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shaping the fractions of obscured AGN at cosmic noon
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ABSTRACT

The origin of obscuration in Active Galactic Nuclei (AGN) is still a matter of contention:*lt,is tinclear whether obscured AGN
are primarily due to line-of-sight effects (Orientation model), a transitory, dust-enshrouded phase in galaxy evolution (Evolution
models), or a combination of both. The role of an inner torus around the central supermassive black hole also remains unclear
in pure Evolution models. We use cosmological semi-analytic models and semi-empirical prescriptions to explore obscuration
effects in AGN at cosmic noon, in the range 1 < z < 3. We consider a realistic object-by-object modelling of AGN evolution
including different AGN light curves (LCs) composed of phases of vyarying levels of obscuration, usually (but not uniquely)
with a larger degree of obscuration before the peak of AGN activity, mimicking the possible clearing effects of strong AGN
feedback. Evolution models characterized by AGN LCs with relatively short pre-peak obscured phases followed by more extended
optical/UV visible post-peak phases, struggle to reproduce the high fraction of obscured AGN at z ~ 2 — 3 inferred from X-ray
surveys. Evolution models characterised by AGN LCs with-sharp post-peak declines or persistent or multiple obscuration phases
are more successful, although they still face challengesin, reproducing the steady drop in the fractions of obscured AGN with
increasing luminosity measured by some groups. Inyoking a fine-tuning in the input LCs, with more luminous AGN defined
by longer optical/UV visible windows, can improve the match to the decreasing fractions of obscured AGN with luminosity.
Alternatively, a long-lived central torus-like component, with thickness decreasing with increasing AGN power, naturally boosts
the luminosity-dependent fractions of obscured AGN, suggesting that small-scale orientation effects may still represent a key
component even in Evolution models. We also find that in our models major mergers and starbursts, when considered in isolation,
fall short in accounting for the large fractions of highly obscured faint AGN detected at cosmic noon.

Key words: Galaxies: active - galaxies: formation - galaxies: evolution - galaxies: fundamental parameters - quasars: supermas-
sive black holes - black hole physics= galaxies: nuclei — galaxies: structure.

1 INTRODUCTION

Actively accreting Supermassive Black Holes (SMBHs) at the centre
* B-mail=A. VoA lonso-Tetilla@soton.ac.uk of massive galaxies, i.e., Act.w(': Galactic Nuclei (A.GN),' are consid-
+ E-hail: F.Shankar @soton.ac.uk ered obscured when the emission from the accretion disc at X-ray,
i Anniversary Fellow ultraviolet, and optical wavelengths is absorbed by material along the
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line-of-sight (e.g., Seyfert 1943; Antonucci 1993; Urry & Padovani
1995; Netzer 2015; Ramos Almeida & Ricci 2017).

Dissecting the origin of obscuration is pivotal in determining a
complete census of AGN and, in turn, in providing a more complete
description of the evolution of SMBHs in a cosmological context
(e.g., Shankar et al. 2013; Hickox & Alexander 2018; Yutani et al.
2022; Ricci et al. 2022b; Petter et al. 2023). Models and observations
propose that both dust and gas in the interstellar medium of the host
galaxy (Lapi et al. 2005; Buchner et al. 2017; Gilli et al. 2022;
Andonie et al. 2024, and references therein) along with a dusty torus
located at a few parsecs from the central SMBH (e.g., Packham
et al. 2005; Radomski et al. 2008; Burtscher et al. 2013; Gallimore
et al. 2016; Garcia-Burillo et al. 2016; Imanishi et al. 2016; Garcia-
Burillo et al. 2021; Kovacevic et al. 2025), are viable sources of
AGN obscuration. The obscuration from the host galaxy is expected
to vary according to its gas and dust content (and distribution), and
is expected to be more prominent during the early phases of host
galaxy formation (z ~ 1.5, e.g., Granato et al. 2004; Santini et al.
2014; Lapi et al. 2006, 2014).

The torus was originally thought to be a long-lived structure (Urry
& Padovani 1995), but more recent studies suggest that this is a
dynamical, clumpy structure created from the accretion disc and
part of the dusty wind (e.g., Ramos Almeida et al. 2009, 2011,
2016; Wada 2012; Markowitz et al. 2014; Lépez-Gonzaga et al.
2016; Ramos Almeida & Ricci 2017; Honig & Kishimoto 2017;
Honig 2019). Given the complex interplay between the host galaxy
interstellar medium evolution and the physics and evolution of gas
accreting onto the central black hole, studying the AGN obscuration
can provide a more complete understanding of SMBH physics and
demographics, and set important constraints on how they (co-)evolve
with their host galaxies across cosmic time (e.g., Shankar et al. 2013;
Ricci et al. 2022b; Yutani et al. 2022; Petter et al. 2023).

Currently, there are two leading theories that can explain the ob-
scuration in AGN, and these are not mutually exclusive. Orientation
(also called Unification) models assume that the gas and dust dis-
tributions within the host galaxy and a central dusty torus are the
primary sources of AGN obscuration (e.g, Antonucci 1993; Urry &
Padovani 1995; Polletta & Courvoisier 1999; Netzer 2015; Alonso-
Tetilla et al. 2024), with the level of obscuration depending on.the
inclination of the system relative to the observer’s line of sight and
the torus covering factor (e.g., Ramos Almeida et al. 2011)3Evo-
lutionary models propose instead that the level of obscuration, as
well as the AGN luminosity and SMBH mass, depend onithe spe-
cific time when the AGN is observed within the lightscurve (LC),
regardless of any line of sight (e.g, Sanders et al 1989; Granato
et al. 2004; Lapi et al. 2006; Hopkins et“al. 2007a; Shankar et al.
2008). In this second class of models, obscuration is mostly con-
tributed by transitory, short-term, and early_dust-enshrouded phases
of the host galaxy, though a contribution ffom an inner torus could
still be present, as also further explored in this work. This pure Evo-
lution model proposes a two-mode growth for the central SMBH,
with a first obscured pre=peak.(super-)Eddington phase, analytically
described by an exponential increase in the SMBH accretion rate,
usually occurring during,a‘gas-rich star-forming phase in the host
galaxy, followed by anon-obscured phase, described by a power-law
decline (e.g., Shen:2009; Paolillo et al. 2023). The post-peak phase
is expeeted to besmore extended, corresponding to sub-Eddington
accretion levels onto the central SMBH, which is massive enough to
be’able to clear out and/or ionize the host galaxy interstellar medium
with winds and/or jets (e.g., reviews by Brandt & Hasinger 2005;
Alexander & Hickox 2012; Somerville & Davé 2015), and reveal the
AGN at X-ray, UV, and optical wavelengths. Some theoretical models

suggest that pure Evolution models, with the pre-peak, exponential
phase of the LC heavily obscured, may be able to reproduce the lu-
minosity function (LF) of obscured vs unobscured AGN without the
need for an inner torus, although a clear consensus on this key aspect
has yet to be reached (e.g., Granato et al. 2006; Lapi et al. 2006;
Hopkins et al. 2008; Lapi et al. 2014; Hickox et al. 2020; Viitanen
et al. 2023; Georgantopoulos et al. 2023).

Observations indicate that both orientation and evolutionary ef-
fects can play a role in obscuring the AGN (e.g., Polletta et al. 2008,
2011). For example, in the original definition of Type 2 AGN (for
definitions and Type differences see Antonucci 1993), those galaxies
lack broad emission lines. This characteristic is usually interpreted
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 &
Weedman 1974; Peterson 1997; Kuraszkiewicz et al. 20214, Kuhn
et al. 2024), should remain invisible to edge-on lines of;sightiin-
tersecting the torus aperture. Indeed, in support of thé Orientation
model, detections of broad lines in polarised light have been found,
indicating the presence of a hidden broad line region in Type 2 AGN
(Barth et al. 1999; Nagao et al. 2004; Yu & Hwang 2005; Ramos
Almeida et al. 2008). On the other hand, galaxies hosting 7ype I AGN
appear in several instances more massive than Type 2 AGN, at odds
with expectations from basic Unificationimodels (Ricci et al. 2022a).
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 & Shankar 2023; Mountrichas et al. 2024, and
references therein), intline with predictions from Evolution models.

An evolutionary conrection between star formation, black hole
accretion and fuelling (e:g., Granato et al. 2006; Shankar et al. 2004,
2012, 2013);;and AGN obscuration is expected given their common
dependence ontthe cold gas content of the host galaxy itself (e.g.,
Harrison 2017). In the context of Evolution models, in fact, many
worksthave identified the presence of galaxies with high cold gas
fractions'and star formation rates (SFRs) in the obscured AGN pop-
ulation 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. 2017; Yutani et al. 2022; Pierce et al. 2023). Starburst and
enhanced SFRs are often the result of mergers, disc instabilities, and
interactions (e.g., from observations, Armus et al. 1987; Kennicutt
et al. 1987; Xu & Sulentic 1991; Sanders & Mirabel 1996; Ellison
et al. 2013; Knapen et al. 2015; Silva et al. 2021; Cezar et al. 2024,
and e.g., from simulations Hernquist & Katz 1989; Springel et al.
2005; Di Matteo et al. 2008; Teyssier et al. 2010; Moreno et al. 2015;
Renaud et al. 2022; Linden & Mihos 2022, , and references therein),
further supporting the presence of a strong link between mergers and
evolutionary effect in obscured AGN (Andonie et al. 2024).

Despite the variety of methods to characterize obscured AGN (for
an extensive overview see Hickox & Alexander 2018), in this paper
we focus on X-ray observations, since they are directly associated
with the accretion discs and its hot corona (e.g., Giacconi 2009), and
have more penetrating power through thick column densities. Several
studies have tried to quantify the level of obscuration in AGN through
the use of HI-equivalent Ny column densities (e.g., Ueda et al. 2014;
Aird et al. 2015; Buchner et al. 2015; Ananna et al. 2019; Laloux
et al. 2023), and we will follow the same methodology in the present
work when comparing our models to observations. This paper is the
second of a series that explores AGN obscuration in the context of
the semi-analytic model (SAM) for GAlaxy Evolution and Assembly
(GAEA, Fontanot et al. 2020, F20 hereafter). This theoretical model
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provides realistic properties of galaxies and their central black holes,
whilst providing detailed predictions on many key properties such as
the SMBH accretion rate and SFR distributions, and AGN bolometric
Light Curves (LCs). The flexibility of GAEA allows us to explore the
impact on our predictions of varying the input AGN LC, gas fractions,
galaxy structure, as well as exploring the connection between AGN
obscuration, starburst and major mergers. In the first paper of this
series (Alonso-Tetilla et al. 2024, Paper I hereafter), we explored the
impact of orientation only and found that galaxy-scale obscuration,
at least when described via an exponential gas disc, can only account
for part of the Compton-thin obscuration, while adding a central torus
component can boost the obscured fractions of both Compton-thin
and Compton-thick AGN.

