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Dissecting the origin of obscuration in AGN via comprehensive semi-analytic and
semi-empirical orientation and evolutionary models

by Alba Vega Alonso Tetilla

The origin of obscuration in Active Galactic Nuclei (AGN) remains a topic of debate, particularly regard-
ing the relative contributions from galaxy-scale and torus-linked obscuration. While torus-linked obscu-
ration is central to Orientation models, galaxy-scale obscuration is considered relevant in both Orientation
and Evolutionary models. However, it remains unclear whether AGN obscuration is primarily driven by
line-of-sight effects, a temporary dust-enshrouded phase in galaxy evolution, or a combination of both.
This thesis investigates the effects of Orientation and Evolutionary models on AGN obscuration, using
cosmological semi-analytic models, semi-empirical prescriptions, and hydrodynamical simulations. By
modelling AGN evolution at the object level, considering different light curves, gas density profiles, and
AGN feedback, I explore how factors such as host galaxy properties, torus-like components, gas fractions,
mergers, starbursts, and clustering influence AGN obscuration. Both unobscured and obscured AGN, in-
cluding Compton-thick sources, are analysed to assess the role of environment and galaxy characteristics.

Irrespective of the assumptions on specific AGN light curve (accretion rate or bolometric luminosity evolu-
tion with time) or galaxy gas fractions, I find that, on the strict assumption of an exponential profile for the
gas component, galaxy-scale obscuration alone can hardly reproduce the fraction of log(NH/cm−2) ≥ 24
sources at least at z ≲ 3. This requires an additional torus component with a thickness that decreases with
luminosity to match the data. The torus should be present in all evolutionary stages of a visible AGN to be
effective, although galaxy-scale gas obscuration may be sufficient to reproduce the obscured fraction with
22 < log(NH/cm−2) < 24 (Compton-thin, CTN) if I assume extremely compact gas disc components. The
claimed drop of CTN fractions with increasing luminosity does not appear to be a consequence of AGN
feedback, but rather of gas reservoirs becoming more compact. Traditional (pure) Evolutionary models
with obscuration pre-peak and optically/UV visible post-peak struggle to reproduce the AGN obscured
fractions at z ≲ 3 inferred from X-ray surveys. However, incorporating a central source with Compton-
thick (CTK) column densities between 24 < log(NH/cm−2) < 26, such as a torus-like component, or a
fine-tuned luminosity dependency, successfully reproduces observations. My results indicate that tradi-
tional Evolutionary models are less effective at reproducing the high fractions of obscured AGN observed
at z ≲ 3, while models with sharp post-peak declines or persistent or multiple obscuration phases are more
successful. Incorporating a torus component, particularly one that decreases in thickness with increasing
AGN power, effectively aligns with observed luminosity-dependent obscuration fractions, suggesting that
orientation effects may still represent a key component even in Evolutionary models. In addition, I explore
the clustering properties of AGN using the two-point correlation function, showing that stellar mass and
obscuration have minimal influence on clustering strength. Environmental effects, however, introduce
significant variability. These findings provide new insights into the complex relation between orientation,
evolution, and environmental factors in AGN obscuration.
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Chapter 1

Introduction

For as long as humans have walked the Earth, we have looked to the skies with won-
der, curiosity, and a profound sense of admiration. The mysteries of the Universe have
captivated our imagination, driving not only scientific discovery but also deeply influ-
encing literature, music, and culture throughout history. Our fascination with the stars
and planets transcends mere observation; it is a lasting theme that impregnate every
aspect of human creativity, from the ancient myths and legends told around campfires
to the groundbreaking achievements of modern astrophysics. The sky, with all its com-
plexity, invites us to explore, to learn, and to seek answers to the questions that have
haunted us for millennia.

Music has long been a powerful medium through which this cosmic curiosity has been
expressed. Gustav Holst’s The Planets, composed in the early 20th century, remains
one of the most evocative orchestral works, each movement capturing the essence of a
different planet as seen through the eyes of mythology. Other composers have similarly
drawn inspiration from the mysteries of the Universe: John Williams with Star Wars,
Jerry Goldsmith with Star Trek, or even Muse and their song Supermassive Black Hole,
show our eager of adventure and space exploration, blending space phenomena with
human emotion and existential themes.

Literature is equally submerged in astronomical themes. From Isaac Asimov’s works,
where robots and space travel become metaphors for human struggles and evolution,
to the cultural phenomenon of Star Trek, which envisioned a future where humanity
ventures beyond Earth to explore strange new worlds, space has always been more
than just a backdrop: it is a character in its own right. Star Trek, in particular, captures
the essence of human curiosity and our yearning for discovery. Its motto, ”to boldly
go where no one has gone before,” encapsulates a spirit that is as old as humanity
itself. The vastness of space becomes a reflection of our own desire to learn, adapt,
and solve the mysteries of existence, much like detectives unravelling the details of a
case. Pretty much like Agents Fox Mulder and Dr Dana Scully, seeking the answers to



2 Chapter 1. Introduction

extraterrestrial phenomena while they try to find their own stories, who they are in this
vast universe.

In this sense, we are all cosmic detectives. Our pursuit of knowledge, much like Sher-
lock Holmes’ steady quest for truth, drives us to understand the universe in all its
dimensions. We ask questions, we search for clues, and we follow leads—whether
through a telescope or through mathematical equations. We ponder the great ques-
tions of life, the universe, and everything. As Douglas Adams so hilariously framed in
The Hitchhiker’s Guide to the Galaxy, we seek answers, only to discover that the Universe
might just disappear and be replaced by an even more bizarre and inexplicable Universe if ever
anyone discovers exactly what the Universe is for and why it is here, or that this might
have already happened.

Astronomy, astrophysics, and space exploration are not merely scientific disciplines:
they are essential elements of what it means to be human. They reflect our intrinsic
need to explore, to question, and to seek out meaning. Just as music, literature, and
art have channelled our cosmic wonder, science gives us the tools to probe deeper, to
understand the forces that govern the stars, and to piece together the puzzle of our
existence. And, perhaps, at the end of it all, we might indeed find that the answer to
life, the universe, and everything is, quite simply, 42. But until then, our journey of
discovery continues, with the Universe as our greatest and most enigmatic frontier.

1.1 Motivation and scientific background

In Peterson [1997], an active galactic nucleus (AGN) is defined as a galaxy with ”the
existence of energetic phenomena in the nuclei, or central regions, of galaxies which
cannot be attributed clearly and directly to stars.” In a more recent review by Hickox
and Alexander [2018], an AGN is described as ”the observed manifestation of gas ac-
cretion onto a supermassive black hole (SMBH).” Over the past 20 years, the definition
of AGN has significantly evolved, driven by increasingly detailed observations, which
have highlighted AGN as key sources for studying the co-evolution of galaxies and
black holes. However, AGN remain relatively rare objects, existing at the boundaries
of our current understanding, and present intriguing characteristics that are not yet
fully understood.

One such characteristic, which motivates this thesis project, is the phenomenon of AGN
obscuration. An AGN is considered obscured when the emission from its accretion disc,
particularly in the ultraviolet (UV) and optical wavelengths, is blocked by intervening
material along the line of sight between the accretion disc and the observer [see Alonso-
Tetilla et al., 2024, and references therein]. This obscuration is typically caused by mate-
rial in the form of gas or dust in the interstellar medium (ISM) of the host galaxy, which
absorbs or scatters a significant fraction of the accretion disc emission [e.g., Lapi et al.,
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2005, Buchner et al., 2017, Hickox and Alexander, 2018, Gilli et al., 2022]. Alternatively,
the obscuration can also result from a dusty inner torus within a few parsecs of the
central SMBH [e.g., Packham et al., 2005, Radomski et al., 2008, Burtscher et al., 2013,
Gallimore et al., 2016, Imanishi et al., 2016, Garcı́a-Burillo et al., 2016, 2019, 2021, Hönig
and Kishimoto, 2017, Hönig et al., 2018, Hönig, 2019]. At X-ray wavelengths, gas is the
dominant source of obscuration, primarily affecting the regions near the accretion disc
under the gravitational influence of the SMBH. The nature of obscuration, both its be-
haviour and its influence within the host galaxy, is typically explained by two primary
models: the Evolutionary model and the Orientation model.

The Evolutionary model, first proposed by Sanders et al. [1988], describes galaxy evo-
lution as driven by mergers that trigger intense star formation, followed by a phase of
AGN obscuration and SMBH growth. This phase concludes as the gas is consumed or
expelled by stellar or quasar feedback, leading to an unobscured AGN phase [see also
Granato et al., 2004, Di Matteo et al., 2005, Hopkins et al., 2008]. Obscuration in this
model is primarily attributed to gas within the host galaxy, and some studies suggest
it is more prominent in inclined or edge-on galaxies, as well as in galaxies undergo-
ing gas-rich mergers [e.g., Goulding et al., 2012, Buchner and Bauer, 2017]. In contrast,
the Orientation model, commonly referred to as the Unified model of AGN [Antonucci,
1993], explains obscuration as the result of the observer’s viewing angle relative to the
accretion disc, which is surrounded by a thick, dusty, molecular torus [see also Urry
and Padovani, 1995, Netzer, 2015]. Despite the fact that many studies favour one of
these two models, it is likely that both play a role, with obscuration resulting from a
combination of galaxy evolution processes and orientation effects.

1.2 Questions I seek to answer

It is clear that there is a lot missing in the study of AGN obscuration, especially between
the two major theories: Orientation model and Evolutionary model. Most studies focus
on one of the models while not accounting for the findings of the other, missing that
the most likely situation comes from a mix of the two effects in each AGN. From the
perspective of finding the limitations of each theory and a middle ground solution to
all the observational evidence pointing out to different parts of both theories, in this
thesis I study separately the two models using the same cosmological, semi-analytic
catalogue GAEA.

In this scientific context, the primary goal of this thesis is to understand the relative
roles of Orientation, Evolution, and other galactic characteristics such as multi-scale gas
distributions, in shaping the obscuration of Active Galactic Nuclei through cosmic time.
The main scientific questions that I aim to address in this thesis can be summarized as
follows:
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• What is the effect of the host galaxy on shaping the AGN obscuration?

• What is the effect of the torus in shaping the AGN obscuration under an Orienta-
tion model and Evolutionary models?

• What is the effect of the gas fractions in shaping the AGN obscuration?

• What is the effect of the light curve (accretion rate and AGN luminosity with time)
in shaping the AGN obscuration under Orientation and Evolutionary models?

• Is there any other variables that could substantially affect the AGN obscuration?

• Do I find differences in the clustering of AGN with different obscuration with the
same stellar mass?

• What is the predicted redshift evolution of AGN obscuration?

The answer to these questions will improve our understanding of the mechanisms of
AGN obscuration and how they fit within the broader context of AGN evolution. Ul-
timately, this is connected to galaxy evolution and the growth of supermassive black
holes, facilitating our understanding of the Universe. To address these questions, I
analyse the galaxy catalogue of the semi-analytic model GAEA, which includes state-
of-the-art analytic prescriptions for AGN feedback and black hole growth, making it an
ideal, self-consistent and flexible model to study the obscuration and evolution of AGN
galaxies. I also include analytic models throughout the thesis that complement GAEA
catalogues, such as analytic light curves, or empirical models from direct observations.

1.3 Thesis outline

In this thesis I present the analysis of AGN galaxies making use of the GAEA catalogue
from the perspective of Orientation and Evolutionary models. This thesis is organised
as follows.

First, the introduction and background of this study are found in Chapter 1, followed
by a summary of the scientific background of AGN in Chapter 2 and of the adopted
cosmological models in Chapter 3. In particular, I will describe the characteristics of
what is considered an AGN, how they are classified, where and how obscuration affects
the galaxy, and finally comment on the state-of-the-art X-ray observations and models
relevant for this thesis.

In Chapter 4 I will describe the methodology followed to model obscuration in AGN. I
will provide details on how to calculate the column density distribution, the Eddington
ratio distribution, and how to include a torus model.
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Chapter 5 includes the results and discussion of the Orientation model, the effect of
multi-scale gas distributions, and the contribution of the torus in the AGN obscured
fractions.

In Chapter 6 I will show the implications of several Evolutionary models described by
different underlying light curves and distinct phases of obscuration in the host galaxy.
I will also study the effect of a mixed model with Evolution and Orientation elements
and the possible contributions of starbursts and mergers to the CTK population of
AGN.

Chapter 7 covers the analysis of additional key predictions from the reference Orienta-
tion and Evolutionary models, namely Eddington ratio distributions and clustering.

Finally, in Chapter 8 I will discuss the main results of this thesis, draw my conclusions,
and provide ideas for future directions.

As part of the thesis project, other minor studies have been carried out in parallel to
the main findings. Despite those projects not being a key part of the main research,
they have been useful to either produce some of the results or to increase the statistical
analysis of data in general. This work, not directly related to the thesis objectives but
still relevant, has been included in the Appendixes.

The project described in Appendix A was aimed to help with the production of the
next major update of the GAEA model, now starting to be published as De Lucia et al.
[2024], Fontanot et al. [2024]. That project was focused on using the model to reproduce
results from previous papers, and give a first test of the new implementations, helping
the main developers to find incompatibility, numerical or output problems.

In Appendix B, I dive in alternative approaches to probe AGN obscuration by calculat-
ing the column density on a hydro-simulated AGN galaxy.

Finally, and a bit outside of the scope of this work, a project based on the analysis of
maritime transportation and trajectories was developed as part of an internship in Data
Science with the company OmegaLambdaTec in Munich (Germany), which is men-
tioned in Appendix C.

1.4 Original sources

Most of the original work presented in this thesis has been published or submitted for
publication. The original journal articles are listed below:

• Alonso-Tetilla et al., ”Probing the roles of the orientation, and multi-scale gas
distributions in shaping the obscuration of Active Galactic Nuclei through cosmic
time”, 2024, MNRAS, 527, 10878.
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• Alonso-Tetilla et al., ”Probing the roles of the evolution in shaping the obscuration
of Active Galactic Nuclei through cosmic time”, 2024, submitted to MNRAS.

• Alonso-Tetilla et al., ”Probing the roles of Eddington ratio distribution in shaping
the obscuration of Active Galactic Nuclei”, 2025, to be submitted.

Additional papers to which I have contributing during my PhD are listed below:

• Andonie et al., ”Obscuration beyond the nucleus: infrared quasars can be buried
in extreme compact starbursts”, 2024, MNRAS, 527, L144.

• Fu et al., ”Unveiling the (in)consistencies among the galaxy stellar mass function,
star formation histories, satellite abundances, and intracluster light from a semi-
empirical perspective”, 2024, MNRAS, 532, 177.
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Chapter 2

Active Galactic Nuclei

2.1 Historical Overview

The history1 of active galactic nuclei (AGN) can be traced back to the first optical spec-
trum of an active galaxy, which revealed strong emission lines in the nebula NGC 1068
[Fath, 1909]. However, it was Seyfert [1943] who first identified a distinct class of galax-
ies with similar characteristics. These galaxies, which exhibited high central surface
brightness, were distinguished by optical spectra dominated by high-excitation nu-
clear emission lines. Following this discovery, Woltjer [1959] tried to understand the
underlying physics of the Seyfert [1943] galaxies, arriving at several key conclusions:

• The nuclei of these galaxies were unresolved, implying a nuclear region with a
size smaller than 100 parsecs.

• These types of (spiral) galaxies could either represent a constant state or a phase
in galaxy evolution. In the latter case, if the Universe is approximately 1010 years
old and 1 out of 100 galaxies is a spiral, the duration of this phase would be
1010/100 = 108 years.

• Assuming that the material surrounding the nucleus is gravitationally bound,
the mass of the nucleus must be substantial, as indicated by virial theorem argu-
ments. If the galaxy has a large radius and the nucleus is less than 100 pc, then
the mass contained in the central region must be on the order of 10% of the total
galaxy mass. If the galaxy radius is small, it suggests that the galaxy is generating
an extraordinary amount of energy within a very small volume.

The first radio surveys with sufficient angular resolution, conducted in the late 1950s,
revealed the existence of quasars. These surveys [e.g., Edge et al., 1959, Pilkington and

1See Peterson [1997].
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Scott, 1965, Gower et al., 1967, Ekers, 1969, Ehman et al., 1970] identified most radio
sources as resolved galaxies. However, some sources were associated with star-like op-
tical objects, leading to their classification as ”quasi-stellar radio sources,” later short-
ened to quasars. The emission lines in these quasi-stellar objects were redshifted, which
showed that they are not actually stars but extragalactic objects [Schmidt, 1963]. Al-
though the physical nature of these sources was not fully understood at the time, the
term ”quasar” persists, and it is often used interchangeably with ”quasi-stellar objects”
(QSOs) in recent literature, including in this thesis. However, some studies distinguish
between the two, using ”quasar” to refer specifically to radio-loud sources and ”QSO”
for radio-quiet sources.

AGN were initially divided into two major subclasses: Seyfert galaxies, as character-
ized by Seyfert [1943], and quasars. The primary distinction between these subclasses
lies in the luminosity of the central source. In Seyfert galaxies, the energy emitted by
the central source at optical wavelengths is comparable to the total energy emitted by
all the stars in the galaxy, typically around 1011L⊙. In contrast, quasars are significantly
brighter, emitting more than 100 times the luminosity of the stars in their host galaxies.

These objects, characterized by their extreme luminosities, were quickly recognized as
critical to our understanding of galaxy formation and evolution. Two major theoretical
connections were made early on: Burbidge et al. [1963] linked active galactic nuclei to
galaxy formation and evolution, while Zel’dovich and Novikov [1964] proposed that
supermassive black holes (SMBHs) might play a central role in powering these lumi-
nous sources.

2.2 AGN structure

The most widely accepted structure of AGN is closely associated with the Unified model
of AGN [Antonucci, 1993, Urry and Padovani, 1995], which is often used for illustrative
purposes despite some limitations (Figure 2.1). While further discussion of the Unified
model and its relevance to this work, as well as characteristics beyond its framework,
will be presented in Section 2.5, the key features proposed by this model remain foun-
dational in our understanding of AGN structure.

As depicted in Figure 2.12, the AGN structure, extending from the innermost to the
outer regions of the host galaxy, comprises several key components. At the centre lies
the SMBH, surrounded by an accretion disc, with the broad line region (BLR) and narrow
line region (NLR) situated at increasing distances from the nucleus, and an obscuring
torus encompassing these regions. This configuration exists within a few kiloparsecs
(kpc) of the SMBH and is influenced by its gravitational forces and the galaxy gravita-
tional potential, depending on the broad line region or narrow line region (see Section

2https://www.isdc.unige.ch/~ricci/Website/Active_Galactic_Nuclei.html

https://www.isdc.unige.ch/~ricci/Website/Active_Galactic_Nuclei.html
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FIGURE 2.1: Schematic diagram of the inner parts of the AGN. Image credit: Claudio
Ricci.

2.2.5. Additionally, other galactic components, such as the stellar disc, gas disc, and
star formation processes, can also impact the AGN and its evolution.

2.2.1 Super-massive Black Hole (SMBH)

In the AGN model, the galaxy hosts a central SMBH with a mass range of approxi-
mately 106 to 109M⊙ [Kormendy and Richstone, 1995], which grows through mass ac-
cretion. The existence of black holes was first predicted by Einstein [1916], with direct
observational evidence following in Bolton [1972], Webster and Murdin [1972], Event
Horizon Telescope Collaboration et al. [2019]. The presence of SMBHs at the centres of
AGN was initially proposed by Zel’dovich and Novikov [1964] and Lynden-Bell [1969]
and later confirmed through various observations. SMBHs play a crucial role in AGN
structure, as their accretion processes provide a natural explanation for the extreme
luminosities observed in AGN.

However, accretion is not continuous throughout the life of the SMBH but occurs in
intermittent, relatively short phases of active growth, blended with longer periods of
quiescence (inactivity). The ratio of actively accreting SMBHs to non-accreting ones
(e.g., the Milky Way and Sagittarius A*) remains unknown. Investigating AGN obscu-
ration may shed light on this aspect of AGN evolution, potentially offering insights
into the fraction of time SMBHs spend in their active phases.
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2.2.2 Accretion disc

The accretion disc is a structure that forms around the SMBH (circumnuclear region)
when diffuse material, including gas and dust, migrates from galactic scales to sub-
kiloparsec distances with a certain amount of angular momentum. As this material
infalls, it heats up, producing electromagnetic radiation that peaks in the ultraviolet
(UV) wavelength range. The properties of the accretion disc, such as its thickness, size,
and column density, can vary significantly [Netzer, 2013].

Shakura and Sunyaev [1973] provides a model to explain the spectra observed from
accreting stellar black holes, defining the bolometric luminosity of the accretion disc as:

Lbol = µṀBHc2, (2.1)

where ṀBH is the accretion rate, c is the speed of light, µ represents the radiative effi-
ciency, and Lbol is the bolometric luminosity, representing the total luminosity emitted
by the accretion disc across the entire electromagnetic spectrum. As discussed in Chap-
ter 3, I adopt a radiative efficiency parameter µ given by:

µ =
ϵrad

1 − ϵrad
∼ 0.18, ϵrad ∼ 0.15, (2.2)

where ϵrad is the parameter historically adopted by SAMs, and particularly used in
GAEA.

Accretion onto the SMBH is constrained by radiation pressure. When radiation pres-
sure balances the gravitational force of the SMBH, the AGN reaches a luminosity known
as the Eddington luminosity, which is defined by:

LEdd =
4πGMBHmpc

σT
∼ 1.3 · 1038 MBH

M⊙
erg/s, (2.3)

assuming a purely ionized medium and spherically symmetric geometry. Here, MBH

denotes the mass of the black hole, G is the gravitational constant, mp is the proton
mass, and σT is the Thomson scattering cross-section.

Furthermore, the Eddington luminosity can be expressed in terms of the accretion rate
using the relation LEdd = µṀEddc2 from Equation (2.1) when the accretion luminosity is
equal to the Eddington luminosity. Consequently, the ratio of the bolometric luminosity
to the Eddington luminosity (or Eddington limit), known as the Eddington ratio, is given
by:

λEdd =
Lbol

LEdd
. (2.4)

The Eddington ratio classifies sources into two regimes: sub-Eddington (λEdd < 1) and
super-Eddington (λEdd > 1).
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Alternative accretion scenarios have been proposed over the years [e.g., Bondi, 1952],
but these models are not considered in the present study and fall outside the scope of
this thesis.

2.2.3 Corona

Katz [1976] suggested that, in order to explain the X-ray spectrum observed in AGN,
there is a corona of hot electron gas, which undergoes Comptonization of optical-UV
photons near or within the accretion disc. This corona exhibits a power-law decline in
its emission, resulting from inverse Compton scattering. The X-ray spectrum, charac-
terized by variability on timescales of days or shorter [McHardy, 1989], supports the
accretion disc-corona model [Ghisellini, 1993]. However, the mechanisms sustaining
the corona and its interactions with the accretion disc remain poorly understood [see
Section 1.2.5 of Ricci, 2011, for a comprehensive review]. A more detailed discussion of
X-ray emission in AGN galaxies will be provided in Section 2.4.

2.2.4 Obscuring material

The X-ray power-law of the corona has been observed to change due to the presence
of cold material along the line of sight [Mushotzky, 1982, Turner et al., 1998, Risaliti
et al., 1999]. Some studies have sought to explain the differences between AGN that
exhibit clear X-ray emission and those obscured by material preventing the detection
of a clear spectrum. The exact nature of the obscuring material and the number of
heavily obscured AGN remain uncertain. However, it is well established that obscured
sources exist, as the X-ray background cannot be fully explained without accounting
for them [Fabian and Iwasawa, 1999, Gilli et al., 2007, 2010, 2011, 2022, Hickox and
Alexander, 2018]. Among the two most popular explanations for this obscuration are
the orientation-based model, commonly referred to as the Unified model [Antonucci,
1993], and the evolutionary-based model [e.g., Sanders et al., 1988, Hopkins et al., 2008,
and references therein]. These models will be further explored in Section 2.5. The
Unified model proposes a torus-like structure, characterized by its compact and dusty
nature, as the source of the required obscuration, which is absent from the ISM but
consistent with observations [Gilli et al., 2022, Alonso-Tetilla et al., 2024]. This structure
will also be discussed in detail in Section 2.5.

2.2.5 Emission lines

Spectral observations have shown a division between broad and narrow emission lines,
which originate from different regions of the AGN nucleus. This division is crucial for
modelling AGN types, as clear evidence for a continuous transition between these two
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types of emission has not yet been observed, suggesting the existence of two distinct
classes of AGN (see Section 2.3).

Broad emission lines. The strong, broad emission lines characteristic of AGN are
prominent in the UV-optical spectra of quasars. While most quasars display these lines,
some may be obscured from detection due to redshift effects or limitations in the spec-
tral window of the detector [Peterson, 1997]. The region responsible for broad emission,
known as the Broad Line Region (BLR), is composed of dense clouds of ionized gas
[approximately 1010 cm−3 Netzer, 2013]. Variability studies of these broad lines have
shown that the BLR extends over a range of distances from the supermassive black hole
(SMBH), from 10 to 100 light-days in Seyfert Type 1 AGN (see Section 2.3) to several
light-years in brighter quasars [e.g., Netzer, 1990]. This region is located very close to
the SMBH, typically at sub-parsec or parsec-scale distances [Netzer, 2013].

Narrow emission lines. In contrast, the Narrow Line Region (NLR) is significantly
larger than the BLR and produces narrower emission lines [Netzer, 2013, 2015]. The
NLR exhibits low variability in its emission lines [Netzer, 1990] and is characterized
by a lower gas density [approximately 104 cm−3 Netzer, 2013], with a typical spatial
extent of 100-300 pc. In more luminous quasars, the NLR can be even larger, spanning
several kiloparsecs in diameter. When this region extends beyond several kiloparsecs,
it is referred to as the extended narrow line region (ENLR). The narrow emission lines
are produced as ionized gas clouds are excited by the radiation field of the AGN from
the inner regions of the AGN.

2.2.6 Jets

Jets are highly collimated structures, ranging in size from parsecs to hundreds of kilo-
parsecs, that are ejected from the central regions of galaxies and extend to distances
often exceeding the total size of the host galaxy [Jennison and Das Gupta, 1953]. These
jets, characterized by tightly collimated magnetic fields, propagate at relativistic veloc-
ities and can be detected across multiple wavelengths.

2.2.7 Other AGN characteristics

Radio Properties of Quasars. The radio morphology of quasars and radio galaxies can
be divided into two main components: extended and compact. In both cases, the emis-
sion is believed to be powered by the synchrotron mechanism [for more information on
synchrotron radiation, see Walker, 1994]. The extended component, which is ”spatially
resolved”, typically exhibits a double-lobed structure, with two radio emission lobes
located on either side of the quasar or galactic centre. These lobes can be symmetric or
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asymmetric and span distances on the order of Mpc. In contrast, the compact compo-
nent is unresolved at approximately ∼ 1” resolution, and quasars are often associated
with these compact radio sources. The amount of radio emission produced by an AGN
is a key factor in its classification, particularly in distinguishing between radio-loud
and radio-quiet quasars.

Variability. AGNs have been found to be variable at all wavelengths at which they
have been observed, and those variations appear to be aperiodic and have variable
amplitude [Peterson, 1997]. This characteristic is one of the earliest studied properties
of quasars [Smith and Hoffleit, 1963], and the quasar light variability can occur on
timescales ranging from a few months [e.g., Soldi et al., 2014] to just a few days [e.g.,
Pica and Smith, 1983, Smith et al., 2018]. This variability is a fundamental characteristic
in the evolutionary model of AGN, which attributes differences in AGN classifications
to the evolutionary stages of the AGN.

Scaling Relations. Scaling relations represent correlations between various parameters
that describe the physical properties of galaxies [D’Onofrio et al., 2021], and they are
crucial for understanding the co-evolution of SMBH and their host galaxies [e.g., Kor-
mendy and Richstone, 1995, Volonteri and Natarajan, 2009]. Notable examples relevant
for AGN include scaling relations between SMBH mass and their host galaxy properties
like the SMBH mass and stellar mass relation, MBH − M⋆, or the SMBH mass and ve-
locity dispersion relation, MBH − σ [e.g., Gebhardt et al., 2000, Menci et al., 2023]. There
are currently many sources for the study of AGN scaling relations, however sometimes
they present significant systematic offsets with respect to the local relations [Reines and
Volonteri, 2015, Shankar et al., 2019, Farrah et al., 2023]. For a comprehensive review on
scaling relations of galaxies, AGN, and associated models, see D’Onofrio et al. [2021].

AGN Feedback. AGN feedback refers to the self-regulating process by which energy
released by the AGN influences its surroundings and host galaxy [Morganti, 2017].
This feedback can impact several aspects, such as limiting SMBH growth, triggering
quenching, affecting cooling mechanisms, influencing nuclear activity, and regulating
the AGN duty cycle, which is the ratio of the time intervals during which the AGN
is active and inactive. AGN feedback is typically classified into two modes: QSO-
mode and Radio-mode. The QSO-mode is associated with high-luminosity AGN emitting
near the Eddington limit, where the feedback manifests as radiation or wind from the
accretion disc, and sometimes through jets. This mode is responsible for driving gas
out of the host galaxy. In contrast, the Radio-mode is linked to lower-luminosity AGN
and involves kinetic energy transfer, primarily via jets. Distinguishing between these
two feedback modes often requires multi-wavelength observations [Fabian, 2012], and
I will examine some of their effects, like a Blast Wave, in Chapter 5. Both models are
included in GAEA and in this thesis I will be mostly focusing on the QSO-mode.
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Demography. The different AGN characteristics described previously underscore the
importance of developing a comprehensive AGN demography [Bianchi et al., 2022],
which involves consistent definitions across wavelengths of what constitutes an AGN,
as opposed to AGN candidates, and establishing clear boundaries for various AGN char-
acteristics and parameters (e.g., stellar mass M⋆, star formation rate (SFR), etc.). Recent
studies suggest that the James Webb Space Telescope (JWST) may play a pivotal role in
advancing AGN demographic research [Lyu et al., 2023]. However, a complete census
of AGN, including their evolution and relationship with non-AGN galaxies, remains
ambiguous. My study of obscuration pretends to contribute to this goal.

Host Galaxy. While the AGN represents the high-energy environment surrounding
the SMBH, the host galaxy also plays a significant role and is affected by AGN activ-
ity. Kormendy and Ho [2013] provide a detailed review of the relationship between
SMBHs and their host galaxies, which can also be applied to AGN-hosting galaxies.
Early work by Sanders et al. [1988] proposed a connection between galaxy mergers,
gas inflow, star formation, and AGN fueling, suggesting that AGN triggering may be
linked to the environment of the host galaxy. In this scenario, the host galaxy would
become increasingly luminous, evolving from infrared levels to bright quasar-like lu-
minosities. Hopkins et al. [2005] similarly predicted that galaxy mergers could trigger a
short, luminous AGN phase. AGN activity also exerts feedback on the host galaxy, in-
fluencing processes such as star formation quenching [Cattaneo et al., 2009]. Thus, it is
essential to understand the properties, structure, and formation of AGN host galaxies,
particularly in relation to obscuration and the associated material, to gain a compre-
hensive understanding of the intricate co-evolution of SMBHs and their hosts.

2.3 AGN classification

The defining characteristic of all AGN is their emission in the X-ray regime [Elvis et al.,
1978]. However, AGN classification began earlier, when Schmidt [1969] outlined the
properties of quasars. These objects were initially identified as star-like sources with
radio emission, time-variable continuum flux, significant UV flux, broad emission lines,
and large redshifts. Today, we know of AGN and quasars at redshifts as high as z ∼
12, thanks to the JWST [Juodžbalis et al., 2023], but in the 1960s, following the first
observations [Schmidt, 1963], redshifts of z < 1 were considered already large redshifts,
and even into the 1990s, quasars at z ∼ 5 were noteworthy.

The evolving understanding of AGN physics has led to a classification system that has
been continuously adapted over time. Initially based on a very basic framework, the
classification has been modified to incorporate new characteristics of galaxies. Below, I
summarize the primary AGN categories without attempting to propose new classifica-
tions.
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Seyfert Galaxies. First described by Seyfert [1943], Seyfert galaxies are character-
ized by bright nuclear regions and unusual emission-line features in their spectra.
These galaxies appear as distant spirals with a bright central nucleus resembling a
star. Khachikian and Weedman [1974] introduced the distinction between two types of
Seyfert galaxies: Type 1 Seyfert galaxies exhibit both narrow and broad emission lines,
with narrow lines corresponding to low-density ionized gas and velocities of several
hundred km s−1, and broad lines with widths up to 104 km s−1. In contrast, Type 2
Seyfert galaxies only display narrow lines in their spectra. The origin of this differ-
ence remains unclear, and it led to the development of the Unified Model of AGN (see
Section 2.5).

Quasars. Schmidt and Green [1983] established the distinction between Seyfert galax-
ies and quasars based on the lower luminosity of Seyfert AGN. While the spectra of
quasars and Seyfert galaxies are quite similar, quasars show two notable differences:
(a) weaker narrow emission lines compared to Seyferts, and (b) weak stellar absorption
features. Although radio emission originally defined quasars, only a small fraction of
the quasars detected are radio-loud, with radio galaxies forming a distinct class.

Radio Galaxies. Historically, radio galaxies were considered a separate class of AGN
until the broader classification of AGN into radio-loud and radio-quiet subtypes was
established. Radio galaxies are further divided into broad-line radio galaxies (BLRGs)
and narrow-line radio galaxies (NLRGs), corresponding to the radio-loud analogues of
Seyfert Type 1 and Type 2 galaxies, respectively [Peterson, 1997]. An early approach
to AGN classification distinguished between radio-loud and radio-quiet objects, based
on initial observations of radio sources. By examining the U-excess3, quasars could
be identified by comparing the same region of sky through B and U filters [Ryle and
Sandage, 1964]. This method yielded a significant population of quasar-like objects, en-
abling the optical selection of quasars [Sandage, 1965]. Optically selected quasars have
distinct spectral energy distributions (SEDs, see Figure 2.2) compared to radio-selected
quasars, with radio-quiet quasars exhibiting radio emissions about 100 times weaker
relative to their UV-optical-infrared emission. It soon became evident that radio-loud
quasars represent only a small subset of the AGN population, while radio-quiet quasars
are far more common [Peterson, 1997].

LINERs. Low-Ionization Nuclear Emission-line Region (LINER) galaxies are distin-
guished by their spectra, which exhibit stronger emission from weakly ionized or neu-
tral atoms compared to strongly ionized atoms, in contrast to more luminous AGN
[Heckman, 1980].

3Referring to Johnson UBV photometry, where the U − B colour index is small (i.e., negative) in
quasars, indicative of an ultraviolet excess. Quasars also occupy a region of colour-colour diagrams that
is not densely populated by stars [Hewitt and Burbidge, 1993].
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Blazars. Blazars are highly variable galaxies characterized by relativistic jets aligned
with the observer’s line of sight, causing them to appear much brighter than jets point-
ing in other directions. This category includes BL LAac objects [Blandford and Rees,
1978], intrinsically low-power radio galaxies, and optically violently variable (OVV)
quasars, which are intrinsically powerful radio-loud quasars.

Little Red Dots. In the last observations of the JWST, some galaxies appeared with
massive black holes just a few million years after the origin of the Universe. These
galaxies, seen as Little Red Dots in the long exposure images of the early Universe , are
believed to be compact galaxies with obscured AGN [e.g., Labbe et al., 2023, Xiao et al.,
2023, Killi et al., 2023, Baggen et al., 2024], which could be the reason why they appear
with a red colour and why they are easily observed in the infrared, but seems to have
intrinsically weak X-ray [e.g., Maiolino et al., 2024]. Since this thesis is focused on X-
ray data, I will not be including these sources in my sample, despite mentioning briefly
how they can affect to the results.

Given these findings, comparisons across different wavelengths are essential. Optically
selected samples tend to be dominated by radio-quiet quasars but may still contain
some radio-loud sources. The distinction between radio-loud and radio-quiet quasars
remains challenging. For instance, Kellermann et al. [1989] proposed using the radio-
to-optical flux ratio as a criterion, though ambiguities persist due to the limitations of
radio emission data. Recent studies advocate for an alternative classification system,
distinguishing AGN based on the presence or absence of jets [i.e., jetted vs. non-jetted
galaxies Padovani et al., 2017], as over 90% of AGN are radio-quiet [Padovani et al.,
2011, and references therein].

While the radio-loud versus radio-quiet classification remains widely used, it largely
derives from early optical observations. In this study, I adopt a classification scheme
based on bolometric and X-ray luminosities, as well as obscuration properties, which
are further detailed in Section 2.5.

