des Lichtes Kraft

bleiben ratselhaft!"
Wittheser & Westrupp, 1972

The central region of certain galaxies emits large amounts of radiation across nearly
the entire electromagnetic spectrum, from radio waves to gamma rays. These regions,
known as Active Galactic Nuclei (AGN), can exhibit extremely high bolometrit
luminosities { up to L,y  10* ergs?! { originating from a compact and often
spatially unresolved region. For decades, the most widely accepted explanation for the
physical origin of this radiation has been the accretion of matter onto a supermassive
black hole (SMBH; Salpeter 1964; Zel'dovich 1964; Lynden-Bell 1969): release of
gravitational potential energy into heat and radiation, with a much higher mass-to-
light conversion e ciency than nuclear fusiorf, could actually explain the observed
luminosities with accretion rates of only a few solar masses per year (see Eq. 4 and
the accompanying discussion in Sect 1.2.1).

This accretion ow is commonly assumed to take place through a thin accretion
disc (Sect 1.2.1). Because of its angular momentum, the infalling gas naturally tends
to accumulate in a plane. Viscosity is the key element of this disc: it allows the
gas to transfer outwards its net angular momentum so that it can spiral into the
central BH (and eventually be advected). In this process, a considerable fraction of
the gas gravitational energy is converted into radiation (especially in the optical and
UV range), while the rest is converted into kinetic energy or heat.

1That is, integrated across the full electromagnetic spectrum.

2An e ciency of 10% is commonly assumed for AGN, whereas the most favourable case of
nuclear fusion, which is hydrogen burning, has an e ciency of 07% in the conversion of rest mass
to energy.
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The term AGN is often used to refer to a wide range of astronomical objects
that exhibit a vast variety of observational features (Sect 1.2.2). Depending on their
emission line widths and strengths and their multi-wavelength continuum emission,
AGN can be classi ed as Seyferts, quasars, or LINERs, among other classes. Despite
this observed diversity, uni cation models suggest that these di erent objects can be
explained by changes in a few key factors, such as the presence { and orientation
relative to the observer { of a dusty torus surrounding the central SMBH and the
presence { or not { of jets. These models propose that most AGN share the same
basic structure, with di erences in appearance arising primarily from the angle at
which we observe them. These observational properties of AGN have led to di erent
methods to identity and classify AGN in di erent wavelengths (Sect 1.2.3).

Finally, several studies suggest that SMBHSs are present in the nuclei of nearly all
massive galaxies (Sect 1.2.4) and that their mass is closely linked to the properties
of the galaxy's bulge, suggesting that the evolution SMBHs and that of their host
galaxies is codependent. During their active phases, SMBHs grow through gas ac-
cretion and in uence star formation via feedback. Understanding these processes is
crucial to understanding galaxy formation and evolution.

1.2.1 Accretion onto SMBH

Since the discovery of the rst quasarsin the 1960s, accretion onto a SMBH is
believed to be the main source of energy powering these objects (e.g., Zel'dovich,
1964). This assumption, still widely accepted to this day, was mainly supported by
two observational features of quasars: the high redshifts at which they were observed,
which implied intrinsic high luminosities, and the rapid variability they exhibited,
which implied that the underlying physical processes going on must occur at small
scales. Current uni cation models assume that the same mechanism also powers
other less luminous classes of AGN, like Seyferts or LINERS. In this section, we will
cover the key aspects of the theory of accretion onto SMBHSs.

Assuming a central accreting spherical body of mad8 and radiusR, the gravi-
tational potential energy released by accretion of a mass (falling free from in nity)

3We refer to quasars instead of AGN in this context because these were the rst type of AGN to
be discovered, due to their brightness. For a more detailed de nition of quasars and other subclasses
of AGN see Sect. 1.2.2.
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onto its surface is

GMm
Eacc = T; (2)

where G is the gravitational constant. If instead of for a single particle of masm,
accretion happens at a ratan, and all mechanical energy is eventually radiated, the
resultant luminosity is given by

GMm
Lacc = T_; (3)

where we see that for a given central object with a giveM=R ratio, the accretion
luminosity depends only on the infall accretion ratem. Unlike other accreting objects
like white dwarfs or neutron stars, black holes do not have a hard surface at a given
radius R. Instead, there is a region at < r s * where matter could fall in without losing
its mechanical energy, and therefore not contribute to the total radiated energy. This
uncertainty is usually parametrised by the introduction of a dimensionless quantity

, the e ciency. Therefore, for the relevant case of study in this work { accretion
onto a SMBH { Eg. 3 becomes

2GMgym

Lage= —————= =
rS

where Mgy is the mass of the central black hole. We see from this equation that
measures the e ciency of the conversion of the rest mass of the accreting material into
radiation. Making a good estimation of is a key ingredient of modelling accretion
onto BHSs, for which detailed calculations involving general relativity are needed,
and the result depends on the exact geometry of the accretion ow. Generally, a
value of 0:1 is usually assumed as the standard. This equation also shows why
accretion is a good candidate for explaining the observed luminosities in powerful
AGN: assuming 0:1, accretion rates of a few tens of solar masses per year can
yield intrinsic luminosities of L 5c > 10* erg s *.

2 57 10°— D ergst: 4
mc® 5 04M yrlergs, 4)

Eddington Limit

In this section, we will derive an approximate theoretical upper limit form, the so-
called Eddington accretion rate (ngqq). For a more detailed description, we refer

4rs = 2GMpy =C is the Schwarzschild radius of a non-rotating BH.