In this paper we go a step further and explore model with Evo-
lutionary and Orientation features. In pure Evolutionary models, we
bypass the details of the geometry and/or the amount of the cold gas
entirely, and assume that the level of Ng reached by a single galaxy
is only dictated by the position of the AGN within the LC, being,
for example, Compton-thick only for a fraction of the time during
the pre-peak phase. We will complement our study with a composite
class of Evolution+Orientation models in which we still retain the
idea that the AGN is obscured or visible during specific, pre-defined
phases within the LC, but we also include elements proper of an Ori-
entation model. More specifically, 1) we first include an inner torus
and investigate the conditions under which a long-lived, small-scale
obcuring structure can contribute to the fraction of deeply buried
AGN at cosmic noon; 2) we then also explore the impact of assign-
ing an Ny column density during the obscured phases within the LC
not at random, but based on the actual gas mass in the host galaxy as
carried out in Paper L.

The structure of this paper is as follows. In Section 2 we review
the theoretical models and introduce the observational data used
throughout the paper. In Section 3 we describe our methodology in
the framework of the GAEA SAM, and we provide the details of
our AGN and host galaxy obscuration modelling. In Section 4 we
present our predicted fractions of obscured AGN in the context of
our Evolution and Orientation models. In Section 5 we discuss our
main results. Finally, in Section 6 we summarize our conclusions.

2 THEORETICAL MODELS, OBSERVATIONAL DATA;
AND COMPARISON STRATEGY

In this Section we describe the semi-analytic medels and’coupled
semi-empirical prescriptions we adopt to predict the distribution of
obscured Compton-thin (CTN) and Compton-thick (CTK) AGN un-
der the Evolution and Orientation frameworks. Our reference back-
ground galaxy model is the semi-analytic model GAEA (Section 2.1),
which provides a realistic representation of/galaxies in the mass and
redshift range of interest here. However, we stress that our analysis
is independent of the specific undéerlying reference galaxy evolution
model, and indeed we will consider the impact of varying input LCs,
gas fractions, or other relevant galactic properties.

2.1 The GAEA semi-analytic model

The state-of-the-art semi-analytic model GAEA follows the evolu-
tion of galaxies and their central SMBHs in a cosmological volume
from early times to the present epoch. GAEA includes prescriptions
for,the evolution of the baryonic component in galaxies, as well as
providing a detailed modelling of the growth of the central SMBHs.
In the following, we summarize the key ingredients characterizing
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the modelling of the cold gas accretion onto SMBHs in GAEA, and
refer the reader to F20 for a more detailed description. In particular,
in this paper we focus on the so-called HQ11-GAEA model, which
includes the Hopkins & Quataert (2011) and Hopkins et al. (2006)
prescriptions to estimate:

(i) The fraction of cold gas from the host galaxy that, after a
merger or disc instability, is able to lose sufficient angular momentum
to reach the central regions and gather onto a low angular momentum
gas 1eservoir.

(i) The mass accretion rate onto the SMBH from the low angular
momentum reservoir, which follows the shape of a LC inspired by
the results of hydrodynamic simulations (see Section 3.1).

SMBH seeding in GAEA is performed following Volonteri et al.
(2011) which implies seed masses of ~ 104 Mpg. The seeds grow,from
cold gas accretion, triggered by galaxy mergers or disc instabilities,
and mergers with other SMBHs. The energy arising from-the acere-
tion is redistributed in time following an AGN LC, composed of an
initial super-Eddington accretion phase, which lasts until the. SMBH
reaches the self-regulation limit (Hopkins et al£2006), followed by
a power-law decline. Similar behaviours for,the AGN LC have been
suggested by theoretical arguments, hydrodynamic simulations (e.g.,
Granato et al. 2004; Lapi et al. 20065 "Hopkins-et al. 2007a; Shen
2009) and phenomenological models‘(e’g., Lapi et al. 2006, 2014;
Aversa et al. 2015). GAEA also includes QSO-mode feedback in the
form of AGN driven outflows, AGN winds capable of heating the
cold gas and eventually returning it into the hot phase. Specifically,
the model realization considered in this work, 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 original GAEA model has been calibrated on Dark Matter
Merger treeS drawn from the Millennium Simulation (Springel et al.
2005, WMAPIN\]lambda cold dark matter concordance cosmology,
ie., Qp =0.75, Qn = 025, Q, = 0.045, n = 1, g = 0.9, and
Hp. =93 km s~! Mpc™!), and yields a good description of galaxy
properties down to a stellar mass scale of ~ 10° Mg. The HQ11-
GAEA model is calibrated to reproduce the evolution of the AGN!
bolometric LF up to redshift z ~ 4, i.e., without applying any ob-
Scuration correction to model predictions, and it also reproduces all
galaxy properties discussed in previous papers (e.g., Hirschmann
et al. 2016), like mass-metallicity relations, quenched fractions and
cold gas fractions. The HQ11-GAEA model also reproduces the
observed Eddington ratio distribution function at various redshifts
(F20). A deeper analysis on the chemical enrichment can be found
in De Lucia et al. (2014).

GAEA also includes prescriptions for the radio-mode accretion
and feedback. The radio mode is treated, by construction, as an (al-
most) continuous accretion process of hot gas from the halo (which
gives rise to tensions with the observed distribution of radio galax-
ies - see e.g., Fontanot et al. 2011). This SMBH accretion mode
becomes relevant for massive galaxies residing in massive haloes at
low redshifts z < 1, as those are the environments where efficient
quenching of the cooling flows and late SFR are required. Since in
this paper we mainly focus on z > 1, around the peak of AGN activ-
ity, we will neglect the contribution of radio-mode accretion to the
bolometric luminosity, similarly to what we assumed in Paper 1. This
choice has the additional advantage of simplifying the treatment of
the LC, focusing on the QSO-mode contribution only. We also note

' We define as AGN those galaxies shining above Lyo ~ 10%2 erg/s at some
point during their active phase.
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Figure 1. General sketch of the Light Curves (LCs) used as a baseline in this work, comprising of an exponential pre-peak growth phase followed by‘a more
extended sub-Eddington phase (which is not included in some model renditions, see Figure 2), and with a maximum temporal extent of A7 ~ 2- 108 yrat z =2.4,
as described in Section 3.1. We show two noteworthy examples of LCs with a peak luminosity well above (left panel) the minimum bolometfic luminosity
considered in this work (horizontal dotted, red lines), allowing for the whole LC to be well sampled, and one LC with a peak luminosity just slightly above (right

panel) the minimum luminosity. Bolometric luminosities are in units of erg/s.

that the GAEA models are calibrated to reproduce the z < 4 AGN
bolometric LFs, but do not include any explicit treatment for obscu-
ration, which is the focus of the current work. The 2-10 keV intrinsic
X-ray luminosities are calculated from bolometric luminosities via
the bolometric correction by Duras et al. (2020), although similar
results would be recoved by adopting, for example, the Marconi et al.
(2004) bolometric correction.

2.2 Observational data

We compare our predicted fractions of obscured AGN as a function
of 2-10 keV intrinsic X-ray luminosity with the empirical measure-
ments by Ueda et al. (2014), Buchner et al. (2015), and Ananna et al.
(2019) (U14; B15; A19, hereafter). These observations include data
from deep surveys from observatories such as Swift/BAT, ASCA,
XMM-Newton, Chandra, or ROSAT, being among the most complete
compilations in terms of AGN luminosity and redshift coverage..We
specifically use the two forms of AGN obscured fractions from A19;
the first one closely following the analytic formula by Ul4 with up-
dated parameters, and the second one derived from Machinel_earning
algorithms, labelled as A19-ML throughout. A19 compiled.a large
AGN sample with luminosities log Ly /erg s~1 <@0=46)in the red-
shift range 0.04 < z < 3.5, and similarly B15\covered luminosity
and redshift ranges of log Lx/ergs™! =42 — 46 and 0 < z < 6,
and U14 ranges of log Lx/ergs™! = 41 — 46.and 0 < z < 5. We
refer the reader to Paper I, for a more in-depth overview and com-
parison of these observational samplesyltAis interesting to note that
the cumulative CTK fractions inferred by U14 are consistent with
those recently measured at low redshifts from NuSTAR by Boorman
et al. (2025, see also Zhang.etial. 2025). A19-ML replace the ab-
sorption function from U4 with the one from Ricci et al. (2015),
which includes corrections for the geometry of the torus and inher-
ently predicts a higherjfraction of CTK AGN sources, particularly
in the local’ Universe? A19 suggest that the neural networks allow
for a mote in-depth exploration of the fraction of CTK sources that
simultaneously contribute to the X-ray LF and X-ray background,
which could be both underrepresented due to observational biases.
Tosallow a direct comparison of our models with all the published
data sets considered in this work, we will define CTN fractions as
the number of AGN with 22 < log Ny/ ecm™2 < 24 within the larger

sample of AGN with 20 < log Ny / cm~2 < 24, and CTK fractions
as the number of AGN with 24 < log N /cm=2°< 26 within the full
population of AGN with 20 < log'Nij/cm72 < 26. For our main
reference model, we will also.discuss‘in Section 5.1 the predicted
absolute number densities of AGN'in different intervals of Ny.

2.3 Comparison strategy: designing models to reproduce high
obscured AGN fractions at cosmic noon

As discussed im:Section 2, the observational data considered in this
work do_not previde a clear consensus on the overall fractions of
obscured AGN at any redshift, and also on their dependence on AGN
luminesity./Some groups suggest a sharp drop in the fractions of
obscured’AGN with increasing luminosity, such as U14 and A19, a
trend which is also supported by optical/UV AGN selections (e.g.,
Merloni et al. 2014), while others suggest a mild luminosity depen-
dence, such as B15. In addition, very different results have been
retrieved from the same data when using different approaches. A19,
when adopting machine learning, claimed a nearly constant fraction
of at least 80% of obscured AGN independent of luminosity and
redshift. Given the noticeable uncertainties and systematics in cur-
rent observational measurements, in what follows we will retain for
completeness all the available data at any given redshift of interest,
and discuss the general features a model should possess to 1) induce
a pronounced luminosity dependence, as observed in some data sets,
and/or to 2) generate an increased incidence of CTN/CTK AGN as
suggested by other data sets. In other words, in this work we are
not aiming to provide a single preferred model, but rather to gauge
the possible classes of physically motivated Orientation and/or Evo-
lution models that could account for different sets of observations.
We will show that boosting the overall fractions of obscured AGN,
especially in the CTK regime, can be realised with an inner torus,
which also helps to generate some luminosity dependence, although
we will also discuss some physically plausible alternatives.