2.4 AGN emission mechanisms

Due to the wide range of temperatures within the gas of the accretion disc4, the emis-
sion from AGN spans across various wavelengths, generating an extremely extended
SED. Most of the accreted gas has temperatures around T∼ 104 − 105 K [van de Voort
et al., 2011], corresponding to an emission in the ∼ 30 − 300 nm range, which falls
within the UV-optical region of the spectrum.

As previously discussed in the context of AGN history, the SED of an AGN accretion
disc is distinct from other astrophysical sources, helping in its identification. Figure

4The temperature decreases with increasing distance from the SMBH [Hickox and Alexander, 2018].
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FIGURE 2.2: Figure from Harrison [2014]. Schematic representation of an unobscured
AGN SED. The black solid curve is the total SED, and the coloured curves are divided
by the main physical components. In gray, an example of starburst (Section 2.5.2 and

Chapter 6) galaxy radio-UV SED.

2.2 presents a schematic example of an AGN SED, highlighting its relative contribu-
tion across different wavelengths. This Figure underscores the importance of multi-
wavelength observations for understanding the comprehensive behaviour of AGN and
its impact on the host galaxy. Indeed, the SED suggest a continuum spectrum, and its
different bumps would be result of different parts of the AGN at work. For example, a
radio-loud AGN would present a higher SED at lower frequencies than a radio-quiet
AGN, therefore their names. The torus emits in the sub-mm/infrarred wavelengths,
while the accretion disc appears in the optical-UV wavelengths, known as the big blue
bump. The hot corona is responsible for the X-rays that might also reflect off the ac-
cretion disc and/or the torus, producing the called reflection component in the X-ray
region [George and Fabian, 1991]. As shown in Figure 2.2, a soft excess is often present
over the emission of simple accretion disc models, however the origin of this soft excess
emission is still a topic of debate [Done et al., 2012].

However, in this study, I focus primarily on X-ray emissions, as they provide one of
the most reliable and complete methods for identifying obscured AGN [Hickox and
Alexander, 2018]. Other wavelengths are also considered, particularly in relation to
their comparison with X-ray luminosities and their role in obscuration classification.
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2.4.1 UV/optical emission

The total AGN spectrum, as shown in Figure 2.2 [Harrison, 2014], reveals that the
peak emission predominantly lies within the optical-UV regime, primarily due to the
Rayleigh-Jeans tail of the accretion disc emission. This behaviour is consistent with
the black-body radiation effect of the accretion disc [Page and Thorne, 1974, Thorne,
1974]. In addition, emission lines from both the BLR and NLR are prominent in this
regime, originating from the classical torus structure postulated by the Unified Model
[see Section 2.5, and also, e.g., Baldwin et al., 1981, Risaliti et al., 1999, Zakamska et al.,
2003]. As a result, it is not surprising that the UV/optical regime remains the most
frequently observed and studied portion of the AGN spectrum. This is further sup-
ported by the availability of extensive imaging and spectroscopic data, as well as the
numerous telescopes dedicated to AGN observations, despite the challenges posed by
potential contamination from other sources, such as stars, which can be mistaken for
AGN if no emission lines are visible.

A significant limitation of UV/optical observations is their bias toward detecting unob-
scured AGN, as these sources have visible broad lines and accretion discs that are not
absorbed by the dust in their host galaxies. This issue is especially pronounced when
observing NLR emission lines, which are easier to detect than BLR lines but can also
arise in star-forming regions, making the presence of narrow lines alone insufficient for
conclusively identifying AGN. Furthermore, optical spectroscopic selection is biased
against sources with attenuated NLRs, potentially overlooking obscured AGN.

Nevertheless, optical emission remains valuable for studying AGN variability, particu-
larly in low-luminosity AGN [e.g., Villforth et al., 2010].

2.4.2 X-ray emission

Due to the presence of numerous bright non-AGN sources in the optical/UV regime, X-
ray emission has often been the preferred energy range for AGN studies, as the majority
of bright X-ray sources are likely to be AGN.

X-ray emission in AGN arises from high-energy electrons in the corona, found in the
outer regions of the accretion disc, via inverse Compton scattering of UV seed photons.
The X-ray spectrum can be divided into two components: soft X-rays (0.2–10 keV, LX >

1042 erg s−1) and hard X-rays (10–200 keV), bridging the gap between UV (below 0.2
keV) and γ-rays (above 200 keV, see Figure 2.2). This distinction between soft and hard
X-rays roughly corresponds to the sensitivity of X-ray observatories and the absorption
by intervening column density gas (Section 2.5). X-ray luminosities, both observed and
intrinsic, are typically much higher in AGN compared to stellar processes, such as those
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from hot gas or X-ray binaries, making X-ray wavebands a reliable criterion for AGN
identification.

As mentioned, the hot corona is believed to be the primary source of X-ray emission in
AGN [Hickox and Alexander, 2018, Beard, 2023], and a correlation between X-ray and
UV-optical emission has been established for unobscured AGN [Steffen et al., 2006,
Lusso and Risaliti, 2016].

2.5 AGN obscuration

In the X-ray regime, AGN can be further classified based on their level of obscuration,
independent of their radio emission or luminosity. Obscuration refers to the presence
of intervening material along the line-of-sight that blocks or attenuates the emission
from the AGN accretion disc, making it difficult to detect the AGN in certain wave-
lengths [Hickox and Alexander, 2018]. The degree of obscuration is typically measured
using the hydrogen column density, NH, along the line-of-sight, which quantifies the
number of hydrogen atoms per square centimetre along the line of sight. This value
helps describe the amount of material that lies between the observer and the central
source, affecting how much radiation is absorbed or scattered before it reaches us.

The Compton limit is commonly defined as the point at which the obscuration becomes
so high that the material around the AGN becomes Compton-thick, meaning X-rays with
energies lower than 10 keV are absorbed by the material in the line of sight. At lower en-
ergies (below 10 keV), X-rays are primarily absorbed by the photoelectric effect, which
depends on the atomic number of the absorbing medium. Hydrogen and helium, as
the most abundant elements, dominate the absorption cross-section. The Compton
limit occurs at column densities around NH ∼ 1.5 · 1024 cm−2 [Peterson, 1997]. The
critical density related to the Compton limit is derived by calculating when the Thom-
son optical depth, which is the probability that a photon is scattered by an electron,
reaches unity. At this limit, the material is so dense that even high-energy X-rays (>10
keV) are scattered or absorbed due to the large amount of gas. At high column densi-
ties, Compton scattering becomes significant. X-rays lose energy upon interacting with
free or weakly bound electrons. For very high NH, the scattering cross-section becomes
comparable to or greater than the absorption cross-section, leading to a large fraction
of the X-rays being scattered out of the line of sight. The limit represents a critical
threshold where the gas density is high enough to significantly scatter or absorb even
high-energy X-rays, limiting the amount of observable radiation from the AGN. For a
mathematical derivation of this limit see Peterson [1997], Longair [2011].

AGN can be categorized as unobscured if the column density is log(NH/cm−2) < 22,
which allows the X-ray spectrum to appear similar to the optical one. These sources
are also referred to as UV/optically visible AGN in this thesis. Conversely, if the column
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density exceeds log(NH/cm−2) > 22, the spectrum becomes attenuated, classifying the
galaxy as an obscured AGN.

Within the obscured category, a further distinction is often made based on Compton
scattering. In this thesis, I use this Compton limit to divide the obscuration in Compton-
thin (CTN, obscured AGN with column densities in the range 22 < log(NH/cm−2) <

24) or Compton-thick (CTK, those with log(NH/cm−2) > 24) obscuration. Some stud-
ies introduce an additional subclass for heavily obscured AGN, referring to sources with
log(NH/cm−2) > 23.

While this classification is adopted in this study, alternative methods are also used in
the literature, including measurements based on X-ray hardness ratios, the ratio of ob-
served X-ray luminosity to intrinsic AGN luminosity (derived from infrared or optical
data), or a high equivalent width of the Fe Kα line, indicating strong reflection features
[Greenwell, 2023].

2.5.1 Unified Model

As previously discussed, the classification of AGN has been a topic of extensive debate
and study, aimed at understanding their characteristics, evolution within galaxies, and
cosmological context. A significant milestone in this effort was the development of the
Unified Model, originally proposed by Antonucci [1993]. According to this model, all
AGN types are fundamentally the same but appear different due to the angle at which
they are observed relative to the line-of-sight. The goal of this model was to provide
a framework that required the fewest assumptions to explain the observed diversity
of AGN types (illustrated in Figure 2.3). For instance, the two Seyfert subtypes are
explained by the presence of an obscuring structure within the galaxy, which, depend-
ing on the viewing angle, can block the BLR from view. This causes the galaxy to be
classified as either Type 1 or Type 2, or as one of the intermediate types [Osterbrock,
1981].

The Unified Model envisions the AGN structure as follows. At the centre of the galaxy
is a SMBH accreting matter via an accretion disc. Gas within the host galaxy, when
close enough to the SMBH (at scales much less than a parsec), becomes ionized and is
strongly influenced by the gravitational field of the black hole as it moves inward. The
gravitational potential energy lost during this inward migration is radiated away, pre-
dominantly in the form of X-ray emission, broad emission lines, and accretion disc
emission (optical/UV). This region, characterized by high-velocity gas close to the
black hole, is referred to as the BLR. The accretion disc itself forms as a consequence of
the angular momentum conservation of the inflowing material. Further out from the
SMBH, there exists a region of lower-density gas that moves more slowly and is less
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FIGURE 2.3: Figure and caption from Beckmann and Shrader [2012]. Schematic rep-
resentation of our understanding of the AGN phenomenon in the unified scheme [1].
The type of object I see depends on the viewing angle, whether or not the AGN pro-
duces a significant jet emission, and how powerful the central engine is. Note that
radio loud objects are generally thought to display symmetric jet emission. Graphic

courtesy of Marie-Luise Menzel (MPE).

affected by the gravity of the black hole. This region produces narrow emission lines
and is known as the narrow-line region (Section 2.2).

2.5.1.1 Torus

A torus-like structure, commonly referred to as the torus, is thought to surround the
central region of AGN and plays a critical role in obscuring the BLR, allowing only the
narrow emission lines to be visible.

The geometry of the torus has been a subject of considerable debate. Initially, it was
modelled as a thick, doughnut-shaped structure by Antonucci [1993]. However, more
recent models propose a thinner or variable-thickness torus [Ramos Almeida and Ricci,
2017], which may depend on galaxy properties such as luminosity [Wada, 2015] and
could potentially evolve with redshift on cosmological scales.
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Regardless of its specific geometry, there is substantial evidence supporting the ex-
istence of the torus in nearby galaxies [e.g., Garcı́a-Burillo et al., 2016, 2019, 2021].
Therefore, research should shift from questioning the role of the torus role in obscura-
tion to understanding how this obscuration occurs and determining its physical limits.
This thesis focuses on analysing the fundamental characteristics required for a torus to
match observational data (see Chapter 5). Additionally, it examines the constraints in
terms of luminosity dependence and lifetime imposed by both the Orientation model
(Chapter 5) and the Evolutionary model (Chapter 6).

2.5.2 Evolutionary model

AGN have been observed to evolve in tandem with their host galaxies, influenced by
interactions with other galaxies and their environments (see Section 2.2). Understand-
ing the co-evolution of AGN and their host galaxies is crucial for a comprehensive
understanding of AGN and SMBHs.

While the Orientation model successfully explains many aspects of AGN that were
previously unaccounted for, there are still observational phenomena that it does not
address. Gas-rich mergers [e.g., Hopkins et al., 2005, 2008, and references therein]
may trigger significant increases in SFR, leading to enhanced gas inflow into the cen-
tral SMBH and potentially altering AGN activity, whilst inducing a dust-enshrouded
phase in the host galaxy. Moreover, evolution in the level of obscuration has been sug-
gested [e.g., Lapi et al., 2006, Hopkins et al., 2008, Lapi et al., 2014], which could also
influence other galactic components such as the torus. Promoted by these theoretical
frameworks, Chapter 6 will investigate the interplay between Orientation and Evolu-
tion models and their relative influences.

Additionally, studies on the AGN LF, which examine the distribution of AGN as a
function of redshift and their comoving space density, provide insights into how AGN
evolve over time [Peterson, 1997, Shen et al., 2020]. The bolometric AGN LF and AGN
emissivity has been shown to peak around z = 2, and then to steadily decrease since
those epochs (although new measurements from JWST are finding evidence for a large
population of AGN even at z > 4, I will not discuss these new findings in detail in
this thesis, as further discussed in Section 6.12). At the same time, a significant number
of obscured galaxies, observed in the submm [Alexander and Hickox, 2012, Alexander
et al., 2016] and FIR from Herschel [Lapi et al., 2017], have also been observed at z ∼ 2−
3, which may be examples of dust-enshrouded, obscured AGN. This thesis will focus
on this redshift range and will address the role of evolutionary processes, including
mergers and starbursts [e.g., Ellison et al., 2008, Knapen et al., 2015, Silva et al., 2021,
Horstman et al., 2021] in driving obscuration in AGN.
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2.5.3 Orientation and Evolutionary as complementary models

Observations indicate that both orientation and evolutionary effects can play a role
in obscuring the AGN [e.g., Polletta et al., 2008, 2011]. For example, Type 2 AGN (as
mentioned in Section 2.3) lack broad emission lines. This characteristic is usually inter-
preted as an orientation effect since broad emission lines are believed to originate in the
inner clouds orbiting the central black hole, which, assuming typical covering factors of
∼ 20− 40% [Khachikian and Weedman, 1974, Peterson, 1997, Kuhn et al., 2024], should
remain invisible to edge-on lines of sight intersecting the torus aperture. On the other
hand, galaxies hosting Type 1 AGN appear in several instances more massive than Type
2 AGN, at odds with expectations from basic Unification models [Ricci et al., 2022b]. In
a similar vein, some studies suggest that AGN are ubiquitous in starburst and actively
star-forming galaxies at different redshifts [e.g., Alexander et al., 2005, 2016, Rodighiero
et al., 2015, Mullaney et al., 2015, Mountrichas and Shankar, 2023, Mountrichas et al.,
2024, and references therein], in line with predictions from Evolutionary models.

An evolutionary connection between star formation, black hole accretion and fuelling
[Granato et al., 2006, Shankar et al., 2004, 2012, 2016], and AGN obscuration is ex-
pected given their common dependence on the cold gas content of the host galaxy
itself [e.g., Harrison, 2017]. In the context of Evolutionary models, in fact, many works
have identified the presence of galaxies with high cold gas fractions and star formation
rates (SFRs) in the obscured AGN population because of, e.g., high levels of dust [e.g.,
Afonso et al., 2003, Wijesinghe et al., 2011, Chen et al., 2015] as well as carrying the
signatures of relatively recent mergers [e.g., Darg et al., 2010, Ricci et al., 2017a, Yutani
et al., 2022, Pierce et al., 2023].

2.5.4 Merger and starburst galaxies

In the framework of Evolutionary models, numerous studies have highlighted the im-
pact of high cold gas fractions and elevated SFRs [e.g., Afonso et al., 2003, Wijesinghe
et al., 2011, Chen et al., 2015], as well as recent merger activity [e.g., Darg et al., 2010,
Ricci et al., 2017a, Yutani et al., 2022], on AGN obscuration. Starbursts and enhanced
SFRs are frequently driven by mergers and galaxy interactions, as supported by both
observational studies [e.g., Armus et al., 1987, Kennicutt et al., 1987, Xu and Sulentic,
1991, Sanders and Mirabel, 1996, Ellison et al., 2008, 2013, Knapen et al., 2015, Silva
et al., 2021, Horstman et al., 2021, Andonie et al., 2024] and simulations [e.g., Hernquist
and Katz, 1989, Barnes and Hernquist, 1991, Springel and Hernquist, 2005, Di Matteo
et al., 2008, Saitoh et al., 2009, Karl et al., 2010, Teyssier et al., 2010, Moreno et al., 2015,
2019, Renaud et al., 2014, 2018, 2022, Linden and Mihos, 2022], and can efficiently fun-
nel gas towards the central regions further contributing to the formation of obscuring
structures around the central SMBH as well as providing large-scale obscuration via
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cold gas and dust. These findings reinforce the notion of a possible connection between
mergers on AGN obscuration.

Observations find a significant fraction of AGN associated with high star formation
activity, suggesting a potential direct relationship AGN activity and SFR levels [Peter-
son, 1997, Zewdie et al., 2020], indeed several groups in recent years have identified
from X-ray data a (mean) correlation between X-ray luminosity and SFR for morpho-
logical types, although with a lower normalization for early-type galaxies [Yang et al.,
2019, Carraro et al., 2020, 2022]. Starburst galaxies in particular, that seems to be char-
acterized by elevated cold gas mass content [Zhou et al., 2018], lie above the Main
Sequence exhibiting exceptionally high SFR relative to typical star-forming galaxies
of similar stellar mass, and proportionally higher (mean) X-ray luminosities. These
galaxies deplete their gas reservoirs rapidly and often show high column densities
(log10(NH/cm−2) > 23), which may be sufficient to account for at least some of the
very obscured AGN [e.g., Lapi et al., 2014, Andonie et al., 2024].

2.6 X-ray observational data

A variety of methods are adopted to identify and characterize obscured AGN [for an
extensive overview of the different methods depending on wavelength see Hickox and
Alexander, 2018]. X-ray observations [e.g., Giacconi, 2009] are one of the best methods
for selecting obscured AGN since they are directly associated with the accretion disc,
and its hot corona. X-rays have more penetrating power through thick mediums, at
least until the Compton-thin/thick limit of NH ∼ 1024 cm−2. A variety of observational
studies have attempted to describe the demography and evolution of AGN as a func-
tion of their column densities [e.g., Ueda et al., 2014, Aird et al., 2015, Buchner et al.,
2015, Ananna et al., 2019, Laloux et al., 2023]. It has been several times recognized that
the Cosmic X-ray Background (CXB) of AGN can be reproduced by a collection of AGN
with varying column densities ranging from NH ∼ 1020 − 1026 cm−2 [e.g., Gilli et al.,
2007, Shen, 2009, Shankar et al., 2009, Ueda et al., 2014, Aird et al., 2015, Ananna et al.,
2019, Gilli et al., 2022, and references therein].

Although this thesis primarily focuses on the study of galaxies within a semi-analytic
framework, I will compare with X-ray data because they provide a comprehensive view
of AGN demography at z < 3. This Section provides an overview of key X-ray tele-
scopes, laboratories, and surveys that are instrumental in detecting significant X-ray
sources. Additionally, it includes a summary of background analysis and relevant X-
ray observational findings pertinent to this research.
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2.6.1 Telescopes, laboratories and surveys

Below there is a concise, non-exhaustive list of significant X-ray observatories, labo-
ratories, and surveys, presented chronologically, that have contributed to our under-
standing of X-ray emissions in general and AGN sources in particular.

ROSAT5: Launched in 1990, the ROSAT mission, a German/US/UK collaboration, op-
erated for nearly nine years. It was dedicated to an all-sky survey as well as a pointed
phase, succeeding the UHURU satellite.

XMM-Newton6: Launched in 1999, the European Space Agency’s X-ray Multi-Mirror
Mission Newton operates in a highly elliptical 48-hour orbit. Notable for its large ef-
fective area (1000 cm2), XMM-Newton excels in X-ray observations.

Chandra7: Also launched in 1999, NASA’s Chandra X-ray Observatory observes X-ray
wavelengths from a high-Earth orbit with a 48-hour period. Its high resolution and
small point spread function (PSF) make it particularly effective for deep surveys of
distant sources.

INTEGRAL8: Launched in 2002, the European Space Agency’s INTErnational Gamma-
Ray Astrophysics Laboratory (INTEGRAL) operates in a highly eccentric geosynchronous
orbit. It is renowned for its simultaneous observations across gamma rays, X-rays,
and visible light, focusing on phenomena such as explosions, element formation, black
holes, and other exotic objects.

Suzaku9: Launched in 2005, the Japanese/NASA mission Suzaku specializes in high-
energy X-ray sources. It features five soft X-ray telescopes and various instruments,
including an X-ray spectroscope that enhances the measurement of individual X-ray
photon energies.

Swift10: Launched in 2004, NASA’s Swift satellite is a multi-wavelength observatory
equipped with an X-ray telescope (XRT). It is designed to study gamma-ray bursts
and includes capabilities for detecting UV/optical wavelengths and high-energy X-
rays with its Burst Alert Telescope (BAT).

Surveys: Key surveys include the Advanced Large Sky Survey [ALSS Ueda et al., 1999,
Akiyama et al., 2000], the Advanced Satellite for Cosmology and Astrophysics [ASCA,
e.g., Medium Sensitivity Survey AMSS Ueda et al., 2001, Akiyama et al., 2003], the
Chandra Deep Field South [CDFS Xue et al., 2011], the Cosmological Evolution Survey
[COSMOS Scoville et al., 2007], the All Wavelength Extended Groth Strip International

5https://heasarc.gsfc.nasa.gov/docs/rosat/rosat.html
6https://www.cosmos.esa.int/web/xmm-newton
7https://chandra.harvard.edu/
8https://www.esa.int/Science_Exploration/Space_Science/Integral_overview
9https://science.nasa.gov/mission/suzaku/

10https://swift.gsfc.nasa.gov/

https://heasarc.gsfc.nasa.gov/docs/rosat/rosat.html
https://www.cosmos.esa.int/web/xmm-newton
https://chandra.harvard.edu/
https://www.esa.int/Science_Exploration/Space_Science/Integral_overview
https://science.nasa.gov/mission/suzaku/
https://swift.gsfc.nasa.gov/
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Survey [AEGIS Davis et al., 2007], the Swift/BAT [e.g., 9-month survey BAT9 Tueller
et al., 2008], the Subaru/XMM-Newton Deep Survey [SXDS, a combination of short-
visible/MIR/X-ray wavelengths Ueda et al., 2008, Akiyama et al., 2015], and MAXI
[e.g., 7-month survey MAXI7 Hiroi et al., 2011, Ueda et al., 2011], among others.

2.6.2 Relevant observations

Point Sources. While this project emphasizes the study of large samples of AGN and
their collective characteristics for their use as a statistical level, it is crucial to acknowl-
edge the significant contributions of individual source studies. These studies help to re-
fine important information regarding key AGN galactic features [Querejeta et al., 2017,
2021, Leist et al., 2023, Peralta de Arriba et al., 2023, López et al., 2023, Garcı́a-Bernete
et al., 2024, Speranza et al., 2024] such as what a torus really is, how it behaves and
what is its relation to the rest of the galaxy [Garcı́a-Burillo et al., 2016, 2019, 2021].

Cosmic X-ray Background. The Cosmic X-ray Background (CXB or XRB, depending
on the literature) refers to the diffuse radiation that constitutes the energy density of
the X-ray sky [Fabian and Barcons, 1992]. Although the precise origin of this radia-
tion remains uncertain, the detection of numerous individual X-ray sources suggests
that a significant portion, approximately 50% of the total intensity, is attributable to
unresolved sources [Gilli et al., 2007]. This unresolved fraction is believed to have an
extragalactic origin. Recent theories propose that this unresolved component may in-
clude a substantial number of Compton-thick AGN sources [Gilli et al., 2007, Ananna
et al., 2019], which are challenging to detect due to their obscuration. Therefore, accu-
rate calculations and constraints on the CXB are crucial for determining the fraction of
Compton-thick obscured AGN.

2.6.3 Observational data used

2.6.3.1 Obscuration over X-ray luminosity

In this thesis, I compare the predicted mean NH column densities and obscured AGN
fractions as a function of AGN X-ray luminosity, with data from Ueda et al. [2014],
Buchner et al. [2015], and Ananna et al. [2019] [U14, B15, A19, hereafter], which are
among the most complete compilations in terms of AGN luminosity and redshift cov-
erage, including data from deep surveys from observatories such as Swift/BAT, ASCA,
XMM-Newton, Chandra, ROSAT, or AEGIS. The major differences between U14, B15,
and A19 are described and deeply studied in A19, Sections 3.1 and 3.2, where they fo-
cus on the different methods to calculate the X-ray luminosity function. Specifically, I
use two forms from A19, one which closely follows the analytic formula by U14 with
updated parameters, and a new one derived from Machine Learning algorithms, which
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I label as A19-ML throughout. It is interesting to note that the two A19 prescriptions
are fits to the same data sets but with different prescriptions, and provide very different
results.

I need to take into account that the obscured values from U14 are extrapolations for
column densities log NH > 24 [cm−2] since they do not have heavy CTK AGN in their
samples. U14 use a parametric model to fit the X-ray luminosity function (XLF), but
could not directly constrain the CTK fraction, which is derived from matching the X-
ray background (XRB) with some assumptions on the spectra of AGN. U14 do not
assume any specific constraints for the CTK, but each bin of CTK is the same as the
CTN fraction. However, they still fit the XRB, implying a strong degeneracy with the
CTK AGN obscured fractions. They also use data that do not have any galaxy de-
tected over log NH ∼ 25 [cm−2] (except in infrared, but not resolvable in X-ray, for an
updated analysis of U14 see also Yamada et al. 2021). While B15 have galaxies with
CTK obscuration, A19’s analysis extrapolates for log NH > 25 [cm−2]. The aim of A19
was to calculate new fractions where no assumptions on the CTK AGN fraction were
given. Also, updating some B15 constraints, according to A19, does not help to match
the observational data at the time. A19-ML replaces the absorption function from U14
with the one from Ricci et al. [2015], which includes corrections for the geometry of
the torus and inherently predicts a higher fraction of CTK AGN sources, particularly
in the local universe. The neural networks account better for the contribution of CTK
sources than previous works due to the iteratively adjust of the XLF to fit the XRB,
otherwise under-represented due to observational biases, according to A19. Also, the
neural network adjusts space densities across different absorption bins, ensuring that
CTK AGN contribute significantly to the observed XRB spectrum. Finally, note that the
A19-ML data presents a very irregular CTK fractions trend, heavily deviating from all
other measurements [e.g., Ueda et al., 2014, Buchner et al., 2015, Aird et al., 2015, Peca
et al., 2023, Signorini et al., 2023]. B15 use two different approaches: one where they
have high CTK at high luminosity, overestimating the XLF by 3 times [see appendixes
of A19], which produces around 55%-65% CTK, and another one where they use a con-
stant slope prior which generates a lower CTK obscuration, around 20%. In this thesis
I use the 10%–90% quantiles of the posterior samples from both models as limits of the
data. The major problem is that the uncertainty of the spectra distributions among the
data available is not consistent with each other, and some of them never produce the
cosmic XRB, which affects the conversion between number counts and flux, creating
different obscured fractions.

In this thesis I do not address the origin of these discrepancies, but instead I use the
total of the available observational results assumed to be CTK to bracket the current
empirical constraints on the fraction of obscured AGN as a function of luminosity and
redshift. Despite U14 and A19 not attempting to directly identify CTK AGN by, e.g.,
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spectral fitting [see B15], this thesis aims to reproduce their results to validate the mod-
els and explore some caveats and limitations. My results therefore on, e.g., the need
for a torus-like component to generate more CTK sources, rest on the future validation
of the current observational constraints. I acknowledge, for example, other interesting
works such as Akylas et al. [2012, see also Treister et al. 2009], who put forward mod-
els able to fit the XRB without any CTK AGN, but by modifying the X-ray spectrum
of AGN, or Georgakakis et al. [2017b], who suggest lower fraction of CTN AGN with
LX > 1044 erg/s using the wide-area XMM-XXL survey.

2.6.3.2 Obscuration over Eddington rate

Additional data will be used when I study the AGN obscuration and Eddington ratio
in Chapter 7. Specifically, in this Chapter I will be discussing the observations from
Georgakakis et al. [2017a] and Laloux et al. [2024], which particularly provide specific
accretion rates distributions (SARD, see Section 4.4), where Laloux et al. [2024] also fo-
cus on the study of AGN CTN obscuration. The SARD provides the probability for a
given galaxy to be active at a given redshift and at a given specific accretion rate, which
can be related to the Eddington rates as I explain in Chapter 4. These data are impor-
tant because they encapsulate information on the duty cycle and underlying Eddington
ratio distributions, which then connects with the light curves that can be directly pre-
dicted by the models.

Georgakakis et al. [2017a], Laloux et al. [2024] employ multiwavelength surveys, pri-
marily focused on X-ray data, to evaluate AGN activity, accretion rates, and stellar
masses. Each study provides unique insights into how AGN influence galaxy forma-
tion and growth, but they differ in data range, methodology for SARD calculations, and
the treatment of limitations like survey sensitivity and obscured AGN. Below, I provide
detailed comparisons of the data, SARD calculations, and data limits across the studies.

The studies rely on X-ray observations, primarily from Chandra and XMM-Newton,
alongside multiwavelength data from major surveys. Laloux et al. [2024] employs COS-
MOS, AEGIS-XD, and CDFS, while Georgakakis et al. [2017a] use data from CANDELS,
UltraVISTA, and additional deep Chandra fields [see also Aird et al., 2018]. The stellar
mass selection in all studies ranges from ∼ 108M⊙ to ∼ 1011.5M⊙, focusing primarily
on massive galaxies. This broad range captures both star-forming and quiescent galax-
ies. However, caveats arise due to survey depth and sensitivity limits, particularly at
lower masses and higher redshifts. While other works like Aird et al. [2018] struggle
with sample completeness for lower-mass galaxies at high redshift, potentially biasing
their results towards higher-mass galaxies, Laloux et al. [2024] discuss that the effect of
the stellar mass selection bias in their case is minimal.
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TABLE 2.1: Data limits and parameters in the selected studies.

Paper Redshift Stellar Mass X-ray Lum λEdd
Range log(M⊙) log(erg/s) Range

Laloux et al. [2024] 0.0 - 6.0 9.5 - 11.5 ∼ 1041 - 1045 −5 ≤ log λ ≤ 2
Georgakakis et al. [2017a] 0.0 - 3.0 8.5 - 11.5 ∼ 1042 - 1045 −4 ≤ log λ ≤ 1.5

In each study, SARD calculations rely on integrating AGN accretion rates as a func-
tion of stellar mass and redshift. Laloux et al. [2024] [see also Aird et al., 2018] adopt
Bayesian methods to model the distribution of specific black hole accretion rates (λsBHAR).
Georgakakis et al. [2017a] use parametric and power-law models to explore these dis-
tributions, with corrections for biases like obscuration.

The studies note various limitations, particularly concerning sensitivity and sample
size. Laloux et al. [2024] emphasize uncertainties in low-luminosity AGN and the chal-
lenges posed by small quiescent galaxy samples. Georgakakis et al. [2017a] highlight
the difficulty in accounting for obscured AGN and redshift-dependent completeness
issues.

2.7 Galaxy clustering

Clustering analysis, particularly the two-point correlation function (2pCF), plays a cru-
cial role in understanding the large-scale structure (LSS) of the Universe, and is in-
strumental in the study of galaxy evolution in a dark matter dominated Universe, as
galaxies are expected to closely follow the underlying spatial distribution of their host
dark matter haloes. The 2pCF is a statistical tool that quantifies the excess probability
of finding pairs of galaxies separated by a given distance, compared to a random distri-
bution. By measuring the spatial clustering of galaxies, one can infer the nature of their
environments and the dark matter halos (DMHs) they inhabit, making it a key method
for exploring the link between galaxy formation, evolution, and their surroundings
[see, e.g., Sánchez et al., 2006].

The importance of the 2pCF extends to the study of AGN. As described in Allevato et al.
[2021], among others, clustering as a function of SMBH mass could reveal the underly-
ing scaling between MBH and M⋆/Mhalo, and the clustering as a function of Eddington
ratio could provide clues to the underlying LC. In general terms, AGN clustering could
also provide some hints towards unveiling the origin of obscuration in AGN, and in
particular provide complementary means to distinguish between Orientation versus
Evolutionary models [Koutoulidis et al., 2018]. For example, in pure Orientation mod-
els, where obscuration is predominantly dictated by the torus and inner clouds around
the SMBHs, the large-scale clustering should appear to be largely independent of the
level of obscuration within AGN. On the other hand, AGN clustering could be sensitive
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to obscuration if, for example, AGN tend to reside in denser regions more susceptible
to mergers, gas inflows, or starbursts. By applying the 2pCF to AGN classified by their
level of obscuration, it is possible to examine how factors like hydrogen column density
correlate with their large-scale spatial distribution and environment [Cole and Kaiser,
1989]. This approach has the potential to reveal whether obscured AGN are more likely
to reside in dense environments, such as massive dark matter halos, compared to un-
obscured AGN.

The 2pCF distinguishes between clustering on small and large scales through the 1-
halo and 2-halo terms, which reflect different galaxy pairings [see, e.g., Cooray and
Sheth, 2002]. The 1-halo term accounts for pairs of galaxies residing within the same
dark matter halo, while the 2-halo term represents pairs in separate halos. For obscured
AGN, the clustering signal at small scales (1-halo term) can be particularly sensitive to
the number of satellite galaxies within the host halos, where AGN activity might be
triggered or sustained by interactions or mergers. On large scales (2-halo term), clus-
tering can indicate whether obscured AGN preferentially form in denser regions of the
LSS, potentially linking their obscuration to large-scale environment-driven processes
like gas inflows or mergers [e.g, Gatti et al., 2016, Viitanen et al., 2023].

Observational studies have shown that obscured AGN, often identified by their high
column densities (NH > 1022 cm−2), tend to cluster more strongly than unobscured
AGN at intermediate redshifts (z ∼ 1) [Hickox et al., 2011, Elyiv et al., 2012, Donoso
et al., 2014, DiPompeo et al., 2014, 2015, 2016, 2017, Koutoulidis et al., 2018] , than
at lower redshifts [Ebrero et al., 2009, Coil et al., 2009, Gilli et al., 2009, Mountrichas
and Georgakakis, 2012, Krumpe et al., 2012, 2018, Geach et al., 2013, Jiang et al., 2016,
Mendez et al., 2016, Powell et al., 2018]. This suggests that obscured AGN, especially in
star-forming galaxies at higher redshifts, might inhabit more massive halos or denser
environments, which supports the idea that environmental factors, such as galaxy in-
teractions, may play a significant role in obscuration. However, this result is still open
to debate and it is the objective of current studies.

By analysing the clustering of obscured and unobscured AGN, I could test various the-
oretical models of AGN evolution, especially those that posit different evolutionary
phases for AGN activity driven by changes in gas supply or galaxy mergers. A prelim-
inary exploration of the clustering properties within the semi-analytic GAEA model
will be presented in Chapter 7. I will generate several predictions from GAEA of the
2pCF of AGN for different column densities and AGN luminosities at fixed redshift
and stellar mass, and compare with some of the most recent clustering data on X-ray
AGN. In conclusion, the 2pCF represents a powerful tool for investigating the cluster-
ing properties of AGN, and can provide valuable complementary constraints on their
evolution and possibly origin behind their obscuration.
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Chapter 3

Theoretical model simulations

Understanding galaxy formation and evolution is a complex task that requires the ap-
plication of various theoretical models. These models attempt to simulate the processes
that shape galaxies over cosmic time, from the early universe to the present day. Given
the wide range of physical phenomena involved—including gravitational interactions,
gas dynamics, star formation, and feedback from supernovae and active galactic nu-
clei—different modelling approaches have been developed, each with its own strengths
and limitations. This Chapter provides an overview of the primary theoretical models
adopted to study galaxy formation and evolution, with a focus on those most relevant
to this thesis.

I start this Chapter by briefly describing hydrodynamic simulations. These simulations
track both dark matter and baryonic matter (gas, stars, and dust), solving the equations
of gravity and hydrodynamics to model galaxy formation in a cosmological context.
In this thesis, I place a stronger emphasis on two alternative approaches that form
the backbone of my theoretical framework: semi-analytic models (SAMs) and semi-
empirical models (SEMs). These techniques offer a more computationally efficient way
to explore large volumes of parameter space and the underlying physical mechanisms
driving galaxy evolution.

3.1 Physical theoretical models of galaxy formation

Hydrodynamic simulations are sophisticated models that replicate the behaviour of
baryons and dark matter within a defined volume, sampling fluids by means of parti-
cles (in the case of Lagrangian codes) representing dark matter, gas, and stars to simu-
late the universe across cosmic time. These simulations incorporate physical properties
and interactions among particles, enabling their evolution under various forces and
parameters. Similar to other simulation types, the output is written into snapshots to
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facilitate analysis. However, these simulations are constrained by a resolution limit,
which prevents detailed study of galactic effects. This limitation can be addressed by
creating sub-grid models for individual sources, allowing for the study and connection
of host galaxy properties with the surrounding volume and nearby galaxies.