7
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the reader to Chapter 1 of Frank et al. (2002). Some hypotheses are made for this
derivation: a) the accretion ow onto the SMBH is steady (i.e., constantm) and
spherically symmetric, b) the accreting material is mainly fully ionised hydrogen
and c) all accretion energy is converted into radiation. Under these circumstances,
accretion can be halted if the accretion rate is high enough. Radiation emitted by
the plasma which is closer to the central BH exerts an outward force on the infalling
plasma at larger radii. This is due to Thomson scattering from that radiation on
the free electrons. If L, is the luminosity due to accretion (the only source of
luminosity in the case of accretion onto BHs) andt =6:7 10 2°cn? the Thomson
cross-section for electrons. The outward radial force exerted on a single electron at a
distancer from the centre of the BH is given by

r ’
c4r?
wherec is the speed of light. As the radiation pushes the electrons out, they drag the
protons because of their mutual electromagnetic attraction. On the other hand, the
gravitational force pushes these electron-proton pairs to the centre with a strength

T L acc , (5)

GMgy(mp+ mg)  GMpymy . 6
r2 rz. - ()

The condition for radiation to be strong enough to stop accretion is thaF, Fg,
which implies

4Gm ,C
—
This equation de nes the maximum luminosity of the central source, the Eddington
luminosity, such that for L > L gqq the radiation pressure would exceed the inward
gravitational attraction and accretion would stop. From equation 4 we haven =
L= c?, which means that the existence of a limiting luminosity also implies a limit
on the steady accretion rate, the Eddington accretion rate

M
Lace Ledd Mgy 1:26 10°® M—B“ ergs (7)

L M
Megg = Edzd 37 10°8 —MBH M yr % (8)

SProtons are not taken into account for this radiation pressure, since the scattering cross-section
for protons is a factor (me=m,)? smaller than that of electrons, with (me=m;) 5 10 *
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where, for obtaining the numerical value on the right side of the equation, we have
used = 0:06. For a typical AGN harbouring a SMBH of massM  10°M , from
equations 7 and 8 we havegqqy 10%ergs*andmgqg 4M yr 1. Thus, powerful
guasars like those seen at very high redshift can be sustained with just a few solar
masses per year.

We note that because of the assumptions made for its derivation, we can only
expect Egs.7 and 8 to be a rst-order approximation. More realistic calculations
depart from these values when the hypotheses are no longer valid, for instance with
metallicity di erent to zero, non-spherical symmetry (e.g. accretion disc, see below),
variability (very common in AGN) or partly neutral gas. Despite this, it is common
when discussing about AGN to express the observed guantities in Eddington units
(L=Lega and m=meqq).

Accretion Discs

In a realistic situation, the infalling gas will have a non-zero angular momentum
component and will, therefore, orbit around the BH. The natural tendency of the
accreting material is to concentrate in the equatorial plane, forming a thin accretion
disc.

Shakura & Sunyaev (1973) developed the classical theory of geometrically thin and
optically thick accretion discs. The basic idea is that, because of viscosity, the angular
momentum of the gas is transferred outward, allowing it to spiral further into the
centre. During this process, a considerable fraction of the gravitational energy in the
gas is converted into electromagnetic radiation, with a relatively high e ciency that
depends on the BH spin. General relativity predicts the existence of an innermost
stable circular orbit (ISCO) around a black hole, such that matter at radii below this
ISCO cannot maintain its orbital motion and falls directly into the BH event horizon
without radiating its remaining energy. Therefore, a larger ISCO implies a smaller
e ciency since less gravitational energy is extracted before the gas is advected. For
a non-rotating (Schwarzschild) BH, general relativity predicts a value ofr§° for the
ISCO which in turn implies = 0:057, while for a Kerr BH rotating at its maximum
spin the ISCO approachesy, and = 0:42. A value of 0:1 is usually assumed as

®rq is the so-called gravitational radius, rqy = GM=c?
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the standard. A more detailed explanation of this matter can be found in Chapter 3
of Netzer (2013).

The emitted spectrum of such a geometrically thin and optically thick accretion
disc can be approximately calculated making a very simple assumption, namely, that
the disc is composed of rings of in nitesimal radial thickness, each one emitting as
a black body with di erent temperature T(R). The integrated spectrum resulting
from adding up all the individual contributions has the shape shown in Figure 1.1,
and is characterised by a temperature

BMewm ™ s Men  m o (6rg®

K; 9
8r3 1M Olmggg 3 ©)

wherer;, is the innermost radius of the disc.

Figure 1.1: Emitted spectrum of a classical Shakura & Sunyaev (1973) thin accretion disc. The
black line represents the emission from the disc of a standard quasar, reaching the 1ISCO, with,,

m and Mgy as indicated in the gure. The other lines represent changes in one of these parameters,
keeping the others xed. The green line shows the e ect of increasing the mass of black hole one
order of magnitude. The yellow line corresponds to a truncated disc, and the red line to a disc with
a very low accretion rate. The vertical purple line shows the ionisation potential of hydrogen. Note
how both the truncated disc and the one with low accretion rate provide far less ionising photons
than the standard disc. For all discs = 0:06 andrq, = 104r;, was assumed.

10
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The order of magnitude of T tells us where to expect the peak emission of the
AD. For a typical disc in a luminous quasar, the peak emission of the disc falls in the
UV/optical range (black and green lines in Fig. 1.1). This feature is observed in real
quasars and is usually known as the "big blue bump'. In contrast, for a truncated
accretion disc (i.e.ri, < ISCO), or one with a highly sub-Eddington accretion rate
(m . 10 ®megqyq), this peak is expected to be shifted towards lower wavelengths
(yellow and red lines in Fig. 1.1).

Speci ¢ accretion rate

Performing a direct measure of the real mass accretion rate onto a SMBH is e ectively
impossible with current technology. Instead, thespeci ¢ accretion rate is a quantity
derived from the ratio of two directly measurable properties, namely the X-ray lumi-
nosity and the host-galaxy stellar mass (sar / Lx=M )/, and has been extensively
used in the literature (Bongiorno et al., 2012; Aird et al., 2012; Georgakakis et al.,
2014) as a proxy for the rate of accretion onto the SMBH relative to the stellar mass
of the host galaxy. If a bolometric correction I( o = Kpoi Lx) and a Mgy=M scaling
relation are assumed, the speci ¢ accretion rate can also be regarded as a proxy for
the Eddington ratio of the SMBH, gqq = Lpo=Mgn (Bongiorno et al., 2016; Aird

et al., 2018).