In this work we focus on the redshift range 1 < z < 3, around
the peaks of AGN and star formation rate activities (e.g., Ueda et al.
2003; Shankar et al. 2009; Madau & Dickinson 2014), which are
believed to be contributed by galaxies with frequent episodes of dust-
enshrouded AGN activity coupled to moderate to strong starbursts,
possibly triggered by galaxy mergers (e.g., Alexander et al. 2005;
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Figure 2. General sketch of the Light Curves (LCs) in our reference Evolutionary Models, including a qualitative definition of the main obscuration parameters
considered in this study (left column). We also provide.the foreseen impact on the predicted fractions of obscured AGN (right column). The grey areas mark the
Compton-thin (CTN) phases, while the dark sections mark the Compton-thick (CTK) phases within the light curves. All underlying light curves in each Model
are identical in shape, but differ in terms of i) the pest-peak behaviour, including a prolonged post-peak phase (black dotted lines) or having a sharp cut-off
at the peak (blue solid lines), or ii) for the internal redistribution of the CTN/CTK phases. Sharp cut-offs in the light curves after the peak tend to generate
larger fractions of obscured AGN (solid blue lines) compared to models with prolonged post-peak phases (dotted lines). We define A7gso as the time of the
optically/UV visibility window, withinsthe maximum temporal extent of the light curve of AT ~ 2 - 108 yr at z = 2.4 (Figure 1), our mean redshift of interest.
Models with a luminosity-depeident yisibility window A7qso (Lpeak ) present a stronger decrease in the obscured fractions of AGN with increasing luminosity

(orange dashed lines). Bolometric\luminosities are all in units of erg/s.

Granato et al. 2006; HopKins et al. 2008; Alexander & Hickox 2012;
Carraro et al.2020). This cosmic epoch is thus ideally suited to probe
the relatiye roles of transitory (only for a fraction of the AGN LC) or
prolonged (as in’Orientation models) obscured phases, induced by
the physical characteristics of the host galaxy (as emphasized by, e.g.,
Lapi et al. 2014; Gilli et al. 2022; Silverman et al. 2023; Andonie
et al., 2024), and of an inner thick torus, in shaping the fractions
of obscured AGN. We verified that over the full redshift range 1 <

z < 3 the GAEA model does in fact predict that the vast majority
of AGN are triggered by minor and major mergers, with only up to
~ 10—15% by disc instabilities, and with many AGN characterised by
significant cold gas fractions and large star formation rates. We will
show the predictions of our models at the reference redshift of z =
2.4, and will also briefly discuss the (weak) evolution of the model
predictions within the whole redshiftrange 1 < z < 3, but we will not
further explore the model performance at lower or higher redshifts.

GZ0Z JaqWiaAoN /| uo Jasn Arelqi AejueH Aq §1G81Z8/S8 1 LIBIS/SBIUW/SE0 L "0 | /I0P/a0IIB-80UBAPE/SEIUW/ WO dNO"olWapeoe//:sdny WwoJl papeojumoq



6 A. V. Alonso-Tetilla et al.,

CTK CTN : unobscured
—

Model 4 2
~

CTK unobscured CTN

total

1% —
~ ~
-~
H\e ————————— - ~
-
~
~
Lpor
e im = -
g '~
[ S,
N
Lpo

e W, POSE peak
— w/o post peak
lum dep

ATQSO x Lpeak

Figure 2. (Cont.) Sketch of the Evolution Models 3 and 4, in the same format as above, highlighting thesinclusion of a torus model, assumed to be either
short-lived (“SL’; black long-dashed lines) or long-lived (“LL’; black dot-dashed lines), i.e., survivingeven during the optical/UV phases within the AGN light

curves. A long-lived torus tends to boost the fractions of both CTN/CTK AGN.

As discussed above, at z < 1, the radio-mode accretion/feedback
starts playing an increasingly relevant role in the overall bolometric
emissivity of AGN, adding another channel to the AGN feedback and
changing the overall conditions in the host galaxies, whilst at higher
redshifts other forms of central obscuration, not necessarily captured
in the present modelling, may further contribute to the population of
obscured AGN (e.g., Maiolino et al. 2024; Bisigello et al. 2025; Ma
et al. 2025), as briefly mentioned in Section 5.5.

3 METHODOLOGY

Starting from the GAEA model galaxy catalogues, We then assign
a degree of obscuration to each AGN as follows.n pure Evolution
models?, we assign a column density by randomly drawing a time
within the LC (see Figure 2) of eachhAGN, having a different ob-
scuration pre-peak, post-peak andwat the peak. For all our Evolution
models, we also study the effect ofincluding a torus-like component.
We then define models_that cembine elements from the Evolution
framework and the Orientation scenario (described in Paper I), and
we label these combinations as hybrid models. In these models, as
described in Paper I, we calculate the HI column density by defining
the geometry of the gas component of the host galaxy using an ex-
ponential-gas density profile, to which we will also add a torus-like

2 [We stress that with the word "Evolution" in this paper we usually refer to
theshort evolution of the SMBH within the timeframe of the AGN light curve
and not to the overall evolution of the host galaxy on longer cosmological
timescales.

componentaround the central SMBH. Finally, for completeness we
also explore Evolution models in which the level of obscuration is
not detetmined by the position of the AGN within the LC, but only
dictated by the level of starburstiness in the galaxy or by the strength
(mass ratio) of the merger. A detailed description of all the models
considered in this work is provided in the next Sections, while a
summary of the main features of each model can be found in Table
L.

3.1 Definition of the Light Curve Model

Each accretion event onto the SMBH is characterized by a AMpy
which is gradually deposited onto the central SMBH following a
predefined LC, which regulates the time evolution of the gas accre-
tion rate over the lifetime of the AGN episode. The total temporal
length of the LC is the same for all AGN in the model and equal to
Ar=2-108 yr (see Figure 1). The shape of the LC broadly follows
expectations from numerical experiments and theoretical arguments
(e.g., Springel et al. 2005; Hopkins et al. 2006; Lapi et al. 2006; Shen
2009; Shankar 2009). It is characterized by an exponential pre-peak
regime, followed by a post-peak power-law phase, to mimic the ef-
fects of a self-regulated growth of the SMBH, which initially grows
exponentially at or above the Eddington limit, then switches 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 depend on the same set of parameters, as described below.
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Table 1. Summary of the different Evolution and Orientation models considered in this work.

Type Model Description Figure
Model 1 CTN pre-peak, visible peak (Atgso ~ 1078 yr) and post-peak 3
. Model 2 CTN pre-peak, visible peak (Atgso ~ (1 -5) - 107 yr), no post-peak )
Evolution models Model 3 CTK 1/3 pre-peak, CTN 2/3 pre-peak, visible peak 4
Model 4 CTK pre-peak, CTN post-peak, visible peak
Evolution + torus Models 1-4 Same LC + torus (long-lived = present throughout the LC; short-lived = present only during 5,6
obscured parts of the LC)
Evolution + lumdep  Models 1-4 Same LCs with luminosity dependent visibility window 3,6
Hybrid model Models 3-4 Same LCs + Ny from Orientation + long-lived torus 7
z-evolution Model 3 Repeated at different redshifts 8
Starburst SFR > 100 Me/yr Ny from Orientation + galaxies with SFR > 100 Me/yr are CTK 9
SFR > (1,4)SFRys Ny from Orientation + galaxies with SFR > (1, 4)SFRyg are CTK
Mergers Merger rate > 0.33 Ny from Orientation + galaxies with merger rate > 0.33 are CTK (w/o fiducial torus) 10

The exponential regime is simply described as

. . neak Ipeak — ¢
Mgy (1) = My exp (_ptﬁT)’ 6]
where Mgy (1) is the accretion rate onto the central SMBH, Mg‘;’_;lk
is the peak accretion rate in the QSO mode, fyeax is the time corre-
sponding to the peak accretion rate since the triggering episode (most
of the time a merger), ¢ is the time stamp within the LC, and fgqq is
the Eddington time corresponding to 4.5 - 107 years for our chosen
value of the radiative efficiency (e = 0.15, also used for luminosity
calculation).
The second regime is defined as in Hopkins et al. (2006),

MBH=#. 2
| 4 | ok

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 Paper I).

We visualise our baseline LC model in Figure 1 whichincludes
two limiting cases of an AGN with a LC with luminésities for' most
of the time above the minimum bolometric luminosity (mostly from
AGN X-ray surveys) Lyo = 10*2 ergs™! (leftpanel), and one with
a LC in which only luminosities around the peak, are”above Ly =
10%2 ergs_1 (right panel). 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!

In the original LC model presented by F20 (Eq. 13), the peak
values were chosen by adopting a first regime where the BH ac-

. - .y . .. t
cretes exponentially at Mpyqq, until it reaches a critical BH mass Mgl‘{

erit _ pypeak
(MBH - MBH )

Mg = foig 1.07(Mi + AMpy), 3)

where AMpy reépresents the total mass accreted in the event, ME‘H is
the initial mass of the SMBH, and we fix the scaling factor f.;; = 0.4
asiin F20, following Somerville et al. (2008, see also Marulli et al.
2008; Bonoli et al. 2010).

The original F20 LC, calibrated on the Hopkins et al. (2007a)

prescriptions built around the idea of a critical aceretion rate Mg}i{t,
tends to generate quite narrow LCs, sometimes close to delta func-
tions, 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 powet-law, sub=Eddington regimes.

In this work, instead, we relax the critical accretion rate limitation.
In our LC reference model, we keep unaltered the original F20 values
of Mg‘Ht and Zpe,k, but allow, for extended pre- and post-peak phases

following Egs. 1 and 2. In,addition, we will also explore more flexible

models where both the{fpeax and Mg;ak parameters are also varied.
We verified that our'predicted AGN LFs generated by the new LCs,
fall within the.observational determinations by Shen et al. (2020) at
z < 3 (see Section 5), and also the implied SMBH mass functions
are similar to those reported by F20.