In this thesis, I will show an example of a galaxy evolved in a zoom-in simulation in
Appendix B, which employ the Gadget-3 code. I also comment on the most widely
used version of the Gadget code, Magneticum. Other hydrodynamic simulation codes
not addressed in this thesis but of common use to study AGN and galaxies include the
IllustrisTNG Project [Arepo code Springel, 2010], Ramses with HorizonAGN [Teyssier,
2002], ChaNGA with Romulus [Menon et al., 2015], Gizmo with Mufasa, Simba, or
FIRE [Hopkins, 2017], and Swift with FLAMINGO [Kegerreis et al., 2019].

3.1.1 Magneticum and the Gadget catalogue

The Magneticum simulation1 uses hydrodynamical prescriptions to trace the forma-
tion of cosmological structures across various redshifts and scales. Each volume is
sampled with a very large number of particles (≳ 1010). The base code for these simu-
lations, Gadget, has several versions. The most commonly used version, due to its free
availability, is Gadget-22 [Springel, 2005]. However, the Magneticum simulation was
run using Gadget-3, an updated, non-public version of Gadget-2, also employed by
simulations like Eagle and MassiveBlack-II. Using the Gadget-3, Valentini et al. [2020]
incorporated a sub-resolution model for star formation and stellar feedback, tailored
for disc galaxies in the original introductory paper. In Appendix B I will briefly discuss
the obscuration properties of a typical starforming galaxy generated by Valentini et al.
[2020] as zoom-in simulations.

3.2 Semi-analytic models

Semi-analytic models (SAMs) are built on top dark matter merger trees [e.g., Menci
et al., 2005] generated by N-body dark matter simulations [De Lucia and Blaizot, 2007],
as well as analytical prescriptions inspired from theoretical arguments and numerical
simulations, and aim to describe ab initio, via a sequence of physically motivated pre-
scriptions, the formation and evolution of galaxies within their host DM potential wells
[Cole et al., 2000]. By using analytical relations and best-fit parameters, SAMs provide a
valuable complementary approach to hydrodynamic simulations, particularly in terms
of flexibility, and computational efficiency. Their modular nature allows for specific
processes to be easily switched on or off to assess their impact on observational data

1http://www.magneticum.org/
2https://wwwmpa.mpa-garching.mpg.de/gadget/

http://www.magneticum.org/
https://wwwmpa.mpa-garching.mpg.de/gadget/
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[e.g., Menci et al., 2014]. In a comprehensive review, Somerville and Davé [2015] dis-
cuss the state-of-the-art in semi-analytic models. For a detailed overview of the general
properties, history, and evolution of SAMs, I refer readers to that review. In this the-
sis, I will focus on the specific semi-analytic model: GAlaxy Evolution and Assembly
(GAEA).

3.2.1 GAEA

In this thesis I present a study of orientation and evolutionary obscuration in AGN in
a cosmological context taking advantage of the predictions of the semi-analytic model
GAEA [Fontanot et al., 2020, F20 hereafter], which follows the evolution of galaxies and
their central SMBHs from early times down to the present epoch. GAEA incorporates
state-of-the-art recipes to describe the evolution of stars and gas in galaxies, as well
as providing a detailed modelling of the growth of the central SMBHs. I hereby pro-
vide a brief overview of GAEA’s modelling of SMBHs, while full details can be found
in F20. In particular, in this thesis I focus on the so-called HQ11-GAEA realization,
which includes Hopkins and Quataert [2011] and Hopkins et al. [2006a] prescriptions
to estimate:

1. The fraction of cold gas from the host galaxy expected to lose enough angular
momentum to reach the central regions and gather into a low angular momentum
gas reservoir. These events are triggered by mergers or disc instabilities, able to
perturb the cold gas content of galaxy discs.

2. The accretion onto the SMBH of the material gathered into the reservoir. The ac-
cretion rate follows a light curve, with a shape inspired by the results of numerical
hydrodynamic simulations.

The original model has been calibrated on Dark Matter Merger trees drawn from the
Millennium Simulation [Springel et al., 2005, WMAP1 lambda cold dark matter con-
cordance cosmology, i.e., ΩΛ = 0.75, Ωm = 0.25, Ωb = 0.045, n = 1, σ8 = 0.9, and
H0 = 73 km s−1 Mpc−1], which typically allows for a good description of galaxy prop-
erties down to a stellar mass scale of the order of 109 M⊙. The simulation has evolved
from the original first version [De Lucia and Blaizot, 2007] to include key improvements
[described in F20]:

• A detailed treatment of chemical enrichment from De Lucia et al. [2014], follow-
ing explicitly the differential enrichment associated with asymptotic giant branch
(AGB) stars, Type II SNe, and Type Ia SNe.

• An updated modelling of stellar feedback [Hirschmann et al., 2016], including
ejecting feedback in the form of stellar-driven outflows (inspired by results from
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hydrodynamic simulations), combined with a time-scale of gas re-incorporation
that depends on DMH mass [Henriques et al., 2013];

• An improved modelling of disc sizes [Xie et al., 2017] that traces the evolution of
angular momentum following the mass and energy exchanges among different
galaxy components.

SMBH seeding in GAEA is performed following Volonteri et al. [2011] and corresponds
to seed masses of ∼ 104 M⊙ (which is the resolution of the Millennium Simulation)
on haloes/galaxies above a certain mass limit. The subsequent growth of these seeds
is then followed via gas accretion (mostly following the Bondi-Hoyle approach) and
mergers with other SMBHs. The accretion of gas onto the SMBH in GAEA is triggered
by both galaxy mergers and disc instabilities, which contribute to the creation of a cen-
tral gas reservoir of low angular momentum, which in turn gradually feeds the central
SMBH. The accretion onto the central SMBH is then redistributed in time following
an AGN LC, namely composed of an initial (super-)Eddington accretion phase, which
lasts until the SMBH reaches the self-regulation limit, followed by a power-law de-
cline, as also suggested by theoretical arguments and hydrodynamic simulations [e.g.,
Granato et al., 2004, Lapi et al., 2006, Hopkins et al., 2007, Shen, 2009]. GAEA, as well
as radio-mode feedback, also includes QSO-mode feedback in the form of winds. AGN
winds heat the cold gas eventually expelling it in the hot gas. Specifically, the model
realization considered in this thesis, HQ11-GAEA, uses the outflow rate predictions as
a function of cold gas mass, bolometric luminosity and black hole mass from Menci
et al. [2019].

The HQ11-GAEA model is calibrated to reproduce the evolution of the AGN3 bolomet-
ric luminosity function without applying any obscuration correction to model predic-
tions, while still reproducing all galaxy properties discussed in previous papers [e.g.,
Hirschmann et al., 2016], like mass-metallicity relations, quenched fractions and cold
gas fractions. For a study of the evolution of galaxy stellar mass function and cosmic
SFR to high redshift, I refer the reader to Fontanot et al. [2017], a deeper analysis on the
chemical enrichment can be found in De Lucia et al. [2014], and for information on the
fraction of passive galaxies as a function of stellar mass to De Lucia et al. [2019].

GAEA also includes prescriptions for the radio-mode accretion and feedback. The
radio-mode is treated, by construction, as an (almost) continuous accretion process of
hot gas from the halo [which gives rise to tensions with the observed distribution of
radio galaxies - see e.g., Fontanot et al., 2011]. This SMBH accretion mode becomes
relevant for massive galaxies residing in massive haloes at low-redshifts, as those are
the environments where an efficient quenching of the cooling flows and late SFR is re-
quired. In observations, the radio-mode is often associated with low disc luminosity

3I define AGN as those galaxies shining above Lbol ∼ 1042 erg/s at some point during their active
phase.
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[Narayan and Yi, 1994, 1995, Quataert and Narayan, 1999, Maoz, 2007], although other
studies seem to find that there is no relation between radio mode and low luminosity
[Panessa et al., 2007].

3.2.2 Other semi-analytic models

Roma SAM. In this project, I use outputs from the state-of-the-art Roma SAM [Menci
et al., 2002, 2004, 2005, 2008, 2014, 2018, Lamastra et al., 2010]. This model includes a
self-regulating AGN feedback mechanism from supernovae, which inhibits further star
formation by the AGN. A detailed summary is provided in Zanisi [2021]. However, in
this thesis, I specifically use the outflow results generated by the quasar mode feedback
implemented as a blast wave, as detailed in Chapter 4, following the methodology of
Lapi et al. [2005] and Menci et al. [2008].

L-Galaxies4. As the successor to the Munich model, this SAM builds upon the subhalo
merger trees from the Millennium [Springel et al., 2005] and Millennium-II [Boylan-
Kolchin et al., 2009] simulations. Since its inception in Henriques et al. [2015], the model
has undergone several updates, such as the ability to spatially resolve phenomena in
galactic discs [Henriques et al., 2020] and the inclusion of binary stellar evolution and
dust studies [Yates et al., 2024].

SHARK. Presented by Lagos et al. [2018, 2019], SHARK is a SAM designed with soft-
ware engineering best practices, emphasizing flexibility and open-source availability.
One of its main advantages over other models is the ease with which modifications,
such as adjustments to dust mass, can be incorporated.

Other popular SAMs are: GALFORM [Cole et al., 2000], Munich model [Croton et al.,
2006], Sant-Cruz model [Somerville et al., 2008, Somerville and Davé, 2015], Morgana
[Monaco et al., 2007], GALICS [Hatton et al., 2003], or SatGen [Jiang et al., 2021]. What
I provide above is not an exhaustive list of SAMs, but it is mostly intended to give a
brief overview on the richness and diversity of this type of models aimed at making a
holistic view of galaxy formation and evolution.

3.3 Semi-empirical models

Semi-empirical models serve as a complementary tool to simulations like hydrody-
namical simulations and semi-analytic models (see Section 3.2). Unlike first-principles
models, semi-empirical models derive physical processes from observables, correlat-
ing properties to dark matter haloes via empirical recipes such as abundance match-
ing between the stellar mass function and halo mass function [e.g., Kravtsov et al.,

4https://lgalaxiespublicrelease.github.io/

https://lgalaxiespublicrelease.github.io/
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2004, Shankar et al., 2006, Kravtsov et al., 2018] or even star formation rate and halo
accretion rate [Boco et al., 2023]. By applying additional parametrizations and assump-
tions, but always in a controlled and limited amount, semi-empirical models can create
mock galaxies with greater predictive power and could also test some specific theory
of galaxy evolution, such as galaxy quenching of the effect of mergers on SMBHs [e.g.,
Shankar et al., 2013].

Notable examples of state-of-the-art SEMs include UniverseMachine [Behroozi et al.,
2019], Trinity [Zhang et al., 2023], STEEL [Grylls et al., 2020, Grylls, 2020], and DECODE
[Fu et al., 2022].
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Chapter 4

Methodology

The origin of obscuration in Active Galactic Nuclei (AGN) is still an open debate. In
particular, it is unclear what drives the relative contributions to the line-of-sight col-
umn densities from galaxy-scale and torus-linked obscuration. The latter source is ex-
pected to play a significant role in Unification Models, while the former is thought to
be relevant in both Unification and Evolutionary Models. In this Chapter, I make use
of a combination of cosmological semi-analytic models and semi-empirical prescrip-
tions for the properties of galaxies and AGN, to study AGN obscuration. I consider a
detailed object-by-object modelling of AGN evolution, including different AGN light
curves (LCs) composed of phases of varying levels of obscuration, gas density profiles,
both Orientation and Evolutionary models and also AGN feedback-induced gas cavi-
ties.

4.1 Obscuration of semi-analytic galaxies

Throughout this thesis, I use the comprehensive semi-analytic model (SAM) for GAlaxy
Evolution and Assembly [GAEA, Fontanot et al., 2020, F20 hereafter] as a self-consistent
baseline for a realistic simulated population of galaxies and their central SMBHs, con-
sistent with the present constraints on the galaxy stellar mass function and AGN lumi-
nosity function. Starting from GAEA predictions, I then assign to each model galaxy
a line-of-sight Hydrogen column density NH, based on its gas mass, as well as a torus
component based on its SMBH mass and AGN luminosity. However, I also check the
robustness of my results by varying various key prescriptions of the GAEA model in a
semi-empirical fashion, by adopting, for example, different AGN LCs, gas fractions, or
gas disc sizes.

This Chapter outlines the methodologies employed in the thesis to investigate origin of
obscuration in active galactic nuclei (AGN). The structure of the Chapter is as follows.
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In Section 4.2, I describe the core predictions on the galaxy population generated by
GAEA which I use as baseline for my calculations, the computation of column den-
sity from the large-scale gas distribution, the inclusion of an AGN-driven Blast Wave,
and the modelling of a dusty torus-like central component. In Section 4.3 I describe
my methodology in the framework of the GAEA SAM, and I provide the details of the
AGN and host galaxy modelling under the Evolutionary model. Section 4.4 presents
the calculations for studying the Eddington ratio distributions and Section 4.5 the clus-
tering of semi-analytic galaxies.

4.2 Methodology of the orientation model

My methodology to study the statistical distribution of obscured and unobscured AGN
in orientation models relies on the following steps:

1. I start from a realistic mock of galaxies (GAEA galaxy catalogues) at a given red-
shift consistent with available data on the stellar mass function and AGN/quasar
(QSO) luminosity functions.

2. I then assign to each galaxy a HI line-of-sight column density based on its gas
content and geometry, and examine the effect of an AGN-driven Blast Wave in
modulating the NH.

3. To each galaxy, I also assign a torus-like component based on its SMBH mass, and
AGN luminosity.

4. I then repeat the steps above at different epochs to study the predicted evolution
of AGN obscuration as a function of redshift.

As previously mentioned, I use as a reference the galaxies and SMBHs extracted from
the GAEA SAM, which also yields cold gas fractions, disc sizes, and SMBH accretion
rates (light curves). The advantage of using this SAM is that a state-of-the-art cosmo-
logical model provides inner self-consistency among the different variables and models
used, for example retaining the AGN feedback-induced relation between gas fractions
used in each accretion event and AGN luminosity before/after each accretion. Never-
theless, in a data-driven approach, I also explore the impact on the results by varying,
in turn, galaxy gas fractions, AGN light curves, and galaxy radii as guided by observa-
tional results. I show that the main results are broadly invariant under these changes
except for some notable examples which I discuss in detail in the next Sections.

The GAEA model was described in Section 3.2.1. I provide full details on how I com-
pute galaxy-scale obscuration in Section 4.2.1, while in Section 4.2.2 I discuss how I
assign a torus-like component to each active galaxy.
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FIGURE 4.1: Diagram depicting a typical galaxy in the mock sample characterised by
an exponential gas density profile and a disc geometry. In this Figure, R traces the
line-of-sight, Rd is the gas scale length, h is the thickness of the disc, θ is the angle
between the vertical and R, α is the random angle for the random line-of-sight, Rmax
marks the end point of the galaxy edges along R, Rb is the radius of the Blast Wave,

and θop is the opening angle of the Blast Wave (central white sphere in the Figure).

4.2.1 Column density distribution: contribution from the galaxy

Throughout this thesis I consistently assume that the gas density in star-forming discs
follows an exponential density profile,

ρ(R, θ) = ρ0 exp (−R/Rd), (4.1)

where ρ0 is the central gas volume density, R is the line-of-sight radius from the centre
of the disc to the furthermost part of the galaxy, Rd is the gas disc scale length, and θ

is the angle between the rotational vertical axis of the galaxy and the line of sight. The
geometry is visualized in Figure 4.1.

Although possibly not all galaxies are characterized by exponential density profiles
for their gas component [e.g., van der Kruit, 1979, Pohlen and Trujillo, 2006, Bigiel
and Blitz, 2012, Wang et al., 2014], Eq. (4.1) still represents a good approximation to
the gas mass distribution of many galaxies at different epochs and stellar masses, and
becoming even a better approximation at higher redshifts [e.g., Patterson, 1940, Free-
man, 1970, Hodge et al., 2019, Hunter et al., 2021, Ferreira et al., 2022, and references
therein]. In some highly star-forming high-redshift galaxies, the gas disc profile may
deviate from an exponential one, attaining a more compact and spherical geometry. I
will anyhow continue adopting an exponential gas density profile, although I will also
briefly discuss the impact of switching to, e.g., a Sérsic profile in Chapter 5, as well
as in Chapter 6. Also, Eq 4.1 is consistent with the fact that GAEA, following common
recipes in SAMs, assumes that the cold gas density settles in an exponential profile once
in rotational equilibrium. This gas profile is consistent with surface brightness profiles
observed in some galaxy samples [e.g., ASPECS, Aravena et al. 2020, and CANDELS,
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Grogin et al. 2011, Koekemoer et al. 2011, or Hodge et al., 2019], as predicted by hydro-
dynamic simulations [Aumer et al., 2013], and used by previous semi-analytic models
[Fu et al., 2009, 2010], but with a gas disc scale length that could be different from the
stellar component, as discussed below.

The normalization ρ0 in Eq. 4.1 is chosen in a way that the integral of the gas density
over the full radial (R), vertical (θ) and azimuthal (ϕ) extent of the galaxy equals the gas
mass of the host galaxy (Mgas), i.e.,

∫ 2π

0

∫ π

0

∫ ∞

0
ρ(R, θ)R2 sin θdRdθdϕ = Mgas

⇒ ρ0 =
Mgas

4πR2
d I

, (4.2)

where
I =

∫ ∞

0
e−xx2dx = 2, (4.3)

and x = R/Rd. For simplicity of visualization and computation, especially in models
with a Blast Wave, I will always use cylindrical coordinates in all my calculations.

Throughout the chapter, I assume a disc thickness h = Rd/8 [e.g., Nath Patra, 2020].
As a sanity check, I also consider other possible definitions [e.g., Ojha, 2001, h = Rd/15]
showing that the disc thickness plays a relatively minor role in AGN obscuration with
respect to other input variables. This test is discussed in Section 5.2.

The line-of-sight HI column density is then calculated as

NH =
∫ Rmax

0
ρ(R, θ)dR =

∫ h
Rd sin α

0
ρ0e−xdx, (4.4)

where α is the angle between the plane of the galaxy and the line-of-sight, and Rmax is
maximum radius of the galaxy for a given line-of-sight (see Figure 4.1).

I am making two assumptions in this methodology:

• What X-ray observations measure is driven by hydrogen (NH from X-ray spectra
assume solar abundance of H/He/O/Fe).

• That Mgas consists of 100% hydrogen.

As mentioned before, GAEA includes the effects of AGN feedback on reducing the
gas mass in the low angular momentum reservoir around the SMBH, as well as in the
surrounding galaxy. However, GAEA does not include the dynamical effect of AGN
feedback on the gas distribution in the host galaxy, which becomes relevant when cal-
culating the line-of-sight NH column density. To include this effect, I follow a model
based on the AGN-driven outflows proposed by Menci et al. [2019] [see also Lapi et al.,
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2005, Menci et al., 2008], which analytically follows the two-dimensional expansion of
AGN-driven outflows as a function of the global properties of the host galaxy and of
the luminosity of the central AGN. These AGN driven outflows are effectively winds
[for a review see King and Pounds, 2015]. Different theoretical works [e.g., Silk and
Rees, 1998, King, 2003, Granato et al., 2004, Lapi et al., 2005, Silk and Nusser, 2010,
King et al., 2011, Faucher-Giguère and Quataert, 2012] have tried to capture the main
features of the outflows using models based on shocks expanding into the interstel-
lar medium (ISM). These models use power-law density profiles or exponential discs
[Hartwig et al., 2018], and spherical approximation, consistent with AGN-driven out-
flows with luminosity, outflow rate, and shock velocity dependence. The Menci et al.
[2019] treatment effectively follows the expansion velocity of the shock and the mass
outflow rate out to large radii where the stellar/gas discs are the dominant compo-
nents, creating a Blast Wave (BW). This BW creates a cavity in the gas, pushing the
gas to the outskirts of the galaxy and creating a thin layer around the BW with heavily
compressed gas. Menci et al. [2019] provide tabulated numerical solutions for the frac-
tion of the cold gas ejected ( fqw) as a function of the properties of the AGN and host
galaxy. These scaling have been included in the F06-GAEA SAM [F20], showing that
AGN-driven winds help in reproducing the (low) levels of SFR in massive galaxies,
removing some cold gas still in place in these galaxies since z ∼ 2.

I compute the opening angle of the AGN BW for each galaxy which depends on the
AGN bolometric luminosity, the cold gas mass Mgas, and the virial velocity of the par-
ent Dark Matter Halo Vvir following the tabulated values by Menci et al. [2019]. In this
work, the virial velocity is used to predict the amount of reduction in gas mass in the
centre of galaxies, and its impact on the line-of-sight column density. This model as-
sumes that the opening angle corresponds to the maximum aperture of the BW, which
occurs at the peak luminosity of the AGN. Therefore, the NH corresponds to the one at
the maximum value of the bolometric luminosity, although I also explore model vari-
ants where I relax this assumption.

Assuming gas mass conservation during the expansion of the BW [Lapi et al., 2005,
Menci et al., 2008], the part of the total gas mass that is pushed away by the bubble
creating a central cavity will all be compressed in a thin layer around the bubble. When
Rb > h, the BW pushes the gas outside the disc galaxy and part of that gas is removed.
In that scenario, a line-of-sight with α ∼ 0 will see the same NH as without the BW.
However, when Rb > Rmax, the BW removes the gas from the line-of-sight reducing
NH. I can thus compute the total line-of-sight column density NH as the sum of two
components, the contribution from the shell and from the outer, still unperturbed gas
disc

NH =

(
θop

90

)
Nshell

H + Nout
H (4.5)
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The column density of the outside, unperturbed disc is

Nout
H = ρ0

Qout

I
(4.6)

where I is given in Eq 4.3 and Qout is defined as

Qout =
∫ Rmax/Rd

Rb/Rd

x2e−xdx, Rb < Rmax (4.7)

with Rb the radius of the bubble calculated from θop. The column density contribution
from the shell is instead given by

Nshell
H =

Mshell
gas

4πR2
b

(4.8)

where the cold gas mass of the cavity is calculated by

Mshell
gas = Mgas

Qshell

I
and Qshell =

∫ Rb/Rd

0
e−xx2dx. (4.9)

In the reference model, I assume that the column density does not evolve during the
lifetime of the AGN. However, AGN feedback models predict some evolution in the
amount of gas content in the host galaxy already during the relatively brief lifetime
of the AGN [see, e.g., Granato et al., 2004, Lapi et al., 2006, 2014, Santini et al., 2014].
Indeed, even in GAEA the gas mass is reduced by the AGN feedback. However, Eq 4.1
considers a single snapshot of Mgas when the AGN is at the beginning of its light curve.
The gas mass reaches a maximum value at the start of the SMBH active phase, and then
rapidly decreases around and after the peak of the light curve [see also Cavaliere et al.,
2002, Lapi et al., 2005]. This evolution is explored in Chapter 6. In what follows, for
convenience all my main results are plotted against the peak luminosity (luminosity at
the peak accretion rate within the light curve), although I will show in Section 5.4 that
this assumption plays a minor role on my results.

The bolometric luminosities are directly calculated from the gas accretion rates onto
the central SMBHs. More specifically, the GAEA model includes both a QSO- and a
radio-mode AGN feedback, each one characterized by its own independent values for
QSO- and radio-mode radiative efficiency which sets the fraction of rest mass energy of
the accretion flow onto the SMBH that is converted into radiative or kinetic luminosity,
respectively. Note that the QSO- and radio-mode feedback are independently calcu-
lated in GAEA, which means that each galaxy could have luminosity from one model
or both. The radio-mode feedback is generally less efficient, with a kinetic efficiency of
just 2%, against the 15% assumed for the radiative-mode feedback. In Fontanot et al.
[2020], both the contributions of the QSO- and Radio-mode accretion have been taken
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into account to estimate the AGN/QSO luminosity function (LF). In general, for con-
sistency, I follow the same approach. It is worth stressing that Radio-mode accretion
becomes relevant only for massive galaxies residing in massive haloes at low-redshifts,
as those are the environments where an efficient quenching of the cooling flows and
late SFR is required. Radio-mode accretion, by construction, is treated as an (almost)
continuous accretion process of hot gas from the halo (which gives rise to tensions
with the observed distribution of radio galaxies [see e.g., Fontanot et al., 2011]). At
low redshift, this implies that the radio-mode is dominant in galaxies devoid of their
cold gas content. On the other end, in modelling the QSO-mode, GAEA is explicitly
dealing with the flow of the cold gas from the host galaxy disc to the reservoir, and
with the effects of feedback on the evolution of the total cold gas content. These con-
siderations imply that the geometrical modelling of obscuration correlates better with
the QSO-mode prescription, while the Radio-mode channel is typically underestimat-
ing the obscuration by construction. I will thus also present model predictions on the
AGN obscured fractions removing the sources dominated by Radio-mode accretion
and show that these are very similar to the full model outputs at z ≳ 2, but diverge
somewhat at low z and low L, as further detailed below. The 2-10 keV intrinsic X-ray
luminosities are calculated from bolometric luminosities via the bolometric correction
by Duras et al. [2020]. Similar results would be retrieved adopting, for example, the
Marconi et al. [2004] bolometric correction.

4.2.2 Column density distribution: contribution from the torus

It is now clear from direct and indirect (via, e.g., Spectral Energy Distribution (SED) fit-
ting) observations that a torus-like component [Combes et al., 2019, Garcı́a-Burillo et al.,
2019, 2021] is an essential ingredient required to fully model the observational proper-
ties of AGN [see Netzer, 2015, Ramos Almeida and Ricci, 2017, Hickox and Alexander,
2018, for reviews], especially in their log10(NH/cm−2) > 24 phase [Risaliti et al., 1999,
Marchesi et al., 2018]. The torus can be pictured as a compact reservoir of low-angular
momentum dusty gaseous material, and/or part of a windy outflowing structure con-
nected to the accretion disc [Hönig, 2019, and references therein]. Irrespective of its
underlying nature, a torus around a SMBH significantly contributes to absorb UV light
from the accretion disc and reprocess it in IR bands. As GAEA does not explicitly
include the dynamical modelling of an accretion disc and a torus around the central
SMBH, in what follows I include two torus models and also a combination of them: the
model proposed by Wada [2015, Wada hereafter] 1 and the model proposed by Ramos
Almeida and Ricci [2017, RA&R hereafter]. The former model analytically connects
the dependence of the torus size and thickness on AGN luminosity/accretion rate and
SMBH mass, as detailed below, and assumes that in an AGN there is always enough

1I adopt the version of the code provided by Johannes Buchner: https://github.com/

JohannesBuchner/agnviz

https://github.com/JohannesBuchner/agnviz
https://github.com/JohannesBuchner/agnviz
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circumnuclear material to feed a torus. The latter assumes that the column density
increases for larger inclination angles, with maximum CTK column densities for the
centre of the torus, with no explicit dependence on SMBH accretion rate or mass. I give
further details below.

RA&R is based on the model where the fraction of the optical/UV and X-ray radiation
processed by the torus and observed in the mid-infrared is proportional to its cover-
ing factor [Ricci et al., 2015, 2017b]. Under this model, they assume that in the X-rays
the covering factor of the gas and dust surrounding the SMBH can be estimated us-
ing a statistical argument and studying the absorption properties of large samples of
AGN. Since a compact X-ray corona only gives information of that particular line-of-
sight, a large sample study could provide further constrains on inclination angles and
therefore other characteristics of the obscuring material. The intrinsic column density
distribution of local hard X-ray selected AGN in the data of Ricci et al. [2015] shows an
average roughly constant with luminosity covering factor (CF) of the obscuring mate-
rial of 70%, implying a maximum opening angle of 45 degrees (CF = sin θ). Some other
works, like Tanimoto et al. [2020, 2022], Ogawa et al. [2021], Yamada et al. [2021, 2023],
propose torus opening angles somewhat larger between 60-90 degrees, corresponding
to higher CF (CF ∼ 90-100%) [see also Esparza-Arredondo et al., 2021, for CF>70% for
Seyfer 2 galaxies in the X-ray and for Seyfer 1 & 2 in MIR]. In order to match the tar-
geted Compton-thick AGN observed fractions [U14, A19], in what follows I will adopt
the same baseline structure of the RA&R model but with a slightly larger value of the
covering factor, CF∼93%, which is more representative of the latest observational re-
sults and, I found, simultaneously provides a better match to the data on the fractions
of Compton-thick AGN. Following the RA&R layout, the CF is then subdivided into
three areas, the low Compton-thin (CTN, NH ∼ 1022 − 1023 cm−2), high Compton-thin
(CTN, NH ∼ 1023 − 1024 cm−2) and low Compton-thick (CTK, NH ∼ 1024 − 1026 cm−2),
corresponding to 52-70 degree (CF ∼ 93%), 27-52 degree (CF ∼ 78%), and 0-27 degree
(CF ∼ 45%) angles, respectively (see Figure 4.2).

Wada suggests a kinematic model to describe the behaviour of the radiative feedback
and the origin of the dependence of the obscured fractions on AGN luminosity. Their
work proposes that the AGN produces a fountain of gas creating a radiation pressure
on the dusty gas, with the accretion disc radiating most of its energy towards the di-
rection of the rotational axis, not towards the plane of the disc. Besides, the radiative
heating is isotropic affecting the surrounding gas through advection. They assume that
the X-ray radiation from the AGN is spherically symmetric and heats the inner part of
the thin gas disc, making it geometrically thick.

The way I include the Wada torus model in the host galaxies is by assuming a random
value of α line-of-sight, which compared with the torus critical angle θcrit provides with
a random column density, either NH ∼ 1022 − 1024 cm−2 (CTN obscuration) or NH ∼
1024 − 1026 cm−2 (CTK obscuration). The selected values depend on the absence or
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FIGURE 4.2: Diagram of the fiducial torus model where I implement both the radiation-
driven outflows described by Wada, where θcrit is the critical angle of the radiation-
accelerated gas (right side), and the RA&R constant limit angles (left side). α is the

random line-of-sight angle. The diagram is separated in two for clarity.

presence of the torus, which is in turn determined by the line-of-sight α for both the
torus, and the host disc components (see Fig. 4.1 and 4.2) and its relation with θcrit,
the critical angle of the radiation-accelerated gas (see Fig. 4.2). If α < 90 − θ, the
line-of-sight lies within the torus, and the source is assumed to be CTK, otherwise it is
considered a CTN AGN.

The critical angle θcrit originates from the balance between the radiation pressure on the
gas and the gravitational potential of the SMBH. At any angle θ ≤ θcrit, the radiation
force is large enough to allow the dusty gas to escape, and therefore I expect gas out-
flows forming without the presence of the torus. In the region defined by θ > θcrit, the
gas eventually falls back towards the equatorial plane, causing dusty gas to remain in
the centre and forming a thick torus. The critical angle θcrit depends on both the SMBH
mass MBH and the bolometric luminosity LX. More specifically, following Eq. 6 from
Wada [2015], the critical angle is defined as

cos θcrit =
GMBH

r0

16πc
κγdustLUV

(
1

rdust
− 2

r0

)−1

(4.10)

where c is the velocity of light, κ = 103 cm2 g−1 is the opacity of the dusty gas, γdust =

1/100 is the dust-to-gas ratio, r0 is the radius within which the X-ray heating is effective,
rdust is the dust sublimation radius, and LUV is the UV luminosity of the AGN [Marconi
et al., 2004]. This UV luminosity is related to the X-ray luminosity of the AGN by LX =

(1/2) · LUV| cos(θ)| where θ is the angle from the rotational axis. All fixed values are
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TABLE 4.1: Summary of the different models studied in the paper. They are sepa-
rated by their area of appliance (host galaxy, torus or both) and by model (no-BW/BW,

RA&R/Wada/Fiducial, or a combination).

Part Model Summary
Fiducial host
(Rd,Wel, no BW)

Model using Eq. 4.4. Column density calcu-
lated with a disc morphology using all the gas
available.

Host Fiducial host + BW
(Rd,Wel, BW)

Model using Eq. 4.5. Column density calcu-
lated with a disc morphology from the gas left
after the Blast Wave.

RA&R Model where the X-ray radiation processed
by the torus and observed in the MIR is pro-
portional to its covering factor (left half of Fig-
ure 4.2).

Torus Wada Model based on a radiative fountain (right
half of Figure 4.2, Eq. 4.10).

Fiducial torus Combination of RA&R and Wada torus mod-
els.

Fiducial + noBW
(Fiducial torus + host,
noBW)

Combination of the fiducial torus model and
the no BW host model.

Host +
torus

Fiducial + BW
(Fiducial torus + host, BW)

Combination of the fiducial torus model and
the BW host model.

the ones assumed in Wada. When using Eq 4.10, an increasing AGN power increases
the angle θcrit, reducing the chance of intersecting the torus. Note that it is assumed in
this model that r0 > rdust which is always the case for LX < 1047 erg s−2 if one defines
r0 as

r0 =

(
3LX

4πΛcool

)1/3

, (4.11)

where the radiative cooling with cooling rate Λcool is balanced by the X-ray heating
rate ρ2

gΛcool = 3LX/(4πr3
0), ρg being the average gas density in the gas sphere with

r = r0. Wada also assumes that rd = 1.3(LX/1046)1/2 pc [e.g., Lawrence, 1991] and
Λcool = 10−22n−2

H erg cm3 s−2 (nH = ρg/mp, where mp is the proton mass).

A combination of the two models is also studied, and it is labelled in the following plots
as the fiducial torus model. In this combined model, I first calculate the critical angle
from the Wada model, and I distinguish CTN from CTK depending on the angle α with
respect to θcrit. More specifically, if α > 90 − θcrit, then the AGN will be CTN with
NH < 1022 cm−2, if α < 90 − θcrit, then three possibilities can arise following RA&R: 1)
if α < 27 deg then CTK, if 27 < α < 52 deg high CTN, 52 < α < 70 deg low CTN.

I include these dust obscured torus models in each galaxy in post-processing in the
GAEA catalogues. A summary of all models can be found in Table 4.1.
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4.3 Methodology of the Evolutionary models

Starting from the GAEA catalogues, I then assign a degree of obscuration to each AGN
depending on whether I follow an Orientation and/or an Evolutionary approach, as
follows. Under the Orientation model, as described in Section 4.2, I calculate the col-
umn density by defining the geometry of the gas component of the host galaxy using an
exponential gas density profile, to which I will also add a torus-like component around
the central SMBH. In the Evolutionary model2, I instead assign a column density by
randomly drawing a time within the LC (see Figure 4.3) of each AGN, having a differ-
ent obscuration pre-peak, post-peak and at the peak. I then define models that combine
elements from the Evolutionary framework and the Orientation scenario (described in
Section 4.2), and I label these combinations as hybrid models. For all my Evolutionary
models, I also study the effect of including a torus-like component. Finally, for com-
pleteness I also explore Evolutionary models in which the level of obscuration is not
determined by the position of the AGN within the LC, but only dictated by the level
of starburstness in the galaxy or by the strength (mass ratio) of the merger. A detailed
description of all the models considered is provided in the next Sections, while a sum-
mary of the main features of each model can be found in Table 4.2.

4.3.1 Analytically integrated light curve

Each accretion event onto the SMBH in HQ11-GAEA realization is characterized by
a ∆MBH which is gradually deposited onto the central SMBH following a predefined
LC, which regulates the time evolution of the gas accretion rate over the lifetime of
the AGN episode. The shape of the LC broadly follows expectations from numerical
experiments and theoretical arguments [e.g., Springel et al., 2005, Hopkins et al., 2006a,
Lapi et al., 2006, Shen, 2009, Shankar, 2010]. It is characterized by an exponential pre-
peak regime, followed by a post-peak power-law phase, to mimic the effects of a self-
regulated growth of the SMBH, which initially grows exponentially at or above the
Eddington limit, then switching to a less rapid accretion mode when the gas reservoir
reduces [e.g., Granato et al., 2004, Monaco et al., 2007, Fontanot et al., 2020]. Both parts
of the LC are going to be dependent on the same set of parameters, as described below.