In this thesis, we will use two specic accretion rate distribution functions
(SARDFs) with di erent de nitions. On one hand, Bongiorno et al. (2016) de nes
the speci ¢ accretion rate as sapp = Lx=M . On the other hand, Aird et al. (2018)
de nes the speci c black hole accretion rate (sguar ) @s the dimensionless quantity

Kool L x ,
1:3 10%ergs! 0:002}-'
where kyo is the bolometric correction factor, assumed to have a constant value of
Kpor = 25. This de nition also assumes a constant scaling relatioMgy = 0:002V
(Marconi & Hunt 2003, assuming alsavi Mpuge). Under these assumptions,
sBHAR = Edd, and therefore an AGN accreting at 1% of the Eddington limit would
have sghar 10 2. It is possible to convert between the two de nitions of the

(10)

SBHAR —

"Throughout this thesis, we useLx and Fx to refer, respectively, to the intrinsic luminosity and
observed ux in the hard ([2 10keV]) X-ray band.

11
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speci ¢ accretion rate as spr 10%* guar . Therefore, with the same assumptions,
the 1% of the Eddington limit corresponds to sar = 10%2ergs M 1. We note that
both in Bongiorno et al. (2016) and in Aird et al. (2018), this was set as the lower
limit to de ne a galaxy as hosting an AGN.

1.2.2 The AGN zoo and uni cation models

In the next sections, we will explore how AGN have been historically classi ed into
various subclasses depending on their diverse observational properties. This classi -
cation is relevant since most of these classes are still widely used nowadays. After,
we will see how this diversity is interpreted as variations of a few physical parameters
within a uni ed framework.

Observational Properties of AGN

AGN present a rich phenomenology that has motivated di erent historical classi -
cations, including a large variety of types and subtypes associated with a complex
diversity of observational characteristics (see e.g. Heckman & Best, 2014). These
classi cations follow di erent criteria, such as the width of the emission lines in the
optical spectra, the relative strength of the radio band with regard to the optical, or
the total bolometric luminosity. A short overview of this classi cation is presented
here to introduce the subject of this work; for a much deeper view of the various
classi cations, we refer to Padovani et al. (2017).

In his pioneering work, Seyfert (1943) discovered that bright nuclei found in a
number of nearby galaxies exhibited particularly strong emission lines in their optical
spectra, corresponding to highly-excited transitions. Galaxies with these attributes
are now called Seyfert galaxies. Their spectral energy distributions (SEDs), in the
most general case, are characterized by both broad (FWHM 1000 5000km s?)
and narrow (FWHM 200 1000km s?) emission lines. The broad lines arise from
allowed atomic transitions (e.g. H), while the narrow ones arise from both allowed
and forbidden transitions (e.g. [Qi] 3727). Nuclei where these two types of lines
are detected are classi ed as Seyfert |, while those exhibiting only narrow lines are
called Seyfert Il (Khachikian & Weedman, 1971). This separation between type 1

8Full width at half maximum.

12



1 Introduction 1.2 Active Galactic Nuclei

and 2 is extended to other types of AGN. We show in Fig. 1.2 a comparison between
typical optical type 1 and 2 AGN spectra, where the di erent emission line properties
are clearly visible.

A crucial step in the understanding of AGN came twenty years later (Schmidt,
1963), with the discovery of quasars. Radio sources with point-like optical counter-
parts were identi ed, showing strong, broad emission lines at high redshift. However,
because of the observed di erences between thegeasi-stellar radio sourcesand
Seyfert galaxies, it still took some years until these were interpreted as two di erent
manifestations of the same phenomena. The radio-quiet counterparts of quasars have
also been identi ed, and they are known as quasi-stellar objects (QSOs), although the
terms quasar and QSO are used indistinctly in the literature. Most quasars are type
1 AGN. Radio-loud galaxies of intermediate luminosity are distinguished between
broad-line radio galaxies (BLRGs) and narrow-line radio galaxies (NLRGSs) for types
1 and 2, respectively. Today, radio-loudness is associated with synchrotron radiation
coming from relativistic jets or a compact radio core.

Figure 1.2: Comparison between type 1 (blue) and type 2 (red) optical and MIR spectra. Left

panel: Composite optical SDSS spectra of type 1 and 2 AGN. As visible from the gure, type 1
exhibit both broad and narrow lines, while type 2 display only narrow lines. Right panel: Composite

optical to MIR SEDs of type 1 and 2 quasars. In the middle and lower panel, the host galaxy and
AGN contributions to the total SED are modelled for each AGN. Credits: Hickox & Alexander

(2018).

While quasars represent the brightest type of AGN, most AGN are found in a
much less luminous state, often even outshined by its host galaxy. Strong emission

13
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lines corresponding to low ionisation potentials are commonly detected in these faint
nuclei, which are therefore often called low ionisation nuclear emission regions, or
LINERs (Heckman, 1980). Typical strong lines in the spectrum of LINERS are, e.g.
[Nii] 65486584, [O] 6300 and [Si] 6717 6731. Another common de nition for
faint AGN is the class of low luminosity AGN (LLAGN), which tend to be dominated

by its host galaxy emission in the optical emission, but are detectable with high
angular resolution (typically sub-arcsecond) observations.

Finally, a major observational breakthrough took place in the last years, with the
rst direct images of accretion onto the event horizon of the SMBH in the nucleus of
the M87 galaxy (Event Horizon Telescope Collaboration et al., 2019). This accom-
plishment provided unequivocal proof of the existence of SMBHs, and the accretion
ows surrounding them.