3.2, Pure Evolution Models

I our pure Evolution models, the level of obscuration in an AGN is
only controlled by the time at which the AGN is observed within the
LC (e.g., Sanders et al. 1988). In our Evolution models, each source
is randomly sampled within the LC and assigned a luminosity and a
certain degree of obscuration (a value of the line-of-sight Nyj 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., Hopkins et al. 2006;
Gilli et al. 2007; Kocevski et al. 2015). However, several dedicated
studies suggest a more complex evolution (e.g., Lapi et al. 2006,
2014; Aversa et al. 2015). As visually represented in Figure 2, in
this work we consider four physically motivated Evolution scenarios
that schematically account for the time evolution of the level of
obscuration within the timeframe of the AGN LC (without a torus-
like component). All four reference Models are based on the same
underlying AGN LC presented in 3.1, but differ in terms of level of
obscuration and/or on the extent of the post-peak phase. The main
features of each Model are described below:

e Model 1. This model follows the traditional view of Evolution
models in which AGN are obscured pre-peak, and become gradually
optically/UV visible post-peak. In Model 1, we assume that the AGN
can only be obscured during the pre-peak phase of the LC and reach
up to CTN levels, with an assigned random value of the Hydrogen
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column density within 22 < log Ny Jem™2 < 24. In Model 1, the
optical/UV “visibility window” A7qgo is the whole extent of the LC
after the time of peak luminosity, labelled as “unobscured” in Figure
2.

e Model 2. This model is identical to Model 1 but lacks the post-
peak phase. This model is inspired by the seminal works by Granato
et al. (2004) and Lapi et al. (2006), which suggest that the source is
first obscured until the SMBH 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 onto the central object, consequently inducing a sharp
decreases of the LC to zero after the peak. The AGN in this scenario
becomes optically/UV visible for a relatively brief interval of time
Atgso around the peak. As in Model 1, we here also assume that the
AGN only reaches CTN levels during the obscured phase.

e Model 3. This model is a more comprehensive variation of
Model 2 and it can be considered our reference or preferred Evolution
model in which we also include an initial Compton-thick (CTK)
phase followed by a CTN phase. The peak and post-peak phases
are unobscured (20 < log Ny Jem~2 < 22). This model can adopt
a flexible post-peak phase. If we make use of the total LC, we label
it with post-peak. If, similarly to Model 2, the accretion turns off
quickly after the peak, we label the model without post-peak. In
Model 3 the optical/UV visibility window Atgg is the total extent
of the LC after the CTN phase. We assume that the CTK and CTN
phases last, respectively, 1/3 and 2/3 of the whole pre-peak duration
of the LC, to ensure that at least 30% of CTK AGN are generated,
in line with the measurements by U14 and A19, as further detailed
below..

e Model 4. In this model, the early phases of the AGN present
CTK obscuration, followed by a period of Argso of optical/lUV
visibility. We then assume that the AGN turns back to a CTN phase
at a later, post-peak stage, mimicking the effect of ejected gas falling
back onto the galaxy causing a delayed CTN obscuration phase. 3

The first four rows of Figure 2 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.
Jfobs (L), which will be discussed in detail in Section 4. It can be seen
from Figure 2 that the removal of a prolonged post-peak phase (blue
lines) is expected to significantly increase the fractions/f ebscured
AGN fops(L) at all luminosities as the visibility window Argso
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 our models to Az~ 2108 years (Figure
1) 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. We
note that the exact value of the full temporal length of the LC has a
relatively minor impact on both ‘the predicted 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 our Evolution models. In addition,
we also verified that most of'eur sources are already shining above the
limiting luminosity of the observational surveys, Ly = 1042 ergs” L
and thus prolonging the LCs would mostly add luminosities below

3 [In principle, we could assume the CTN phase to occur just after the CTK
onejyaround the peak, but this model would generate too few luminous, blue
quasars and also, we checked, it does not predict the correct distribution of
CTN AGN.

the detection limit of the data, without any impact on the predicted
fobs(L) above Lo = 10%2 ergs~! (see Figure 1).

Once a model with its LC is chosen, we assign to each AGN a
Hydrogen column density Ny and a bolometric luminosity Ly, by
randomly extracting the time of observation of the AGN from its LC.
If we observe the galaxy in a phase of CTN obscuration, we assign Ny
at random in the range 22 < log(Ny/cm™2) < 24. The optically/UV
visible phase is characterized by 20 < log(Ny /cm‘z) < 22, while
the CTK column densities are uniformly extracted in the range 24 <
log(Ny/em™2) < 26. In this approach, we bypass any information
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
Evolution sequence of obscured/unobscured phases can reproduce
current data sets.

3.2.1 Including a fine-tuned luminosity dependence

In all our reference models, we generally assume that the,optical/UV
visibility window A7qgq is constant for all galaxies. However, it may
be expected that in more luminous AGN, with allegedly an-increased
ejective power, Atgso may be longer than fordessduminous sources.
This process would, in turn, generate shorter obscuration phases, and
thus a reduced fraction of obscured sotrces,at higher luminosities,
as visually sketched in the first rowscofiFigure 2 with orange, dashed
lines. In order to test this possibility, wesassume Atggo to slightly
increase with peak luminosity in,Models 1 and 3, following the
empirical formula

o7

ATQSO(Lpeak) = Afpsst=peak [l - (fﬂ) ] -107 [yr], 4)
peak
where @ = 0.1, Lyjhy.= 10% erg/s, and Afposi—peak = f (fpeak) Tefers
to the time ofthe post-peak phase which varies from source to source,
but limited in the range 107 and 2 -10% years, the maximum extent
of the LC at our redshift of reference z = 2.4. We also impose
that Azgso never falls below 107 yr, i.e., the reference value for
models with constant visibility window, as we noticed that this choice
provides a better match to the fraction of obscured AGN at fainter
luminosities. Similarly, Models 2 and 4 have a fine-tuned visibility
window:

Liim \¢
ATQSO(Lpeak) = Atpre—pea.k : [1 - (l_mi() ] -10’ [yr]. (5)
pea

Note that in Models 1 and 3 we are fine-tuning the visibility
window by decreasing the time of the post-peak phase (Eq. 4) and in
Models 2 and 4 we use the pre-peak phase instead (Eq. 5). Therefore,
in Models 1 and 3 we keep the CTN/CTK phases constant, while in
Models 2 and 4 we decrease them as the optical/UV visibility window
increases. The form and choice of parameters for the luminosity-
dependent expressions of Argso 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 and 5 ensure that
the more luminous AGN will be characterized by longer visibility
windows, more specifically AGN with peak luminosity Lpeax < 10%3
erg/s will have a Atgso ~ 107 yr, which steadily increases for more
luminous sources approaching values of Argso ~ 5 - 107 yr for
Lpeak < 10% erg/s and Argso ~ 8 - 107 yr for Lpeak ~ 1046 erg/s.

3.2.2 Including a central torus-like component

The Evolution models introduced so far do not include a possible
contribution from a central torus-like structure. However, it is now
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clear from both direct and indirect (via, e.g., Spectral Energy Dis-
tribution (SED) fitting) observations (Combes et al. 2019; Garcia-
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 & Ricci 2017; Hickox & Alexander
2018, for reviews), especially in sources with log o (Ny/ cm™2) > 24
(Risaliti et al. 1999; Marchesi et al. 2018). As already mentioned in
Paper I, the torus can be described as a compact reservoir of low
angular momentum dusty gaseous material, and/or part of a windy
outflowing structure connected to the accretion disc (Honig 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. 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, we include a modelling
of the torus following the prescriptions we developed in Paper I. We
define as our fiducial torus model a combination of the models pro-
posed by Wada (2015) 4 and Ramos Almeida & 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 & Ricci (2017) assumes that the column density 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 Paper I for full
details).

In what follows, we will explore variants of our reference Evolution
Models 3 and 4 in which we add the torus component, as sketched in
the bottom row of Figure 2. 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 AGN luminosity (Wada 2015). Therefore, the torus model is
expected to provide predictions that may be somewhat degenerate
with those from a luminosity-dependent Argso (Section 3,2.1), and
we will discuss some implications of this in Section’S:

3.3 Orientation and Evolution hybrid models

Including a torus component in an Evolution model, as described in
the previous Section, is a first step towards’a more complete model
for the obscuration of AGN. In addition, a more realistic modelling
of AGN obscuration shouldtake 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 combination of'Orientation and Evolution effects could
simultaneously contribute to the line-of-sight Ny column density of
an AGN (e.g:, Hickox' & Alexander 2018; Zhou et al. 2018; Gilli
et al. 20223 Pouliasis et al. 2024). To this purpose, in this work we
also putiforward comprehensive models in which the Ny column

4 We adopt the version of the code provided by Johannes Buchner: https:
//github.com/JohannesBuchner/agnviz
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densities originate from both the gas distribution in the host galaxy
and the central torus.

Adopting the exponential gas density profile described in Paper I,
we then assign a bolometric AGN luminosity to the SMBH based on
the retrieved value of Ny and the type of LC assumed in the model,
following the different LC models described in Section 3.2. For
example, using Model 1, a density profile-based column density of
log1o(Nu/ em~2) < 22 would have a bolometric luminosity chosen
atrandom within the visible post-peak phase of the LC, whilst column
densities logyo(Ny Jem™2) > 22 would have assigned a random
bolometric luminosity within the obscured pre-peak phase of the
LC. An equivalent approach is taken for Models 3 and 4, for which
we take into account the three portions of the LC, including the CTK
one. We label this more comprehensive version of our models hybrid
since they includes key elements from both the Orientation (density
profile gas distributions and central torus) and Evolution framéworks
(AGN light curves).

As already mentioned above, in the Orientation framework the
column density Ny associated to each galaxy is computed follow-
ing the modelling of Paper L. In brief, this model strictly ‘assumes
an exponential profile for the gas componentswith a'seale radius of
Rd,gas = 0.3 - Ry «, which aligns with present ALMA and JWST ob-
servations of high-z galaxies (see, e.g. Puglisi et al. 2019; Price et al.
2025). We will discuss in Section 5.4 thedmplications of relaxing the
assumption of a strictly exponential gas density profile.