2I stress that with the word ”Evolution” in this thesis usually refers to the short evolution of the SMBH
and galaxy within the timeframe of the AGN LC and not to the overall evolution of the system on longer
cosmological timescales.
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FIGURE 4.3: Diagrams of the Evolutionary models 1, 2, 3, and 4, and the work of the
optically/UV visible window. Obscuration in Models 1 and 2 constitutes column den-
sities between 1022 and 1024 cm−2 (CTN), in Model 3 the pre-peak obscured phase is
divided in two with column densities between 1022 and 1024 cm−2 (CTN) and between
1024 and 1026 cm−2 (CTK), and in Model 4 the pre-peak obscured phase has column
densities between 1024 and 1026 cm−2 (CTK) and the post-peak obscured phase has
column densities between 1022 and 1024 cm−2 (CTN). In all cases, dark shadow cor-
responds to CTK obscuration, light shadow represents the CTN obscured phase, and
uncoloured area corresponds with the optically/UV visible phase. We include the ef-

fect of each model specification to the CTN obscured fractions.
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FIGURE 4.3: (Cont.) Diagrams of the Evolutionary models 1, 2, 3, and 4, and the
work of the optically/UV visible window. Obscuration in Models 1 and 2 constitutes
column densities between 1022 and 1024 cm−2 (CTN), in Model 3 the pre-peak ob-
scured phase is divided in two with column densities between 1022 and 1024 cm−2

(CTN) and between 1024 and 1026 cm−2 (CTK), and in Model 4 the pre-peak obscured
phase has column densities between 1024 and 1026 cm−2 (CTK) and the post-peak ob-
scured phase has column densities between 1022 and 1024 cm−2 (CTN). In all cases,
dark shadow corresponds to CTK obscuration, light shadow represents the CTN ob-
scured phase, and uncoloured area corresponds with the optically/UV visible phase.

We include the effect of each model specification to the CTN obscured fractions.
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The exponential regime is described as:

ṀBH(t) = Ṁpeak
BH exp

(
tpeak − t

tEdd

)
, (4.12)

where ṀBH(t) is the accretion rate onto the central SMBH, Ṁpeak
BH is the QSO-mode

peak accretion rate, tpeak is the time corresponding to the peak accretion rate since the
triggering episode (most of the time a merger), t is the time stamp within the LC, and
tEdd is the Eddington time corresponding to 4.5 · 107 years for the chosen value of the
radiative efficiency (ϵrad = 0.15, also used for luminosity calculation).

The second regime is defined as in Hopkins et al. [2006a],

ṀBH =
Ṁpeak

BH

1 +
∣∣∣ t−tpeak

tEdd

∣∣∣2 . (4.13)

The LC put forward above is a flexible mathematical model that can be adapted to
explore the impact of varying the relative time lengths of the pre- and post-peak phases
in the predicted fractions of obscured AGN [see also Appendix B in Alonso-Tetilla et al.,
2024]. In the original LC model presented by F20 (their, Eq. 13), the peak values were
chosen by adopting a first regime where the BH accretes exponentially at Ṁedd, until it
reaches a critical BH mass Mcrit

BH (Ṁcrit
BH = Ṁpeak

BH )

Mcrit
BH = fcrit1.07(Min

BH + ∆MBH), (4.14)

where ∆MBH represents the total mass accreted in the event, Min
BH is the initial mass of

the SMBH, and I fix the scaling factor for ‘critical mass’ of BH as fcrit = 0.4 as in F20
which was originally fixed based on direct observations and numerical simulations by
Somerville et al. [2008] [see also Marulli et al., 2008, Bonoli et al., 2010].

The original F20 LC, calibrated on the Hopkins et al. [2007] prescriptions built around
the idea of a critical accretion rate Mcrit

BH , tends to generate quite narrow LCs, sometimes
close to delta functions, due to the fact that after triggering the accretion rate rapidly
approaches the critical accretion rate thus generating a fast switch from Eddington-
limited to power-law modes.

In this thesis instead, I bypass the critical accretion rate limitation. In the LC reference
model, I keep unaltered the original F20 values of Ṁcrit

BH and tpeak, but allow for ex-
tended pre- and post-peak phases following Eqs. 4.12 and 4.13, without the constraints
imposed by the critical accretion rate criteria and the moment of the accretion triggering
and still matching the observed AGN LF. In addition, I will also explore more flexible
models where both the tpeak and Ṁpeak

BH parameters are also varied. I verified that my
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predicted AGN LFs generated by the new LCs fall within the observational determi-
nations by Shen et al. [2020] at z ≲ 3, and also the implied SMBH mass functions are
similar to those reported by F20.

It is important to note that my method may yield slightly higher BH mass estimates
than initially prescribed. The prerequisite for each assumed individual input LC is to
be consistent with the observed bolometric AGN LF at least at z < 3, which is the
main focus of this thesis without modifying any of the GAEA free parameters. Indeed,
I verified that all my model variants are within the observational limits of Shen et al.
[2020] (see AGN LF in Chapter 6, Figure 6.11).

4.3.2 Pure evolutionary models

In my pure Evolution models, the level of obscuration in an AGN is solely controlled
by the time at which the AGN is observed within the LC [e.g., Sanders et al., 1988].
In my Evolutionary models, each source is randomly sampled within the LC and as-
signed a luminosity and a certain degree of obscuration (a value of the line-of-sight NH

column density) based on its position in the LC. The early phases of the life of an AGN
are considered the most obscured, as the AGN radiation is expected to clear out its
environment at later times, making the source also optically and UV visible [e.g., Hop-
kins et al., 2006a, Gilli et al., 2007, Kocevski et al., 2015]. However, more recent works
suggest a more complex evolution [e.g., Lapi et al., 2006, 2014, Aversa et al., 2015]. As
visually represented in Figure 4.3, in this thesis I consider four physically motivated
scenarios that account for host galaxy obscuration, representing the cold gas or dust
contribution (but not a torus-like component):

• Model 1: this model follows the traditional view of evolutionary models in which
AGN are obscured pre-peak, and become optically/UV visible post-peak. I as-
sume obscuration can only reach Compton-thin levels in the pre-peak phase, with
a random value within 22 < log NH/cm−2 < 24. In Model 1 the optical/UV
“visibility window” ∆τQSO is the whole extent of the LC after the time of peak
luminosity.

• Model 2: this model is inspired by the seminal works by Granato et al. [2004] and
Lapi et al. [2006]. In this scenario, the source starts CTN until the BH feedback
and the strong early episodes of star formation efficiently eject and/or consume
the gas reservoir in the host galaxy and around the SMBH, thus rapidly shutting
off the accretion on the central object, and consequently the LC sharply decreases
to zero after the peak. The AGN in this scenario becomes optically/UV visible for
a relatively brief interval of time ∆τQSO around the peak.

• Model 3: is a variation of Model 2 in which I also include an initial Compton-thick
(CTK) phase followed by a CTN phase. The peak and the post-peak phases are
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unobscured (20 < log NH/cm−2 < 22). This model can adopt a flexible post-peak
phase. If I make use of the total LC, I label it with post-peak. If, similarly to Model
2, the accretion turns off quickly after the peak, I label the model it without post-
peak. In Model 3 the optical/UV visibility window ∆τQSO is the total extent of the
LC after the CTN phase.

• Model 4: in this model the early phases of the AGN present CTK obscuration,
followed by a period of ∆τQSO optical/UV visibility, hereafter labelled as visibility
window. Later on, in this model I assume that ejected gas falls back into the galaxy
causing CTN obscuration.

The first four rows of Figure 4.3 sketch the four models introduced above. In the left
column we report the idealised LC characterizing each model, and in the right column
the corresponding foreseen effects on the obscured fractions of AGN as a function of
luminosity fobs(L), which will be discussed in detail in Chapter 6. It can be seen from
Figure 4.3 that the removal of a prolonged post-peak phase (blue lines) is expected to
significantly increase the fractions fobs(L) at all luminosities as the visibility window
∆τQSO shrinks while the obscured pre-peak phases remain unaltered. It is important
to stress at this point that the overall extent of the AGN LC is fixed in my models to
∼ 2 · 108 years as in F20 at z = 2.4, although it could be shorter than this in models
without a post-peak phase, as, for example, in Model 2. I note that the exact value
for the full temporal length of the LC has a relatively minor impact to both the pre-
dicted bolometric LF and the obscured fractions of AGN. What is more relevant is the
choice of the relative lengths of the pre- and post-peak phases, which correspond to
different levels of obscuration in my Evolutionary models. In addition, I also veri-
fied that most of my sources are already shining above the limiting luminosity of the
observational surveys, Lbol ≳ 1042, and thus prolonging the LCs would mostly add
luminosities below the detection limit of the data, without any impact on the predicted
fobs(L) above Lbol ≳ 1042 ergs−1. This is graphically visualized in the bottom panels
of Figure 4.3 which depicts two limiting cases of an AGN with a LC with luminosities
for most of the time above the minimum luminosity of the surveys Lbol ≳ 1042 ergs−1

(left column), and one with a LC in which only luminosities around the peak are above
Lbol ≳ 1042 ergs−1 (right column). Most of the sources in our models broadly fall within
these two limiting cases, with a larger proportion of AGN with fainter luminosities, as
relatively fewer AGN reach very bright luminosities around their peaks.

Once an LC is chosen, I assign to each active galaxy a Hydrogen column density NH

and bolometric luminosity by randomly extracting the time of observation from the
LC. If I observe the galaxy in a phase of CTN obscuration, I assign NH at random in
the range 22 < log(NH/cm−2) < 24. The optically/UV visible phase is characterized
by 20 < log(NH/cm−2) < 22, while the CTK column densities are uniformly extracted
in the range 24 < log(NH/cm−2) < 26. In this approach, we bypass any information
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on the amount and/or geometry of the cold gas within the host galaxy, with the aim
to characterize the general conditions under which a pure Evolutionary sequence of
obscured/unobscured phases can reproduce current data sets.

4.3.2.1 Fine-tuned luminosity models

In all the reference models I assume that the visibility window is constant for all galax-
ies. However, it may be expected that in more luminous AGN, with allegedly an in-
creased ejective power, the UV/optically visible window ∆τQSO may be longer than
for less luminous sources. This process would, in turn, generate shorter obscuration
phases, and thus a reduced fraction of obscured sources at higher luminosities, as visu-
ally sketched in the first rows of Figure 4.3 with orange, dashed lines. In order to test
this possibility, I assume ∆τQSO to slightly increase with peak luminosity in Model 1,
following the empirical formula

∆τQSO = ∆tpost−peak ·
[

1 −
(

Llim

Lpeak

)α]
· 107 [yr] , (4.15)

where α = 0.1, Llim = 1045 erg/s, and ∆tpost−peak = f (tpeak) refers to the time of the
post-peak phase which varies from source to source, but limited in the range 107 and
2 ·108 years, the maximum extent of the LC at my redshift of reference z = 2.4. I also
impose that ∆τQSO never falls below 107 yr, i.e., the reference value for models with
constant visibility window, as I noticed that this choice provides a better match to the
fraction of obscured AGN at fainter luminosities. Similarly, Model 2 has a fine-tuned
visibility window:

∆τQSO = ∆tpre−peak ·
[

1 −
(

Llim

Lpeak

)α]
· 107 [yr] . (4.16)

Note that in Model 1 I am fine-tuning the visibility window by decreasing the time
of the post-peak phase (Eq. 4.15) and in Model 2 I use the pre-peak phase instead
(Eq. 4.16). Therefore, in Model 1 I keep constant the CTN phase, while in Model 2
I decrease it as the visibility window increases. The form and choice of parameters
for the luminosity-dependent expressions of ∆τQSO given above have been empirically
calibrated via trial and error to produce an improved match to the fractions of obscured
AGN measured by U14 and A19, which sharply drop with increasing AGN luminosity.
Equations 4.15 and 4.16 ensure that the more luminous AGN will be characterized by
longer visibility windows, more specifically AGN with peak luminosity Lpeak ≲ 1043

erg/s will have a ∆τQSO ∼ 107 yr, which steadily increases for more luminous sources
approaching values of ∆τQSO ∼ 5 · 107 yr for Lpeak ≲ 1045 erg/s and ∆τQSO ∼ 8 · 107 yr
for Lpeak ∼ 1046 erg/s.
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4.3.2.2 Contribution from a torus-like component

Evolutionary models introduced so far do not include a possible contribution from
a central torus-like structure. However, it is now clear from both direct and indirect
(via, e.g., Spectral Energy Distribution (SED) fitting) observations [Combes et al., 2019,
Garcı́a-Burillo et al., 2019, 2021] that such element is an essential ingredient required
to fully model the observational properties of AGN [see Netzer, 2015, Ramos Almeida
and Ricci, 2017, Hickox and Alexander, 2018, for reviews], especially in sources with
log10(NH/cm−2) > 24 [Risaliti et al., 1999, Marchesi et al., 2018]. As already mentioned
in Section 4.2, the torus can be described as a compact reservoir of low angular momen-
tum dusty gaseous material, and/or part of a windy outflowing structure connected to
the accretion disc [Hönig, 2019, and references therein]. Irrespective of its underlying
nature, a torus around a SMBH significantly contributes to absorb UV light from the ac-
cretion disc and reprocess it in IR bands. Despite GAEA includes the modelling of gas
reservoirs around the central SMBH (and the subsequent accretion of this material), it
does not explicitly treat the dynamical and geometrical properties of the accretion disc
and the torus around the central SMBH. Therefore, I include a modelling of the torus
following the prescriptions I developed in Section 4.2. I define as the fiducial torus
model a combination of the models proposed by Wada [2015] and Ramos Almeida and
Ricci [2017]. The former model analytically connects the dependence of the torus size
and thickness on AGN luminosity/accretion rate and SMBH mass, and assumes that in
an AGN there is always enough circumnuclear material to feed a torus. The latter more
empirical model by Ramos Almeida and Ricci [2017] assumes that the column den-
sity increases for larger inclination angles, with maximum CTK column densities for
lines of sight close the centre of the torus, without any explicit dependence on SMBH
accretion rate or mass (see Chapter 4.2 for full details).

In what follows, we will explore variants of our Evolution models in which we add
the torus component, as sketched in the bottom row of Figure 4.3. We label as short-
lived those Evolution models where we assume the torus is only present during the
obscured phases within the LC, while we label long-lived those Evolution models where
we assume the torus survives the peak activity of the AGN and lasts for the whole
duration of the LC. Including a torus will always boost the fraction of obscured AGN,
especially in the CTK regime, and will also tend to produce obscured fractions that
decrease with increasing luminosity as the thickness of the torus itself shrinks with
with AGN luminosity [Wada, 2015]. Therefore, the torus model is expected to provide
predictions that may be somewhat degenerate with those from a luminosity-dependent
∆τQSO (Section 4.3.2.2), and we will discuss some implications of this in Section 6.2.
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4.3.3 Orientation and evolution hybrid model

Including a torus component in an Evolution model, as described in the previous Sec-
tion, is a first step towards a more complete model for the obscuration of AGN. In
addition, a more realistic modelling of AGN obscuration should take into account the
overall distribution of cold gas in the host galaxy during the LC, e.g., during the growth
episode of the central SMBH. In the real Universe, we would thus expect that a com-
bination of Orientation and Evolution effects could simultaneously contribute to the
line-of-sight NH column density of an AGN [e.g., Hickox and Alexander, 2018, Zhou
et al., 2018, Gilli et al., 2022, Pouliasis et al., 2024].

To this purpose, in this thesis I also put forward comprehensive models in which the
NH column densities originate from the gas distribution in the host galaxy using the
geometry and the exponential density profile described in Section 4.2. I then assign
a bolometric AGN luminosity to the SMBH based on the retrieved value of NH and
the type of LC assumed in the model, following the different LC models described in
Section 2.5.2. For example, using Model 1, a density profile-based column density of
log10(NH/cm−2) < 22 would have a bolometric luminosity chosen at random within
the visible post-peak phase of the LC, whilst column densities log10(NH/cm−2) > 22
would have assigned a random bolometric luminosity within the obscured pre-peak
phase of the LC. Taking into account that column density and luminosity, we analyse
the new obscured fractions. For Models 3 and 4 I take into account the three portions
of the LC, including the CTK one.

As already mentioned, the column density NH associated to each galaxy is computed
following the modelling of Section 4.2. In brief, this model strictly assumes an exponen-
tial profile for the gas component, with a scale radius of Rd,gas = 0.3 · Rd,⋆ which aligns
with present ALMA observations of high-z galaxies [see, e.g. Puglisi et al., 2019]. I will
discuss below the implications of relaxing these assumptions for both the scale radius
and also gas profile in the context of the present modelling. This model is called the
hybrid model since it includes key variables from both Orientation (density profile gas
distributions) and Evolutionary models (light curves), as well as explores other aspects
from the models (e.g., a torus component from the Orientation model).

4.3.4 High star-forming galaxies and major mergers as CTK sources

As anticipated in Section 2.5.4, in the context of Evolutionary models [e.g., Granato
et al., 2004, Alexander et al., 2005, Granato et al., 2006, Hopkins et al., 2010], it is ex-
pected that newly formed, dust-enshrouded galaxies, often characterized by intense
starburst episodes possibly triggered by major mergers, and usually associated with
high gas column densities [Mihos and Hernquist, 1996, Di Matteo et al., 2008, Zhou
et al., 2018, Renaud et al., 2022], are the obvious sites of obscured CTK AGN, especially
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at z > 1. It is thus a natural question to ask whether there are sufficient starbursts or
major mergers to explain the significant fractions of CTK AGN observed at different
redshifts, a question that I will address in Section 6.5.

Here I explore the role of dusty starburst in creating CTK obscuration in AGN. I first
assume that all obscured sources are derived from the host of the galaxies, and the
CTK sources are simply defined to be the ones characterized by a star formation rate
(SFR) above some ad-hoc threshold above the Main Sequence (MS). In other words,
in this alternative approach I am not assuming any underlying geometry for the cold
gas but simply relying on the level of SFR to label an AGN as CTK or not, while the
CTN AGN continue to be simply defined by the intrinsic gas content and geometry of
the host galaxy. The main limitation of this approach is to use a suitable definition for
starburst galaxies. In the following, I take advantage of the GAEA model and label as
CTK sources those that are selected above a threshold at their SFR peak. Alternatively,
I also adopt a different definition of starburst galaxies as those objects lying four times
above the MS, which is a common definition of starburst often adopted in observational
studies [e.g., Carraro et al., 2020].

Similarly, I can assume that CTK AGN are mainly connected with merger events [e.g.,
Lanzuisi et al., 2015, Bickley et al., 2024]. GAEA allows to track the events responsible
for triggering AGN activity (either disc instabilities or mergers). At the redshift of
interest, z=2.4, the large majority of simulated AGN (>99%) are a result of mergers
(either minor or major). I then explore a variant of the model in which CTK sources are
those galaxies that have undergone a recent merger above a chosen mass ratio.

4.4 Obscuration in Eddington ratio distributions of semi-analytic
galaxies

In this thesis, I also investigate the statistical distributions in Eddington ratio of ob-
scured and unobscured AGN using the GAEA semi-analytic model [F20]. My method-
ology builds upon the work in Section 4.2 and 4.3, which provide a comprehensive
framework for understanding AGN obscuration through models of orientation and
evolutionary processes. This Section outlines the key steps and calculations used to ex-
plore the relationship between column density, Eddington ratio, and AGN obscuration.

4.4.1 Column density calculation

The column density (NH) of the host galaxy plays a crucial role in determining whether
an AGN is obscured or unobscured. For this analysis, I adopt the column density val-
ues provided by the different models detailed in Section 4.2 (Orientation models) and
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Section 4.3 (Evolutionary models) based on a combination of galactic properties, in-
cluding gas mass and scale length, which are consistent with observational data.

In a pure orientation model, each GAEA host galaxy is characterised by a scale length
and a cold gas mass that in turn implies a specific column density when assuming an
exponential density profile and a disc morphology. Following the calculation described
in Section 4.2, I find that the host galaxy produces very little number of obscured
galaxies with column densities above log10(NH/cm−2) > 24 (Compton-thick obscu-
ration, CTK), most of them being optically/UV visible (20 < log10(NH/cm−2) < 22)
or Compton-thin obscured (CTN, 22 < log10(NH/cm−2) < 24) thus suggesting the
contribution of other sources of obscuration, like a central torus (Section 4.2.2). In the
case of Evolutionary models, the column density is assigned depending on the selected
time within the LC of the galaxy, whether pre- or post-peak (see Section 4.3).

Evolutionary models mentioned so far exclude the potential influence of a central torus-
like structure. However, both direct and indirect observations [via, e.g., SED fitting
Combes et al., 2019, Garcı́a-Burillo et al., 2019, 2021] have shown that such a structure is
crucial for accurately modelling AGN properties, especially in sources with log10(NH/
cm−2) > 24. The torus, described as a compact, dusty gas reservoir with low angular
momentum or part of a windy outflow linked to the accretion disc, plays a key role in
absorbing UV light from the accretion disc and re-emitting it in the IR bands. Although
GAEA models gas reservoirs and subsequent accretion onto the SMBH, it does not ex-
plicitly address the dynamics and geometry of the torus and accretion disc. Therefore,
I incorporate torus modelling using the approach described in Section 4.2, also used in
Section 4.3. The fiducial torus model combines elements from Wada [2015] and Ramos
Almeida and Ricci [2017]. The former relates torus size and thickness to AGN lumi-
nosity/accretion rate and SMBH mass, assuming adequate circumnuclear material for
torus formation, while the latter suggests that column density increases with inclination
angle, peaking at the torus centre, without explicit dependence on SMBH properties.

4.4.2 Eddington ratio calculation

The Eddington ratio (λEdd) is a key parameter in understanding AGN activity, repre-
senting the ratio of the AGN bolometric luminosity (Lbol) to the Eddington luminosity
(LEdd). The bolometric luminosity is estimated from the AGN accretion rate, which
is itself derived from the black hole growth rate within the GAEA model (see Section
4.2.1). For my analysis, I calculate the Eddington ratio for each galaxy in the GAEA cat-
alogue using the bolometric luminosities provided by the models described in Sections
4.2 and 4.3, which discuss alternative approaches for calculating Lbol based on different
assumptions on the evolution and orientation of the galaxy.
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As mentioned in previous sections, the GAEA bolometric luminosity is calculated as
Lbol = LQSO

bol + LRadio
bol , where LQSO

bol is the luminosity of the QSO-mode and LRadio
bol the

luminosity of the radio-mode of each galaxy. The bolometric luminosity is of special in-
terest for SAM at local redshifts, since the accretion of hot gas (radio-mode) has a higher
impact in low redshifts than high redshifts, where the accretion of cold gas (QSO-mode)
has a more impactful effect, to the point of being able to reproduce higher luminosity
functions with galaxies with only QSO-mode accretion. The QSO-mode from GAEA is
described and studied in detail in F20, however I study the effect of a different LC in
Chapter 6 (see also Chapter 5), where I explore the impact of different LC characteristics
in the AGN obscuration, using the LQSO

bol from GAEA as consistent LC peak.

Once Lbol is determined, I calculate LEdd using the formula

LEdd = 1.26 × 1038
(

MBH

M⊙

)
erg s−1, (4.17)

where MBH is the mass of the central black hole. GAEA provides SMBH accretion rates
for the QSO and radio-mode [for more information, see F20], as well as the SMBH
mass at each accreted moment. For Orientation models, I will use the peak luminosity
of each galaxy and its corresponding BH mass, while for Evolutionary models I will
use the accretion selected depending on the obscuration of the galaxy at a specific LC
phase. The Eddington ratio is then obtained as λEdd = Lbol

LEdd
(see Eq. 2.4). Note that

many observations [e.g., Aird et al., 2018, Georgakakis et al., 2017a, Laloux et al., 2024]
use an alternative calculation:

λEdd =
Lbol

LEdd
≃ λ =

25 · LX(2 − 10keV)

1.26 · 1038 · 0.002M⋆
, (4.18)

with M⋆ in solar mass units and X-ray luminosity in ergs−1, which is a simplistic scal-
ing relation to make the accretion rate LX/M⋆ resemble the Eddington ratio. For this
relation, I will be using the normalized function, which follows:∫

P(λ, NH, z, M⋆)d log λ = 1. (4.19)

For the purpose of this thesis, I assume that scaling relation is equivalent, although in
my data there is a minor difference in the relation when using BH mass or stellar mass.

4.5 Clustering analysis with semi-analytic galaxies

The spatial distribution of galaxies encodes critical information about the underlying
matter distribution and the processes that govern structure formation in the universe.
The two-point correlation function (2pcf) ωp(rp), quantifies the excess probability of
finding a pair of galaxies separated by a distance rp compared to a random distribution.
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The two-point correlation function, ωp(rp), is generally defined as:

ωp(rp) =
⟨n(r1)n(r2)⟩

⟨n⟩2 − 1, (4.20)

where n(r1) and n(r2) represent the number densities of objects at positions r1 and r2,
⟨n⟩ is the mean number density, and ⟨·⟩ denotes an ensemble average over all pairs
separated by distance rp = |r2 − r1|. This function quantifies deviations from a random
distribution, where ωp(rp) = 0 corresponds to no clustering.

In the following, I will show predictions on the projected 2-point correlation function
(2pcf) ωp(rp) calculated using the Python Corrfunc package [Sinha and Garrison, 2020].
This function computes the projected correlation function in a periodic cosmological
box, which counts the position pairs that are separated by less than the rp bins in the
X-Y plane, and less than πmax in the Z-dimension. From many estimators that could
be used to define Eq. 4.20, in this thesis and in the Python Corrfunc package I use the
Landy-Szalay estimator to compute ωp(rp), which defines Eq. 4.20 as:

ωp(rp) =
DD(rp)− 2DR(rp) + RR(rp)

RR(rp)
. (4.21)

To compute ωp(rp), pair counts are performed for the observed dataset and a random
catalogue. The data-data pairs (DD(rp)) are the number of pairs of galaxies in the ob-
served dataset separated by distance rp. The random-random pairs (RR(rp)) are the
number of pairs in a randomly distributed catalogue of the same spatial and selection
properties as the observed dataset. And the data-random pairs (DR(rp)) are the num-
ber of cross-pairs between the observed and random datasets.

Distances are binned into intervals to improve statistical robustness. Random cata-
logues are generated to mimic the survey geometry and selection effects, ensuring an
unbiased estimate of ωp(rp). Depending on the value of the correlation, the particles
distance can show if the result indicates clustering or not and at what level of sepa-
ration, showing homogeneity or heterogeneity. ωp(rp) at small scales (rp < 1 Mpc)
reflects non-linear clustering due to local gravitational interactions, intermediate scales
(1 ≲ rp ≲ 50 Mpc) captures the large-scale structure, including filamentary and void
structures, and large scales (r > 100 Mpc) shows homogeneity, consistent with the
cosmological principle.
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Chapter 5

Probing the roles of the orientation,
and multi-scale gas distributions in
shaping the obscuration of Active
Galactic Nuclei through cosmic time

In this Chapter I present the results of the Orientation model applied to the GAEA AGN
catalogue, where I assume that the column density is calculated from an Exponential
density profile and the AGN peak luminosity, as detailed in Section 5.1, including a
study of the dependence on gas disc scale thickness in Section 5.2. I also include a
torus-like component that creates the CTK obscuration and some CTN obscuration in
Section 5.3. I evaluate the effect of changing some of the variables, like the light curve
in Section 5.4 or the gas fractions in Section 5.5. I finish the Chapter discussing the
limitations of the Orientation model in Section 5.6.

This chapter has been published as part of Alonso-Tetilla et al. [2024].

5.1 The role of galaxy size and AGN feedback in shaping the
obscured AGN fraction with LX

In what follows, when discussing the dependence of AGN obscured fractions on X-ray
luminosity, I focus on the mean redshift of z = 2.4, around the peak of AGN emissivity
with available observational constraints. I will then show the fiducial model against
data in other bins of redshift. In the left panel of Figure 5.1, I provide a comparison of
the predicted mean column densities from the models as a function of X-ray luminosity
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compared with the mean empirical column densities extracted from the average

⟨log NH⟩ =
∫

f (log NH|LX) · log NH · d log NH, (5.1)

where f (log NH|LX) is the conditional column density distribution derived by U14 and
A19. The results clearly highlight the importance of the correct recovery of the gas
scale radii as a function of galaxy stellar mass, as seen from the significant difference
between the AGN obscured fractions using GAEA disc radii and van der Wel et al.
[2014] relation for the effective radius:

Reff(m⋆)/kpc = A · mα
⋆, (5.2)

where m⋆ ≡ M⋆/7 · 1010M⊙ and the parameters A and α values are described in Table 1
of van der Wel et al. [2014], depending on redshift. In my reference model I assume gas
disc thickness as h = Rd/8 following Nath Patra [2020]. I will show the effect on the
prediction of a different assumption for h in the Section 5.2. As robust and extensive
measurements of the gas sizes are only available for sporadic samples [see Nelson et al.,
2016, Puglisi et al., 2019, for comparison between ionised gas or cold gas and stellar
disc radii in a statistical sample of z ∼ 1.5 galaxies], in what follows I assume the
Rd,gas = N · Rd,⋆, with Rd,⋆ = 1.68Reff, and N = 0.3, inspired by the recent ALMA/sub-
millimetre observations by Puglisi et al. [2019] suggesting that on average the gas disc
radius is about 1/3 of the stellar component, which is at variance with previous works
that assumed Rd,⋆ = Rd,gas [e.g., Tamburro et al., 2008, Leroy et al., 2008, Swinbank
et al., 2017, Gilli et al., 2022, Liao et al., 2023]. I note that assuming large gas scale lengths
comparable to the stellar disc ones would induce too low CTN fractions, as shown in
Figure 5.2, when adopting exponential profiles. I first use the gas disc sizes directly
predicted by the GAEA model, and I obtain a weak positive dependence of NH versus
AGN luminosity, which is at odds with observational constraints. Puglisi et al. [2019]
results are complete on the main sequence only above 1011M⊙, but there are no results
for lower masses. In order to explore the effect of the dependence of disc sizes on stellar
mass, I also use the fitting formulae from van der Wel et al. [2014]. Using this empirical
model, the situation clearly improves and the observed dependence of NH with X-ray
luminosity is recovered, although its slope is still shallower than in the observed data.
It is important to keep in mind that van der Wel et al. [2014] measure half-light radii
of the stellar component. It is also worth noticing that the GAEA model predicts a disc
size versus stellar mass relation which is consistent with van der Wel et al. [2014] data
[Zoldan et al., 2019], but with a slightly shallower slope. I study the GAEA gas fractions
and its comparison with observed data in Section 5.5 [see also Hirschmann et al., 2016],
where I find that using different gas fractions produce the same results. The results
thus highlight the need for a relatively steep disc size vs stellar mass relation in order
to recover the trend of obscuration with bolometric luminosity. I explore the impact of
varying the ratio N = Rd,gas/Rd,⋆ within reasonable values in Figure 5.2, which shows
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that only models with N ≲ 0.3 can generate a fraction of CTN AGN broadly consistent
with current data (solid, blue and dotted, green lines). The effect of varying the gas disc
thickness instead is marginal and definitely negligible with respect to the impact of the
BW and/or the choice of gas disc sizes, as discussed in Section 5.2.

The middle panel of Figure 5.1 compares the predicted fraction of obscured CTN AGN,
with the data by U14, B15, and both of the A19 models, as labelled. The fiducial model
(without BW, assuming the stellar mass dependence of the Rd,⋆ from van der Wel et al.
[2014], and Rd,gas = 0.3Rd,⋆) presents a decreasing trend in the obscured fraction with
increasing X-ray luminosity, which is also present when including the BW model. This
decreasing trend, which is aligned with observations [e.g., Gilli et al., 2007, Hasinger,
2008, Ueda et al., 2014, Buchner et al., 2015, Ananna et al., 2019], is mainly induced
by the lower luminosity AGN, which tend to have a relatively higher fraction of high
column densities being generally hosted in lower mass and more compact galaxies. As
seen in Eq. (4.4), in fact, at fixed line-of-sight angle, a smaller Rd,gas would increase the
upper end of the integral and thus the corresponding NH.

When including the BW in Figure 5.1, the predicted fractions drop by ∼30% at low
luminosities and ∼15% at higher luminosities. Although the impact of the BW is some-
what degenerate with the exact choices of gas fractions and/or shape of the still poorly
constrained Rd,gas − M⋆ relation, it is still relevant to highlight two effects of the BW
model. First, with all other parameters kept fixed, the BW model makes it usually
harder for galaxy scale obscuration to make a significant contribution to the fraction of
obscured AGN, due to some gas being removed from the galaxy when the BW is bigger
than the extension of the gas disc. Second, at least within the remit of the Menci et al.
[2019] model, the BW is not the cause behind the drop in the fraction of obscured AGN
with luminosity, a trend which in the model is instead mostly driven by the (positive)
correlation between Rd,gas and M⋆.

The right panel of Figure 5.1 shows that the galaxy-scale obscuration, irrespective of
the specific parameters adopted in input, falls drastically short in producing any CTK
AGN at any X-ray luminosity, at least in the case of an exponential gas density profile,
suggesting that something in the current model is still missing.

To further clarify the importance of the dependence between gas disc sizes and galaxy
stellar mass, in Figure 5.2 I plot the predicted fraction of CTN obscuration for four dif-
ferent values of the variable N of the Rd,gas = N · Rd,star relation, where the fiducial
model (solid blue line) is N = 0.3 as previously defined, and the other three lines are
for different choices of N, as labelled. I also include a model with the original GAEA
Rd for comparison (cyan long dot-dashed line). The smaller the N value, the larger
the overall implied mean column densities. The value N = 0.3 has been chosen fol-
lowing the results of Puglisi et al. [2019], which is the average ratio between the stellar
and sub-mm radius in sub-mm compact galaxies. Lower N generates more compact
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FIGURE 5.1: Mean column density distribution and obscured fractions at z = 2.4 de-
pending on the X-ray luminosity. Green dashed lines correspond to the model using
the (gas) scale length from GAEA and without BW. Blue solid and red dotted lines
are calculated with the scale length fit from van der Wel et al. [2014] no-BW and BW
models respectively. All three lines assume Rd,gas = 0.3 · Rd,⋆. Left panel: Column
density distributions predicted by each model, as labelled. Lines correspond to the
mean values of the column density at fixed AGN X-ray luminosity, and the coloured
areas mark the predicted σ region around the mean. Middle panel: CTN obscured
fractions. Grey areas correspond to the observations by U14, B15, and A19 as labelled.
Right panel: CTK obscured fractions. Observations with the same format as in the

middle panel.

FIGURE 5.2: Predicted fraction of CTN obscuration as a function of X-ray luminosity
and without a BW for different values of the relation between gas disc radius Rd,gas
and stellar disc radius Rd,⋆, Rd,gas = N · Rd,⋆, as labelled, with a fixed thickness of
h = Rd/8 at redshift z = 2.4. I explore N = 0.2, N = 0.3, N = 0.5, and N = 1.0.
Fiducial model refers to the model using van der Wel et al. [2014] fit and N = 0.3 (see

text). The observational data is shown as in Figure 5.1.
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and obscured galaxies, to the point where I can reproduce the full fraction of CTN as
measured by U14 (see N = 0.2, dotted green line for U14, A19 at lower luminosities
and B15, A19, -updated Ueda version- at higher luminosities). This trend indicates that,
with sufficiently compact galaxies, I can reproduce the CTN obscured fractions without
the need for any other obscuration component. However, due to the lack of extensive
measurements of the molecular gas disc size in statistical samples of main-sequence
galaxies, I cannot confirm (nor reject) that all galaxies at high redshift present gas scale
lengths below 0.7 kpc, which are the values obtained when assuming N = 0.2. In this
Chapter I choose a value of N = 0.3 in order to be conservative, and in line with some
of the latest observations [Puglisi et al. 2019, see also Elbaz et al., 2018, Franco et al.,
2020, Puglisi et al., 2021, Gómez-Guijarro et al., 2022]. Meanwhile, I have confirmed
that any combination of input parameters explored in this Chapter can hardly gener-
ate any significant number of CTK AGN, although a few more could be formed when
switching to a Sérsic gas density profile, as further discussed below.

The analysis of Figures 5.1 and 5.2 has been carried out under two major assumptions:
1) the gas fractions do not evolve significantly during the life span of the AGN, and
2) the X-ray luminosity associated to NH for each source is the peak luminosity within
the AGN LC. The former assumption might be extreme as gas fractions decay in time
due to gas consumption via star formation and, as predicted by many galaxy evolution
models, via AGN feedback which can both heat and expel gas [e.g., Granato et al., 2004,
Hopkins et al., 2006a, Croton et al., 2006]. The second assumption is a somewhat nat-
ural choice in GAEA as AGN light curves tend to be quite narrow due to an emission
bulk highly concentrated in time, a combination of large initial SMBH masses (most of
the AGN in GAEA at z < 3.3 are re-activations), and a rapid fading phase for less lumi-
nous objects (the large majority of events). In addition, following F20, the peak of the
LC is shorter because the bolometric luminosities significantly drop when they enter
the radiatively inefficient mode, below 10% Eddington luminosity. In order to check
the robustness of my conclusions against the above assumptions, I develop several ad-
ditional models where either a) I associate an X-ray luminosity randomly chosen within
the AGN LC to the column density, b) I deploy a column density which decreases expo-
nentially over time, or c) I assume a more extended input AGN LC. I report the results
of the new additional models in Section 5.4, where I show that, in all cases, the main
results are similar to the ones obtained in the fiducial model.