Uni cation Models

Uni cation models aim to explain the wide variety of observational properties de-
scribed in Section 1.2.2 as a function of a relatively small number of parameters, also
taking into account the possible observational biases associated with the selection
techniques (Padovani et al., 2017).

The uni ed models reviewed in Antonucci (1993) and Urry & Padovani (1995)
share a common view of the AGN inner structure, where all AGN have the following
main components:i) a supermassive black hole at its centre, with a typical mass
of 1{10°M ; ii) a strong accretion ow, typically assumed to happen through a
geometrically thin disc (Section 1.2.1)jii) a torus of cold gas and dust surrounding
the accretion disc, as well as smaller gas clouds moving at di erent speeds, which
form the broad line region (BLR) and narrow line region (NLR).

These two di erent regions are used to explain the two families of lines (broad
and narrow) found in AGN. The BLR is assumed to be a high-density region close
to the BH, formed by fast-moving gas clouds accelerated by the BH with typical
Doppler broadenings of vewun  1{5 10°km's 1. This model also explains why
broad lines corresponding to forbidden transitions are not observed: the high density
of the BLR causes them to be collisionally suppressed, instead of being de-excited
radiatively. On the other hand, the NLR is less dense, farther away from the BH,
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and moving at lower speeds (Vewum 5 10Pkm's 1) in comparison to the BLR,
which explains the emission of forbidden and allowed narrow lines.

Figure 1.3: Schematic representation of a typical AGN according to uni cation models. The
main components of the model are visible in the gure: a supermassive black hole at the centre,
surrounded by an accretion disc and a dusty torus. Gas clouds, moving at di erent speeds and at
di erent distances from the SMBH form the BLR and the NLR. X-ray emission originates from a
region near to the BH known as the corona. Some AGN can also possess relativistic jets of collimated
charged particles (upper half of gure). Depending to the viewing angle of the observer, and the
presence or not of a jet, the AGN will be observed as di erent classes, such as Seyfert 1 or 2, quasar
1 or 2, or blazar. Credits: Lopez (2024), adapted from Beckmann & Shrader (2012).

This torus is a key component of uni cation models, as it is used to explain the
observed dichotomy between type 1 and 2 AGN; when AGN are observed nearly
edge-on, the torus shields the nucleus and the BLR and we observe a type 2 AGN.
On the other hand, on type 1 AGN the orientation of the torus allows us to directly
detect the BLR. For this reason, type 1 and type 2 AGN are often referred to as
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unobscured and obscured AGN, repetitively.

Besides, the torus ful Is two other important roles: it acts as a source of gas and
molecular material that feed the accretion ow, and it collimates radiation from the
NLR, which is observed with the shape of a cone in many galaxies. The shape of the
torus determines the opening angle of this cone. Finally, reemission of the accretion
disc radiation by the dusty torus is used to explain the IR emission of AGN.

Relativistic jets suppose another important feature of uni cation models, which
is, however, not included in all of them. These are collimated out ows of charged
particles, which are accelerated at relativistic speeds along the axis perpendicular to
the disc. Their size ranges from a few parsecs up to several hundred kilo-parsecs,
exceeding the size of their host galaxy. The non-thermal emission related to the jets
is associated with radio-loud AGN and is also used to explain the power-law shape
of the X-ray ux. The formation mechanism of these jets is not well understood, but
they are thought to involve magnetic elds and the rotational energy of the black
hole (Blandford & Znajek, 1977; Lu et al., 2023). Besides, it is unclear if jets are a
common component of all AGN. Jets also de ne a new type of AGN, blazars, which
are AGN in which the jet direction is closely aligned with our line of sight.

Finally, most current uni cation models also include a hot corona composed of rel-
ativistic electrons surrounding the accretion disc (Haardt & Maraschi, 1991; Fabian
et al., 1989). Although the precise mechanisms behind the heating of the corona are
not yet fully understood, it is believed to result from a combination of magnetic re-
connection, turbulence, and Inverse Compton processes. The simplest corona models
consist of hot (T 10 10°K), optically thin gas situated above or within the inner
regions of the accretion disc.

Each of these individual components is re ected on a characteristic signature
on the global AGN emission across the full electromagnetic spectrum, as shown in
Fig. 1.4. The accretion disc is the main radiation source, and its emission peaks in
the optical/UV wavelengths. Part of this radiation is absorbed and reemitted by the
dirty torus in the NIR to FIR. The hot corona and the jets are the main sources
of X-ray emission, while jets are also used to explain the radio emission. The g-
ure does not include the emission lines produced in the BLR and the NLR, another
fundamental piece of uni cation models to understand the observed overall SED of
AGN.
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Figure 1.4: Schematic representation of the emission produced by the individual components of
AGN according to uni cation models. The black solid line represents the overall SED, while the
various coloured lines illustrate each individual component. The two di erent yellow lines correspond
to radio-loud and radio-quite AGN. Credits: Harrison (2014)

1.2.3 Identi cation of AGN

In this section, we will brie y review some of the methods for identifying and selecting
AGN. We will focus on two portions of the electromagnetic spectrum: the X-ray band,
due to its high e ciency and completeness at selecting broad populations of AGN
with di erent properties, and the IR/optical/UV bands, since methods based on these
bands will be used later in this thesis to test and validate our catalogues.
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X-ray selection of AGN

X-ray observations o er one of the most complete and pure methods for identifying
AGN. Although X-ray emission typically account for less than 10% of the AGN
bolometric luminosity (Duras et al., 2020), using the X-ray band for AGN selection
presents signi cant advantages over other wavelength bands.