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

In the context of Evolution models (e.g., Granato et al. 2004; Alexan-
der et al. 2005; Granatoret al. 2006; Hopkins & Hernquist 2010), it
is expected-thatnewly formed, dust-enshrouded galaxies, often char-
acterized by intense starburst episodes possibly triggered by major
mergers, and usually associated with high gas column densities (Mi-
hes &\Hernquist 1996; Di Matteo et al. 2008; Zhou et al. 2018;
Renaud et al. 2022), are the obvious sites of obscured CTK AGN,
especially 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.

To this purpose, in this work we will also briefly explore models
where all obscured CTK AGN are simply defined to be those galaxies
in GAEA characterized by a star formation rate (SFR) above some
ad-hoc threshold above the Main Sequence. In other words, in this
alternative approach we are 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 to this approach is to use a suitable definition
for starburst galaxies. In the following, we take advantage of the
GAEA model and label as CTK sources those that are selected above
a threshold at their SFR peak. Alternatively, we also adopt a different
definition of starburst galaxies as those objects lying four times above
the main sequence, which is a common definition of starburst often
adopted in observational studies (e.g., Carraro et al. 2020).

Similarly, we can assume that CTK AGN are mainly connected
with merger events (e.g., Lanzuisi et al. 2015; Bickley et al. 2024).
GAEA allows us to track the events responsible for triggering AGN
activity (either disc instabilities or mergers). At the redshift of inter-
est, z = 2.4, the large majority of simulated AGN (= 90%) are the
result of mergers (either minor or major). We then explore a variant
of our obscuration models in which CTK sources are those galaxies
that have undergone a recent merger above a chosen mass ratio.
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Figure 3. Fractions of obscured CTN AGN as a function of X-ray luminosity predicted by Models 1 and 2. The Hydrogen column density is assigned to each
host galaxy based on the pre-defined light curve in each Model (see Figure 1). The long-dashed red lines refer to the model(variants with luminosity-dependent
visibility window A7qso (Lpeak ) and the blue solid lines show the predictions of the same models with a fine-tuned luminosity dependency (see text for more
details). The observations correspond with U14, A19 and B15, as labelled. Models with luminosity dependent visibility windows better align with the U14; A19
CTN fractions. In all Figure labels “Npg” indicate the logarithm of the Hydrogen column density.

4 RESULTS

In this Section we present the main results of assuming different LCs
as inputs in the GAEA model, as detailed in Section 3. We will start
showing the predictions from Models 1 and 2, and then move to
those from Models 3 and 4, in Section 4.1. The effect of including
a central, torus-like component is shown in Section 4.2, whilst the
outputs of the Orientation and Evolution hybrid model are given in
Section 4.3, and the predictions of the reference models at different
redshifts in Section 4.4. Finally, the results from alternative models
based on SFR and merger thresholds are presented in Sections+4.5
and 4.6 respectively.

4.1 Predicted fractions of obscured AGN from pure-Evolution
models

We show the CTN fractions depending on the X-ray, luminosity of the
first two Evolution models in Figure 3. 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) we
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. Inthis case; we find a higher fraction of CTN
galaxies compared to!Model 1, as expected since we are decreasing
the probability ofa galaxy to be optically/UV visible with respect to
Model 1 which'has aniextended post-peak phase. These models by
design do notiproduce’any CTK obscuration.

A constant visibility window Atggo (blue solid lines in Figure 3)
tends to produee a rather flat fraction of CTN AGN as a function of
luminosity in both Models 1 and 2, with the latter Model generating
latge CTN fractions in line with what derived from A19-ML. In
Model I the Atgso encompasses nearly the entire post-peak LC, with
more than 50% of the AGN having A7gso ~ 2 X 108 yr, limiting the

fraction of CTN AGN, to =340%. Conversely, Model 2 is by design
characterized by ashorter constant visibility window Argso ~ 107
yr for all AGN, whichrinduces a significantly larger fraction of CTN
AGN ~ 80 — 90%.

We~alsoishow in Figure 3 the effects of assuming a luminosity
dependence in AtQso(Lpeax) (long-dashed red lines), following the
empirical’expressions given in Eqgs. 4 and 5. With a luminosity de-
pendent AtQso(Lpeak), both Models 1 and 2 can produce a good
match to the U14; A19 data, with roughly similar visible timescales,
ranging from Argso ~ 107 yratlog Lx ~ 43 erg/s, to Atgso ~ 108
yr at log Lx ~ 46 erg/s, implying a steady decrease in the fraction
of obscured AGN toward brighter luminosities. We note that the in-
clusion of a luminosity dependence in Model 1 boosts the fraction
of obscured CTN AGN especially at fainter luminosities where the
Atgso visibility windows shrink up to an order of magnitude for
many sources..

In Figure 4 we show the predictions for Models 3 and 4 (left and
right panels, respectively) for both CTN and CTK AGN fractions (top
and bottom panels, respectively), since Models 3 and 4 also include
CTK obscuration. Model 3 has two variants, one without post-peak
phase (inspired by the results of, e.g., Lapi et al. 2006; Shankar 2009;
Aversa et al. 2015; Lapi et al. 2014) and one with a total post-peak
phase (e.g., Shen et al. 2020). In the former, we assume the AGN
in the initial 1/3 of the LC to be in a CTK phase, followed by a
longer CTN phase (~2/3 of the LC) and a constantly short visible
window of Atgso = 107 yr. Our choice of reserving 1/3 and 2/3
of the LC in Model 3 to, respectively, the CTK and CTN phases,
is simply to broadly align the model predictions with the observed
fractions of CTK/CTN AGN. The rendition of Model 3 without
post-peak phase (green dotted line), predicts noticeable fractions of
CTK AGN up to ~ 50%, and up to ~ 75% of CTN AGN, with
relatively weak evolution with AGN luminosity, especially for CTN
AGN. By decreasing the CTK phase to 1/3 of the pre-peak phase LC,
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Figure 4. CTN and CTK obscured fractions of AGN as a function of X-ray luminosity predicted by Models'3 and 4. Solid blue, long-dashed red, and long-dashed
yellow lines refer to variants of the Models with a post-peak phase, without a post-peak phase, and\with a luminosity dependent A7gso (Lpeak) Window,
respectively. Also shown are a Model 3 variant with a double pre-peak CTK phase (dottedsgreen line). All the data are as in Figure 3. f(CTK) only affect
Model 3, as Model 4 assumes as CTK all the pre-peak phase. A luminosity dependent yisibility window model with a post-peak LC phase that decreases with
luminosity improves the alignment of Models 3 and 4 to the U14; A19 CTN fractions: Removing the visible post-peak phase in Model 3 increases the fractions

of obscured AGN, as expected.

proportionally decreases the CTK fraction and only slightly increases
the CTN one (dashed red lines). Thus, assuming a fraction of CTK
AGN of the pre-peak LC to be within 1/3 — 2/3, tends to preduce
sufficient CTK AGN, whilst maintaining a sizeable fractionof CTN
AGN, in line with the data. In principle, to increase the, fraction
of CTK AGN to the level measured by A19-MEsof.up:to' ~ 80%,
would require to proportionally increase the fraction of CTK within
the light curve, but inevitably decreasing the fraction' of CTN AGN.
Including the post-peak phase in Model 3 (solid¢/blue lines) boosts
the unobscured optical/UV phase bydargely decreasing the predicted
fractions of CTN and CTK AGN. In this model, ~ 50% of the AGN
present Atgso ~ 108 yr, and shorster windows for the rest of the
galaxies, similarly to Model\l. With an extended post-peak LC it is
thus challenging to simultaneously reproduce the large fractions of
CTN and CTK fractions in pure Evolution Models, unless we either
allow for some portions,of/the LC to be obscured even within the
peak/post-peak [phase“and/or assume some luminosity dependence
in the visibility window, as we showed in Figure 2. We discuss both
alternative options below.

Model4, reported in the right panel of Figure 4, is characterized by
a fully CTK pre-peak phase and a long post-peak phase, inclusive of
anoptical/UV visible window around the peak of the LC of A7rggo ~
107 yr, followed by a prolonged CTN phase (bottom of Figure 2).
Model 4 tends to naturally produce a large fraction of up to 45%

of CTK sources and a fraction of CTN sources similar to Model
3 without a post-peak phase. We note that, in principle, in Model
4 the CTN region could also be placed just after the CTK phase,
to allow for some temporal progression in the depletion of the gas
content, yielding similar results on the relative fractions of obscured
AGN. However, this version of Model 4 would imply that AGN
appear predominantly optical/UV visible only towards the end of
their LCs and not around the peak of their activity, a possibility that
could be tested via, e.g., precise clustering data at high redshifts, as
prolonged LCs would imply an inevitable decrease of the large-scale
bias, if optical and luminous quasars appear only a long time after
the triggering of the AGN (e.g., Hopkins et al. 2007b; Shankar 2009;
Aversa et al. 2015).

Both Models 3 and 4, irrespective of the exact length of their
LCs, tend to predict rather flat fractions of obscured AGN with X-
ray luminosity. To induce a more marked luminosity dependence
in the predicted AGN fractions we adopt the luminosity dependent
ATQso(Lpeak) given in Eqs. 4 and 5, respectively. The latter gen-
erate a strong luminosity dependence especially in the CTN AGN
fractions, as in Figure 3. The effect is very similar to Models 1 and 2.
For Model 3, Atqso is 107 yr for most galaxies, having some galax-
ies with windows up to 8 - 107 yr for higher luminosities. In Model
4, a similar situation applies, with windows going up to ~ 1.1 - 108
VI.
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Figure 5. CTN and CTK obscured fractions of AGN as a function of X-ray luminosity predicted by\Models 1 and 2 inclusive of a torus. The torus can be
long-lived (surviving throughout the LC; solid blue lines) or short-lived (present only during the ebséured phases of the LC; dashed red lines). The data are as

in Figure 3. A torus component tends to increase the fractions of CTK AGN.

All in all, we conclude that reproducing the observed high frac-
tions of CTN/CTK AGN in pure Evolution models, like the ones
explored here, requires either LCs without a post-peak phase or LCs
with a substantial portion of the peak/post-peak phase still in«the
CTN regime, a condition that should be tested against detailed AGN
feedback models and observations. For example, according'to Menci
et al. (2019), AGN-driven outflows can reach distances,of 20 kpc
in about 107 yr perpendicular to the disc, but take around 108 yr to
reach the same distance within the plane of the disc, implying that gas
expulsion along the plane of the disc may be less efficient within a
single AGN lifetime. This effect could contribute to the generation of
obscured post-peak phases, where the AGN may eventually reverse
back to a CTN regime in conditions:of less efficient clearing of the
gas along the plane of the disc.