As a final check, I compare the fiducial host model against U14 and A19 for the ob-
scured fraction distributions in the column density plane in Figure 5.3. I note that the
column density distributions as a function of X-ray luminosity from A19 were recently
confirmed in the mid-infrared (MIR) at z ≤ 0.8 by Carroll et al. [2023]. I immediately
note that, as expected from my previous findings, the reference models fall severely
short in matching the fraction of CTK AGN when only the obscuration from the host
galaxy is included. In addition, Figure 5.3 also reveals that, although the fiducial model
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FIGURE 5.3: Obscured fractions of galaxies between LX = 1043 erg/s and LX = 1045

erg/s (left panel) and between LX = 1044 erg/s and LX = 1045 erg/s (right panel) as a
function of the column density for the fiducial host model with (dotted red line) and
without (blue solid line) BW at redshift z = 2.4. Observational data correspond to U14

and A19, as labelled.

(without a torus) can predict an overall inverse dependence of obscured fraction with
increasing X-ray luminosity similarly to what observed in the data (Figure 5.2), it still
struggles in fully reproducing the breakdown of CTN AGN at fixed X-ray luminos-
ity. The fiducial model generates similar fractions of NH ∼ 1022 − 1023 cm−2 as in the
data, but less AGN with NH ∼ 1020 cm−2 and significantly more AGN with NH ∼ 1021

cm−2. I will see below that including a torus in the fiducial model provides an im-
proved match to the data on the NH distribution at fixed X-ray luminosity.

5.2 Dependence on gas disc scale thickness

In this thesis I have assumed that a reasonable definition for the disc thickness is h =

Rd/8, as suggested by, e.g., Nath Patra [2020]. Here I explore the impact on the results
when adopting a different definition. The one by Ojha [2001], who proposes h = Rd/15,
leads to thinner discs for all galaxies. Other works also use h = 0.15 · Reff ∼ Reff/6 as
fixed value [e.g., see Gilli et al., 2022, , where they use Reff = 1.678Rd, and references
therein], which leads to thicker discs. I assume constant disc thickness throughout the
redshifts studied, as observed by Hamilton-Campos et al. [2023] in galaxies z > 1.

In Figure 5.4 I show the CTN obscured fractions without BW and for the three different
disc thickness definitions. The exact value of disc thickness h, when chosen within
the observational range, does not significantly alter the overall shape of the predicted
CTN fractions, except for a luminosity-dependent increase of around 10 − 20% at all
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FIGURE 5.4: Host galaxy CTN obscured sources for the fiducial host galaxy model
without BW modifying the prescription of the scale height at redshift z = 2.4. I com-
pare the disc heights h = Rd/6, h = Rd/8 and h = Rd/15. Observations as in Figure

5.1.

X-ray luminosities. The disc thickness can therefore be safely considered as a second-
order parameter in the column density calculation compared to other more impactful
assumptions in the model. See for example the fiducial no-BW model (solid blue line)
using h = Rd/8, compared with h = Rd/15 (dotted red line). Therefore, the effect of
the BW, as seen in Figure 5.1, is larger than the effect of changing disc thickness.

5.3 The contribution of the torus to the AGN obscured fraction

So far, I have been considering only the contribution to the NH column density of the
large-scale distribution of gas in the host galaxies. I now proceed with the inclusion
of the torus as an independent source of AGN obscuration. Figure 5.5 shows the three
models described in Section 4.2: Wada, RA&R and the fiducial torus model, a combina-
tion of the other two with no contribution to the obscuration from the host galaxy.

The implementation of the Wada torus model (red, dotted lines of Figure 5.5) in the
mock galaxy catalogue produces, using their suggested parameters, a significant frac-
tion of CTK AGN of ∼85% at low luminosity, with a steep decrease to ∼25% at brighter
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luminosities (right panel of Figure 5.5). This trend is mostly a consequence of the de-
pendencies of the torus radius (the radius within which the X-ray heating is effective)
and θcrit on luminosity, with the former increasing and the latter decreasing with in-
creasing luminosity (see Section 4.2.2). Both variables are contributing by lowering
the probability for the central SMBH to be obscured along any random line-of-sight,
especially in the more luminous AGN. The torus also significantly contributes to the
obscuration of AGN in the CTN regime (middle panel). The average value of 50% of
CTN obscuration across all luminosities (middle panel of Figure 5.5) naturally arises
from my adopted assumption (see Section 4.2.2) of assigning a column density to all
non-CTK obscuration uniformly distributed between 20 < log(NH/cm−2) < 24.

Figure 5.5 also includes the RA&R model (long-dashed, green lines), which relies on
constant limit values for the α angle depending on the column density and the line-of-
sight, creating constant fractions of obscured AGN for both CTN and CTK. In the case
of the CTN, the model presents a mean value around 67%, while the CTK predicted
fraction is ∼30%, with negligible dependence on AGN luminosity, as expected. The
predicted fractions of CTN and CTK AGN from this torus model alone are already
significant enough to be comparable to the observations of B15 for both CTN and CTK.

The fiducial torus model (solid, blue lines in Figure 5.5) includes the luminosity de-
pendent features of the Wada torus model, as well as the angle dependency of the NH

distribution from RA&R. This fiducial model, in line with the RA&R model, naturally
predicts a ∼30% fraction of CTK at low luminosities (right panel), reflecting the as-
sumed value from RA&R model that sources below 27 deg are CTK, but gradually
decreasing to a few percent at bright luminosities due the (negative) luminosity de-
pendence of the opening angle. A similar trend is observed in CTN (middle panel),
showing a value at faint luminosities close to the one predicted by the RA&R model,
and then gradually decreasing at higher luminosities.

In Figure 5.6, I sum the predicted large-scale obscuration from the host galaxy gas with
the small-scale obscuration from the torus for different redshifts. The fiducial torus
and host model, which is the combination of my preferred models from Figure 5.1 and
Figure 5.5, is reported here, with and without the inclusion of the BW (red, dotted and
blue, solid lines, respectively). The reference model provides a good match to the U14
data at least at z > 2. Overall, the fraction of CTK is roughly constant across cosmic
times, and slightly decreasing at lower redshifts and at luminosities below Lx ∼ 1044

erg/s. The fraction of CTN AGN is also roughly constant at z ≳ 2, but then steadily
decreasing in normalization with cosmic time especially at lower luminosities. The pro-
gressively increasing drop in the fractions of low luminosity obscured AGN at z < 1
is mostly driven by the increasing number of radio-mode sources in the model. In Fig-
ure 5.6, the yellow dot-dashed line shows a realization where I compute the bolometric
luminosity using QSO-mode accretion only: this implies that I remove from the esti-
mate all sources powered by radio-mode accretion, that are not obscured by the host
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FIGURE 5.5: Column density distribution and obscured fractions depending on the X-
ray luminosity for different types of torus models at redshift z = 2.4. Fiducial model
(blue solid line) refers to a combination of Wada and RA&R torus models (see text), red
dotted line shows the Wada torus model, and green dashed line is the RA&R model.
Observations shown as in Figure 5.1. Left panel: Mean column density distribution
along with its σ (coloured area). Middle panel: CTN obscured fractions. Right panel:

CTK obscured fractions.

FIGURE 5.6: Compton-thin and thick obscured AGN fractions depending on the X-
ray luminosity for galaxies including BW (dashed red) or without the BW (solid blue
line) and the fiducial torus model. Each panel corresponds with a different redshift as

labelled. Observations shown as in Figure 5.1.

by construction (since their gas content is almost zero), which results in an increase of
the obscured fractions. Radio-mode has a marked effect only in the z ∼ 0 panel, due to
the overall decline of the AGN space density and the increase of massive and gas-poor
galaxies which are not largely represented in the sample of obscured X-ray AGN. In
this redshift range, neglecting the radio-mode accretion in the luminosity calculation
increases the CTN and CTK AGN obscured fractions at low luminosity, bringing them
in better agreement with the available constraints. This is mainly due to the fact that by
removing radio-mode dominated sources I am preferentially removing model galaxies
that are expected to be unobscured in my modelling. Indeed, radio-mode dominated
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FIGURE 5.7: Obscured fractions of galaxies between LX = 1043 erg/s and LX = 1045

erg/s (left panel) and between LX = 1044 er/s and LX = 1045 erg/s (right panel) as
function of the column density for the fiducial galaxy model (host and torus) with
(dotted red line) and without (blue solid line) BW at redshift z = 2.4. Observational

data correspond with U14 and A19, as labelled.

sources are mostly massive galaxies, that, by construction, have a negligible gas content
and low bolometric luminosities. As expected, the impact of removing the radio-mode
channel on the predictions strongly decreases at increasing redshift and is completely
marginal at the redshift of interest for this Chapter.

For completeness, I compare the fiducial model against U14 and A19 for the obscured
fraction distributions in the column density plane in Figure 5.7. I note that the inclusion
of the fiducial torus component improves the match to observations compared to a
model inclusive of only the obscuration from the host galaxy (Figure 5.3). In the left
panel I show the fractions of all galaxies within X-ray luminosities between 1043 − 1045

erg/s. For column densities between NH ∼ 1020 − 1021 cm−2, I still predict a relative
deficit of obscured sources. However, the model tends to better align with the data at
larger NH column densities, although the uncertainties in the current available data are
still significant. The full model host galaxy+torus tends to smooth out the sharp peak
observed before in Figure 5.3, in better, albeit not perfect, agreement with the data.
I note that the fraction of CTK AGN I predict from the reference model is never too
large, roughly consistent with the one inferred by U14 and A19 from fits to the X-ray
background, but never beyond the ∼10-15% limit. The inclusion of the AGN BW has a
minimal impact on the predicted NH distributions.
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FIGURE 5.8: CTN (left panel) and CTK (right panel) obscured fractions for the fiducial
model without BW (solid blue line), fiducial model with the BW (dashed red line), no
BW model but using the randomly picked X-ray luminosity (dotted black line), and
the BW model using the randomly picked X-ray luminosity (dash-dotted grey line).

Observations as in Figure 5.1.

5.4 Dependence on light curve

To determine the dependence of AGN obscured fractions on luminosity, it is necessary
in the first place to calculate and modify the AGN luminosity of all sources in the mock
catalogue. As mentioned before, I compute the bolometric luminosity from the QSO
and radio accretion rates from GAEA following F20, and then I use Duras et al. [2020]
to determine the X-ray luminosity. But throughout this Chapter, I have been using
the peak accretion rate (and therefore the peak bolometric luminosity and peak X-ray
luminosity) as the value assigned to each column density. Using another luminosity
within the LC could lead to different results.

The results of this test are shown in Figure 5.8. In the left panel, CTN fractions decrease
when using a random value within the original GAEA LC, except at higher luminosi-
ties. When using the GAEA LC, we use the peak luminosity of the LC. Choosing ran-
dom X-ray luminosities within the GAEA predicted AGN evolution tends to pick more
frequently luminosities lower than the peak, and during the post-peak, more extended
phase, therefore always selecting lower luminosities than those produced by the GAEA
LC, and effectively both shifting the AGN obscured fractions to the left and evenly dis-
tribute the obscuration among the different possible luminosities from 1042 erg/s to the
AGN peak luminosity. This effect is causing many AGN to be selected at luminosities
below the 1042 erg/s limit, thus decreasing the fractions at faint, but not necessarily at
high luminosities.

The HQ11-GAEA assumes the Hopkins et al. [2006a] LC. To test the effect of the shape
of the LC on my results, I deploy a slightly different alternative modelling: the light
curve model (LC) described in Section 4.3.
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FIGURE 5.9: AGN obscured fractions depending on the X-ray luminosity randomly
selected within the LC assuming the model from Section 4.3, for both with and without
the BW at redshift z = 2.4. Observations as in Figure 5.1. Left panel: CTN obscured

fractions. Right panel: CTK obscured fractions.

The above model, although still very similar to the original in GAEA, tends to produce
more extended curves rather than sharp peaks, with more long-lasting pre- and post-
peak phases. I will deeply explore the effects of changing the LC in the next Chapter,
but here I present the results using both the GAEA original and new LC models in Fig-
ure 5.9, for models with and without BW. X-ray luminosities are assigned at random
within the LC. The overall shapes and normalizations of the predicted CTN fractions
are very similar to the GAEA ones, with only a slight decrease of the fractions of ob-
scured AGN in both the CTN and CTK regimes at lower luminosities and an increase
at higher luminosities, flattening the fractions and slope. Choosing random X-ray lu-
minosities within the extended AGN curves tends to pick more frequently luminosities
lower than the peak, especially during the (longer) post-peak phase. This selection
again causes many AGN to fall below the 1042 erg/s cut, thus decreasing the fraction
of faint AGN.

5.4.1 Dependence on time-varying HI column density

In this Section I test the impact on the AGN obscured fraction of allowing the gas mass,
and thus the NH, to vary within the relatively short timescale of the AGN LC. In other
words, I here test a variant of the reference model in which I include an efficient AGN
feedback and/or star-formation rate consumption that can significantly and rapidly
decrease the initial gas mass. To this purpose, I follow Granato et al. [2004] who suggest
that the gas mass can in some instances decrease exponentially due to AGN feedback,
and assume that the NH column density evolves with time as

NH = NH, peak · exp
(
− t − t0

τ

)
, (5.3)
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FIGURE 5.10: Host galaxy CTN obscured fractions for the fiducial model without BW
(solid blue line), fiducial model with the BW (dotted red line), no BW model but using
the randomly picked X-ray luminosity with a time dependent column density (dashed
cyan line), and the BW model by using the randomly picked X-ray luminosity with a
time dependent column density (dash-dotted pink line) at redshift z = 2.4. Observa-

tions as in Figure 5.1.

where NH,peak is the column density at the peak luminosity calculated from Equation
4.4 or 4.5, t0 is the start of the LC, and τ = 2 Gyr to roughly mimic the time behaviour
predicted by Granato et al. [2004]. The time t in Eq 5.3 is the time, within the light curve,
corresponding to the LX selected at random for each source as discussed previously.

I show the results in Figure 5.10 for the fiducial host model. When comparing with the
outputs in Figure 5.1, it is clear that the predicted fractions with a strongly decreasing
gas mass are close to the ones with constant NH, as expected given the relatively short
AGN lifetimes. Therefore, for simplicity I continue assuming a constant NH throughout
the lifetime of the AGN as this time-dependent evolution of the column density is not
going to heavily impact the results.
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FIGURE 5.11: AGN obscured fractions depending on the X-ray luminosity of the fidu-
cial galaxy model compared against the random X-ray luminosity within the modified
light curve, for both BW and no-BW, assuming that the fiducial torus model only ap-
pears in the pre-peak phase at redshift z = 2.4. Observations as in Figure 5.1. Left

panel: CTN obscured fractions. Right panel: CTK obscured fractions.

5.4.2 Effect of the short-lived torus

Once I have a working model with random X-ray luminosity in the LC model, I can test
other physically motivated prescriptions for AGN obscuration. As an example, I can
test the impact on my results of a potentially short-lived torus component, appearing
only during a specific portion of the AGN lifetime. In order to test this idea, I build
a toy model where the torus is only present during the pre-peak phase, but rapidly
disappears, due to, e.g., AGN feedback and/or gas consumption, during the post-peak
phase. In this scenario, if the source is selected in the case of pre-peak, I include the
column density coming from the fiducial torus model. On the contrary, if the source
is in the post-peak phase, I do not include the torus. I develop further this scenario
within the Evolutionary model framework in Chapter 6. I compare the predictions of
this toy model against the fiducial model from Figure 5.6 in Figure 5.11. It is interesting
to see that with this new prescription for a shorter appearance of the torus (dot-dashed,
purple and blue, dotted lines in Figure 5.11), the fraction of obscured AGN decreases,
in particular the CTK AGN now reduce to ∼13%, which is noticeably below any of my
comparison data sets. This suppression is also evident in CTN obscuration, where it
becomes even more marked when including the BW.

I find that if I go back to a standard Wada torus model (Figure 5.12), which was predict-
ing a larger fraction of CTK sources than the reference model (Figure 5.1), I can recover
a sufficiently high fraction of CTK comparable to the number observed (dot-dashed,
purple and blue, dotted lines). I conclude that the features of the specific torus model
adopted are degenerate with the lifetime of the torus. Thus, I explore this degeneracy
in Chapter 6.
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FIGURE 5.12: AGN obscured fractions depending on the X-ray luminosity of the fidu-
cial galaxy model compared against the random X-ray luminosity within the modified
light curve, for both BW and no-BW model, assuming that the Wada torus model only
appears in the pre-peak phase at redshift z = 2.4. Observations as in Figure 5.1. Left

panel: CTN obscured fractions. Right panel: CTK obscured fractions.

5.5 Dependence of the AGN obscured fractions on the gas frac-
tions in the host galaxies

The column densities are directly proportional to the amount of cold gas mass Mcold in
the host galaxy, I expect a variation of Mcold to have an impact on the implied fractions
of obscured AGN. In this Section, I replace the gas fraction predicted by GAEA (and
self-consistently computed in the model as a balance between cooling, star formation
and AGN feedback), with the empirical relations derived from the GOODS-S, GOODS-
N and the COSMOS fields sample [Santini et al., 2014]. This choice allows me to check
the impact on the predicted NH distributions when varying the underlying gas fraction
in the model. The analytic fit by Santini et al. [2014] suggests an SFR-dependent total
gas mass of the form

Mgas =
fgas

1 − fgas
M⋆, (5.4)

with gas fractions calculated as

log fgas = α + β ∗ (log M⋆ − 11), (5.5)

with M⋆ in units of M⊙.

The variables α and β depend on the SFR of the galaxy and can be found in Table 1 of
Santini et al. [2014].

Figure 5.13 compares the reference model with cold gas masses from GAEA with the
ones using Santini et al. [2014]. The GAEA models with and without BW (solid blue and
red dot-dashed lines, respectively) have broadly similar predictions for the fractions of
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FIGURE 5.13: CTN obscured fractions of the host galaxy using the empirical relation
from Santini et al. [2014] to estimate cold gas fractions at redshift z = 2.4. I compare
with the original GAEA cold gas fractions as in the fiducial host model. Observations

as in Figure 5.1.

CTN AGN to the models assuming the cold gas masses from Santini et al. [2014] with
and without BW (dashed green and dash-dotted yellow lines, respectively). The gas
mass calculation in Santini et al. [2014] is dependent on the stellar mass and two pa-
rameters, α and β, which scale with the SFR. Consequently, galaxies with higher SFRs
and greater stellar masses are predicted to have larger gas masses. This implies that
more luminous galaxies are likely to show higher levels of obscuration, leading to an
increase in the obscured fraction at higher luminosities compared to the gas fractions
predicted by the GAEA model. Although Santini et al. [2014] does not explicitly incor-
porate a direct relationship between gas mass and redshift, the model does establish
a connection between gas mass and stellar mass, which is intrinsically linked to the
redshift evolution of galaxies. Despite relatively minor differences, the mean CTN frac-
tions are similar, proving that the gas fractions from GAEA are sufficiently reliable and
not biasing the core results.
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5.6 Discussion on the limitations of an orientation model and
the inclusion of a torus model

By modelling the small- and large-scale obscuration of AGN on a galaxy-by-galaxy ba-
sis, I have been able to pin down, in the context of an Orientation model, the main pa-
rameters driving AGN obscuration (namely galaxy structure and the torus component).
Here I discuss the robustness of these results starting from the assumptions, compare
with other related works in the literature, and connect with Evolutionary models.

The reference model for this study is the state-of-the-art semi-analytic model GAEA,
which provides a self-consistent baseline population of galaxies, with their central
SMBHs and accretion rate distributions consistent with the total AGN luminosity func-
tion [see F20]. The aim of this Section is to probe the impact of the results on some
underlying assumptions and also input parameters. In an empirical/data-driven fash-
ion, I thus change in turn some of these main input parameters. I have already seen that
although GAEA correctly predicts the increase of the mean galaxy size with increasing
galaxy stellar mass, only when assuming the steeper empirical relation from van der
Wel et al. [2014] I obtain the right trend of NH with LX. However, an Rd,⋆ = Rd,gas rela-
tion is insufficient to reproduce the necessary CTN sources to reproduce observations
(Figure 5.2). I thus need a more compact gas component, as suggested by recent results
from ALMA by Puglisi et al. [2019, 2021]. Further observational constraints in the cold
gas mass disc radii are needed in order to test the results, such as measurements of
molecular gas disc sizes, and/or larger galaxy samples with AGN detections. I also
study the effect of varying, within observational constraints, the gas disc scale height
h (see Section 5.2). I find that the gas scale height h plays a minor role in the overall
results when compared to other variables like the BW.

Additionally, the modelling of an AGN-driven BW feedback capable of removing sig-
nificant portions of the cold gas mass from the inner regions, affects somewhat the nor-
malization of the fraction of obscured AGN, but not its luminosity dependence. The
only dependence of the BW with the luminosity comes from the opening angle calcu-
lation, which will produce all possible angle values between log10 LX = 40− 44 [erg/s]
to then exponentially saturate at 90 degrees between log10 LX = 44− 46 [erg/s]. There-
fore, a luminosity dependence of the BW will only slightly affect higher luminosities,
as seen in Figure 5.6. The two variables of gas disc sizes and the impact of a BW appear
therefore somewhat degenerate, as increasing the latter requires steepening the former.
More robust constraints on the Rd,gas − M⋆ and/or the presence of BWs in AGN will
help in further guiding the models.

Other assumptions seem to play a minor role in setting the obscuration levels in AGN.
For example, I checked the effect of adopting the empirical gas fractions as function of
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stellar mass and SFR by Santini et al. [2014], which yields similar results to the reference
model based on the GAEA gas fractions (see Section 5.5).

By applying the fiducial torus model to my galaxies, I am including a luminosity depen-
dency on the obscured fractions, as seen by U14 and A19, which ultimately originates
from the radiative fountain of Wada (Figure 4.2). However, the results obtained by B15
or A19 ML suggest a less dependent obscured fraction with luminosity, more in line
with RA&R model, which alone falls short in reproducing the observations despite the
increase in the covering factor following new results [e.g., Tanimoto et al., 2019, 2020,
2022, Ogawa et al., 2021, Yamada et al., 2021, 2023]. Including a luminosity dependence
in this model could be achieved by including a dependency on the Eddington rate in-
stead of a constant value of the torus critical angle for all galaxies [Ricci et al., 2017c,
Yamada et al., 2021, Ogawa et al., 2021].

My results, strictly based on exponential gas disc profiles, suggests that, at least at
z ≲ 3, galaxy-scale obscuration may not be sufficient to account for the significant frac-
tion of CTK AGN, and may even fall short in reproducing all CTN AGN. Nevertheless,
some care is needed in extrapolating this conclusion at higher z. In fact, in many high-z
star-forming galaxies (harbouring a growing central BH), most of the host galaxy ob-
scuration is not associated to an extended gaseous HI disk, but rather to a roughly
spherical and compact (about 1 kpc) central region, rich in molecular gas and dust,
where most of the star-formation is taking place [e.g., Knapen et al., 2006, Chen et al.,
2016, Molina et al., 2023]. There, the equivalent gas column densities may be extremely
high, to provide an obscuration comparable, or even heavier than from the nuclear
torus [cf. Gilli et al., 2022]. The best model is in agreement with the recent predictions
by Gilli et al. [2022] who propose that the total covering factor from the interstellar
medium within galaxies is not sufficient to produce CTK obscuration at z ≲ 3. How-
ever, its contribution to obscuration can drastically increase at higher redshifts due to
an overall strong increase in the gas cloud surface density in the host galaxies.
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Probing the roles of evolution in
shaping the obscuration of Active
Galactic Nuclei through cosmic time

In the previous Chapter, I have analysed GAEA AGN catalogue under the Orientation
model, where I assumed that the column density is calculated from an Exponential
density profile and the AGN peak luminosity. I also included a torus-like component
that creates the CTK obscuration and some of the CTN obscuration of the galaxy. I
evaluated the effect of changing some of the initial variables and find that, irrespective
of the luminosity used within the GAEA light curve (LC) -the accretion rate or AGN
luminosity dependency with time-, the column density distribution did not substan-
tially vary when I assumed a time-varying HI column density (see Section 5.4.1). In
this Chapter, I bypass completely any notion I have of the AGN accretion and simply
assume that there is sufficient gas and/or dust in the galaxy to obscure the AGN in
some specific periods within the lifetime of the AGN, as in pure Evolutionary models.
This means that the column density will evolve within the LC. I assume 4 types of Evo-
lutionary models depending on where the obscuration phase is: Model 1 assumes CTN
obscuration pre-peak luminosity and unobscuration (or optically/UV visibility) at the
peak and post-peak [e.g., Granato et al., 2006, Hopkins et al., 2008]; Model 2 presents
CTN obscuration pre-peak, optically/UV visibility at the peak, and a sharp decline of
accretion after the peak [e.g., Lapi et al., 2006]; Model 3 has a CTK obscured phase
during some part of the pre-peak, followed by a phase of CTN obscuration, to have op-
tically/UV visibility around the peak and post-peak, including or not a sharp accretion
decline [e.g., Lapi et al., 2014]; finally, Model 4 assumes an initial CTK obscured phase,
followed by the unobscured peak and a CTN obscured post-peak phase.
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In this Chapter I present the main results of assuming different LCs as inputs in the
GAEA model, as detailed in Section 4.3. I will start showing the predictions from Mod-
els 1 and 2, and then move to those from Models 3 and 4, in Section 6.1. The effect of
including a torus model is shown in Section 6.2, whilst the outputs of the Orientation
and Evolution mixed model are given in Section 6.3, and the predictions of the reference
models at different redshifts in Section 6.4. Finally, the results from alternative models
based on SFR and merger thresholds are presented in Sections 6.5 and 6.6 respectively.

6.1 The role of evolution in shaping the obscured AGN frac-
tion with LX

I show the CTN fractions depending on the X-ray luminosity of the first two Evolu-
tionary models in Figure 6.1. In Model 1 (left panel), the obscuration is present in the
pre-peak luminosity phase followed by an optically/UV visible post-peak phase. In
Model 2 (right panel) I assume that the LC goes rapidly to zero right after the peak.
The AGN becomes, therefore, optically/UV visible only at the peak luminosity, being
CTN until then. In this case, I find a higher fraction of CTN galaxies compared to Model
1, as expected since I am decreasing the probability of a galaxy to be optically/UV vis-
ible with respect to Model 1 which has an extended post-peak phase. These models by
design do not produce any CTK obscuration.

In Figure 6.2 I show the ∆τQSO (Equations 4.15 and 4.16 as described in Section 4.3)
probability density. A constant visibility window ∆τQSO tends to produce a rather flat
fraction of CTN AGN as a function of luminosity in both Models 1 and 2, which would
be broadly in line with what derived from A19-ML, but not with other data sets. In
Model 1, the ∆τQSO encompasses nearly the entire post-peak LC, such that ∆τQSO =

tend of LC − tpeak. For approximately 50% of the galaxies, this results in ∆τQSO ∼ 2 × 108

yr (meaning that the peak happens at the beginning of the LC), distributed at all LX,
with the remainder of the galaxies uniformly distributed in the range between ∆τQSO ∼
107 − 108 yr. Conversely, Model 2 is by design characterized by a constant visibility
window ∆τQSO ∼ 107 yr for all galaxies. To align the model predictions to the U14, A19
data instead, and generate the same steep drop in their observed CTN AGN fractions,
I need to accordingly modulate the optically visible window, by gradually increasing
∆τQSO with AGN luminosity, thus reducing the probability for AGN to be CTN at high
luminosities. In physical terms, this would imply that the more luminous AGN should
be able to more rapidly clear the surroundings, as expected in some AGN feedback
models [e.g., Menci et al., 2019].

I show in Figure 6.1 the effects of assuming such a luminosity dependence in ∆τQSO,
following the empirical expressions given in Eqs. 4.15 and 4.16. Both Models 1 and 2
can produce a good match to the U14, A19 data, but with different visible timescales.
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FIGURE 6.1: CTN obscured fractions depending on the X-ray luminosity and assum-
ing Model 1 and 2 LCs. The column density of the host galaxy is assigned depending
on the LC without a fine-tuned luminosity dependency (solid line) or with a fine-tuned
luminosity dependency (dashed line, read text for more information). The observa-
tions correspond with U14, A19 and B15. A luminosity dependent visibility window
model with a post-peak LC phase that decreases with luminosity reproduces better

the U14, A19 CTN fractions than models without a luminosity dependency.

FIGURE 6.2: Visibility window time distributions for Models 1-4 with and without
luminosity dependency, as labelled. For Model 3 I also include the model without a
post-peak and bigger fraction of the pre-peak as CTK phase (2/3 instead of 1/3, yellow
dash-dotted line). In Model 4 I also include the effect of making a bigger constant

window in 108 yr.

In Model 1 (Eq 4.15), a luminosity dependence implies the post-peak to increase with
luminosity, where the majority of galaxies have ∆τQSO ∼ 107 yr at log LX ∼ 43
[erg/s] (see Figure 6.2), with some galaxies reaching values up to ∆τQSO ∼ 8 · 107 yr at
log LX ∼ 46 [erg/s]. Similarly, for Model 2 (Eq 4.16), a luminosity dependence implies
the pre-peak division between CTN and optically/UV visible to change, proportion-
ally decreasing the time the LC is considered CTN, starting with ∆τQSO ∼ 107 yr at
log LX ∼ 43 [erg/s], values extend up to ∆τQSO ∼ 108 yr log LX ∼ 46 [erg/s].

In Figure 6.3 I show the predictions for Models 3 and 4 (left and right panels, respec-
tively) for both CTN and CTK AGN fractions (top and bottom panels, respectively),
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since Models 3 and 4 produce sources with CTK obscuration. Model 3 has two vari-
ants, one without post-peak phase [inspired by the results of, e.g., Lapi et al., 2006,
2014] and one with a total post-peak phase [e.g., Aversa et al., 2015, Shen et al., 2020].
In the former, I assume the AGN in the initial 1/3 of the LC to be in a CTK phase, fol-
lowed by a longer CTN phase (∼2/3 of the LC) and a constantly short visible window
of ∆τQSO = 107 yr as seen in Figure 6.2. This rendition of the model, with no post-peak
phase (red dashed line), predicts sensible fractions of CTK AGN of ∼ 25%, and ∼ 85%
of CTN AGN, with weak evolution with AGN luminosity. By increasing the CTK phase
by up to 2/3 of the pre-peak phase LC, clearly proportionally increases the CTK frac-
tion and only slightly decreases the CTN one (dotted green lines). When including the
post-peak phase in Model 3 (solid, blue lines) it boosts the optical/UV phase by largely
decreasing the predicted fractions of CTN and CTK AGN. In this model, where the win-
dow has different extensions of the post-peak phase for each individual AGN, ∼ 50%
of the AGN present ∆τQSO ∼ 108 yr (see Figure 6.2), but I find shorter windows for
the rest of the galaxies, similarly to Model 1. In models with extended post-peak LCs
it is thus challenging to reproduce simultaneously the large fractions of CTN and CTK
sources in pure evolutionary models, unless I either allow for some portions of the LC
to be obscured even within the post-peak phase and/or assume some luminosity de-
pendence in the visibility window, as I showed in Figure 4.3. I discuss both alternative
options in what follows.

Model 4, reported in the right panel of Figure 6.3, is characterized by a long post-peak
phase and an optically/UV visible window at the peak of the LC of ∆τQSO ∼ 107 yr, pre-
ceded/followed by a CTK/CTN phase. Model 4 tends to naturally produce a fraction
of obscured AGN close to half of CTK sources and a similar fraction of CTN sources to
Model 3 without a post-peak phase.

Both Models 3 and 4, irrespective of the exact length of the LC, tend to predict flat
fractions of obscured AGN with X-ray luminosity. To induce a luminosity dependence
stronger than the one included by the models in the predicted AGN fractions, I adopt
the luminosity dependent ∆τQSO given in Eqs. 4.15 and 4.16, respectively (see Figure
6.2. The latter generate a strong luminosity dependence especially in the CTN AGN
fractions, as in Figure 6.1. The effect is very similar to Models 1 and 2. For Model 3,
∆τQSO is 107 yr for most galaxies, having some galaxies with windows up to 8 · 107 yr
for higher luminosities. In Model 4, a similar situation is in effect, with windows going
up to ∼ 1.1 · 108 yr.

All in all, I conclude that reproducing the observed high fractions of CTN/CTK AGN
in pure Evolutionary models only, like the ones explored here, requires either LCs with-
out a post-peak phase or LCs with a substantial portion of the post-peak phase turned
back to a CTN/CTK regime, a condition that should be tested against detailed AGN
feedback models and observations. For example, in Menci et al. [2019], outflows can
reach distances of 20 kpc in about 107 yr perpendicular to the disk, but take around



6.2. The impact of a torus component within an Evolutionary model 83

FIGURE 6.3: CTN and CTK obscured fractions depending on the X-ray luminosity
and assuming Model 3 and 4 LCs. The optically/UV visibility window of Model 3
corresponds with the complete post-peak phase of the LC for the ‘with post-peak’
solid line, and just the peak luminosity of the LC for the ‘without post-peak’ dashed
and dotted lines. The fraction of the LC assigned to the obscured phase is the first
1/3 for the dashed line and 2/3 for the dotted line. The observations are the same
as in Figure 6.1. A luminosity dependent visibility window model with a post-peak
LC phase that decreases with luminosity improves Models 3 and 4 when compared to

U14, A19 CTN fractions than models without a luminosity dependency.

108 yr to reach the same distance within the plane of the disk, implying that gas ex-
pulsion along the plane of the disk may be less efficient within a single AGN lifetime.
This could contribute to the post-peak phase, where AGN reverse back to a CTN/CTK
regime due to less efficient clearing of gas along the plane of the disc.

6.2 The impact of a torus component within an Evolutionary
model

Many groups have found clear evidence of the presence of a torus at the centre of local
AGN observed with sufficient sensitivity [see Garcı́a-Burillo et al., 2016, 2019, 2021,
Combes et al., 2019, Gámez Rosas et al., 2022, Isbell et al., 2022, 2023, for molecular and
dusty tori with ALMA, and infrared observations]. In this Section I explore the impact
of including a torus component within the Evolutionary models. I can assume that the
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FIGURE 6.4: CTN and CTK obscured fractions depending on the X-ray luminosity in-
cluding the fiducial torus within Evolutionary Models 1 and 2. The torus can be long-
lived (alive during the whole LC) or short-lived (alive during the obscured phases of
the LC. The observations are the same as in Figure 6.1. A torus component can help to

reproduce the CTK AGN obscured fractions under Models 1 and 2.

torus is a short-lived structure, only contributing to the obscuration along the line of
sight during the CTK/CTN phases of the AGN, or I can also assume that the torus is
a long-lived structure that survives the AGN feedback blowout during the optically
visible part of the LC.

In Figure 6.4, I show that in Evolutionary Models 1 and 2 (without the fine-tuned lu-
minosity dependency) including the reference torus model from Section 4.2, calibrated
on the most recent observations in the local Universe, the fractions of obscured CTK
sources are boosted (bottom panels), along with the CTN ones (top panels), in better
agreement with the data. Choosing for the torus to be present only during the CT-
N/CTK phase (short-lived, long-dashed red lines) or during the whole AGN LC (long-
lived, solid blue lines), has a relatively modest effect in these models, only increasing
the CTK fractions by a ∼20%. The predicted obscured AGN fractions now also tend
to show more pronounced dependence on AGN luminosity due to the inclusion of the
torus and its opening angle, while the visibility window ∆τQSO is not affected by the
torus. As discussed in Chapter 5, the torus tends to produce fewer obscured sources
at high luminosities. This is because, in the Wada model, the torus opening angle in-
creases with AGN luminosity, thereby reducing the obscuring solid angle, in a fashion
that resembles the luminosity fine-tuning.
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FIGURE 6.5: CTN and CTK obscured fractions depending on the X-ray luminosity
including the fiducial torus within Evolutionary Models 3 and 4. The torus can be
long-lived or short-lived. In Model 3, the LC can have a long post-peak (solid blue and
dashed red lines) or short post-peak (dotted yellow and dashed green lines). In Model
4, the LC can have a short optically/UV visibility window (∆τQSO ∼ 107 yr, solid blue
and dashed red lines) or a long one (∆τQSO ∼ 108 yr, dotted yellow and dashed green
lines). The observations are the same as in Figure 6.1. The relation between the torus

model and the visibility window is degenerate.