First, it provides a selection with a high degree of purity, with very low contami-
nation from other X-ray emitters such as star-forming galaxies or stars. X-ray AGN
photons are generated through non-thermal processes near the central black hole
(Sec. 1.2.2), and therefore, they serve as an ideal tracer of AGN activity (Mushotzky
et al.,, 1993; Brandt & Hasinger, 2005). This is further con rmed by observations
performed on deep X-ray surveys: as shown in Fig. 1.5, the density of X-ray emitters
is totally dominated by AGN for Fgs s1ev & 10 ergs cm 2; for the hard band
(2 8keV) the contamination from galaxies is negligible for even lower uxes.

Figure 1.5: Cumulative number counts of sources emitting above a given X-ray ux from the 4 Ms
Chandra Deep Field-South (CDF-S) survey, the deepest X-ray survey to date. Each coloured line
represents the contribution from AGN, star-forming galaxies and stars, while the black line shows
the total counts. The left (right) panel shows the results for the soft (hard) X-ray band. Credits:
Lehmer et al. (2012).
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Besides, observations from the nearby universe (lwasawa et al., 2009, 2011; Lehmer
et al., 2010; Pereira-Santaella et al., 2011), show that the most powerful star-forming
galaxies all have X-ray luminosities ol 5 sev . 10*?ergs®. Therefore, sources
emitting above this threshold can be safely identi ed as AGN. Other common tech-
niques to sort out AGN from galaxies based on their X-ray emission include examining
the steepness of their X-ray power-law spectrum, setting thresholds on ux ratios be-
tween X-ray and other wavelengths (such as optical or radio), and analysing the X-ray
variability.

On the other hand, the X-ray selection of AGN provides also samples with a high
degree of completeness. As mentioned before (Sect. 1.2.2), AGN spend most of their
life-time in a low-luminosity state rather than in a quasar state. In fact, LLAGN
are the most common population of active nuclei, including about one third of all
galaxies in the local Universe (Ho, 2008). X-ray observations provide an e ective
method to identify these LLAGN, which are often outshined by their host galaxy in
other wavelengths.

A complete census of AGN must account non only for the intrinsically faint pop-
ulation, but also for the obscured one. The amount of obscuration in the X-ray
spectrum of AGN is quanti ed with the hydrogen column density Ny), which mea-
sures the amount of intervening gas and dust along the line of sight. Based on
this parameter, AGN are typically classi ed in the X-ray as unobscured for values
of Ny < 10%2cm 2, and obscured above this threshold. When the hydrogen col-
umn density exceeds a threshold given by the inverse of the Thomson cross-section
Ny > ! 1.5 10%cm 2, the absorbing medium becomes e ectively opaque
to X-ray photons, and AGN are classi ed as Compton-thick (CTK) AGN (see e.g.
Comastri, 2004).

The e ect of obscuration depends on the rest-frame energy of the emission: lower-
energy photons are more absorbed than those with higher energies. Therefore, X-ray
selections (and particularly in the hard band, i.e.Epnet > 2 keV) are highly e ective
at identifying obscured AGN. This includes those with signi cant nuclear obscuration
(22 < logNy=cm 2 < 24) that may be overlooked in other bands like optical or UV
(e.g. Buchner et al., 2015; Padovani et al., 2017; Hickox & Alexander, 2018). However,
the most heavily obscured CTK sources are still missed by most X-ray surveys, and
their exact fraction is still unclear (see e.g. Treister et al., 2004; Buchner et al., 2015;
Ricci et al., 2017b; Pouliasis et al., 2024).
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Figure 1.6: Schematic representation of how di erent levels of obscuration and ratio of AGN to
host galaxy contributions in uence the overall multi-wavelength spectrum of the source. Credits:
Hickox & Alexander (2018).

To illustrate this discussion, we show in Fig. 1.6 how varying levels of obscuration
and intrinsic brightness of AGN relative to their host galaxies in uence the overall
multi-wavelength SED of the source. This gure clearly demonstrates why hard-
band X-ray selections of AGN can achieve levels of purity and completeness that are
not attainable with other wavelengths. For nuclear-dominated sources (right panels
of Fig. 1.6), unobscured AGN can easily be identi ed at almost any wavelengths.
Instead, for obscured sources, the host galaxy totally dominates the optical/UV con-
tinuum, making the AGN signature detectable only through its emission lines. In
the case of sources dominated by the galaxy emission (left panels), we see a similar
situation, with the addition that the AGN continuum is not detectable any more at
the Mid-IR. In all cases, however, the AGN emission dominated over its host galaxy
at the hard X-ray band.
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Ultra-violet to near-infrared

As we have seen in the previous sections, AGN release a considerable fraction of IR,
optical and UV emission, with distinctive features that di erentiate them from those

of non-active galaxies. Therefore, several methods have been developed to select
AGN on these bands.

Unobscured (type 1) and bright AGN can be e ciently selected based on their
IR to UV broadband colours (see e.g. Richards et al., 2002; Jin et al., 2019; Euclid
Collaboration: Bisigello et al., 2024). However, this type of photometric selections are
much less e cient at identifying AGN with either signi cant amounts of obscuration
or a big contribution from their host galaxy emission (see Fig. 1.6).

Spectroscopy o ers a key opportunity to address this challenge. Indeed, AGN
emission is rich in UV-NIR emission lines (see e.g. Fig. 1.2 for examples of optical
lines). By studying the FWHM of certain emission lines (e.g. H), it is possible to
discriminate between star-forming galaxies and type 2 AGN (often with FWHM
1000kms?, and lower in the case of galaxies) against type 1 AGN, that can show
dispersions of several thousands of km's(right panel of Fig. 1.7).

Besides, by studying the ratios of the uxes of di erent narrow emission linés
often combining forbidden and permitted lines, it is possible to infer information
about the physical conditions (density, metallicity, strength of the ionising radia-
tion,...) of dierent gas phases. This allows for the construction of emission-line
diagnostic diagrams, where di erent line ratios are studied against each other to dif-
ferentiate between AGN and star-forming emission (Ho et al., 1997; Kewley et al.,
2001; Kau mann et al., 2003; Juneau et al., 2011).