4.2 The impact of a torus component within an Evolution model

Many groups haye foundiclear evidence of the presence of a torus at
the centre of local AGN observed with sufficient sensitivity and res-
olution (see Garcfa-Burillo et al. 2016; Combes et al. 2019; Garcia-
Burillo et al. 2019;2021; Gamez Rosas et al. 2022; Isbell et al. 2022,
2023; Garcia-Burillo et al. 2024, for molecular and dusty tori with
ALMA ;andinfrared observations). In this Section we explore the im-
pact of including a torus component within our Evolution models. We
assume that the torus is a short-lived structure that only contributes to
the obscuration along the line of sight during the CTK/CTN phases

of the AGN, or we can also assume that the torus is a long-lived
structdre that survives the AGN feedback blowout beyond the peak
luminosity of the LC.

In Figure 5, we show that including in Evolution Models 1 and 2
(without the luminosity dependency) our reference torus model from
Paper I (see Section 3.1.1), calibrated on the most recent observa-
tions in the local Universe, boosts the fractions of obscured CTK
sources (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 CTN/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 ~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 luminosity-dependent opening
angle, while the visibility window A7go is not affected by the torus.
As discussed in Paper I, the torus tends to produce fewer obscured
sources at high luminosities because, in the Wada model, the opening
angle of the torus increases with AGN luminosity, thus reducing the
solid angle obscured along the line of sight.

In Figure 6 we 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
we 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 the
variants of Model 3 with a post-peak phase LC, the inclusion of a
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Figure 6. CTN and CTK obscured fractions of AGN as a function of X-ray luminosity predicted by Models 3 and 4 with a torus component. Solid blue and
yellow dashed lines refer to model variants with a short-lived torus, while dashed red and green.lines refer to a long-lived torus. In Model 3 (left panel) the
yellow dotted and green dashed lines refer to models without a post-peak phase (“short LC)while the' same lines in Model 4 (right panel) refer to models with
a longer optical/UV visibility window A7gso ~ 108 yr. The inclusion of a long-lived tofus boosts the fractions of both CTN and CTK AGN, but this becomes
more evident in model variants with a prolonged, post-peak phase and/or a longer visibility'window, which would otherwise imply larger fractions of unobscured

AGN.

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-peakyphase
in the LC in Model 3, both the short- and long-lived torus.models
(dashed green and dotted yellow lines, respectively)tend, to/boost
the CTN/CTK fractions, because in both cases the torus, lives for a
significant fraction of the LC. Interestingly, the inclusion of a torus
generates a pronounced luminosity dependence in CTN/CTK AGN
fractions, especially if long-lived, in line withitheU14; A19 data, as
in Figure 5.

The right panel of Figure 6_showsithe/predictions of Model 4
with the inclusion of a long- and shoxt-lived torus component and a
short UV/optical visibility’window of Argso ~ 107 yr (solid blue
and dashed red lines, respectively) and a longer Atgso ~ 108 yr
(dotted yellow and dashed. green lines, respectively). In the former
case, with a short visibility window, the predicted obscured AGN
fractions are similarfor 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
increasedto ATGso ~ 108 yr, 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 Atggo ~ 108 yr (dashed green lines).

All in all, we conclude that the addition of a torus can have pro-
found implications on the predicted CTN/CTK LCs in Evolution
models as long as it is assumed to be a long-lived structure around
the central SMBH for a significant fraction of the entire LC.

4.3 Hybrid Models: Combining galaxy-based Ny column
densities and Evolutionary Light Curves

So far, we 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 Ny according to
the Models presented in Figure 2. We now explore a variant to this
Evolution model in which we first compute the Ny column density
associated to each source based on their gas content and assumed
gas geometry, allocate the source to a portion of the LC based on
their retrieved value of Ny, and then assign at random a bolometric
luminosity to the SMBH within that portion of the LC.For example,
in Model 3, which is initially CTK, then CTN, and finally optical/UV
visible, a galaxy with column density log Ngj/em~2 < 22 would be
assigned a bolometric luminosity at random within the optical/lUV
visible portion of the LC, while a source with log Ny Jem™2 > 24
would have a luminosity selected from the initial CTK phase of the
LC. Line-of-sight column densities Ny are calculated from the cold
gas mass characterising each galaxy in GAEA, assuming an expo-
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Figure 7. CTN and CTK fractions of obscured AGN as a function of X-ray luminosity for the iybrid Models 3 and 4, inclusive of a Hydrogen column density
calculated on an object-by-object basis using the gas content along the line of sight, and a luminoesity=assigned from the light curve depending on the level of
obscuration. In this Figure the torus is always considered long-lived. The optically/UV visible:-window'of Model 4 is A7gso ~ 107 yr, while Model 3 includes the
post-peak phase. The data are as in Figure 3. The Evolution component has a negligibledmpact on hybrid models which are mostly regulated by the Orientation
elements in the Model. The torus always dominated the number counts of especially, CTK'AGN.

nential gas density profile as detailed in Paper I and summarised in
Section 3.3 (we discuss in Section 5.4 the impact of switching to a
Sérsic geometry for the gas component). We call these Models “hy-
brid” because they combine Orientation and Evolution elements, in
which the Ny is retrieved from a geometrical, line-of-sight frame-
work, and the luminosity is assigned only within speeific ‘ebscured
or unobscured phases of the LC.

In Figure 7, we show the hybrid variants applied, to Evolution
Models 3 and 4. We compare the fractions,predicted by the Mod-
els with column densities extracted only from'the host galaxy alone
(dashed red lines), with those derived.from the Models also inclusive
of the fiducial torus component (solid ‘blu€ lines). We find that the
predicted fractions of CTK/CTN\AGN,are very similar in both mod-
els. We also note that the inclusion of a torus boosts, as expected, the
AGN fractions in particular-for,CTK sources, which are otherwise
difficult to generate ifylarge quantities relying solely on the cold gas
masses present inthe host galaxies. All in all, the results in Figure 7
align with the conclusions from Paper I: the details of the shape of
the LC or theiexaet-luminosity assigned to an AGN within the LC,
play a minor rolesin modulating the distributions of obscured AGN
when Ny is calculated from a geometrical/orientation perspective as
we already hinted in Paper I, Appendix B. In Paper I we in fact 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 AGN at cosmic noon.

4.4 ‘Redshift evolution

In all our comparisons so far between model predictions and data we
focused on a reference redshift of z = 2.4, which is an epoch dom-
inated by strong AGN and host galaxy star formation activity, and
during which we 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 we aim to explore the predictions of our reference
evolutionary models at other epochs, namely we choose z = 1, and
3.3. We focus only on Model 3, noticing that similar results are found
for the other models, not changing our conclusions. This model has
been selected over the others since it presents the best match with
U14; A19. Figure 8 reports the predictions of Model 3 without post-
peak and without a torus but with a luminosity-dependent Atgso
(Eq. 5, solid blue lines), and the reference Model 3 with a long-
lived torus (dotted red lines). For both Model 3 variants we find that
their predicted fractions of CTN/CTK AGN are very similar within
the redshift range explored here, in line with what also inferred in
the data that suggest a very weak evolution. The long-lived torus
Model 3 variant tends to predict gradually flatter obscured fractions
of CTN AGN at later cosmic times. We ascribe this trend to the fact
that when transitioning to lower redshifts, central SMBHs tend to
experience longer post-peak phases and less accretion events, due
to the less frequent mergers and less availability of cold gas, which
both contribute to lower peak luminosities. In turn, this process de-
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Figure 8. Fractions of CTN and CTK AGN predicted by Model 3 with a luminosity dependence visibility window (solid bluedines) and with a long-lived torus
(dotted red lines) at redshifts z = 1.0, 2.4, and 3.3. The data are as in Figure 3 at the different redshifts. The predieted. fractions are similar at all redshifts, with
a slight flattening of the obscured AGN fractions in the model variant with a torus component.

creases the probability of observing luminous AGN in the pre-peak
(obscured) phase at late times, generating a reduction in the frac-
tion of obscured luminous AGN, especially in the CTN regime. By
contrast, the luminosity-dependent Argso Model 3 variant generates
more stable and luminosity-dependent obscured fractions of AGN
at all redshifts. However, the data are still too sparse to be able to
clearly disfavour one Model variant from another from the redshift
evolution alone.

4.5 Can starbursts alone explain the fractions of obscured AGN
at cosmic noon?

In the previous Sections, we considered Evolution=models built
around the basic assumption that within the ‘early, growth of the
central SMBH, the AGN/galaxy undergoes,a CTN/CTK obscured
phase. During the early phases of galaxy growthy€specially for mod-
erate/massive galaxies at z > 1, theé ones.of interest to this work,
one expects large gas reservoirs, alongywith intense star formation
episodes coupled with proficient dust.formation (e.g, Granato et al.
2006; Bate 2022; Bosi et al. 2025). Therefore, many early starbursts
could be associated with=ebscured AGN and, indeed, observations
suggest a link between X-ray AGN activity and dust-enshrouded
galaxies over a wide range of galaxy masses and redshifts (e.g.,
Alexander et al.2005; Mineo et al. 2012; Banerji et al. 2015; Bayliss
et al. 2020; Carraro-€t al. 2020; Lim et al. 2020; Mountrichas &
Shankar2023; Riecio et al. 2023). If starforming/starburst galaxies
are located in the pre-peak phase of AGN activity (e.g., Figure 7 in
Mountrichas'& Shankar 2023), we would expect that, irrespective of
the, details of the underlying AGN LC, all galaxies above a certain
threshold of (specific) star formation rate, should be obscured up
to a CTK level. Indeed, as mentioned earlier, Andonie et al. (2024)

recently found evidence for some highly starforming galaxies to be
CTK AGN! Here,we test whether GAEA galaxies characterised by
a sufficiently large SFR could account for all CTK AGN at cosmic
noon; without any reference to the underlying LC or gas fractions in
the host, as’expected in pure Evolution models (e.g., Sanders et al.
1989; Hopkins et al. 2008).

In Figure 9 we show the predicted fractions of CTK AGN on the
assumption that these sources reside in host galaxies with SFRs i)
above 100 Me/yr (solid blue line), ii) four times above the (GAEA)
main sequence (dotted red line), or iii) just above the main sequence
(dot-dashed green line). We note that, for simplicity, the AGN X-ray
luminosities assigned to galaxies in Figure 9 are the peak luminosities
in the LCs; assigning any other X-ray luminosity at random within
the LC would yield very similar results, in line with what discussed
in Paper .