In Figure 6.5 I show the predictions of Models 3 and 4 with the addition of a long-
and short-lived torus. In the left panel of Figure 6.5 I report the predicted fractions of
CTN/CTK AGN for Model 3 with a post-peak phase and with a long- and short-lived
torus component (solid blue and dashed red lines, respectively). It is clear that in mod-
els with a post-peak phase LC, the inclusion of a torus only has a significant impact
in boosting the CTN/CTK AGN fractions when it is long-lived, as expected given the
relatively short CTK phases. Alternatively, when eliminating the post-peak phase in
the LC in Model 3, both the short- and long-lived torus models (dashed green and dot-
ted yellow lines, respectively) tend to boost the CTN/CTK fractions. Since the torus
obscures originally optically/UV visible AGN, the obscured fractions increase for both
torus models. Therefore, I need to explore how increasing or decreasing ∆τQSO affect
the results when a torus model is included. Interestingly, the inclusion of a torus gen-
erates a pronounced luminosity dependence in CTN/CTK AGN fractions, especially if
long-lived, in line with the U14, A19 data, as in Figure 6.4.

The right panel of Figure 6.5 shows the predictions of Model 4 with the inclusion of
a long- and short-lived torus component and a short UV/optical visibility window of
∆τQSO ∼ 107 yr (solid blue and dashed red lines, respectively) and a longer ∆τQSO ∼ 108
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yr (dotted yellow and dashed green lines, respectively). I also show the case of a longer
∆τQSO in Figure 6.2, right panel. In the former case, with a short visibility window,
the predicted obscured AGN fractions are similar for both short- and long-lived tori
models, as expected given that the difference in the torus lifetime is only 107 yr, in
this case. However, when the optical/UV visibility window is increased to ∆τQSO ∼
108 yr, then the difference in the predicted fractions becomes more noticeable (dotted
yellow and dashed green lines). In addition, only one variant of Model 4 presents
significant luminosity dependence in line with the U14, A19 data, namely the long-
lived torus with ∆τQSO ∼ 108 yr (dotted yellow lines). This result arises because, with
a long visibility window, most of the obscuration is due to the persistent torus, which
lives throughout the entire LC. Since the torus is the primary source of obscuration, the
luminosity dependency observed in the fiducial model of Chapter 5 emerges over the
relatively constant shape produced by the LC alone.

All in all, I conclude that the addition of a torus can have profound implications on the
predicted CTN/CTK LCs in Evolutionary models but under the specific condition that
it must be a long-lived structure around the central SMBH throughout the LC.

6.3 Hybrid model

So far, I have built AGN obscuration by first randomly assigning a luminosity from the
LC to any given AGN and then, based on their position within the LC, allocate a column
density NH according to the models presented in Figure 4.3. I now explore a variant
to this Evolutionary model in which I first compute the NH column density associated
to each source and then assign a bolometric luminosity based on their level of obscura-
tion and the specific LC model considered. For example, in Model 3, which is initially
CTK, then CTN and optically visible, a galaxy with column density log NH/cm−2 < 22
would be assigned a bolometric luminosity at random within the optically/UV visible
portion of the LC, while a source with log NH/cm−2 > 24 would have a luminos-
ity selected from the initial CTK phase of the LC. Line of sight NH column densities
are calculated from the cold gas mass characterizing each galaxy in GAEA, assuming
an exponential geometry with disc geometry, as detailed in Section 4.2. I discuss be-
low (Section 6.11) the impact of switching to a Sérsic geometry for the gas component,
which would affect the Orientation model and subsequently also the analysis of the
hybrid model and the study of starburst and mergers, since they also use the column
density calculated from the disc geometry. I call these model variants ”hybrid” mod-
els because the NH is calculated from a geometrical, orientation baseline, but then it is
preferentially picked in specific phases of the LC.

In Figure 6.6, I show the mixed model when applied to Evolutionary Models 3 and
4. I compare the fractions with column densities coming from the host galaxy alone
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FIGURE 6.6: CTN and CTK obscured fractions depending on the X-ray luminosity
assuming the mixed model (using Evolutionary Models 3 and 4 together with the Ori-
entation model from Section 4.2). Here, the torus model is always long-lived. The
optically/UV visible window of Model 4 is ∆τQSO ∼ 107 yr, while Model 3 uses all the
post-peak phase as window. The observations are the same as in Figure 6.1. Under a
model that includes both Orientation and Evolutionary models, orientation dominates

over the evolution at redshift z = 2.4.

(dashed red lines), and when I include also the fiducial torus model (solid blue lines). I
find that the predicted fractions of CTK/CTN AGN are very similar in both models. I
also note that the inclusion of a torus boosts, as expected, the AGN fractions in particu-
lar for CTK sources, which are otherwise difficult to generate in large quantities relying
solely on the cold gas masses present in the host galaxies (see host galaxy only in the
bottom panels, I further discuss this point in the following Sections). All in all, the re-
sults in Figure 6.6 align with the conclusions from Chapter 5: the details of the shape of
the LC or the exact luminosity assigned to an AGN within the LC, play a minor role in
modulating the distributions of obscured AGN when NH is calculated from a geomet-
rical/orientation perspective as I already hinted in Chapter 5. In Chapter 5, in fact, I
found that the degree of compactness and, to a lesser extent, the amount of cold gas in
the host galaxy, are the main drivers in shaping the AGN fractions with luminosity for
redshift z>1. Nevertheless, given the poor knowledge of gas fractions and geometry in
high-redshift galaxies, it is still relevant to explore pure Evolutionary models in which
I bypass the direct NH calculation and only rely on knowledge of the LC, as performed
in the previous Sections.
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6.4 Redshift evolution

In all the comparisons so far between model predictions and data I focused on a refer-
ence redshift of z = 2.4, which is an epoch dominated by strong AGN and host galaxy
star formation activity, and during which I would expect AGN moving from a more
obscured phase to a more transparent one [e.g., Granato et al., 2004, Alexander et al.,
2005]. Here I aim to explore the predictions of the reference evolutionary models at
other epochs, namely z = 1, and 3.3. I focus only on Model 3, noticing that similar
results are found for the other models, not changing my conclusions. This model has
been selected over the others since it presents the best match with U14, A19, the tar-
geted observations. Figure 6.7 reports the predictions of Model 3 without post-peak
and without a torus but with a luminosity-dependent ∆τQSO (Eq. 4.16, solid blue lines),
and the reference Model 3 with a long-lived torus (dotted red lines). I find that sim-
ilar fractions of CTN/CTK AGN are found at all redshifts explored here, in line with
the data, with possibly a small decrease towards z = 1 in the CTN fractions. The in-
clusion of the post-peak phase in Model 3, long-lived torus model, enhances the effect
of the evolutionary obscuration over the torus, hiding the luminosity dependency of
the torus. Evolutionary models would thus point to similar physical processes shaping
obscured AGN fractions at different epoch, as was also proposed by other theoretical
approaches [e.g., Lapi et al., 2006], despite the different conditions in the host galaxies
and AGN triggering mechanisms (disk instabilities tend to become more significant in
GAEA at lower redshifts). I note that, as I move to lower redshift, the galaxies expe-
rience longer post-peak phases and less accretion events, enhancing the probability of
observing fewer galaxies in the pre-peak phase at late times, and thus a possible re-
duction in the fraction of obscured AGN, especially in the CTN regime. The observed
reduction in luminosity dependence at lower redshifts, attributed to the influence of
the torus, is not present in the Orientation model (Chapter 5) due to the increase of ob-
scuration from the Evolutionary model, which counterbalance the one from the torus.

In summary, the results of the different luminosity-dependent LC models are consistent
across redshifts z∼ 1 − 3, as e.g. shown in the Model 3. However, the long-lived
torus scenario, as discussed in Chapter 5, overproduces the CTN and CTK fractions
at lower redshifts. While my conclusions at redshift z = 2.4 are robust within the
studied redshift range, they would require further investigation and validation at lower
redshifts. At these lower redshifts, the torus may have a more pronounced impact due
to variations in galactic geometry or extended LCs timescales, which could influence
the observed obscuration fractions.
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FIGURE 6.7: Redshift evolution of Model 3 fine-tuned (solid line) and Model 3 with the
long-lived torus (dotted line) for redshifts z = 0.99, 2.42, and 3.31. The observations
are the same as in Figure 6.1. The luminosity dependency and the torus model are

affected by a z-dependency, especially at lower redshifts.

FIGURE 6.8: AGN distribution at redshift z=2.4 with contours at 100%, 95%, 75%, 50%,
and 25% with the MS (black line). Left panel: empirical MS for the total population
and for the starburst from Carraro et al. [2020]. Right panel: CTK obscuration limit on
the assumptions that these sources are residing in host galaxies with SFRs above 100
M⊙/yr (solid, blue lines), and 4 times the GAEA predicted MS (dotted red line), at the

MS (dot-dashed green line).
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FIGURE 6.9: CTK obscured fractions depending on the X-ray luminosity of the star-
burst obscuration models. In each model, I assume as CTK obscured galaxies those
above the limit indicated either in SFR, or MS (Main Sequence). The observations are
the same as in Figure 6.1. The SFR limit of best model to reproduce the CTK obscured

fractions is related to the Main Sequence.

6.5 Can starburst alone explain the fraction of obscured AGN
at z>1?

In the previous Sections I adopted Evolutionary models built around the basic assump-
tion that within the early growth of the central SMBH, the AGN/galaxy undergoes a
CTN/CTK obscured phase. During the early phases of galaxy growth, especially for
moderate/massive galaxies at z > 1, the ones of interest to this thesis, one expects
large gas reservoirs, along with intense star formation episodes coupled to proficient
dust formation [e.g, Granato et al., 2015, Bate, 2022]. Therefore, many early starbursts
could be associated to obscured AGN and indeed, observations tend to suggest a link
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between X-ray activity at z ∼ 1 − 3 and, for example, submillimetre/Herschel galax-
ies [e.g., Alexander et al., 2005, Banerji et al., 2015, Lim et al., 2020]. X-ray luminos-
ity shows a correlation with SFR, at least on average, across all types of host galaxies
and over a large redshift range [e.g., Ranalli et al., 2003, Persic and Rephaeli, 2007,
Mineo et al., 2012, Carraro et al., 2020, Bayliss et al., 2020, Mountrichas and Shankar,
2023, Riccio et al., 2023], with starbursts usually hosting the brightest AGN. If starform-
ing/starburst galaxies are located in the pre-peak phase of AGN activity [e.g., Figure
7 in Mountrichas and Shankar, 2023], I would expect that, irrespective of the details of
the underlying AGN LC, all galaxies above a certain threshold of (specific) star forma-
tion should be obscured and eventually CTK. Indeed, as mentioned earlier, Andonie
et al. [2024] recently found clear evidence for some highly starforming galaxies to be
CTK AGN. Here I test whether GAEA galaxies characterized by a sufficiently large SFR
could account for all CTK AGN at z > 2, as expected in pure Evolutionary models [e.g.,
Sanders et al., 1989, Hopkins et al., 2008], without any reference to the underlying LC
or gas fractions in the host.

Figure 6.8 presents the distribution of 100%, 95%, 75%, 50%, and 25% of the total AGN
population, represented as contours, with GAEA’s MS depicted as a black line in both
panels. The left panel also includes the empirical MS from Carraro et al. [2020] (solid
grey line) and the primary distribution of starburst galaxies (dotted grey lines). It is
important to note that the distribution shown corresponds to the AGN population,
rather than the total galactic population, and thus the AGN MS is expected to lie above
the overall galactic distribution [Mountrichas et al., 2024]. However, the GAEA AGN
distribution appears lower than the MS reported by Carraro et al. [2020] and Popesso
et al. [2023] at similar redshifts, and is similar to Santini et al. [2017], and does not
exhibit a significant concentration of sources near the starburst empirical model. The
right panel illustrates the three different CTK selection criteria: SFRs above 100 M⊙/yr
(solid blue lines), four times the GAEA-predicted MS (dotted red line), and at the MS
(dot-dashed green line).

Note that my targeted observations [U14, A19] do not include any mention to star-
burst or high SFR galaxies and their relation to obscuration. In Figure 6.9 I show the
predicted fractions of CTK AGN on the assumptions that these sources are residing in
host galaxies with SFRs above 100 M⊙/yr (solid, blue lines), and 4 times the GAEA pre-
dicted MS (dotted red line), at the MS (dot-dashed green line), as usually assumed in
observations [e.g., Carraro et al., 2020]. Therefore, I am no longer doing a similar galaxy
and AGN selection to U14, A19, but instead exploring what results I find if I include
an SFR selection instead of a NH selection, and if this selection can significantly affect
previous results and conclusions. An SFR cut of 200-300 M⊙/yr has been historically
used when analysing observational data and starbursts [e.g., Gilli et al., 2014, Perrotta
et al., 2023, Andonie et al., 2024, Cenci et al., 2024]. However, I use a cut of 100 M⊙/yr
to avoid underproducing the number of starburst galaxies relative to the total galaxy
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population as GAEA is known for generating a lower MS (Hirschmann et al. [2016],
also see Carraro et al. [2020] as an example of observed MS that is slightly higher than
GAEA). Here X-ray luminosities are taken to be the peak luminosities in the LCs, for
simplicity, but assigning any other X-ray luminosity at random within the LC would
yield very similar results, as discussed in Chapter 5.

In Figure 6.9, the fraction of CTK AGN exhibits a complex behaviour, showing distinct
trends based on the different SFR and MS criteria. The constant SFR criterion (solid
blue line) displays a relatively flat, increasing trend across the luminosity range, sug-
gesting that extremely high SFRs appear only in very luminous galaxies, as expected.
In contrast, the 4 times over the MS criteria (red dotted line) exhibit an almost flat and
close to zero CTK fractions, since the very few galaxies over the limit are distributed
along all X-ray luminosities, producing zero fractions. Very high SFR galaxies can still
be CTK [Andonie et al., 2024], but in the model those do not represent the bulk of the
population. More relevantly, I note that my selection of sources only just above the MS
produces a fraction of CTK AGN that aligns with the A19-ML data at all luminosities, at
least at z > 2, overproducing U14, A19 at all luminosities and B15 at faint and medium
luminosities. However, this model incorporates too many MS galaxies, which are usu-
ally not selected as starburst in observations, and may not possess the right amount of
compactness and cold gas required to reach a CTK level of NH.

6.6 The contribution of mergers to the fraction of obscured AGN

As anticipated above, several models suggest that starbursts may be triggered by major
mergers [e.g., Mihos and Hernquist, 1996, Di Matteo et al., 2008, Zhou et al., 2018, Re-
naud et al., 2022], and thus ultimately major mergers could be associated to obscured
AGN [e.g., Polletta et al., 2008, Riechers et al., 2013, Gilli et al., 2014, Ishibashi and
Fabian, 2016]. Indeed, in GAEA mergers trigger both accretion onto the central SMBH
and an increase in the SFR. However, galaxies that experienced recent merger events do
not necessarily position themselves above the MS [e.g., Wang et al., 2019, Bluck et al.,
2023, Blánquez-Sesé et al., 2023], although they could still be rich in gas and with an
active central SMBH. Therefore, it could be argued that a major merger event, more
than just a cut in SFR/sSFR, may be a more stringent tracer of a CTK AGN. In this Sec-
tion I explore this possibility by selecting all galaxies in GAEA that had a recent major
merger in the redshift of interest. More specifically, I select all AGN galaxies that have
been triggered within 0.5 Gyr of the epoch of observation by a major merger with a
progenitor mass ratio above 1/3 [e.g, Stewart et al., 2009, Conselice et al., 2022].

In Figure 6.10, I show the results for three scenarios. The first scenario assumes the host
column density from the Orientation model for minor and non-mergers, and NH >

1024cm−2 for major mergers (dashed red line). The second scenario also assumes the
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FIGURE 6.10: CTN and CTK obscured fractions depending on the X-ray luminosity
of the merger obscuration model. If the galaxy underwent a major merger (merger
ratio > 0.33), the NH is increased to be CTK by construction. Solid blue and dashed
red lines correspond to models where the galaxies with merger ratio < 0.33 have a
column density calculated as in Section 4.2 (host or host+torus respectively), while
dotted green assumes random column density. The observations are the same as in
Figure 6.1. The merger ratio of the best model to reproduce the CTK obscured fractions
is constant and the model must include a torus-like component that produces CTK

obscuration.

host column density from the Orientation model but adding the torus component (solid
blue line). The third scenario assumes that disc instabilities and those with a merger ra-
tio below 1/10 have NH ∼ 1020 − 1022cm−2, those with a ratio between 0.1 and 1/3 are
CTN, and those with a ratio above 1/3 are CTK. Merger fraction value do not present an
AGN luminosity dependency [Hewlett et al., 2017, Villforth, 2023, Sharma et al., 2024],
and thus I assume a constant merger ratio limit of 1/3 for all AGN. The model that
utilizes the NH values from the Orientation model for galaxies without a major merger
yields a fraction similar to that described in Section 4.2. This model (dashed red line)
shows a luminosity dependence akin to observational data but slightly underestimates
the CTN fractions, particularly at lower luminosities. When the fiducial torus model
is incorporated, the fractions increase as anticipated, due to the inclusion of a torus
component with CTN obscuration. However, the model that randomly assigns column
densities (dotted green line) exhibits a less steep decline with luminosity, aligning with
U14, A19 findings at lower luminosities and B15 at higher luminosities. For the CTK
fractions, the dashed red and dotted green lines represent essentially the same model
since both define CTK in the same manner, whereas the torus model increases the frac-
tions as expected. Nonetheless, the luminosity dependence of this model diverges from
observations, as it shows an increase with luminosity, contrary to empirical data. The
best merger model takes into account the Orientation model column density calculation
with the torus model. All in all, a major merger model seems to fall short in reproduc-
ing the fractions of CTK AGN at lower luminosities, although major mergers alone may
be sufficient to explain the large fractions at high luminosities, in line with some direct
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FIGURE 6.11: Left panel: AGN LF using U14 model as prediction of the total AGN
LF for then to apply the column density and obscure fractions proportions as per U14.
Middle panel: Model 3 with the luminosity dependenc. Right panel: Model 3 with
the long-lived torus. The lines refer to redshift z = 2.42 for all the galaxies (solid
blue line), CTN (green dash-dotted line), CTK (yellow dashed line) and optically/UV
visible sources (red dotted line). The observations corresponds to U14 (dotted area)
and Shen et al. [2020] (shaded area) AGN LF respectively. The total LC produces an
AGN LF that matches with observations, while different NH cuts provide different

results depending on the Evolutionary model used.

observations [Treister et al., 2010, 2014, Gao et al., 2020, Tan et al., 2024].

6.7 Dependence of the predicted AGN number densities on the
input parameters/assumptions

I begin with predictions from the state-of-the-art semi-analytic model GAEA, which
offers a self-consistent population of galaxies and their central SMBHs. This model
includes accretion rate distributions that accurately reproduce the observed bolometric
AGN LF [see F20, and Figure 6.11]. In a data-driven and empirical manner, I then
sequentially alter some key underlying assumptions, but ensuring in each case that the
model predictions are consistent with AGN number counts at z < 3. In this section I
discuss the dependence of the AGN LF with respect the studied model assumptions
and compare to the observations as another sanity check.

In Figure 6.11 I show the AGN LF I find with my LC (Eqs. 4.12 & 4.13), and the AGN
LF, in turn, of the optically/UV visible, CTN and CTK sources for Models 3 with a lu-
minosity dependency and Model 3 with a long-lived torus. I also compare my results
with the AGN LF predictions for each NH cuts from U14 obscuration model applied to
my galaxies. For this, I have retrieved the AGN LF needed in order to find the AGN
fractions for each separate NH cut. As mentioned before, my LCs broadly reproduce
the observed AGN LF from Ueda et al. [2014], Shen et al. [2020]. However, the distinct
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contributions from CTN and CTK sources to the total AGN LF vary noticeably when
including a torus component in the model as already seen in Figure 6.7. In particu-
lar, the torus produces a boost in the fraction of CTK sources at all luminosities (right
panel), whilst reducing the number of unobscured AGN (NH < 1022 cm−2) and having
a mild impact on the faction of CTN AGN. A torus component would thus tend to in-
duce a predominance of CTN/CTK AGN below the knee of the AGN LF (dashed and
dot-dashed lines in the right panel), a trend that can be directly tested in deep X-ray
surveys. Therefore, although the two models may be roughly degenerate in the pre-
dicted CTN fractions, their absolute numbers of CTK AGN number densities could be
very different.

The peak luminosity value (Lpeak) and its temporal position within the LC (tpeak) play
crucial roles in determining the obscuration number densities within the AGN LF. In
the LC, the position of tpeak is driven by the moment the accretion rate reaches its max-
imum value (Eq. 4.14). Notably, randomly shifting tpeak does not affect the relative
fractions of obscured AGN because tpeak is already uniformly distributed across all
possible values within the corresponding redshift. Altering Lpeak instead moves pro-
portionally the AGN LF towards brighter or fainter luminosities, without significantly
impacting its shape nor the implied AGN obscured fractions.

6.8 Assessing the definition of starburst in relation to the Main
Sequence and SFR

The definition of starburst is intrinsically linked to the MS of star formation. The classi-
fication of galaxies as a starburst in fact often depends on its position relative to the MS:
if the MS is set too high or too low, it directly influences the identification and preva-
lence of starburst galaxies. Currently, GAEA intrinsic MS is lower than new observa-
tional studies [Carraro et al., 2020, Popesso et al., 2023], consistent with discussions in
Hirschmann et al. [2016]. However, recent works [Fu et al., 2024] have advocated for
a lower MS, with findings from Leja et al. [2022] and Koprowski et al. [2024] aligning
more closely with my results. Despite these variations in the MS, the precise position-
ing of the MS does not fundamentally alter my definition of starburst.

I started by adopting the observational definition of starbursts being those galaxies
placed 4 times above the MS, which I label as CTK, irrespective of their gas fractions,
geometry or underlying AGN LC. This choice may be subject to uncertainties. For
example, Sargent et al. [2014] emphasize the variability in SFR and their implications
for defining starburst conditions, which highlights the difficulty of defining starburst
from purely SFR conditions. Nevertheless, the results on the lack of CTK AGN at faint
luminosities are robust against the exact choice of starburst definition.
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6.9 Breaking degeneracies via AGN clustering

I found that to reproduce the data on obscured AGN with a strong luminosity depen-
dence, it is necessary to either introduce a luminosity dependence in the UV/optical
visibility window, increasing for the luminous sources, or to invoke a long-living torus
component, the thickness of which decreases with AGN power. This long-living torus
does not rule out the possibility of a torus life cycle where it gets destroyed and re-forms
during several AGN periods as suggested by, e.g., Garcı́a-Burillo et al. [2019]. All the
variants of Model 3 predict somewhat lower visibility windows with ∆τQSO ∼ 107 − 108

yr, while I require ∆τQSO = 108 yr for Model 4 to reproduce observations. AGN cluster-
ing could help to break these model degeneracies, for example, with a quasar cluster-
ing by measuring correlation length of quasars when comparing the two-point cross-
correlation function of quasars and their surrounding galaxies, as well as the galaxy
auto-correlation function. Here I only discuss comparison with literature results, leav-
ing a more focused study on clustering for future work.

My models forecast a visibility window in the range of ∆τQSO ∼ 107 − 108 yr, either
constant for all galaxies or depending on the post-peak phase, also depending on the
effect of the luminosity dependency and the torus model used. This is consistent with
the quasar clustering analysis from Eilers et al. [2024], that point to short QSO visibility
windows in the range 105 − 107 yr. Building on the observational results from Eilers
et al. [2024], Pizzati et al. [2024] build a semi-empirical model of QSOs supporting a
strong evolution of the duty cycle approaching 108 yr at z ∼ 2− 3. This value would be
consistent with the luminosity-dependent model, or with a torus model with an under-
lying prolonged LC. These results match with Richstone et al. [1998], who suggested a
visibility window of about 106 − 108 yr at z ∼ 3 based on QSO space density [see also
the discussion in Martini, 2004].

6.10 Orientation vs Evolutionary models

The mixed model incorporating the torus successfully reproduces the obscured frac-
tions shown in Chapter 5. I know that some CTK obscuration must partially originate
from a torus-like component, as evidenced in observations [e.g., Garcı́a-Burillo et al.,
2019, 2021, Sengupta et al., 2023, Pouliasis et al., 2024] and theoretical models [e.g.,
Bannikova et al., 2012, Tanimoto et al., 2020, Alonso-Tetilla et al., 2024]. When compar-
ing the Orientation and Evolutionary models, the evolution of the host galaxy appears
to have a secondary effect (see Figure 6.3). More specifically, including a torus implies
introducing in the model a strong orientation component that tends to dominate the
obscured fractions and this holds true irrespective of the type and extent of the LCs or
the amount of gas mass in the host, as long as the torus is present for a large portion of
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the AGN lifetime. As discussed in the next Section, allowing for a more compact struc-
ture for the gas component can significantly increase the fractions of CTN and partially
CTK AGN, so such configurations could reduce the role of the torus in shaping the
number of obscured AGN, especially in the CTN regime.

6.11 The effect of alternative density profiles and their relation
with gas compactness

In Section 4.2, I introduced the compactness parameter N as the ratio between the gas
scale length and the stellar scale length, Rd,gas = N · Rd,⋆, following the relationship
established in Section 4.2 following the results by Puglisi et al. [2019] [see also Puglisi
et al., 2021, Liu et al., 2024]. I found that a minimum compactness N = 0.3 is necessary
for galaxies with an exponential density profile to achieve sufficient CTN obscuration
comparable to observational data (see Chapter 5). This finding indicated that ISM ob-
scuration alone is insufficient to account for the complete obscured fractions observed,
needing an additional component, such as a torus, to produce the bulk of the CTK
obscuration in galaxies.

As discussed in Chapter 5, this conclusion was based on the strict assumption of forc-
ing an exponential profile to the gas component all host galaxies. However, there is
evidence for more compact/complex morphologies defining starforming and dust-
enshrouded galaxies at higher redshifts [Tan et al., 2024, Hodge et al., 2024]. To this
purpose, I have explored the implications of switching to a Sérsic gas density profile
for the galaxies under the Orientation model which I discuss here.

I find that when implementing a Sérsic profile whilst maintaining a compactness ratio
N = Rd,gas/Rd,⋆ ∼ 0.3, similar to what suggested in observations [Puglisi et al., 2019,
2021], there is a tendency for the models to generate very large, saturated fractions of
CTN AGN close to unity, irrespective of the Sérsic index chosen. A Sérsic profile also
tends to generate a larger fraction of CTK sources, as discussed above, introducing a
potential degeneracy between the torus and the geometry of the galaxy, complicating
the distinction between torus-driven and host galaxy-driven obscuration. Recent obser-
vations by the JWST are crucial in disentangling this degeneracy. Studies by Silverman
et al. [2023] and Petter et al. [2023] provide insights into the distinction between torus
and host galaxy obscuration, and orientation and evolution, from an observational per-
spective.

To re-establish a good alignment with the observed CTN fractions, especially in terms
of the U14, I would require the compactness ratio to decrease to value N ∼ 0.01 −
0.1, which are much lower values than what estimated by hydrodynamic simulations
and dedicated observations [Puglisi et al., 2019, 2021]. I thus retain the exponential
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profile for the gas component in the AGN hosts at z < 3. Indeed, Lyu et al. [2024] find
that starforming galaxies at z < 2.5, well characterized by an exponential profile for
the stellar component, also have a more compact starforming disc close to exponential
[Magnelli et al., 2023, Shen et al., 2023] consistent with what expected from the wet
compaction scenario [Tacchella et al., 2015, Barro et al., 2017, Lapiner et al., 2023]. In
Lyu et al. [2024], they also find that a high percentage of massive galaxies (∼ 30%
of M⋆ > 1010.5M⊙) have compact star-forming cores, while Puglisi et al. [2021] report
even a higher percentage (∼ 50% of M⋆ > 1011M⊙) [see also Magnelli et al., 2023, Pozzi
et al., 2024].

6.12 The implications of Little Red Dots and other AGN popu-
lations

Recent studies of Little Red Dots (LRDs), facilitated by JWST observations [e.g., Akins
et al., 2023, 2024, Matthee et al., 2024, Pérez-González et al., 2024, Polletta et al., 2024,
Durodola et al., 2024] have been identified with extremely compact and highly ob-
scured galaxies but invisible in X-ray wavelengths, and therefore not in the X-ray cat-
alogues. LRDs could potentially provide an additional source of CTK AGN, although
it is not clear if these sources are intrinsically X-ray weak [e.g., Maiolino et al., 2024], or
even fully-fledged obscured AGN [e.g., Baggen et al., 2024]. They are mostly located at
z > 4 according to current observations [e.g., Akins et al., 2023, Iani et al., 2024, Koko-
rev et al., 2024], and would not be recorded in the AGN LFs or obscured fractions based
on the X-ray data that I am using as a reference to calibrate the models in this thesis. I
will thus not consider them explicitly in this thesis. I note, however, that even allow-
ing for a significantly larger fraction of CTK AGN in the reference data, also hinted
by the A19-ML results, would just strengthen my conclusions on the need for a long-
lived torus-like component, or in pure Evolutionary models, by a more extended CTK
phase, generated by either a brief post-peak phase, as in Model 3, or a more extended
CTK post-peak phase, as in Model 4. Indeed, Maiolino et al. [2024] discussed the con-
crete possibility for many high-z LRDs to be CTK sources with obscuration arising from
central dust-free CTK clouds.

Besides LRDs, there are other population of sources like changing-look AGN [e.g., Ricci
and Trakhtenbrot, 2023] or galaxies with clumpiness in their gas disc or the torus [e.g.,
Gilli et al., 2022] that could be missed in the obscured fractions of the models. How-
ever, works like Greenwell et al. [2024, and references therein] show that those sources
might produce only a small fraction of the obscuration unless systematically missed in
observational samples.
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6.13 Comparison with previous works

My Evolutionary models bear similarities to those by Di Matteo et al. [2005], which
predict a specific duration for the luminous episode of a self-regulated BH. It typically
lasts until the feedback energy expels enough gas to significantly reduce the accretion
rate, effectively ending the quasar phase, producing a very short or negligible post-
peak phase, similar to Model 3. While the exact duration can vary depending on the
specific conditions of each galaxy merger, the simulations provide a framework to pre-
dict that this luminous episode is relatively short and self-limiting due to the feedback
processes. Despite my LC featuring a longer pre-peak evolution and a more rapid
post-peak decline than their model, I find similar LC results. Additionally, Georgan-
topoulos et al. [2023] suggest that unobscured AGN tend to reside in younger galaxies,
whereas obscured AGN are found in galaxies between the young and old population
stages. These interesting results would challenge both traditional Orientation and Evo-
lutionary models, but would possibly be more aligned with Model 4, where obscura-
tion could still occur even during later phases of the AGN activity. On the other hand,
Parlanti et al. [2023] used JWST images to demonstrate that dust-obscured galaxies
represent an evolutionary stage preceding the unobscured quasar phase. This finding
aligns well with the traditional Evolutionary model, but could still be accommodated
within Model 4 which allows for both a brief visible QSO phase and then a more ob-
scured one at a larger stage. Lapi et al. [2014] proposed an Evolutionary model where
galaxies have an early phase with high SFR, obscured AGN, and rising luminosity, fol-
lowed by a transition phase when the gas reservoir is formed, the AGN feedback starts,
the AGN luminosity increases, but there is a decrease of obscuration. Similarly to all
the models, at the peak luminosity I am assuming that the AGN is a bright quasar with
optical/UV visibility, with a rapid SFR decline and low (NH < 1022cm−2) obscuration.
However, the suggested late phase with declining AGN luminosity and residual star
formation would present minimal obscuration, in line with Models 1, 2 and 3. They
also find that the length of the LC and the CTK phase depend on stellar mass, shorten-
ing the post-peak phase as in my models, in broad agreement with my models with a
luminosity-dependent visibility window.
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Chapter 7

Complementary model predictions:
Eddington ratio distributions and
spatial distribution

In previous Chapters I discussed 1) the physical properties of galaxies within Orien-
tation models and 2) the general shape of the AGN light curves within the context of
the most popular Evolutionary model, that can generate sufficient CTN and CTK AGN
as observed in deep X-ray surveys. In this Chapter I move a step forward and anal-
yse the prediction of the reference Orientation and Evolutionary models on two other
fundamental aspects of AGN taxonomy: Eddington ratio distributions and spatial dis-
tributions (clustering). This Chapter’s aims are:

• to test if and when the chosen light curves and obscuration models are able to
generate distributions of Eddington ratios aligned with current data;

• to determine whether reference models can predict AGN clustering patterns that
could vary with the level of obscuration in the host galaxies.

In this Chapter I will make use of the reference models from Chapters 5 and 6. From
the Evolutionary model, I will consider Models 3 and 4 with and without a luminosity
dependence and with and without a long-lived torus. I will then adopt two versions
of the reference Orientation model, one with obscuration arising only from the host
galaxy, and one inclusive also of the central torus.

7.1 Eddington ratio distributions

I start in Figure 7.1 by comparing the predictions from the reference Evolutionary mod-
els at redshift z = 2.4 characterised by a LC with exponential increase and a power-law
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FIGURE 7.1: Accretion-rate function using Orientation and Evolutionary models as
labelled for the total column density distribution (solid line), and AGN with NH <
1024 cm−2 (dotted line). The observational data are from Georgakakis et al. [2017a] at

redshift z ∼ 2.75.

decline, as shown in Figure 4.3 and discussed in Section 4.3. I compare the predic-
tions with the observational findings by Georgakakis et al. [2017a] at redshift z ∼ 2.75,
which have been introduced in Section 2.6.3. The Figure includes AGN with a lumi-
nosity LX > 1043.5−43.7 erg/s and stellar mass M⋆ > 108−13 M⊙. Note that I label the
specific accretion rate as λ ∝ LX/M⋆, while the Eddington rate as λEdd = Lbol/LEdd,
as described in Section 4.4. In this Chapter I will continue using Duras et al. [2020]
as conversion between Lbol and LX. Figure 7.1 shows that all models tend to generate
Eddington ratio distributions for moderately luminous AGN in broad agreement with
Georgakakis et al. [2017a] roughly consistent with the upper envelope of the data once
the AGN with NH > 24 cm−2 are removed from the number counts. The range of X-
ray sources is very narrow to reproduce the observational results, since increasing the
range increases the accretion-rate function. It is interesting to note that the predicted
Eddington ratio distributions have a modest dependence on the underlying assump-
tions on, e.g., the shape of the LC or even if the NH is assigned in terms of a LC or a
torus. This behaviour can be, at least in part, traced back to the fact that the NH distri-
butions have weak dependence on the X-ray luminosity in either model, as discussed
in the previous Chapters. Assigning a NH at random within the LC, or at the peak
luminosity, for example, does not impact the fractions of obscured AGN. The exact
gas fractions in the galaxies also have little impact on the overall fractions of obscured
AGN.

Figure 7.2 presents the specific accretion rate (SAR) of unobscured (NH ∼ 1020−22cm−2)
and CTN obscured (NH ∼ 1022−24cm−2) AGN, compare with the data from Laloux
et al. [2024]. Laloux et al. [2024] found evidence for more obscured sources having, on
average, lower SARs than unobscured sources. In the Laloux et al. [2024] data there is
a slight tendency for unobscured sources to have larger λ, which at face value would
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FIGURE 7.2: Normalized specific accretion-rate function using Orientation and Evo-
lutionary models as labelled for unobscured column density distribution (NH < 1022

cm−2, solid line), and CTN obscured with 1022 < NH < 1024 cm−2 (dotted line). The
plotted SARDs are normalized to unity for each obscuration bin following Equation
4.19. The observational data are from Laloux et al. [2024] from redshift bin z ∼ 2− 2.5.

be at variance with basic expectations from traditional Evolutionary models, which
place the more obscured sources during the early stages of galaxy evolution (AGN
with higher Eddington ratios). However, this trend is quite mild and the two distri-
butions are nearly consistent within the errors. Indeed, interestingly all our reference
models reported in Figure 7.2 show very similar predictions between them and with
the observational data, with the obscured and unobscured AGN sharing very similar
distributions in λ, with a slight tendency for obscured AGN to have lower Eddington
ratios, mirroring what seen in the data. From Figure 7.2, it is evident that only the Ori-
entation model, and to a lesser extent the inclusion of a torus, generates a noticeable
difference in the obscured/unobscured SARs. This distinction arises because the orien-
tation model is the only one incapable of producing CTK fractions without relying on
the presence of a torus. The models also align in capturing the right shape of the P(λ),
locating around the same peak, with only a slight overabundance at large SARs.