We show in the left panel of Fig. 1.7 an example of such diagram, namely the BPT
(Baldwin et al., 1981) diagnostic diagram. The plot is divided into three regions,
which di erentiate sources depending on what is their main source of ionisation: H I
regions (i.e. star-forming regions in galaxies), a type 2 AGN, or a LINER. Finally, we
note that while these diagrams o er a powerful tool to identify obscured AGN, they
can still miss a considerable fraction of them, for example, in cases of low SMBH mass
(Cann et al., 2019) or for AGN with signi cant host-galaxy contribution. A possible

9To minimise e ects of dust reddening on the emission-line ratio, the wavelengths of both lines
should be as close as possible
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workaround for the latter limitation consists on studying spatially resolved emission-
line diagnostic diagrams, that can catch AGN signatures missed in the integrated
emission (Mezcua & Domnguez Sanchez, 2020, 2024).

Figure 1.7: Optical emission-line diagnostics used to identify AGN. All data shown comes from
the SDSS DR7 database for extragalactic sources with< 0:4. Left: BPT diagram for sources with
FWHMy < 1000kms ! (to remove the majority of Type 1 AGN). The dashed lines are taken
from Ho et al. (1997) and Kau mann et al. (2003) to identify di erent source classi cations (i.e.,
type 2 AGN, LINERS and H I regions (in star-forming galaxies). Right: broad H emission-line
pro les (i.e., FWHM & 1000kms ') may indicate the presence of an AGN broad line region. It is
possible for reasonably broad emission lines (i.e., FWHM 1000 2000kms 1!) to be produced in
the NLR due to out ows, and therefore care needs to be taken when classifying AGN with these
‘intermediate’ line widths. Credits: Harrison (2014)
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1.2.4 Co-evolution of AGN and galaxies

There are strong observational evidences supporting the presence of supermassive
black holes Mgy  1P{10°M ) in the nucleus of essentially every massive galaxy
(M & 10°°M ; Magorrian et al. 1998; Kormendy & Ho 2013). Besides, the mass of
this BH is tightly related to several properties of its host galaxy bulge (like velocity
dispersion of the stars, stellar mass and luminosity; Ferrarese & Merritt 2000). This
suggests that massive BHs and their host galaxies have grown together during a
common evolutionary phase, a scenario supported by observations of star formation
at high-redshift galaxies (Madau & Dickinson, 2014) and the larger fraction of active
nuclei among quenched (passive) galaxies (Heckman & Best, 2014).

Galaxies with very massive but (currently) passive BHs at their nucleus might
have gone through active AGN phases in the past. During this phase, their BHs
grow through gas accretion (Rees, 1984; Marconi et al., 2004), while releasing large
amounts of energy to the ISM via out ows and radiation, a process known as AGN
feedback and that has a great impact on regulating star formation (Harrison, 2017;
Martn-Navarro et al., 2018). Therefore, the study of AGN phenomena is directly
connected to the formation and evolution of present-day galaxies, and it is conse-
guently fundamental to study these two populations (AGN and non-active galaxies)
simultaneously.
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1.3 Next generation of surveys

In the upcoming years, full-sky' space and ground-based surveys will cover unprece-
dentedly large sky areas, gathering photometric and spectroscopic data for billions of
galaxies and (at least) millions AGN. This perspective o ers promising advancements
in our understanding of galaxy formation and evolution, cosmological parameters, and
the nature of dark energy and dark matter.

Some of these surveys will be (or, in some cases, are being) conducted by space
telescopes, such asuclid (Euclid Collaboration: Mellier et al., 2024) and the Roman
Space Telescope (Spergel et al., 2015), which will perform both photometric and
spectroscopic surveys in the NIR and optical bands, or eROSITA (Merloni et al.,
2024), which will survey the X-ray sky with an unprecedented spectral and angular
resolution.

In addition, other large-scale surveys will be conducted from ground-based ob-
servatories. Some examples of this are: MOONS (Multi-Object Optical and Near-
infrared Spectrograph; Cabral et al., 2020) at the Very Large Telescope (VLT) in
Chile; UNIONS (Ultraviolet Near-Infrared Optical Northern Survey; Ibata et al.,
2017), a collaboration of three wide- eld telescopes based in Hawaii, which will com-
plement Euclid's view of the northern sky with ground-based photometry; the Vera
C. Rubin Observatory (Rubin; Ivezic et al., 2008; LSST Science Collaboration et al.,
2009), currently under construction in Chile, that will carry out the LSST survey,
covering the entire available sky every few nights on the UV to NIRIgrizy bands.

In the following section, we will focus speci cally on theEuclid mission, and we
will describe in detail its scienti ¢c goals and technical speci cations. We have chosen
this mission as a case study to demonstrate di erent applications of the empirical
model presented in this thesis, such as making forecasts or testing pipelines.

1.3.1 The Euclid Surveys

The European Space Agency'Euclid space telescope, successfully launched in July
2023, is designed to explore the origin of the Universe's accelerating expansion. By
measuring the growth of cosmic structures with unprecedented precision over most of
the cosmic time,Euclid will investigate the nature of dark matter, dark energy, and
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gravity itself. In essence, its surveys aim to reveal how cosmic acceleration in uences
the expansion history and the 3-dimensional distribution of matter in the Universe.
To achieve this,Euclid will measure the shapes of over a billion galaxies and determine
precise redshifts for tens of millions, enabling studies of weak gravitational lensing
and galaxy clustering. The mission is speci cally optimised for two key cosmological
probes: Weak Gravitational Lensing (WL) and Baryon Acoustic Oscillations (BAO).
However, given the unprecedented volume of gathered observational data, the mission
is also expected to provide major advancements for galaxy evolution and AGN studies.