The model assuming the SFR > 100 M/yr criterion (solid blue
line), displays a steadily increasing CTK AGN fraction from Ly ~
102-43 erg/s approaching the data only at the highest luminosities,
in absolute constrast with any of the observational data. Very high
SFR galaxies could still be CTK AGN (e.g., Andonie et al. 2024), but
in our model those do not represent the bulk of the AGN population.
The second model considering starbursts only those galaxies with
SFR > 4-SFRyss (dotted red line), exhibits an almost flat and close
to zero CTK fraction. Our extreme model with all sources above the
main sequence labelled as CTK AGN (dot-dashed green line), is the
only one capable of generating a considerable fraction of CTK AGN
at all luminosities, consistent, if not even slightly higher, than what
inferred from the U14; A19 data. The results in Figure 9 therefore
disfavour a model where starburst galaxies alone comprise the bulk
of the CTK AGN at cosmic noon.
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Figure 9. Compton-thick (CTK) fractions of obscured AGN as a function of
X-ray luminosity as predicted by models in which the CTK obscured galaxies
are those selected above a certain threshold in star formation rate, as labelled.
Only the model in which the CTK AGN are those with a star formation rate
above the main sequence (MS; green, dot-dashed line) is able to generate a
conspicous fraction of CTK AGN at all luminosities.

4.6 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 & Hernquist 1996; Di
Matteo et al. 2008; Zhou et al. 2018; Renaud 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 &
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 main sequence (e.g., Wang et al. 2019; Bluck
et al. 2023; Blanquez-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 Section we
explore this possibility by selecting all galaxies in GAEA that had a
recent major merger in the redshift of interest. More specifically, we
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 2009; Conselice et al. 2022).
In Figure 10, we show the results for three scenarios:

e Scenario 1. We take-our.reference Orientation model, where all
galaxies are characterised by a Hydrogen column density extracted
from the gas exponential,profile but where we also assume that all
CTK AGN with Nif$ “'10%*cm™2 originate from major mergers
(dashed redline).

e Scenario 2./Qur second scenario is identical to Scenario 1 but
we also add thetorus component (solid blue line).

e Scenario 3. Finally, building on the fact that > 90% of our AGN
at'cosmic noon originate from mergers (see Section 3.4), in our third
scenario we assume that all AGN have a column density correlated
to their merger status, more specifically those AGN triggered by a

merger ratio below 1/10 have Ny ~ 1020 - 10%2cm™2, those with a
ratio between 0.1 and 1/3 are CTN, and those with a ratio above 1/3
are CTK.

As seen in the left panel of Figure 10, the model in Scenario 1 (dashed
red line), which assumes Ny values of the Orientation model for
AGN not triggered by major mergers, yields a CTN fraction with a
luminosity dependence similar to the observational data and to the
one found in Paper I. When the fiducial torus model is incorporated
(Scenario 2, solid blue line), the fractions of CTN AGN increase as
anticipated from the discussion in the previous Sections. However,
the model in Scenario 3, which randomly assigns column densities
to AGN only based on the merger ratio of their progenitors (dotted
green line), is significantly below any of the data sets considered
in this work. For the CTK fractions, plotted in the right panel of
Figure 10, scenarios 1 and 3 yield identical results, by design, as
the CTK AGN only originate in major mergers, and generate CTK
fractions that markedly drop to a few percent at faint Juminosities
below log Lx < 44 erg/s (dashed red and dotted gréen lines). The
model in scenario 2 instead, can generate significantifractions of
CTK AGN even at faint luminosities due to thé,contribution of the
torus. All in all, a model where CTK AGN are generated only in
major mergers seems to fall short, at least in GAEA, in reproducing
the fractions of CTK AGN at lower(luminesities, although major
mergers alone may be sufficient to explain the large fractions at high
luminosities, in line with some direct observations (e.g., Treister et al.
2010, 2014; Gao et al. 20205 Tan et.al. 2024; Euclid Collaboration
et al. 2025).

5 DISCUSSION

5.1 The absolute'number densities of AGN: inducing larger
numbers of CTK AGN at the faint end with a torus
component

So far,.we have compared models to the fractions of obscured AGN
as ‘a function of X-ray luminosity, but we have not yet discussed
the absolute number densities of AGN predicted by any model. The
central and right panels of Figure 11 show the total AGN luminosity
function (LF) predicted by our reference Model 3 with, respectively,
luminosity dependence in the input LC (Egs. 1 & 2), and without
luminosity dependence but with a long-lived torus. In each panel, the
solid blue lines are the predicted total AGN LF (which, by design is
the same for all models), while the dotted red, dot-dashed green, and
long-dashed yellow lines trace, respectively, the optical/UV visible
(Ng < 1022 cm™2), CTN (Mg < 1022 cm™2 < Ny < 102 cm™2),
and CTK (Nyg > 1024 cm_z) contributions to the total AGN LF. As
a comparison term, the left panel of Figure 11 reports the same total
bolometric AGN LF predicted by our Model 3, but with contributions
for AGN with different Ng cuts following the empirical model by
Ul4. As mentioned in Section 3 and further discussed by F20, our
reference models broadly reproduce the observed AGN LF from
Ueda et al. (2014); Shen et al. (2020), which are included as grey
regions in all panels of Figure 11. However, the distinct contributions
from CTN and CTK sources to the total AGN LF vary noticeably
when including a torus component in Model 3, as already hinted at
in Figure 8. In particular, the torus produces a boost in the fraction
of CTK sources at all luminosities (right panel), and proportionally
significantly reducing the number of unobscured AGN (Ny < 1022
cm™2), whilst having a mild impact on the fraction of CTN AGN.
A torus component would thus tend to induce a predominance of
CTN/CTK AGN below the knee of the AGN LF (dashed and dot-
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Figure 10. CTN and CTK AGN fractions as a function of X-ray luminosity as predicted by different merger obscuration models. The dashed,red lines refere to
our reference Orientation model, where all galaxies are characterised by a Hydrogen column density extracted from the gas exponential profile but where we
also assume that all CTK AGN with Ny > 10%* ¢m~2 originate from major mergers. The solid blue lines refere to a model vafiant identi¢al to the previous one
but also inclusive of our reference torus model. The dotted green lines finally show the predictions of a model where AGN triggered by mergers with a mass
ratio between 0.1 and 1/3 are CTN and above 1/3 are CTK. The data are as in Figure 3. Models where CTK AGN are generated only in major mergers seems to
fall short, at least in GAEA, in reproducing the fractions of CTK AGN at lower luminosities.
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Figure 11. Left panel: Contributions)to the total AGN bolometric luminosity function at z = 2.4 from AGN of different Ny column densities, as labelled, using
the model derived by Ul4. Middle panel: Same format as the left panel but with predictions from Model 3 with a luminosity dependent optical/UV visibility
window. Right panel: Same, format.as‘the middle panel with predictions from Model 3 with post-peak and the long-lived torus. The different lines refer to all
AGN (solid blue line), ETN*AGN (green dash-dotted line), CTK AGN (yellow dashed line) and optical/UV visible AGN (red dotted line). The observations on
the total AGN bolometric luminosity function correspond to U14 (dotted area) and Shen et al. (2020) (shaded area), respectively. The variation of Model 3 with
a torus generates a largerifraction of CTK AGN at all luminosities (right panel).

dashed“lines._in the right panel), a trend that can be directly tested of CTK AGN number densities could be very different and act as a
in deep, X=ray surveys. Therefore, although the two renditions of powerful discriminators among successful models.

Model 3, luminosity-dependent LC and added torus, may be roughly

degenerate in the predicted CTN fractions, their absolute numbers
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5.2 Dependence of the reference model on the peak luminosity
of the light curve

All the results on the fractions of obscured AGN presented in this
work are based on the state-of-the-art semi-analytic model GAEA,
which offers a self-consistent population of galaxies and their cen-
tral SMBHs. In particular, in the GAEA model the peak luminosity
Lpeak, located at fyeqi, the time at which the central SMBH ends its
exponential growth phase, is reached when the accretion rate reaches
its maximum value (Eq. 3), as suggested by tailored hydrodynamic
simulations (see Section 3.1). Notably, we have verified that ran-
domly shifting fyeax Within the LC, that is, without imposing any
link between the peak and critical mass accretion rates, does not af-
fect the predicted relative fractions of obscured AGN. The reason for
such a weak dependence is that 7pek distribution is already quite uni-
formly distributed within the AGN LC, thus a random reshuffling has
a negligible impact on the model predictions. Increasing or decreas-
ing Lpeak instead moves proportionally the AGN LF towards brighter
or fainter luminosities, respectively, without significantly impacting
its shape nor the implied AGN obscured fractions. These tests further
reinforce the conclusion that, within the context of Evolution models,
the main drivers behind the fractions of obscured AGN are not to be
searched within the specific shape of the underlying LC, but rather
in the relative portions of the LC that are obscured versus those that
are unobscured.

5.3 Comparing inferred optical/UV visibility windows with
independent estimates from AGN clustering

In Section 4 we showed that to induce a noticeable luminosity depen-
dence in the fractions of obscured AGN, decreasing with increasing
AGN luminosity, we could either allow intrinsically more luminous
AGN to be visible in the optical/UV for a longer period than fainter
AGN, i.e., increasing their visibility window A7rgso, or invoke a
long-lived torus component, the thickness of which decreases with
AGN power. A long-lived torus does not rule out the possibility of
a torus life cycle, which is destroyed and reformed during several
AGN periods (as suggested by, e.g., Garcia-Burillo et al. 2019, 2024,
2024). Irrespective of the details of the specific assumption adopted,
all our models point to an optical/UV visibility window in the range
Atgso ~ 107 — 108 yr, reaching Atgso ~ 108 yr for“theumost
luminous AGN (see further details in Section 4.1).