In Figure 7.3 I compare the obscured CTN fractions with data from Laloux et al. [2024].
Note that there are many other works that study the effects of the obscuration in Ed-
digton ratio distributions or SARDs [Ricci et al., 2017b, 2022a, Georgakakis et al., 2020,
Ananna et al., 2022b], however Laloux et al. [2024] is the only one that also includes
galaxies at the redshifts of interest here. Most curves are highly irregular, despite in-
cluding the same AGN selection criteria as Laloux et al. [2024] (i.e., log LX = 42 − 46
[erg/s] and M⋆ = 9.5 − 11.5 [M⊙]). These irregularities could be an effect of the as-
sumption of a constant M⋆ throughout the LC. The random selection of luminosities
in the Evolutionary models appears to have a minimal role in the shape of the curves,
as the curves remain broadly consistent across different iterations. I find Model 3 with
a torus to align with the increase of SAR in Laloux et al. [2024] at medium λ, and the
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FIGURE 7.3: CTN obscured fractions using Evolutionary models from Chapter 6 and
the Orientation models from Chapter 5 at redshift z = 2.42. The grey areas correspond

with the observational data to Laloux et al. [2024] at z = 2 − 2.5.

Orientation model of host and torus to align with the decrease of SAR at high λ values,
while the other models tend to overproduces the number of CTN sources at interme-
diate and high SAR. It is interesting to note from Figure 7.3 that, despite all models
tending to be degenerate in the overall distribution of SARs (Figure 7.2), the relative
fractions of CTN AGN differ for different models, thus providing a further clue on
the origin of obscuration in AGN when comparing with data. In particular, I find that
Model 3, with a short post-peak phase, tends to perform better than others providing a
distribution as a function of λ in line with data. This success is ultimately due to the fact
that the fraction of unobscured AGN at larger luminosities in Model 3 is relatively less
than in other model realizations, thus boosting the fraction of CTN AGN as a function
of λ. On the contrary, Orientation models, with or without a torus, still generate too
many unobscured AGN in particular at high luminosities, the fractions of CTN AGN as
a function of luminosity tend in fact to drop steadily (see, e.g., Figure 5.4), which in turn
is mirrored in Figure 7.3. At fixed stellar mass, the more luminous sources, and thus,
the sources with higher λ, tend to have less CTN AGN in Orientation models than in
Model 3, thus explaining the behaviors seen in Figure 7.3. At some level, a strong drop
in the fractions of CTN AGN with X-ray luminosity, as observed in U14, A19, may not
be in full agreement with a significant fraction of CTN at large λ as observed by Laloux
et al. [2024], who in fact find that there is a higher probability to find obscured AGN at
larger luminosities (c.f. their Figure B1).

7.1.1 The forbidden region

According to Fabian et al. [2008, 2009], as the Eddington ratio increases, the AGN enters
a forbidden region in the NH − λ plane where the radiation pressure acting on dust
grains becomes significant enough to destabilize the system. This instability triggers
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FIGURE 7.4: Column density using Evolutionary Models 3 and 4 from Chapter 6 and
the Orientation model from Chapter 5. The lines correspond to 2σ and the coloured
areas to 1 − 2σ at redshift z = 2.4. Grey (long-lived absorption from clouds near the
centre of the galaxy, upper left region) and yellow (outer dust lanes that can obscure
over much of the plane at low column densities) areas and the black limit (effective
Eddington limit with a standard ISM grain abundance) come from Fabian et al. [2008,
2009] at redshift z = 0. The upper right region is called ”the forbidden region” (here

in white) as the Fabian et al. [2008] sample avoided that region.

outflows that can gradually expel the CTN obscuring material, leading to a decrease in
the covering factor of the obscurer. In the final stage of black hole growth, the AGN
transitions into a phase characterized by rapid accretion with minimal obscuration,
represented by a low covering factor in the bottom right corner of the Eddington ratio-
obscuration diagram (Figure 7.4). As the AGN continues to accrete material, the gas
and dust are either consumed by the black hole or expelled by radiation-driven winds,
leading to a gradual decrease in the accretion rate. Eventually, the system reverts to
a quiescent state, completing a cycle of AGN activity. This explanation of the Fabian
et al. [2008] model was first discussed by Ricci et al. [2022a].

Figure 7.4 compares observational data with the preferred Evolutionary and Orienta-
tion models, making use of the Eddington rate λEdd. The top panels of Figure 7.4 show
the model predictions for the NH distributions in the NH − λ plane for obscuration
arising only from the gas in the galaxy. For completeness, the bottom panels also re-
port the model predictions when including the central torus component. It is evident
that the latter has a minor impact on the NH − λ AGN distributions of the Evolution-
ary models, which already contained non-negligible fractions of CTN and CTK AGN,
but a more marked one for Orientation models. The Fabian et al. [2008] model mostly
focuses on large-scale outflows, not necessarily on the small scales of the torus, never-
theless I still include these predictions as well and discuss their implications below. The
AGN sample (z = 2.4) was selected to match the criteria used by Laloux et al. [2024,
redshift z ∼ 2 − 2.5]. The area surrounded by a black line corresponds to the region
of the space parameter containing 95% of the entire AGN population, while the blue
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inner area corresponds to the area containing 68% of the AGN population. The col-
umn density distribution of the selected sources is compared with Fabian et al. [2008,
2009]. All the models populate the forbidden/outflow region, except for the host galaxy
in the Orientation model, and the torus model heavily affect the column density dis-
tribution and the relation of CTN/unobscured sources. Also, all the models produce
significant numbers of CTN and CTK sources, especially at higher Eddington ratios,
although the CTN and unobscured sources distribution vary a lot depending on the
source of obscuration. Notably, the luminosity dependence produces very little effect
in Model 3 and none in Model 4, ultimately completely hidden by the torus model.
Note that the model data corresponds with redshift z = 2.4, while the region limits
from Fabian et al. [2008, 2009] at redshift z = 0. Nevertheless, the forbidden region is
expected to be pushed to even larger NH and λ, overall further shrinking the region of
parameters of this region in the NH − λ plane. According to the predictions and data
by Laloux et al. [2024], the forbidden region should in fact be restrained to log NH > 23
and log λ > −1 at z = 2.5. Vijarnwannaluk et al. [2024] also find (Type 2) AGN galaxies
in the forbidden zone, suggesting that these AGN are either actively producing dusty
outflows or that the X-ray emission is affected by heavy ISM absorption [Ishibashi and
Fabian, 2015] associated with large scales (kpc-scale gas). Their results are consistent
with a radiation-pressure regulated torus [Ananna et al., 2022a, Ricci et al., 2022a], and
an Evolutionary models with the host galaxy ISM contributing to the obscured fraction.

All the reference Evolutionary models considered in this thesis are weakly sensitive to
the details of the light curve, predicting a similar pattern in the NH − λ plane, with
vertical distributions of NH peaked around values of λ ∼ 0.1 − 1. This behavior is
expected because most of the obscured AGN in the Evolutionary models, which are
preferentially located before the peak and are thus accreting around the Eddington
limit, have CTN/CTK column densities assigned at random, and thus the distributions
appear as vertical stripes in theNH − λ plane. In other words, the Evolutionary models
discussed so far do not explicitly couple the time evolution in NH(t) to AGN feedback
within the LC. On a similar note, the Orientation model also predicts the core of the
AGN population to be located at or around the Eddington limit and with vertical dis-
tributions of NH which span up to 1022 if only the galactic component is considered, or
up to 1026 if the torus is also folded in, as discussed in, e.g., Chapter 5.

In Figure 7.5, I show the impact of the forbidden region on the obscured fractions of
galaxies, under the assumption that galaxies within this region rapidly transition to
unobscured column densities. The forbidden region is defined as the area identified
by Laloux et al. [2024] for galaxies at redshift z = 2.5 (see their Figure 13). As a result
of this transition, the CTN obscured fractions decrease compared to the predictions of
our models presented in Chapters 5 and 6. This reduction is attributed to the increased
number of unobscured sources originating from the forbidden region. Since the clear-
ance of HI gas associated with this transition affects only the host galaxy and does not



7.1. Eddington ratio distributions 107

FIGURE 7.5: CTN and CTK obscured fractions for the studied models assuming that
galaxies with a host column density above log NH = 23 cm−2 and below the limit
defined by Laloux et al. [2024] at redshift z = 2.5 quickly move to a value below
log NH = 22 cm−2. Thus, the torus is the solely creator of CTK column density. The
blue lines correspond with the original models described in previous Chapters, while

the orange lines refer to the models including Laloux et al. [2024] limit.

extend to the torus, when the torus is included in the model I successfully reproduce
the CTN and CTK obscured fractions, consistent with the predictions of the model ex-
plored in Chapter 5. Therefore, I find that models cannot simultaneously account for
the obscured fractions observed in both the Fabian et al. [2008, 2009] and Ueda et al.
[2014], Ananna et al. [2019] datasets.

It is interesting to note that the forbidden region may not be such a hard physical limit
after all, as several groups have now found increasing evidence for AGN populating
that region, at different redshifts and luminosities. Yamada et al. [2021], Toba et al.
[2022], Musiimenta et al. [2023] are broad studies that find galaxies that populate the
forbidden region, which expect to find more examples with a more extended study.
Those studies therefore expect to find more AGN populating the forbidden region, in
agreement with the obscured fractions found by Laloux et al. [2024]. It has also been re-
cently proposed that at least type 2 AGN in the forbidden region may be either caught
at the time of the outflow or may be affected by heavy ISM absorption associated with
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large scales, and thus with ”boosted” spurious NH column densities. The data are nev-
ertheless, still sparse to draw any firm conclusions on the existence or not of a forbidden
region.

7.1.2 Eddington ratio distributions in Orientation and Evolutionary models

The Orientation model states that the differences between obscured and unobscured
AGN are primarily due to their orientation relative to the observer. According to this
model, the obscurer, typically identified as a torus-like component, obstructs the line of
sight in obscured AGN but is absent or non-obstructive in unobscured AGN. Since the
intrinsic properties of the central engine, such as the accretion rate, should be indepen-
dent of orientation, I would expect the Eddington ratio distributions of obscured and
unobscured AGN to exhibit similar shapes.

My findings support this expectation. Specifically, the results demonstrate that the
Eddington ratio distributions and specific accretion rates for both obscured and unob-
scured AGN indeed share similar characteristics, affirming that Orientation and Evo-
lutionary models predict similar behaviours. Therefore, using only Eddington ratios or
specific accretion rates may not be the best way to distinguish among models. How-
ever, further study needs to be implemented in order to confirm these results, specially
when increasing the AGN selection range, and the inclusion of a stellar mass and black
hole mass evolution.

7.1.3 The role of Orientation and the torus and its connection with Evolu-
tionary models

Orientation models offer a complementary perspective by focusing on the angle at
which the AGN is observed relative to its obscuring structure, typically modelled as
a dusty torus. The unification model [Antonucci, 1993, Urry and Padovani, 1995], pre-
dicts that the differences between Type 1 (unobscured) and Type 2 (obscured) AGN can
be attributed primarily to the orientation of the torus with respect to the line of sight.
This study extends this orientation-based approach by integrating it with Evolutionary
models, demonstrating that the inclusion of a torus component significantly improves
the fit to observed data. This finding is consistent with the results of studies like those
by Elitzur [2007], Elitzur and Ho [2009], which emphasized the role of the torus in
shaping the observed properties of AGN, especially in the CTK regime. They argued
that the torus is a dynamic structure, potentially linked to the broader AGN fuelling
processes, and its geometry and composition can vary over time, further complicating
the relationship between obscuration and Eddington ratio. This supports the idea that
higher accretion rates are associated with more significant obscuration, contrary to the
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findings of Ricci et al. [2017b], possibly due to the increased inflow of material that
feeds both the SMBH and the surrounding torus, which I find in my results.

While Evolutionary and Orientation models each offer valuable insights, the results
suggest that a hybrid approach is necessary to fully capture the complexity of AGN be-
haviour. Hickox and Alexander [2018] argue that while the traditional Orientation/U-
nification model explains some AGN properties, it fails to account for variability driven
by accretion rates and feedback mechanisms. They propose that combining orientation-
based models with evolutionary considerations offers a more comprehensive under-
standing of AGN diversity. In a similar way, Hopkins et al. [2006b] highlight the role of
host galaxy evolution, particularly during mergers, in shaping AGN obscuration. They
argue that obscuration is not merely a matter of orientation but is closely tied to the
galaxy evolutionary state, needing a model that integrates these dynamics. Ishibashi
et al. [2018] explore how radiation pressure and feedback mechanisms influence AGN
obscuration, suggesting that these interactions must be considered alongside orienta-
tion effects to fully understand AGN behavior. In my case, I find that an Evolutionary
model might reproduce CTN obscuration better at low λ and the Orientation model at
high λ. All in all, these studies support a model that integrates both orientation and
evolution to describe AGN obscuration. Their findings suggest that the evolutionary
stage of the AGN and its host galaxy determines the availability of material for the
torus, which in turn influences the observed obscuration.

7.2 Studying the obscuration using Clustering

As explained in Section 2.7, the two-point correlation function (2pCF) is a key tool for
studying the large-scale structure of the Universe, galaxy evolution, and the connection
between galaxies and dark matter halos. For AGN, it helps explore clustering patterns
based on black hole mass, Eddington ratio, and obscuration levels, distinguishing be-
tween Orientation and Evolutionary models of AGN behaviour.

Observations show that obscured AGN often cluster more strongly than unobscured
ones, particularly at intermediate redshifts, suggesting they inhabit denser environ-
ments or massive halos. The 1-halo term reflects small-scale interactions, while the 2-
halo term indicates large-scale environmental effects. Studies using models like GAEA
aim to test AGN evolution theories and the role of obscuration, with 2pCF providing
critical insights into AGN clustering and environmental influences.

In this Section I study the effect of obscuration in clustering analysis as described in
Section 4.5. I will start showing the predictions from the Orientation model using only
the host galaxy column density calculation and the model that also includes the fiducial
torus model in Section 7.2.1. Finally, the results from Evolutionary Models 3 with a
luminosity dependence and with a long-lived torus are presented in Section 7.2.2.
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FIGURE 7.6: Projected 2-point correlation function at different bins of stellar mass and
column density (as labelled). Grey area corresponds to the total column density bin
of redshift 1.1 < z < 3 from Viitanen et al. [2023]. Upper panels: column density
calculated using the Orientation model for the host galaxy. Bottom panels: column
density calculated using the Orientation model for the host galaxy and fiducial torus

model.

7.2.1 Clustering in the Orientation model

In Figure 7.6, I present the projected two-point correlation function (2pCF) for different
stellar mass and column density bins, using the Orientation model. I compare the re-
sults with the X-ray selected data from Viitanen et al. [2023] for redshift 1.1 < z < 3.
The 2pCF exhibits a clear trend of increasing clustering strength with stellar mass at
fixed redshift (z = 2.4), consistent with expectations, as more massive galaxies are
known to be more strongly clustered [Coil, 2013, Cochrane et al., 2018]. This enhanced
clustering is reflected in the correlation length, which increases with stellar mass due to
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the tendency of these galaxies to reside in denser, more clustered, more massive dark
matter halos.

The CTK column density bin is not included in the host model because there are insuf-
ficient galaxies with CTK obscuration, as discussed in previous Chapters. Notably, the
column density selection does not significantly influence the 2pCF at rp > 1 Mpc/h
across models, except for the host+torus model, where some degree of divergence is
observed in the CTK bin. This variation arises from the inclusion of the torus model,
which generates CTK sources, unlike the host galaxy model. However, the instabil-
ity in the correlation at rp ∼ 0 is primarily attributed to the small number of galaxies
available for analysis in this specific stellar mass and column density bin, a factor that
fluctuates across different renditions of the Figure, and it is exacerbated when decreas-
ing the stellar mass bin.

At scales below ∼ 1Mpc/h, within the 1-halo term, the column density cuts exhibit
slight variations, particularly in the higher stellar mass bins and when incorporating
the torus model. Differences in column density could indicate variations in local en-
vironments, as denser regions may exhibit stronger galaxy clustering, especially in in-
termediate stellar mass bins. However, since this effect is not consistently observed
across all models, I can rule out this as the primary cause. In regions of high column
density, interactions involving cold gas may influence the clustering signal, resulting in
observed differences across column density bins, particularly when column density is
computed based on cold gas mass. The results exhibit minor variations in each iteration
of the figure, suggesting that the observed discrepancies on small scales are influenced
by the inherent randomness in the calculations, which is an unavoidable aspect of this
model. Additionally, these discrepancies may arise from the limited number of galaxy
pairs at small separations. However, when selecting a smaller subsample of galaxies,
the discrepancies either persist or the number of galaxies within the bin becomes insuf-
ficient for robust analysis. While increasing the bin size reduces the variance between
iterations, the discrepancies do not fully disappear. Consequently, the observed varia-
tions are likely attributable to one or more of the following factors: the randomization
inherent in certain aspects of the column density calculation, intrinsic properties of the
AGN and their host galaxies, or the environmental conditions surrounding the AGN.
To further investigate these possibilities, the Evolutionary model, which excludes cold
gas mass in its column density calculation, can be used to confirm whether these dif-
ferences are indeed linked to gas interactions.

I checked that the results do not vary when smaller stellar mass bins (∆M⋆ = 0.5 M⊙)
are used. I also confirm that the clustering increases with redshift as consequence of
the evolution of the stellar mass, as expected [Allevato et al., 2011, Viitanen et al., 2023].
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FIGURE 7.7: Projected 2-point correlation function at different bins of stellar mass (as
labelled). Each line corresponds to a different column density bin. Grey area corre-
sponds to the total column density bin of redshift 1.1 < z < 3 from Viitanen et al.
[2023]. Upper panels: column density calculated using the Evolutionary Model 3
including the long-lived fiducial torus model. Bottom panels: column density calcu-
lated using the Evolutionary Model 4 including the long-lived fiducial torus model.

7.2.2 Clustering in the Evolutionary model

In Figure 7.7, I present the projected 2pCF for different stellar mass and column density
bins using the Evolutionary model. I compare the results with the data from Viitanen
et al. [2023] for redshift 1.1 < z < 3. Consistently with previous findings, the selec-
tion of column density does not significantly impact the 2pCF at >1 Mpc/h across the
models. The correlation instability observed in the host and torus models (Figure 7.6)
appears as well in the lowest and highest stellar mass bins of both Models 3 and 4 with
a long-lived torus. Again, this instability is primarily attributed to the limited number
of galaxies available, confirmed by selecting smaller galaxy samples and enlarging the
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bin, for analysis in these specific stellar mass and column density bins, a factor that
varies across different iterations of the Figure. The highly obscured AGN bin is the
most sensitive to the exact choice of the limits in redshift, stellar mass and obscuration
[Viitanen et al., 2023].

At <1 Mpc/h, slight variations in the column density cuts are observed at both lower
and higher stellar mass bins. The instability in the correlation is again largely driven
by the small sample size in these bins, especially for galaxies in the unobscured column
density cut at lower stellar mass (dashed red line) and the CTK-obscured cut at higher
stellar mass (green dash-dotted line). As tested, this effect is mitigated when the long-
lived torus model is included, which is the result shown in this figure, as it facilitates a
more even distribution of column density across all stellar mass bins.

In all models and stellar mass bins, variations in the column density cuts are more
pronounced at <1 Mpc/h, particularly in the higher stellar mass bins and when the
torus model is incorporated. While the variations in local environments, as discussed
in Section 7.2.1, may still influence the results, especially in the intermediate stellar
mass bins, the differences in column density cuts are not associated with the cold gas
mass of the galaxies. This is because the obscuration is linked to the luminosity within
the light curve, rather than to cold gas mass which is assumed to remain rather similar
within the initial time of the LC. Since I have tested that the discrepancy does not come
from low number of pairs nor the bin, and they appear both when using cold gas mass
and the LC, the observed differences in the 2pCF are attributed to either environmental
effects, like AGN located in dense cluster environments may experience interactions
that strip HI gas, or intrinsic properties. However, further study on the reasons behind
the discrepancy between clustering at different column density bins and the clustering
difference between our two models fall outside the scope of this analysis. I specifically
note that visible sources present lower clustering in these models than in Orientation
models. Therefore, the differences in them models at <1 Mpc/h might be the door to
decide on a preferred model. Further observational clustering studies focused on low
scales and column density are needed to explore this possibility.

I conclude that, as found by Allevato et al. [2011], Viitanen et al. [2023], the clustering at
medium and longer scales does not change when different cuts of column density are
used, at fixed stellar mass and redshift. This result is consistent using different obscu-
ration models. Further study is needed to explore the clustering differences at smaller
scales. There are other studies such as Hickox et al. [2011], DiPompeo et al. [2014, 2016,
2017], Jiang et al. [2016], Koutoulidis et al. [2018], Powell et al. [2018], Petter et al. [2023],
Rosado et al. [2024] that find different clustering strengths at different column densities,
although I note that they also consider different cuts of stellar mass, since they find that
unobscured AGN are more massive than obscured AGN. Therefore, those differences
may be explained by the different stellar mass cut, not by intrinsic differences between
AGN obscuration, as recently highlighted by Córdova Rosado et al. [2024].
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Conclusions

In this thesis, I have explored a range of mechanisms and models that contribute to
my understanding of AGN obscuration and evolution, using mostly (but not uniquely)
comprehensive semi-analytic and semi-empirical models. By examining key aspects
such as Orientation effects, the role of the torus, and Evolutionary models, I have pro-
vided insights into how AGN are shaped by their environments and internal processes.
The analysis of this thesis has also incorporated the influence of light curves, gas frac-
tions, starburst events, and mergers, as well as more complex models that combine
orientation and evolutionary scenarios. I also provide predictions for the AGN clus-
tering properties and Eddington ratio distributions for my favoured models, which I
use as complementary tools to explore the viability of Orientation and Evolutionary
models against current data sets.

8.1 The role of the Orientation model

The source of obscuration in AGN is still highly uncertain, as it can arise from the
large-scale obscuration of the galaxy, and/or from an inner dusty torus component
around the central SMBH. In this thesis, I have modelled from first principles, in the
framework of a comprehensive semi-analytic model, the origin of obscuration in AGN
in the context of pure orientation models with a first incursion into some evolutionary
components that might play a key role in the obscuration definition. The main results
on this part of the thesis can be summarized as follows:

• On the strict assumption of an exponential cold gas density profile, I find that
the fraction of CTN obscuration contributed by only the large-scale galaxy ob-
scuration is not enough to reproduce the current observational constraints, like
the obscured fraction dependency with luminosity at all redshifts and the level of



116 Chapter 8. Conclusions

obscuration required at redshift z = 2.4, unless I assume very compact galaxies
(Figures 5.1, and 5.2).

• The inclusion of a physically-motivated, AGN-driven shock BW shuffle around
the gas creating a hole and shifting gas outside, and thus modifying the overall
NH column densities. However, the BW is not the main driver behind the drop of
the obscured CTN fractions with X-ray luminosity, which is mostly driven by the
gas disc sizes increasing with stellar mass (Figure 5.2). The results point to the
morphology of the cold gas component as the main driver shaping the properties
of the obscuration of AGN, at least in CTN sources.

• Irrespective of the exact parameters and model assumptions, the large-scale gas
distributions fall short in reproducing any significant fraction of CTK obscuration
(Figures 5.1 and 5.3), at least at z ≤ 3.3, and when adopting a strictly exponential
profile for the cold gas component.

• The inclusion of a dusty torus with opening angle depending on both AGN lu-
minosity and BH mass as in Wada [2015] with the NH limits discussed by Ramos
Almeida and Ricci [2017] (adopted as a fiducial torus model in this thesis), nicely
matches the full distribution of CTK obscuration as a function of X-ray luminos-
ity, and also contributes to the fraction of CTN AGN. The full fiducial model also
broadly, albeit not perfectly, aligns with the AGN NH distributions at fixed X-ray
luminosity.

• Within the remit of the model explored here, the presence of an inner torus ap-
pears to be an essential and ubiquitous contributor to AGN obscuration, espe-
cially for the more luminous CTN and most of the CTK sources.

• A time-dependent torus model disappearing in the post-peak phase might be able
to reproduce the CTN and CTK obscuration, but it heavily depends on how the
torus and the AGN light curve are modelled (see Section 5.4).

8.2 The role of the Evolutionary model

Complementary to Orientation models, in this thesis I have also modelled the obscura-
tion in AGN using a comprehensive semi-analytic framework that incorporates various
Evolutionary models, a torus model, and a mixed model combining evolution and ori-
entation effects. Additionally, I have investigated the impact of starburst activity and
mergers on obscuration. My main results regarding Evolutionary models can be sum-
marized as follows:

• Traditional Evolutionary models characterized by light curves (LCs) with a long
post-peak phase and CTN/CTK obscuration only pre-peak, tend to struggle in
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reproducing the observed large fractions of CTN/CTK X-ray AGN at 1 < z < 3
(see Figure 6.7). This aligns with feedback models suggesting that outflows may
not be as efficient removing the gas around the centre in galaxies [Menci et al.,
2019] (see Figure 6.1).

• Evolutionary models characterized by LCs with a sharp drop after the peak (Mod-
els 2 and 3), or with a CTN phase reappearing after the peak (Model 4), are
favoured in reproducing the high fractions of CTN/CTK AGN (see Figures 6.1
and 6.3).

• A steep drop in the obscured fractions of AGN as observed in some data sets can
be reproduced in the pure Evolutionary models only by including a luminosity
dependence in the UV/optical visibility window, increasing from ∆τQSO = 107 yr
to ∆τQSO = 8 · 107 yr for the more luminous sources (see Figure 6.3).

• All the models tend to align with the fractions of obscured X-ray AGN when the
visibility window is of the order of ∆τQSO ∼ 107 − 108 yr (see Figure 6.3).

• Including a torus component in Evolutionary models, which lives throughout
the AGN lifetime even beyond the peak, and with a thickness decreasing with
increasing AGN power, can increase the CTN and CTK AGN whilst also inducing
a significant luminosity dependence in line with some of the data, in particular
U14. An inner geometrical component like a torus would imply that orientation
effects tend to constitute a key source of obscuration even in Evolutionary models
(see Figure 6.4 and 6.5).

• I find that the fraction of sources in the model observationally defined as star-
bursts lying 4 times above the MS, falls short in reproducing the CTK fractions
(see Figure 6.9). Similarly, also the major mergers with ratio > 1/3 tend to be too
few, except possibly for the most luminous AGN (see Figure 6.10).

The current results support an LC model with a luminosity dependent post-peak phase,
a pre-peak with CTK and then CTN obscuration, and an optically/UV visible peak with
a long-lived torus model. Although it may represent a challenge in my framework to
reproduce current data with traditional Evolutionary models, a torus-like component
may play a pivotal role in shaping obscuration in AGN. This thesis’ predictions can be
tested with current and new facilities such as JWST, ALMA or Athena.

8.3 The Eddington ratio distribution effect

In addition to the AGN obscuration study on X-ray, in this thesis I have also included
the analysis of AGN obscuration depending on the specific accretion rate and the Ed-
dington ratio. The specific accretion rates distribution (SARD) predicted by the models
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aligns with the observational data from Georgakakis et al. [2017a] and Laloux et al.
[2024] at redshift z = 2.4. Both Evolutionary and Orientation models reproduce the
overall shape of the SARD with slight differences in the predictions of obscured and
unobscured AGN, as found by Laloux et al. [2024]. The comparison of the SARD for ob-
scured and unobscured AGN also supports the notion that obscured sources generally
exhibit lower SARD values, mirroring observations from Laloux et al. [2024]. However,
the models show that the difference between these populations is minimal, either with
Orientation or Evolutionary models, which suggests that despite of the slight effect
of obscuration at the overall accretion rates, this method does not help to disentangle
which model, if Orientation or Evolution, is preferred.

The analysis of the ”forbidden” region, where AGN outflows occur due to increased
radiation pressure, suggests that this region is not as sparsely populated as previously
thought. This finding is at odds with data from Fabian et al. [2008], but consistent with
Laloux et al. [2024] an references therein, that observe a significant number of AGN
in these outflow phases, especially at higher redshifts. However, these results require
further analysis and compatibility with other datasets [Ueda et al., 2014, Ananna et al.,
2019, e.g.,], which is outside of the scope of this thesis.

The study demonstrates both Evolutionary and Orientation models capture the pres-
ence of CTK sources, especially at high Eddington ratios, though there is some variabil-
ity in the fraction of obscured AGN predicted by each model. This discrepancy points
to the need for a hybrid approach to fully understand the interplay between accretion
rates and obscuration. This hybrid model approach aligns with other studies, such as
Hopkins et al. [2006a], Hickox and Alexander [2018], which emphasize that AGN ob-
scuration is not merely a matter of just Orientation but is also influenced by the galaxy
evolutionary stage, mergers, and feedback processes.

8.4 The role of clustering

As an additional study, in this thesis I have also analysed the clustering of AGN us-
ing different stellar mass and column density bins, to compare the 2-point correlation
function (2pCF) and see if the column density affects the AGN clustering. I have also
checked different Orientation and Evolutionary models, to confirm that the clustering
results are invariant to the model used.

The results show a clear trend of stronger clustering (larger 2pCF) with increasing stel-
lar mass at a fixed redshift, consistent with previous studies that link higher stellar
mass galaxies with denser, more massive dark matter halos. Incorporating a torus
model in the Orientation model introduces variations in the clustering, especially for
CTK sources, due to the lack of CTK sources in the Orientation model without a torus.
However, the overall influence of column density on the 2pCF remains low. At smaller
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scales (below 1 Mpc/h), minor variations in clustering strength are observed, partic-
ularly in higher stellar mass bins and with the torus model, which are largely driven
by the randomization of some parts of our column density calculations, but could also
indicate local environmental effects, such as interactions involving cold gas. However,
this hypothesis is not confirmed in this model, nor with the current data. Similarly,
Evolutionary models show that column density selection does not significantly impact
clustering on large scales, also finding the same differences at smaller scales than in the
Orientation model, confirming the model used does not have a large impact in the re-
sults. However, the minor differences at small scales, with more targeted observations,
could be the door for future clustering studies.

Finally, the results presented here provide a solid foundation for future work. The
study of AGN clustering will benefit greatly from ongoing and upcoming large-scale
surveys, such as eROSITA and the forthcoming Athena mission, which will provide
much larger and more diverse samples of AGNs across a wide redshift range. These
surveys will offer the opportunity to refine our understanding of how obscuration,
AGN activity, and galaxy environment evolve together, particularly for heavily ob-
scured AGNs like CTK sources, where current sample sizes remain limited.

8.5 Future work

Based on the results presented in this thesis, I can explore different ways for future
research to advance our understanding of AGN obscuration and its relationship with
host galaxy properties, environmental factors, and redshift evolution.

• Exploring Different Gas Density Profiles and N values: In this thesis, I primar-
ily used an exponential gas density profile for modeling the column densities in
AGN obscuration and adopt N = 0.3 as the relation between gas and stellar radii.
However, a deeper modelying of the structure of the gas in galaxies can be car-
ried out, changing the profile and gas-stellar radii relation, which requires more
observational results to anchor the models.

• Refining Torus Models: One of the key results in this thesis highlights the ne-
cessity of a torus component with luminosity-dependent thickness to explain ob-
scured AGN, particularly Compton-thick (CTK) sources. Future work could ex-
plore more sophisticated torus models, including hydrodynamical simulations
that account for clumpy or non-uniform tori. Observational efforts using high-
resolution infrared or submillimeter imaging (e.g., ALMA) could further con-
strain the physical structure and evolution of the torus in AGN of varying lu-
minosities.
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• Exploring Multi-phase Obscuration: The analysis of this thesis has shown that
galaxy-scale gas distributions and torus-linked obscuration are both necessary
to explain the full range of observed column densities. Future studies could
examine multi-phase gas obscuration models that incorporate both cold, dense
molecular gas and warm, ionized components. This could offer new insights into
the transitional phases between galaxy-scale obscuration and torus-driven effects,
and how they evolve across different AGN stages.

• Light Curves and AGN Lifecycles: This study has demonstrated the influence
of different AGN LCs on the observed obscuration patterns. Future work could
include exploring variability on shorter timescales, with LCs with less sparse trig-
gerings and accretion events, which could directly impact the time-dependent ob-
scuration and visibility of AGN. This will help refine models that combine AGN
lifecycles with obscuration mechanisms, providing a more complete picture of
AGN evolution and feedback.

• Incorporating Time-dependent Feedback Mechanisms: While AGN feedback is
known to influence the obscuration through clearing gas and shaping the envi-
ronment, a more detailed, time-dependent treatment of feedback would be valu-
able for both simulations and observational researchers. Investigating how AGN-
driven winds and outflows interact with obscuring material over time, possibly
using hydrodynamical simulations coupled with feedback prescriptions, could
refine our understanding of the feedback-obscuration relationship.

• Expanding Redshift Coverage: The results presented focus primarily on obscu-
ration patterns up to z ≲ 3. Extending the analysis to higher redshifts would
provide insights into the earliest stages of galaxy and AGN co-evolution, espe-
cially before the peak of cosmic star formation and black hole growth at z ∼ 4− 6,
which could also impact the SMBH seeds. Deep X-ray and infrared surveys tar-
geting this epoch could reveal whether the need for a torus persists and how
galaxy-scale gas contributes to obscuration at earlier times, especially with the
new studies focusing on Little Red Dots (LRDs) and new JWST data.

• Eddington Ratio and Obscuration: Another aspect worth exploring in more de-
tail is the relationship between Eddington ratio distributions and obscuration. I
touched upon this in my analysis, but future work could model how AGN at dif-
ferent accretion rates might interact with their surrounding gas differently, influ-
encing both feedback and obscuration patterns. This could improve our under-
standing of how black hole growth is regulated across different stages of AGN
evolution.

• AGN Clustering and Environment: This thesis has touched on the clustering
differences between obscured and unobscured AGN, but future work could fo-
cus on improving the comparison of AGN clustering measurements at various
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redshifts and luminosities with observational data. By leveraging large surveys
such as eROSITA or Euclid, I can assess how the environments of AGN, partic-
ularly those with heavy obscuration, evolve over cosmic time. Combining these
observational data with theoretical models of AGN-host co-evolution will help
disentangle the influence of large-scale structure and mergers on AGN activity.

• Other Simulations with Observational Comparisons: Finally, extending the use
of different semi-analytic, semi-empirical and hydrodynamic simulations that in-
corporate realistic feedback, galaxy evolution, and AGN LC models would pro-
vide more precise predictions about obscuration patterns. It is also important
to include some types of galaxies that have been recently discovered or recently
found to impact some aspects of the obscuration, such as LRDs or changing-look
AGN. These objects, although only providing a small contribution to obscura-
tion, would be interesting to explore in theoretical models to predict what is the
actual extent of their effect. Comparing these simulations directly with new ob-
servational data, particularly from next-generation telescopes like the JWST and
the Square Kilometer Array (SKA), will help validate or refine current models of
AGN obscuration.

8.6 Take-home messages

What is the effect of the host galaxy in shaping the AGN obscuration? The host
galaxy plays a significant role in AGN obscuration, particularly through galaxy-scale
gas distributions. Galaxy-scale obscuration, driven by cold gas in the supermassive
black hole, can contribute to the overall column density of AGN. However, this alone
cannot reproduce the high fraction of CTK AGN. For intermediate levels of obscura-
tion, such as CTN AGN, the host galaxy gas obscuration may suffice, especially if the
gas reservoirs are compact and dense. Thus, while the host galaxy shapes obscura-
tion, it is often insufficient without additional nuclear components like the torus, un-
less changing the density profile to a model that produces much more obscuration, like
a Sérsic profile. However, a Sérsic profile would require a very small radii for the gas
and dust, smaller than the assumption of this thesis, which is not in line with recent
ALMA findings.

What is the effect of the torus in shaping the AGN obscuration under an Orientation
model and Evolutionary models? In the Orientation model, the torus is essential in
shaping AGN obscuration, as the line-of-sight determines whether the central region
is visible or obscured. A thick enough torus can hide the AGN from certain viewing
angles, causing the observed obscuration to vary primarily due to orientation effects.
In Evolutionary models, the torus also plays a critical role but can be viewed as part of
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the AGN intrinsic evolution. A torus with thickness that decreases as AGN luminos-
ity increases is necessary to align model predictions with those deep X-ray data that
suggest a sharp decrease of the obscured fractions at high luminosities [e.g, Ueda et al.,
2014, Merloni et al., 2014].