Instruments

Euclid is equipped with two on-board instruments; the VISible instrument (VIS,
Euclid Collaboration: Cropper et al., 2024) carries a single broadband optical lter,
| £, covering the approximate wavelength range 5500 nm (see Fig. 1.8 and Table 1),
with a mean image resolution of about 23%and a eld of view of @57 ded.

Figure 1.8: Transmission of Euclid broadband lters from the VIS (1g) and NISP (Yg, Je and
Hg) instruments, and from the blue and red grisms. Source: https://www.euclid-ec.org.

The Near-Infrared Spectrometer and Photometer (NISP, Euclid Collaboration:
Jahnke et al., 2024), on the other hand, possesses three NIR photometric broadband
Iters: Yg, Jg and Hg (Fig. 1.8 and Table 1). The novelty of Euclid, though, is
the slitless spectroscopy in the NIR bands that aims at spectroscopically observing

25



1 Introduction 1.3 Next generation of surveys

galaxies and AGN intherangez 1 2, thanks to the detection of the H emission
line. To achieve this, the NISP instrument is equipped with 4 di erent low-resolution
NIR grisms (with a spectral resolution ofR = 380 for a 0:5°diameter source): one
blue grism (092 1.3 m), and 3 identical red grisms (25 1:85 m, Fig. 1.8).
Thanks to these instruments,Euclid will produce a legacy dataset with images and
photometry of more than a billion galaxies and several million spectra, out to high
redshifts z  2), delivering also morphologies, masses and SFRs for all these targets.
Such dataset is particularly relevant for galaxy formation and evolution.

The surveys

During its 6 year mission, Euclid will perform two main surveys: a Wide Survey
(EWS), planned to cover an area of about 14 000 square degrees (about one-third of
the total sky), and a Deep Survey (EDS) of 53 dég(Euclid Collaboration: Mellier

et al.,, 2024). The observations for the EWS started on February 2024, and are
currently ongoing.

Figure 1.9: All-sky map in a 2D projection showing the main Euclid surveys. The Wide Survey is
shown in blue, the three Euclid Deep Fields are marked in yellow, and the Auxiliary Fields in red.
Source: https://www.euclid-ec.org
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For the EWS, the sky will be observed with only one pass of the red grism, which
for the H line translates into a redshift coverage of:© z  1:8 (see Fig. 1.10
for the redshift coverage of several emission lines at the EWS and EDS) and a ux
limit of Fy > 2 10 *®ergs 'cm 2 for a SNR = 3.5 detection. Instead, for the
EDS the redshift coverage of H spans to 04 z 1.8 with a limiting ux Fy >
6 10 Yergs !cm 2. The expected limiting magnitudes in the EWS for point sources
detected with a minimum SNR of 10 are aboumysp = 23:5 and my;s = 25:0
(Table 1), and at least two magnitudes deeper in the EDS.

BesidesEuclid will perform observations on seven Auxiliary Fields (six well-known
elds, plus an extra eld for photometric self-calibration), that will be used to cali-
brate photometric redshifts and colour gradients (Euclid Collaboration: Scaramella
et al., 2022). A sky 2d projection of the expected EWS, EDS, and Auxiliary Fields
regions is shown in Figure 1.9.

To achieve its scienti ¢ goals, high-precision photometric redshifts (see Sec. 4.4 will
be required. To this aim, Euclid observations will be complemented with ground-
based photometry from the UNIONS, LSST, and DES(Dark Energy Survey; Dark
Energy Survey Collaboration et al., 2016) surveys in order to have a complete wave-
length coverage between:® m and 1.8 m.

Figure 1.10: Redshift coverage of several emission lines as observed wiiuclid's red grism only
(as for the EWS) and with the red and blue grisms (EDS).
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Table 1: Euclid lters, together with other Iters used in this work. Columns one to three:
reference, minimum and maximum wavelength of each Iter, in A. Source: SVO Filter Prole
Fourth column: expected limiting magnitude for a point-source
observed with a 2°°diameter aperture (proxy for extended sources) for a minimum SNR = 10, at

Service (Rodrigo et al., 2012).

the EWS.
Telescope/Survey Filter ref min max  Mim @10, EWS

Euclid le 7103 5300 9318 25.0
Euclid Ye 10785 9382 12435 23.5
Euclid Je 13621 11523 15952 23.5
Euclid He 17649 14972 20568 23.5
LSST u 3680 3206 4081 268/
LSST g 4782 3876 5665 28
LSST r 6218 5377 7055 2w
LSST i 7532 6766 8325 2%
LSST z 8685 8035 9375 28

GALEX FUV 1535 1340 1809 {

GALEX NUV 2301 1693 3008 {

Notes : For the EWS we assumed the conditions of the rst data-release
of the northern sky (NDR1). The corresponding SNR = 5 limiting magni-
tudes can be found by adding 0.75 magnitudes to the reported one, while
for the EDS (assuming 40 passes) one should add 2 magnitudes.

y We note that for the NDR1, the ugriz photometry will be provided by
the UNIONS collaboration, and the SNR limits reported here correspond
these lters. While the
that the di erences are minimal.
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1.4 Simulations of galaxies and AGN

Over the last decades, simulations of astrophysical phenomena have become an essen-
tial tool across nearly all areas of astrophysics. Simulations act as “virtual laborato-
ries', allowing researchers to experiment with di erent parameters, test new theories,
and re ne models that may be impossible to validate through direct observation or
experimentation. In practice, they allow us to explore processes and structures across
a wide range of scales, from atomic processes and stellar formation to cosmological
models of the entire observable universe.