On the assumption of a background dark matter-dominated Uni-
verse, clustering analysis can provide relevant insight-onsthe distri-
bution of host dark matter haloes, in terms of spatial‘distribution and
number densities, which, in turn, when compared with the observed
number densities of AGN, can yield valuable and independent con-
straints on the AGN duty cycles andd.Cs (e.g., Richstone et al. 1998;
Haiman & Hui 2001; Martini & Weinberg 2001; Martini 2004; Hop-
kins et al. 2007b; Croton 2009; Hennawi et al. 2010; Shankar et al.
2010; Shen et al. 2010). The.quasar clustering analysis from Eilers
et al. (2024) points tosshort.QSO visibility windows in the range
10% - 107 yr. Via a sémi-empirical model of QSOs built around the
observational results from Eilers et al. (2024), Pizzati et al. (2024)
suggested a strong evolution of the duty cycle, approaching 108 yrat
z ~ 2 — 3, 4 valuesconsistent with what inferred from our reference
models,especially for the most luminous sources.

For, completeness, we have also computed that the 2-point corre-
lation function predicted by our hybrid model at z = 2.4 and found
consistency with the large-scale ), > 1 Mpc clustering strength mea-
sured by Viitanen et al. (2023) for X-ray selected AGN in the range
1.1 < z < 3, at least for galaxies with stellar mass My > 10105 Mg,

We also found that the AGN clustering signal predicted by our refer-
ence models at large scales is independent of the column density of
the host galaxy or the inclusion or not of a torus-like component in
the model.

5.4 The effect of alternative gas density profiles in Orientation
models and their relation with galactic compactness

In our hybrid models, the column densities are computed on a galaxy-
by-galaxy basis from the gas content in the host galaxy, assumed to
follow an exponential density profile with a scale radius smaller than
the one characterising the stellar component. More precisely, in Paper
I, we introduced the compactness parameter N as the ratio between
the gas scale length and the stellar scale length, Ry gas = N R, x, and
found that N ~ 0.3 is a sufficient condition to achieve a CTN.level
of obscuration comparable to observational data. Interestingly, the
preferred value of N adopted in our reference models is iniline with
independent observational results by, e.g., Puglisi et al.|(2021), Liu
et al. (2024), Price et al. (2025), who found evidencé from combined
ALMA and Herschel data that, on average, Rggas' ~ 0-3” Rq x In
main-sequence galaxies at cosmic noon. These findings suggest that
obscuration arising solely from the large-scale interstellar medium
within the host galaxy may be insufficient; atleastat z < 3, to account
for the large fractions of highly obscured”AGN, pointing to the need
for an additional obscuring component, such as a torus, to produce
most of CTK obscuration in galaxies.

As discussed in Paper I, this‘conclusion was based on the strict
assumption of forcing an“exponential profile on the gas compo-
nent in all host galaxies. However, there is also some evidence for
more compact/complexmorphologies defining starforming and dust-
enshrouded galaxies,at higher redshifts (e.g., Tan et al. 2024; Hodge
et al. 2024) Tonthis purpose, we have also explored the implications
of switching to'a Sérsic gas density profile for our galaxies under the
Orientationmodel.

We find that when implementing a Sérsic profile whilst maintain-
ing/a compactness ratio N = Ry gas/Rg  ~ 0.3, similar to what
suggested in observations (Puglisi et al. 2019, 2021), the models
tend 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. Targetted deep observa-
tions via, e.g., JWST, will be crucial in providing direct evidence of
the large-scale obscuring properties of galaxies at high redshift. For
example, Silverman et al. (2023) using JWST/NIRCam imaging from
the COSMOS-Web survey, probed the galaxy-wide dust distribution
of a few X-ray AGN up to z ~ 2 finding evidence for an average
Ny ~ 10225 cm_z, well within the CTN regime.

To re-establish a good alignment with the observed CTN fractions,
in particular with the measurements by U14, maintaining a Sérsic
gas density profile throughout, we would require the compactness
ratio to decrease to N ~ 0.01 — 0.1, which are much lower values
than what is estimated in hydrodynamic simulations and dedicated
observations (e.g., Puglisi et al. 2019, 2021; Price et al. 2025, and
references therein). We thus retain the exponential profile for the gas
component in our AGN hosts at z < 3. Indeed, Lyu et al. (2024, see
also Smethurst et al. 2025) 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 (e.g.,
Magnelli et al. 2023; Shen et al. 2023), consistent with what expected
from the wet compaction scenario (Tacchella et al. 2015; Barro et al.
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2017; Lapiner et al. 2023). Lyu et al. (2024) also find that a high
percentage of massive galaxies (~ 30% of M, > 10193 015) have
compact star-forming cores, while Puglisi et al. (2021) report even a
higher percentage of ~ 50% for My > 101 M, (see also Pozzi et al.
2024).

5.5 The implications of missing obscured AGN populations
such as Little Red Dots

Recent studies of Little Red Dots (LRDs), facilitated by JWST ob-
servations (e.g., Akins et al. 2023, 2024; Matthee et al. 2024; Pérez-
Gonziélez et al. 2024; Polletta et al. 2024; Durodola et al. 2024),
have been identified with extremely compact and highly obscured
galaxies but invisible in X-ray wavelengths, and therefore not in our
catalogues. 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; Kokorev et al. 2024; Bisigello et al. 2025; Ma et al. 2025), and
would not be recorded in the AGN LFs or obscured fractions based
on the X-ray data that we are using as a reference to calibrate the
models in this work. We have thus not considered them explicitly
in this work. In addition, there are other populations of obscured
sources like changing-look AGN (e.g., Ricci & Trakhtenbrot 2023),
optically quiescent quasars Greenwell et al. (2024), galaxies with a
large degree of clumpiness in their gas disc (e.g., Gilli et al. 2022),
that we might be missing in our comparison data. We note, however,
that even allowing for a significantly larger fraction of CTK AGN
in our reference data, also hinted by the A19-ML results, would just
strengthen our conclusions on the need for a long-lived torus-like
component, or in pure Evolution 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 concrete possibility for many
high-z LRDs to be CTK sources with obscuration arising from cen-
tral dust-free CTK clouds.

5.6 Comparison with previous works

Previous models provide valuable context for our findings. Our, Evo-
lution models bear similarities to those by Di Matteoet al,(2005),
which predict a specific duration for the luminous €pisode of a self-
regulated SMBH. It typically lasts until the feedback energy expels
enough gas to significantly reduce the accrétion rate, effectively end-
ing the quasar phase, producing a very short ornégligible post-peak
phase, similar to our Model 3. While the exact duration can vary
depending on the specific conditions of'each galaxy merger, the sim-
ulations provide a framework to,predict that this luminous episode
is relatively short and self-limiting due to the feedback processes.
Despite our LC featuring=a-longer pre-peak evolution and a more
rapid post-peak decline than their model, we find similar LC results.
Additionally, Geergantopoulos et al. (2023) suggest that unobscured
AGN tend to reside“iny younger galaxies, whereas obscured AGN
are found in galaxies’between the young and old population stages.
These interesting-results would challenge both traditional Orien-
tation and, Evolution models, but would possibly be more aligned
with our:Model 4, where obscuration could still occur even during
later phases of the peak AGN activity. On the other hand, Parlanti
et al. (2024) used JWST images to demonstrate that dust-obscured
galaxies represent an evolutionary stage preceding the unobscured
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quasar phase. This finding aligns well with the traditional Evolution
model, but could still be accommodated within our Model 4 which
allows for both a brief visible QSO phase and then a more obscured
one at a larger stage. From pure continuity evolution models that
self-consistently grow the population of SMBHs via the input AGN
bolometric luminosity function, Aversa et al. (2015) showed that their
preferred LCs are those without an extended post-peak phase, in line
with our Model 3 without a post-peak phase which better reproduce
the high fractions of obscured AGN. Similar results on sharp drops
post-peak in the AGN LCs have also been put forward by Lapi et al.
(2014) when modelling the SMBH-galaxy coevolution combining
FIR, X-ray, and optical/UV data.

6 CONCLUSIONS

The sources of obscuration in AGN remain debated, as _theyimay
originate from large-scale obscuration within the galaxy,which could
vary in time and space, as well as from an inner dusty, torus compo-
nent surrounding the central SMBH. In this paperswe hayve modelled
the obscuration in AGN using a comprehensive, .combined semi-
analytic and semi-empirical framework that incorporates various el-
ements from Evolution models, most notably an evolving Hydrogen
column density Ny varying within the AGNlight curve (LC), also
combined with key Orientation components, such as an inner torus
and obscuration arising from thé'cold gas in the interstellar medium.
Additionally, we have investigated'the impact of starburst activity
and mergers on obscuration=Qurmain results can be summarized as
follows:

o Traditional Evolution models characterized by LCs with a long
post-peak phase and CTN/CTK obscuration only pre-peak, tend to
struggle in‘repreducing the observed large fractions of CTN/CTK
X-ray AGN at | < z < 3. These findings align with those feedback
models suggesting that AGN outflows may not be as efficient in
removing gas in galaxies (Menci et al. 2019).

o*Eyolution models characterized by LCs with a sharp drop after
theypeak (Models 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.

e A steep drop in the obscured fractions of AGN as observed
in some data sets can be reproduced in our pure Evolution models
by including a luminosity dependence in the UV/optical visibility
window A1gs(, increasing from Arggo = 107 yrto Argso = 8- 107
yr for the more luminous sources.

e All our models tend to align with the fractions of obscured X-ray
AGN when the visibility window is of the order of Atggo ~ 107-108
yr. This range is broadly consistent with the latest estimates extracted
from QSO 2-point correlation functions.

e Including in Evolution models a torus component living
throughout the AGN light curve, surviving beyond the peak of AGN’s
energetic output, and with a thickness decreasing with increasing
AGN power, can increase the fractions of CTN and CTK AGN whilst
also inducing a significant luminosity dependence in line with some
data dets. An inner geometrical component like a torus would imply
that orientation effects tend to constitute a key source of obscuration
even in Evolution models at cosmic noon.

e We find that the fraction of sources in the model observationally
defined as starbursts lying four times above the MS, falls short in
reproducing the fractions of CTK AGN. Similarly, also the number of
major mergers with mass ratio > 1/3 tends to be too low to account
for the significant fractions of CTK AGN, except possibly for the
most luminous AGN, suggesting that either a torus-like component is
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ubiquitous in all types of AGN, and/or that large-scale obscuration is
triggered in galaxies by in-situ large column densities and/or compact
morphologies.

In summary, our current results suggest that the traditional view of
Evolution models may still be valid but under non-trivial fine-tuning
conditions and possibly supported by a central, long-lived torus-like
component playing a pivotal role in shaping obscuration in AGN.
Our predictions can be tested with current and new facilities such as
JWST, ALMA or NewAthena.
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