What is the effect of the gas fractions in shaping the AGN obscuration? Gas fractions,
particularly in the host galaxy, significantly impact AGN obscuration by contributing
to the overall column density along the line of sight. Higher gas fractions in galaxies
tend to increase the obscuration level. In particular, dense gas can enshroud the AGN
during certain evolutionary phases, especially in starburst or post-merger scenarios.
However, while higher gas fractions may contribute to obscuration in the CTN regime,
they are not sufficient to explain the number of CTK AGN, which still requires the pres-
ence of a torus or other dense nuclear obscurers, when accounting for both analytically
calculated or empirically implemented gas fractions.

What is the effect of the light curve in shaping the AGN obscuration under Orien-
tation and Evolutionary models? The AGN LC, which reflects the accretion rate over
time, affects how long the AGN remains obscured in both Orientation and Evolution-
ary models. In Orientation models, the LC determines the AGN intrinsic brightness
but does not directly affect obscuration, which is driven by the torus and the line of
sight, since the column density is assumed constant throughout the AGN evolution in
this scenario. In Evolutionary models, the AGN is more likely to be obscured during
periods of high accretion, particularly in the early stages of its evolution, with lumi-
nosity gradually diminishing as the gas is consumed or expelled by feedback. In this
thesis I favour a model that includes an initial CTK phase followed by a CTN phase
that gets cleared out when the AGN reaches its maximum luminosity, or a model that
comprises a CTK phase pre-peak and a CTN phase post-peak. Nevertheless, even in
these models a long-lived torus component can help in better matching the significant
fractions of CTK AGN.

Is there any other variable that could affect AGN obscuration? Several other factors
can influence AGN obscuration:

• AGN Feedback: AGN feedback, which includes both radiative and kinetic modes,
can clear out gas from the nuclear region, reducing obscuration over time. This
is especially relevant in Evolutionary models. However, I showed that an AGN
feedback-induced blast wave, although capable of clearing the inner regions of
the galaxy, does not significantly decrease the NH associated to any given galaxy,
and it is not responsible for the luminosity dependence of the obscured fractions.

• Mergers and Starbursts: Galaxy interactions, particularly mergers, can funnel
gas toward the galactic center, enhancing obscuration temporarily during AGN
activity peaks. Nevertheless, my models suggest that mergers and starbursts, if
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anything, can mostly contribute to the most luminous CTN AGN, falling short in
reproducing the moderate to faint CTK AGN.

Do I find differences in the clustering of AGN with different obscuration? The
obscuration itself, at least at the level implemented in my models, does not strongly
impact clustering across different models, except for CTK AGN, which can exhibit
stronger clustering in some models, but only at small scales, below 1 Mpc/h. I thus
conclude that, at least based on the level of modelling perfomed in this thesis, dif-
ferences in the clustering measurements in observed sources could be at least in part
explained to selection effects, either different stellar mass and/or redshift cuts.

What is the predicted redshift evolution of AGN obscuration? At higher redshifts,
galaxies tend to reside in denser environments and are more gas-rich, leading to higher
levels of obscuration, particularly in the early phases of AGN activity. Nevertheless, the
relative fractions of CTN and CTK sources, I found, are relatively stable with cosmic
time at higher redshifts, in line with what suggested by current observational data.
Further analysis needs to be done at lower redshifts to reach a conclusion.

In conclusion, this thesis has explored the complex interplay between host galaxy prop-
erties, torus components, AGN feedback, and evolutionary processes in shaping AGN
obscuration. By leveraging a combination of cosmological models, I have provided
new insights into how different mechanisms contribute to the column densities ob-
served in obscured AGN, particularly in the Compton-thick regime. While the host
galaxy gas distribution and light curve plays a significant role, my findings also favour
the presence of a nuclear torus to explain the high obscuration levels seen across var-
ious redshifts and luminosities, whilst providing a framework for describing the rela-
tive, but more modest, contributions of gas fractions, AGN feedback, and starbursts in
modulating obscuration in AGN.





125

Appendix A

Study of molecular gas in a
semi-analytical context

A.1 Updated gas model implementation in GAEA SAM model

GAEA SAM model is in constant development to implement the new studies. Despite
F20 being the preferred version of the model in this thesis, there is an on-going project
to fully merge that version with the implementations described in Xie et al. [2017]. As
mentioned before, F20 version already implements Xie et al. [2017] improved modelling
of disc sizes, tracing the evolution of angular momentum by following the mass and
energy exchanges among different galaxy components. However, in Xie et al. [2017]
they propose a new methodology to incorporate a distinction in the molecular and
atomic gas, allowing further analysis on the molecular gas fraction, the depletion time,
or the total gas fraction evolution on redshift. The new run of the GAEA code including
Xie et al. [2017] implementations will be referred as GAEA-merged [corrected and final
version published in De Lucia et al., 2024], while F20 version of the code will be called
GAEA.

The latest update of the GAEA-merged semi-analytic model introduces several im-
provements and new implementations to enhance galaxy evolution predictions. Key
updates include:

• Incorporation of a non-instantaneous model of chemical enrichment that accounts
for the mass-dependent lifetimes of stars, refining gas, metals, and energy ejection
[De Lucia et al., 2014].

• Enhanced treatment of stellar feedback based on high-resolution hydrodynamical
simulations [Hirschmann et al., 2016].

• Detailed tracking of angular momentum [Xie et al., 2017].
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• Explicit division of cold gas into atomic and molecular components [Xie et al.,
2017].

• Non-instantaneous modeling of cold and hot gas stripping in satellite galaxies
[Xie et al., 2020].

• New model to account for cold gas accretion onto SMBHs and the onset of AGN-
driven outflows [Fontanot et al., 2020].

The model published has been calibrated against several key observational constraints,
such as the galaxy stellar mass function at z < 3, AGN LF at z < 4, and the local
HI and H2 mass function. It also successfully reproduces the evolution of quenched
galaxies up to z ∼ 4 and predicts the emergence of the first massive quenched galaxies
at z ∼ 6 − 7. Additionally, future work will focus on the properties of high-redshift
galaxies as observed by JWST. The model continues to align with other recent obser-
vational constraints, such as the evolution of mass-metallicity relations and the cosmic
star formation rate density at high redshifts.

In some initial developments of the new GAEA-merged code, a basic test on the basic
performance of the code was necessary. I found that the merged code, under the same
initial parameters, was calibrated to perfectly reproduce GAEA. The code worked simi-
larly under different initial parameters (e.g., SFR efficiency, AGN efficiency, BH growth
rate). Note that the code used here is not the one published in De Lucia et al. [2024], but
an earlier version of the code. This project was used to improve and update the code,
helping to develop the code to its current level.

A.2 Molecular gas fraction, total gas fraction, and depletion
time

A fundamental study that can be done with this new model is to examine AGN and
no-AGN galaxies to check if each group follows a specific pattern, different than the
other. I found that, in terms of stellar mass, SFR or molecular mass, galaxies with AGN
do not show any particularity, besides the AGN appearing more distributed to higher
molecular gas masses and SFR across all stellar masses [Mountrichas et al., 2022].

Due to the limitations of the model, reliable results cannot be obtained for galaxies with
stellar masses below 109 M⊙. Although the GAEA-merged model can achieve a reso-
lution down to 108 M⊙ thanks to the P-Millennium Simulation merger trees [Fontanot
et al., 2024], my analysis is constrained to higher mass galaxies. Additionally, the state
of the implementation used requires a thorough revision of each code volume, and cer-
tain cosmological simulation boxes were unavailable. As a result, this study focuses
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FIGURE A.1: Molecular gas fraction of galaxies (grey area) with a stellar mass above
109 M⊙ and AGN (contours) with luminosities above Lbol ∼ 1042 erg/s at redshift
z = 0. Points correspond to Andreani et al. [2018], Groves et al. [2015], Lisenfeld et al.
[2017], Koss et al. [2021] (AGN samples), Tacconi et al. [2018] and Liu et al. [2021].

Contours define the 5%, 10%, 20% and 40% of the total AGN distribution.

on only ∼ 6.4% of the total simulation volume, corresponding to ∼ 33.8 Mpc3. How-
ever, the largest halo at each redshift is contained within the selected cosmological box,
making this ∼ 6.4% sufficient to capture general trends, fractions, and galaxy behavior,
despite the statistical limitations. These limitations are expected to have a more pro-
nounced impact on the results at higher redshifts, although strong conclusions can still
be reached.

Figure A.1 presents an analysis of molecular gas properties at redshift z = 0. I calculate
the molecular gas fraction as µ = MH2 /M⋆, being MH2 the molecular gas and M⋆ the
stellar mass. The grey-shaded region represents the galaxy density, while the black con-
tours correspond to galaxies hosting an AGN, defined as those with log(Lbol/erg/s) >
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FIGURE A.2: Depletion time of galaxies (grey area) with a stellar mass above 109 M⊙
and AGN (contours) with luminosities above Lbol ∼ 1042 erg/s at redshift z = 0.
Points correspond to Andreani et al. [2018], Groves et al. [2015], Koss et al. [2021],
Lisenfeld et al. [2017], Koss et al. [2021], Tacconi et al. [2018] and Liu et al. [2021].

Contours define the 5%, 10%, 20% and 40% of the total AGN distribution.

42. The colored and differently styled points indicate various AGN observations as
labeled, covering redshifts in the range 0.0 < z < 0.49, from Andreani et al. [2018],
Groves et al. [2015], Koss et al. [2021], Lisenfeld et al. [2017], Koss et al. [2021], Tacconi
et al. [2018] and Liu et al. [2021]. Observed AGN-hosting galaxies fall within the high-
density regions of the simulation AGN contours, showing a strong correlation between
simulation and observations across multiple panels: molecular gas fraction versus stel-
lar mass, SFR, and specific SFR, as well as the dependence of molecular gas on stellar
mass. Observations from Liu et al. [2021] consistently lie on the upper bounds of these
relations, likely reflecting redshift evolution since these galaxies are at the higher end of
the redshift range. Conversely, the data from Andreani et al. [2018] tend to fall outside
the relations probably because the galaxies targeted in their observations have larger
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gas mass than the limits of the GAEA catalogue. Overall, most observed galaxies ex-
hibit a pattern consistent with the simulation.

The observational data used comprises a selection of no-AGN galaxies and AGN galax-
ies, corresponding to the grey areas and the black lines of the figures. The selection of
this data has been done to include a wide range of values of key variables (molecular
gas mass, stellar mass, SFR, etc) to challenge the limits of the GAEA galaxies. As ob-
served in Figure A.1, GAEA galaxies present a very sharp cut in depletion time (due
to the molecular gas limit) and stellar mass, which affects to the comparison with more
extreme data such as Andreani et al. [2018], Koss et al. [2021]. Therefore, the com-
parison with the observational data is mere orientation to show the limitations of the
catalogue for future reference, indicating that the simulation used calculates the bulk
of the population, even if missing extreme cases.

Similarly, Figure A.2 explores the molecular gas depletion time (τmol/gas) and the de-
pendence of molecular hydrogen (H2) on stellar mass. I calculate the depletion time
as τ = MH2 /SFR, being MH2 the molecular gas and SFR the starformation rate. Once
again, the observed AGN-hosting galaxies align well with the high-density regions of
the simulation’s AGN contours, showing strong correlation between the simulation
and observations across multiple panels: depletion time versus stellar mass, SFR, and
sSFR, as well as the dependence on stellar mass. As with the molecular gas properties,
Liu et al. [2021] observations consistently occupy the upper bounds of these relations,
reflecting their higher redshift galaxies, while the data from Andreani et al. [2018] tend
to be outside of the galaxy distribution. Overall, the majority of observed galaxies ex-
hibit behaviour consistent with the simulation.

Figure A.3 illustrates the distribution of stellar mass and SFR relative to the fraction
of atomic and molecular gas. The comparison between AGN and non-AGN galaxies
reveals that AGN galaxies (in contours) tend to have a higher stellar mass compared to
their non-AGN counterparts (grey area). Additionally, AGN galaxies exhibit a higher
fraction of atomic and molecular gas at lower SFR values. This suggests that AGN
galaxies not only have more substantial stellar masses but also retain a greater pro-
portion of their gas content even when their SFRs are lower. Similarly to the previous
figures, the observational data is shown as a reference of the bulk of the population and
the grey area nor the lines have been selected to match the selection of the observational
data.

To fully confirm the results, it would be necessary to analyse the entire volume of the
cosmological simulation box. Note that the galaxies present in the Andreani et al. [2018]
sample do not follow the simulated galaxies distribution, but this is not related to miss-
ing volume. Further exploration of the simulation and the observations is needed to
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FIGURE A.3: Molecular and atomic gas fraction of galaxies (grey area) with a stellar
mass above 109 M⊙ and AGN (contours) with luminosities above Lbol ∼ 1042 erg/s
at redshift z = 0. Points correspond to Andreani et al. [2018], Groves et al. [2015].

Contours define the 5%, 10%, 20% and 40% of the total AGN distribution.

understand the difference of behaviour, but this is a project out of the scope of this the-
sis, since the aim of this Appendix is simply to demonstrate that the simulation gener-
ally works and that follows general trends. Examining the complete sample could also
reveal new characteristics of the galaxy population and additional differences between
the general galaxy population and the AGN-hosting subsample. This investigation will
be addressed in future work.

A similar study can be done at all available redshifts of the simulation. In Figure A.4 I
show the molecular gas properties at redshift z = 2.42, with galaxies in a grey, shaded
region and AGN in black contours. The simulated galaxies present lower stellar masses
and lower SFR with respect of the data of Tacconi et al. [2018], Kaasinen et al. [2019],
Liu et al. [2021] than at redshift z = 0.0, although the sSFR is consistent with obser-
vations. They also present lower molecular gas mass, but the molecular gas fraction
is of the same order. AGN galaxies present a similar distribution than the total galaxy
distribution, since the black lines (AGN galaxies) roughly follow the same pattern as
the grey area (no-AGN galaxies).

In Figure A.5 I also find the depletion time to be of the same order of magnitude of the
observations, both in stellar mass and SFR. However, the H2 gas is lower than the data
for both all galaxies and AGN galaxies.
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FIGURE A.4: Molecular gas fraction of galaxies (grey area) with a stellar mass above
109 M⊙ and AGN (contours) with luminosities above Lbol ∼ 1042 erg/s at redshift
z = 2.42. Points correspond to Tacconi et al. [2018], Kaasinen et al. [2019] and Liu et al.

[2021]. Contours define the 5%, 10%, 20% and 40% of the total AGN distribution.

A.3 Redshift evolution of the molecular gas fraction and de-
pletion time

Figure A.6 illustrates the distributions of molecular gas fraction (Mcold/(Mcold + M⋆)),
SFR, and stellar mass for AGN and non-AGN galaxies with M⋆ ∼ 1010−11 M⊙ as a
function of redshift. Observational data from Groves et al. [2015], Kakkad et al. [2017],
Andreani et al. [2018], Tacconi et al. [2018], Kaasinen et al. [2019], Koss et al. [2021],
Suzuki et al. [2021], Liu et al. [2021] are represented by red, green, orange, and black
dots, while data from the GAEA-merged simulation are shown in blue. The blue dots
appear stacked due to their selection from a specific redshift bin. The blue and yellow
lines denote selection limits: the blue line corresponds to log Mmol = 10+ log z, and the
yellow line to log Mmol = 9.4 + 2 log z in the left panel. In the middle panel, the blue
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FIGURE A.5: Depletion time of galaxies (grey area) with a stellar mass above 109 M⊙
and AGN (contours) with luminosities above Lbol ∼ 1042 erg/s at redshift z = 2.42.
Points correspond to Tacconi et al. [2018], Kaasinen et al. [2019] and Liu et al. [2021].

Contours define the 5%, 10%, 20% and 40% of the total AGN distribution.

FIGURE A.6: Molecular gas, SFR and stellar mass distributions of GAEA-merged
galaxies over redshift for a stellar mass selection of M⋆ ∼ 1010−11 M⊙. Observational
points correspond to Groves et al. [2015], Kakkad et al. [2017], Andreani et al. [2018],
Tacconi et al. [2018], Kaasinen et al. [2019], Koss et al. [2021], Suzuki et al. [2021], Liu

et al. [2021].
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FIGURE A.7: Molecular gas fraction, depletion time and gas fraction evolution on
redshift of GAEA-merged galaxies for a stellar mass selection of M⋆ ∼ 1010−11 M⊙.
Observational points correspond to Groves et al. [2015], Kakkad et al. [2017], Andreani
et al. [2018], Tacconi et al. [2018], Kaasinen et al. [2019], Koss et al. [2021], Suzuki et al.

[2021], Liu et al. [2021].

line follows log SFR = 1 + 2.2 log z, and the yellow line log SFR = 0.5 + 1.8 log z. These
lines serve as visual aids. The distributions of molecular gas, SFR, and stellar mass for
the galaxies align with observational trends.

Figure A.7 presents the molecular fraction, depletion time, and gas fraction as a func-
tion of redshift. Observational data from Groves et al. [2015], Kakkad et al. [2017],
Andreani et al. [2018], Tacconi et al. [2018], Kaasinen et al. [2019], Koss et al. [2021],
Suzuki et al. [2021], Liu et al. [2021] are included. In the left and middle panels, galax-
ies from the GAEA-merged simulation with M⋆ ∼ 1010−11 M⊙ are plotted with vari-
ous filters: best case, conservative cut, very conservative cut, and no-conservative cut. The
no-conservative cut includes galaxies above log Mmol = 10 + log z and log SFR =

1 + 2.2 log z, similar to the blue line in Figure A.6. The conservative cut includes galax-
ies above log Mmol = 9.4 + 2 log z and log SFR = 0.5 + 1.8 log z, similar to the yellow
line in Figure A.6. The very conservative cut includes galaxies with log SFR > −4
and log Mmol > 7, while the best case considers only the stellar mass selection. In
the left panel, the conservative cut provides the best match to the observed distribu-
tion, indicated by the purple area. Similar results are found in the middle panel for
depletion time, with no clear preferred cut. The right panel shows gas fraction trends,
with limited data available above z ∼ 0. The difference between the green and yellow
lines reflects the selection of galaxies with positive gas mass, as labelled. Note that the
observational data just show the trends of the general overall galaxy population and
we are not making, in general, a selection in the GAEA galaxy catalogue to match the
observational data. Therefore, the comparison is only meaningful in terms of general
distribution and to confirm if the simulation is producing galaxies within the observa-
tional limits and to show what are the limits of the simulation.
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A.4 Discussion and conclusions

These preliminary tests of the updated GAEA-merger code provide valuable insights
into the implementation of the new gas prescription. While the results generally align
with observations from the local universe, there remain areas for improvement. For in-
stance, certain galaxies observed in the real universe [e.g., Andreani et al., 2018], such
as highly star-forming galaxies or those with exceptionally high gas masses, are not
reproduced in the simulation. Additionally, the simulated galaxy distribution under-
estimates the observed distribution at higher redshifts.

Despite these limitations, the relative distribution of galaxies and AGN-host galaxies
at redshift z = 0 remains consistent with observational data, although the simulation
does not produce extreme galaxies (e.g., high molecular gas mass). Given that the AGN
modelling has not been altered from the previous version of the code, similar results
are expected for AGN-related properties.

In future work, this simulation will help to separate the effects of molecular and cold
gas mass, which were previously studied together in GAEA due to limitations in dis-
tinguishing between them.
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Appendix B

Studying the roles of density
profiles and gas distribution in
shaping the obscuration of
hydrosimulated Active Galactic
Nuclei though cosmic time

For completeness, in this thesis I also provide an in-depth study of some high-resolution
hydrodynamical simulations of zoom-in disc galaxies comprising AGN feedback. My
goal is to study the type and amount of NH column densities generated by a self-
consistent numerical models in a realistic cosmological context to compare with the
analytic Orientation and Evolutionary models discussed previously. For this work, I
choose to focus on the simulations developed by Valentini et al. [2020]. By compar-
ing the density profile derived from high-resolution hydrodynamical simulations with
those inferred from SAMs, I want to test the reliability of using simplified density pro-
files in broader cosmological studies. My findings will contribute to the understanding
of whether an uniform approach to modelling gas density in galaxies can be adopted,
or if a more detailed, simulation-specific information is necessary to accurately repre-
sent the gas distribution and its observational consequences. This paper investigates
the role of AGN feedback in the formation and evolution of galaxies, particularly late-
type galaxies. AGN activity is crucial for regulating star formation and gas cooling
processes in galaxies. More specially, Valentini et al. [2020] in their simulations aim to
address the following still open questions:

• How do accreting black holes transfer feedback energy to the surrounding multi-
phase ISM?
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• How does AGN feedback influence the properties of the host galaxy?

• How do different models and regimes of gas accretion affect the coevolution of
black holes and their host galaxies?

• Does AGN feedback significantly impact the circulation of heavy elements within
the galaxy?

To explore these questions, Valentini et al. [2020] employ the MUPPI [MUlti Phase Par-
ticle Integrator Valentini et al., 2017] sub-resolution model in their cosmological sim-
ulations. MUPPI describes a multiphase ISM and solves equations for mass and en-
ergy flows within different phases during the simulation time-step, enabling a detailed
modeling of AGN feedback effects.

In general, they find that all simulated galaxies have dominant, extended discs with
a limited bulge component, however the gaseous discs are generally more extended
than the stellar ones. Most galaxies exhibit a well-defined spiral pattern in their discs,
and galaxies simulated with AGN feedback show more extended stellar and gaseous
discs compared to those without AGN feedback. However, their morphologies are
generally more disturbed, especially in the outer regions. The properties and evolution
of the central black holes significantly influence the host galaxy evolution, with AGN
feedback playing a critical role in shaping the observed features of the galaxies. Overall,
their results indicate that AGN feedback has a significant impact on the structure and
morphology of galaxies, driving both the expansion of discs and the disturbance of
outer regions, while also regulating gas accretion and outflows.

B.1 Fiducial galaxy

Particularly, at z = 0, our fiducial galaxy presents less extended stellar and gas discs
than the simulated galaxy with no AGN feedback, indicating that the AGN feedback
contributes to the expansion of these components. They define the galactic radius as
Rgal = 0.1Rvi, chosen to select the region of the computational domain where the cen-
tral galaxy resides. This radius is used for both gas and stellar particles, and for the
fiducial galaxy the galactic radius is Rgal = 24.15 kpc.

Also, this galaxy shows a more disturbed morphology, particularly in the outer regions,
attributed to the highly dynamic environment and ongoing AGN feedback. It also
presents gas above and around the galactic plane, suggesting ongoing gas accretion.
Finally, the mean values for the coupling factors for the hot and cold phases (Ch and
Cc) indicate a balanced distribution of AGN feedback energy between the hot and cold
gas phases [Valentini et al., 2020].
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B.2 HI column density in hydrodynamic simulated galaxies

I want to study the obscuration of this galaxy making use of the cold gas particles
of the galaxy. For this reason, the best way to study the obscuration is to calculate
the HI column density along different lines-of-sight. To do so in a simulated galaxy, I
can employ two complementary approaches that use the positional and mass data of
individual HI gas particles: the particle number density method and the bin density
method.

In the particle number density method, I start by preparing the input data, which in-
cludes the positions (xi, yi, zi) and masses mi of the gas particles, as well as the particle
mass resolution mp. I am interested in the most extreme lines-of-sight, such as the z-
axis, the plane perpendicular to the disc, or the xy-plane, the plane parallel to the disc.
Assuming the line-of-sight is along the z-axis, I project the positions of the gas particles
onto the xy-plane, resulting in projected coordinates (xi, yi).

Next, I bin the particles within each grid cell based on their projected x and y coor-
dinates, identifying all particles that lie within each cell. For each bin, I calculate the
number density ni of each particle using the formula:

ni = fH
mi

mp · Vp
(B.1)

where mi is the mass of the gas particle, mp is the mass of a single hydrogen atom
(mp = 1.67× 10−24 g), and Vp is the volume occupied by the particle. I also need to take
into account the relation between cold gas and HI particles, which usually would be
fH = 0.76 [e.g., Popping et al., 2014]. But to properly compare with previous chapters,
where I assume that the Mgas consists of 100% hydrogen (see Section 4.2), I use fH = 1.
The contributions from all particles within each column (bin) are summed to determine
the HI column density NH for that bin. The column density for a cell centered at (x, y)
is given by:

NH(x, y) = ∑
i∈bin

ni · dz (B.2)

where dz is the thickness of the slice along the z-axis that each particle represents. I
am going to use this method for my results since I already have all the information
regarding the particle mass. A similar approach is followed if instead of the z-axis, I
assign another line-of-sight. The variable dz will be then dependant of the angle with
the axis perpendicular to the galactic disc and x and y coordinates.

In the bin density method, the same input data is used. I define a grid over the region
of interest and project the positions of the HI particles onto the xy-plane. For each grid
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cell, I identify all particles within the column along the z-axis. Instead of calculating
the number density directly, I sum the contributions of particle masses within each cell.
The HI column density NH in a cell centered at (x, y) is given by:

NH(x, y) = ∑
i

mi

mp · Acell
(B.3)

where the summation is over all particles within the column through the grid cell, and
Acell is the area of the grid cell.

Both methods aim to provide an accurate calculation of the HI column density, but they
emphasize different aspects of the particle distribution. The particle number density
method explicitly accounts for the volume each particle occupies, providing a detailed
representation of the local density variations within each bin. The bin density method,
on the other hand, focuses on the total mass of HI particles within each grid cell, sum-
ming these contributions to obtain the column density.

The particle number density method is particularly useful when the spatial distribu-
tion and local density variations are critical, as it uses the number density and particle
volume directly in the calculation. This is the reason why I chose this approach for my
results, since the density variations are of special interest for these galaxies in the study
of AGN feedback. The bin density method is more straightforward in scenarios where
the total mass of particles within a column is of primary interest.

These methodologies align with established techniques and provide a robust frame-
work for studying simulated galaxy data, as demonstrated by Monaghan [1992], Navarro
et al. [1996], Springel [2005], and provide a comprehensive and precise approach to cal-
culating the HI column density from a simulated galaxy, facilitating detailed analysis
of the HI distribution and its implications for galaxy structure and evolution.

B.2.1 HI column density calculation

Figure B.1 illustrates the spatial distribution of cold gas particles in the galaxy at red-
shift z = 0.0. The left panel presents the projection in the xy plane, while the right
panel showcases the distribution in the xz plane. Overlaid in a contrasting color are
the particles selected from a cylindrical region with a radius of 0.002 Mpc and a height
of 0.2 Mpc for the calculation of the HI column density at the disc plane. This specific
cylinder height was chosen to ensure the inclusion of all relevant particles within the
observational volume. The column density of the cylinder corresponds with the col-
umn density of the plane of the disc, or α = 90◦ if α is the angle against the vertical
axis z (line-of-sight), and it has a value of NH = 1.14 · 1022 cm−2. However, if I calculate
the cylinder in the vertical axis z, the equivalent of a α = 0◦, I have NH = 4.50 · 1022
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FIGURE B.1: Spatial distribution of cold gas particles (black) in the galaxy at redshift
z = 0.0. The left panel displays the projection in the xy plane, while the right panel
shows the xz plane. In green are the particles selected from a cylindrical region defined

by a radius of 0.002 Mpc and a height of 0.2 Mpc.

FIGURE B.2: Spatial distribution of cold gas particles (black) in the galaxy at redshift
z = 2.39. The left panel displays the projection in the xy plane, while the right panel
shows the xz plane. In green are the particles selected from a cylindrical region defined

by a radius of 0.002 Mpc and a height of 0.2 Mpc.

cm−2. According to the obscuration definition used in this thesis, the fiducial galaxy is
a Compton-thin (CTN) galaxy (1022 < NH/cm−2< 1024).

In a similar fashion, I can study the column density of the galaxy at a higher redshift.
Figure B.2 illustrates the spatial distribution of cold gas particles in the galaxy at red-
shift z = 2.39. The left panel presents the projection in the xy plane, while the right
panel showcases the distribution in the xz plane. Again, a contrasting colour mark the
selected particles from a cylindrical region with a radius of 0.002 Mpc and a height of
0.2 Mpc. The column density of the cylinder corresponds with the column density of
the plane of the disc, or α = 90◦ if α is the angle against the vertical axis z, and it has a
value of NH = 8.49 · 1018 cm−2. However, if I calculate the cylinder in the vertical axis z,
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TABLE B.1: Basic variables of the Fiducial galaxy from Valentini et al. [2020] calculated
in this Appendix. The differences between the paper and this Table come from the
definition of the constant h100 = 0.73, which has been selected to follow Fontanot et al.

[2020] and I decide to keep it consistent within the thesis.

Redshift z = 0 z = 2.39 Method
Rgas 24.15 kpc 26.82 kpc Furthest particle
R⋆ 17.63 kpc 19.58 kpc Furthest particle
log10 M⋆ 11.45 M⊙ 10.87 M⊙ Sum of particles within the box
log10 Mgas 10.14 M⊙ 9.57 M⊙ Sum of particles within the box
Nsim

H (α = 90◦) 1.14 · 1022 cm−2 8.49 · 1018 cm−2 Number density
Nsim

H (α = 0◦) 4.50 · 1022 cm−2 1.40 · 1021 cm−2 Number density

the equivalent of a α = 0◦, I have NH = 1.40 · 1021 cm−2. According to the obscuration
definition used in this thesis, the fiducial galaxy is optically/UV visible. These results,
as well as the particle distribution, point out that the galaxy, ending as a spiral galaxy
at z = 0, presents irregular characteristics at z ∼ 2.4, with a notably low ISM column
density.

The results about the fiducial galaxy have been summarised in Table B.11. It is interest-
ing to notice that when using the number density, I find a decrease of obscuration with
redshift, mostly due to the clearly less number of gas particles within any line of sight
due to the irregular nature of the galaxy structure.

According to the literature [e.g., D’Amato et al., 2020], the ISM column density of high
redshift galaxies can substantially contribute to the obscuration to the point of reaching
CTK obscuration, or at least CTN levels [see also Gilli et al., 2022]. Therefore, such a
low column density, as we find in the fiducial galaxy at z = 2.39, is remarkable. Since
the stellar mass, the cold gas mass and the exponential density profile methodology
have been proven to follow observations and produce high column densities, the dis-
crepancy from the literature seems to come from the scale length and the definition of
the radius. The radius of the fiducial galaxy, calculated by measuring the distance be-
tween the furthest particle and the centre of the galaxy, is large, even larger than the
value at z = 0. However, as previously observed [e.g., van der Wel et al., 2014, Puglisi
et al., 2019, 2021], particularly the gas radius of a galaxy decreases with increasing red-
shift. The stellar scale length for this galaxy at redshift z = 0 is Rd ∼ 6.4 kpc, which
corresponds with the predicted Rd ∼ 6.3 kpc if using van der Wel et al. [2014]. But at
redshift z = 2.39, I find Rd ∼ 4.2 kpc using the furthest particle, and Rd ∼ 2.1 kpc using
van der Wel et al. [2014]. The difference in the results at high redshift indicates that the
value of the furthest particle might be overestimated, and the discussion develops to
what constitutes the border of a galaxy. A quick look to Figure B.2 confirms the lack
of a defined structure, making the irregularity of the galaxy a problem for the actual

1Despite certain data from the Table being available in Valentini et al. [2020], I decided to recalculate
some of them to be consistent within the Chapter. This is possible thanks to the availability of the galaxy
box supplied by Milena Valentini.



B.2. HI column density in hydrodynamic simulated galaxies 141

definition of its radius. Therefore, the next step of this analysis should follow the study
of the superficial density profile and the use of an improved definition of the galaxy
radius, which is out of the scope of this thesis. The analysis would also benefit from
using other galaxies, for example the rest of the galaxies from Valentini et al. [2020].
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Appendix C

Industrial secondment in OLT

As part of the Marie Curie Innovative Training Network (ITN) program, I completed
an industrial secondment at the company OmegaLambdaTec (OLT) GmbH (Garching,
Bayern, Germany) as a Data Scientist. They aim to create pioneering smart data so-
lutions for the key challenges of the energy transition by using Smart Data, Physical
Analytics and AI solutions in the areas of data-driven forecasting, anomaly detection,
simulation-based optimisation and digital twin simulations1.

During this secondment, the objective of my work was to study the trajectory, total
travelled time, and time spent on ports of commercial ships to find common trajec-
tories and best-case scenarios to predict possible delays and trajectory forecast. All
ships have a transceiver on bord for automatic tracking of the position and character-
istics of the ship called AIS or automatic identification system. This tracking system is
used by vessel traffic services (VTS), which, together with marine radar, helps track-
ing direction, origin, destination, position and other basic variables, as well as useful
for collision avoidance. With this information I can study basic water transport routs
and port behaviour, allowing me to later predict best trajectories and estimate time of
arrival (ETA) for cargo ships transporting goods from Asia to European ports.

My main responsibilities during this secondment were:

• Becoming familiar with the AIS dataset;

• Performing data cleaning and developing a structured database;

• Identifying ships that followed specific itineraries of interest;

• Analyzing ship trajectories, including ports of loading, intermediate stops, de-
parture and arrival times;

1Visit https://www.linkedin.com/company/omegalambdatec-gmbh/about/ or https://

omegalambdatec.com/en/ for more information about the company

https://www.linkedin.com/company/omegalambdatec-gmbh/about/
https://omegalambdatec.com/en/
https://omegalambdatec.com/en/
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• Predicting best trajectories and ETA;

• Extracting useful insights from the data to support accurate ETA predictions.
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D. Blánquez-Sesé, C. Gómez-Guijarro, G. E. Magdis, B. Magnelli, R. Gobat, E. Daddi,
M. Franco, K. Whitaker, F. Valentino, S. Adscheid, E. Schinnerer, A. Zanella, M. Xiao,
T. Wang, D. Liu, V. Kokorev, and D. Elbaz. The gas mass reservoir of quiescent
galaxies at cosmic noon. , 674:A166, June 2023. .

Asa F. L. Bluck, Joanna M. Piotrowska, and Roberto Maiolino. The Fundamental Sig-
nature of Star Formation Quenching from AGN Feedback: A Critical Dependence
of Quiescence on Supermassive Black Hole Mass, Not Accretion Rate. , 944(1):108,
February 2023. .

L. Boco, A. Lapi, F. Shankar, H. Fu, F. Gabrielli, and A. Sicilia. TwO Parameters Semi
Empirical Model (TOPSEM): Galaxy Evolution and Bulge/Disk Dicothomy from
Two-stage Halo Accretion. , 954(1):97, September 2023. .

C. T. Bolton. Identification of Cygnus X-1 with HDE 226868. , 235(5336):271–273, Febru-
ary 1972. .

H. Bondi. On spherically symmetrical accretion. , 112:195, January 1952. .

Silvia Bonoli, Francesco Shankar, Simon D. M. White, Volker Springel, and J. Stuart B.
Wyithe. On merger bias and the clustering of quasars. , 404(1):399–408, May 2010. .

Michael Boylan-Kolchin, Volker Springel, Simon D. M. White, Adrian Jenkins, and Ger-
ard Lemson. Resolving cosmic structure formation with the Millennium-II Simula-
tion. , 398(3):1150–1164, September 2009. .

Johannes Buchner and Franz E. Bauer. Galaxy gas as obscurer - II. Separating the
galaxy-scale and nuclear obscurers of active galactic nuclei. , 465(4):4348–4362,
March 2017. .

Johannes Buchner, Antonis Georgakakis, Kirpal Nandra, Murray Brightman, Marie-
Luise Menzel, Zhu Liu, Li-Ting Hsu, Mara Salvato, Cyprian Rangel, James Aird,
Andrea Merloni, and Nicholas Ross. Obscuration-dependent Evolution of Active
Galactic Nuclei. , 802(2):89, April 2015. .

Johannes Buchner, Steve Schulze, and Franz E. Bauer. Galaxy gas as obscurer - I. GRBs
x-ray galaxies and find an NH

3∝ M {star} relation. , 464(4):4545–4566, February
2017. .

G. R. Burbidge, E. M. Burbidge, and A. R. Sandage. Evidence for the Occurrence of
Violent Events in the Nuclei of Galaxies. Reviews of Modern Physics, 35(4):947–972,
January 1963. .



REFERENCES 151

L. Burtscher, K. Meisenheimer, K. R. W. Tristram, W. Jaffe, S. F. Hönig, R. I. Davies,
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lution of black holes: Eddington ratios, duty cycles and active galaxy fractions. , 428
(1):421–446, January 2013. .

Francesco Shankar, Mariangela Bernardi, Ravi K. Sheth, Laura Ferrarese, Alister W. Gra-
ham, Giulia Savorgnan, Viola Allevato, Alessandro Marconi, Ronald Läsker, and An-
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