In the case of AGN and galaxy evolution, dierent types of simulations have
been developed over the years, depending mainly on the scales involved and the
aim of the simulation (see Wechsler & Tinker, 2018, for a review). First, we have the
models based on codes that apply well-established laws of physics, starting from well-
de ned initial conditions based on observational data. These initial conditions then
evolve over time until arriving to the formation of galaxies and/or large-scale cosmic
structures. These simulations can be DM-only simulations or hydrodynamical models
(if they involve DM and baryons). A second family of models consists of simulations
that apply baryonic physics that model galaxy formation and evolution on top of
DM-only simulations. These are known as semi-analytic models (SAMS).

These two classes of models have two main purposes: on one side, by compar-
ing the outputs of the simulations with observations, we can test the validity of the
recipes and physical laws imposed a priori; on the other side, assuming that these
recipes truly describe the real universe, they can be used to make predictions on
future observations, or even give us hints about the fate of the universe. Despite
their signi cant value, these simulations have the main limitation of being computa-
tionally very expensive’, and that they need to use prescriptions to model some key
processes of galaxy evolution (like star formation or AGN feedback) that cannot be
yet described from fundamental physical laws.

A third class of simulations are the so-called empirical models, which are the type
studied in this thesis. The main goal of empirical models is to produce mock cata-
logues of astrophysical sources that mimic the observations as realistically as possible.

10For example, the TNG50 hydrodynamical simulation took 130Mh ( 15000 years) of CPU
core time, running on 16 320 supercomputer cores (Pillepich et al., 2019).
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Instead of relying on physical rst principles, these models are fully calibrated based
on observed empirical relations. Empirical models have the main advantage that they
are computationally much more e cient than their analytical counterparts, allowing
them to simulate large volumes of space in a relatively short time-scale (see e.g. Ap-
pendix B for a review on the computational e ciency of the model presented in this
work). This quality makes them particularly useful to provide forecasts for future
large surveys. We will describe these models in more detail in Sec.1.4.1.

In practice, these modelling approaches are more of a continuum rather than three
very distinctive methodologies. We show in Fig. 1.11 a compilation of di erent types
of models used to simulate DM and galaxy properties. Moving from left to right in
this gure, we move from more physically oriented to more observational data-based
models.

Figure 1.11: Dierent modelling approaches used to simulate DM and galaxy properties. Top
panel: DM distribution in a cosmological simulation (left), compared to the galaxy distribution
(right) modelled through an abundance matching model (see Sec. 1.4.1). The bottom grid shows
the key assumptions of various models for the galaxy-halo connection. From left to right, these
models range from more physical to more empirical models. Credits: Wechsler & Tinker (2018).

30



1 Introduction 1.4 Simulations of galaxies and AGN

N-body DM simulations

As mentioned in Sec. 1.1, inthe CDM scenario, the growth of large-scale structure in
the universe is essentially shaped by the DM distribution and evolution. Dark matter-
only simulations model this by solving the gravity equations of general relativity,
assuming a universe made only of DM, that is, without considering baryonic physics.

One of the most popular numerical techniques used to achieve this is the N-body
method. N-body simulations solve the equations of motion for particles under a grav-
itational eld, typically involving an immense number*! of particles N. The number of
particle-particle interactions that need to be computed increases on the order of N
making direct integration of the di erential equations prohibitively computationally
expensive, especially when simulating large volumes of the universe.

To address this issue, numerical integration is typically carried out on small
timesteps, and often using various approximation techniques (see e.g. Kravisov et al.,
1997; Monaco, 2016). Alternatively, one can reduce the number of particles involved
(usually at the cost of increasing their individual mass, therefore reducing the simu-
lation's resolution) or simulate smaller volumes of the universe. Storing the output
simulated data provides another technical di culty, due to its large volumes. There-
fore, simulation data are usually only saved for some (pre- xed) timesteps (the so-
called snapshots). These snapshots are typically three-dimensional boxes that contain
information on the position and velocities of every particle at a xed redshift.

While snapshots can be useful for studying the properties of a large number of
galaxies at the same redshift, it is di cult to compare them with actual observa-
tions. One of the most interesting derived data products of N-body DM simulations
is the so-called lightcones, which mimic the cone shape of three-dimensional space
when observed from Earth with a given opening angle. Lightcones are constructed by
arranging particles belonging to sections of di erent snapshots at evolving redshift,
based on their comoving distances (with respect to the observer) and their position
within a de ned eld of view (see e.g. Blaizot et al., 2005; Giocoli et al., 2014). In
practice, this method transforms the comoving coordinates of the particleX(Y;Z)
into observed coordinates (RA, Dec, redshift) by combining information from sev-
eral snapshots, to create a smooth redshift distribution. Fig. 1.12 o ers a graphical

11 The Euclid Flagship N-body DM simulation (Euclid Collaboration: Castander et al., 2024), the
largest N-body simulation performed to date, contains four trillion particles.
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schematic representation of this process.

Figure 1.12: Schematic representation of the construction process of DM lightcones by combining
sections from several snapshots, each one at a dierent xed redshift. Credits: M. Bolzonella,
adapted from Zawada et al. (2014).

Finally, to compare simulation results with observations of the real universe, ana-
lytical tools are essential for mapping simulation data onto actual cosmic structures.
Traditionally, this has been achieved through the use of "halo nders', which iden-
tify DM haloes as locally over-dense gravitationally bound systems. Examples of
such methods are the friends-of-friends algorithm (Davis et al., 1985) or more recent
and sophisticated methods, such as SUBFIND (Springel et al., 2001) and ROCK-
STAR (Behroozi et al., 2013), which o er improved accuracy and e ciency in halo
identi cation.

Hydrodynamical simulations

Hydrodynamical simulations suppose an additional level of complexity, modelling the
formation of individual DM haloes and galaxies by simultaneously solving the funda-
mental equations of gravity, hydrodynamics and thermodynamics. These simulations
begin with initial conditions grounded in observational cosmology and evolve these
conditions across particles or grid cells representing DM, gas, and stars. With this
framework, simulations incorporate a wide range of known galaxy formation physics
into a cohesive model.
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