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A B S T R A C T 

The origin of obscuration in active galactic nuclei (AGNs) is still an open debate. In particular, it is unclear what drives the 
relative contributions to the line-of-sight column densities from galaxy-scale and torus-linked obscuration. The latter source is 
expected to play a significant role in Unification Models, while the former is thought to be rele v ant in both Unification and 

Evolutionary models. In this work, we make use of a combination of cosmological semi-analytic models and semi-empirical 
prescriptions for the properties of galaxies and AGN, to study AGN obscuration. We consider a detailed object-by-object 
modelling of AGN evolution, including different AGN light curves (LCs), gas density profiles, and also AGN feedback-induced 

gas cavities. Irrespective of our assumptions on specific AGN LC or galaxy gas fractions, we find that, on the strict assumption of 
an exponential profile for the gas component, galaxy-scale obscuration alone can hardly reproduce the fraction of log ( N H 

/cm 

−2 ) 
≥ 24 sources at least at z � 3. This requires an additional torus component with a thickness that decreases with luminosity to 

match the data. The torus should be present in all evolutionary stages of a visible AGN to be ef fecti ve, although galaxy-scale 
gas obscuration may be sufficient to reproduce the obscured fraction with 22 < log ( N H 

/cm 

−2 ) < 24 (Compton-thin, CTN) if 
we assume extremely compact gas disc components. The claimed drop of CTN fractions with increasing luminosity does not 
appear to be a consequence of AGN feedback, but rather of gas reservoirs becoming more compact with decreasing stellar mass. 

Key words: black hole physics – galaxies: active – galaxies: evolution – galaxies: fundamental parameters – quasars: supermas- 
sive black holes – galaxies: structure. 
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 I N T RO D U C T I O N  

he study of active galactic nuclei (AGNs 1 ) obscuration is one of
he most crucial but still largely debated issues to fully characterize
GN demography and shed light on the cosmological evolution of

upermassive black holes (SMBHs). An AGN is defined as obscured
hen the emission from the accretion disc (ultraviolet, UV and
ptical wavelengths) is blocked by intervening absorbing material
long the line of sight (e.g. Seyfert 1943 ; Antonucci 1993 ; Urry &
 ado vani 1995 ; Netzer 2015 ). 
Obscuration in AGN can originate due to the presence of gas

nd dust in the interstellar medium (ISM) of the host galaxy (Lapi,
avaliere & Menci 2005 ; Buchner, Schulze & Bauer 2017 ; Gilli et al.
 E-mail: a.v.alonso-tetilla@soton.ac.uk (A V AT); F.Shankar@soton.ac.uk 
FS) 
 Anni versary Fello w 

 In this paper, we define as AGN all massive galaxies hosting an SMBH at 
heir centre powered by gas accretion which has had a bolometric luminosity 
bo v e L bol > 10 42 erg s −1 at some point during their active lives. 
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Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whi
022 , and references therein), and/or due to an intervening inner
usty torus at a distance of a few parsecs from the central SMBH
e.g. Packham et al. 2005 ; Radomski et al. 2008 ; Burtscher et al.
013 ; Gallimore et al. 2016 ; Garc ́ıa-Burillo et al. 2016 ; Imanishi,
akanishi & Izumi 2016 ). The torus is a dynamical and clumpy

tructure that might be part of the dusty wind originating from
he accretion disc (e.g. Ramos Almeida et al. 2009 , 2011 ; Wada
012 ; Markowitz, Krumpe & Nikutta 2014 ; L ́opez-Gonzaga et al.
016 ; H ̈onig & Kishimoto 2017 ). The presence of gas and dust
n a galaxy varies along its lifetime, being more abundant during
he early formation phases of the galaxy, whilst decreasing at later
imes (Granato et al. 2004 ; Lapi et al. 2006 , 2014 ; Santini et al.
014 ). In original studies, a torus component around an SMBH may
e a long-lived structure (Urry & P ado v ani 1995 ). Ho we ver, some
tudies suggest that this dynamical structure most likely appears
nd disappears with the periods of nuclear activity (e.g. Ramos
lmeida & Ricci 2017 ; Garc ́ıa-Burillo et al. 2019 ). Unveiling the
ature of obscuration in AGN can thus not only provide a more
omplete census of AGN/SMBH through cosmic time (e.g. Shankar,
einberg & Miralda-Escud ́e 2013 ), but also set valuable constraints

n the o v erall co-evolution of SMBHs with their host galaxies. This
© The Author(s) 2023. 
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volution could be a result of obscured AGN preferentially living 
n the early growth phases of the accretion evolution of the central
MBH and its host galaxy (Sanders et al. 1989 ; Granato et al. 2004 ;
api et al. 2006 ; Hopkins, Richards & Hernquist 2007 ), or instead
e the result of a mere orientation effect (Urry & P ado vani 1995 ;
olletta & Courvoisier 1999 ). Given the considerations above, two 
istinct, though not necessarily mutually e xclusiv e, scenarios hav e 
een put forward in the literature to explain obscuration in AGN. The
rst one, known as the Unification or Orientation model (Antonucci 
993 ; Urry & P ado vani 1995 ; Netzer 2015 ), proposes that most of
he obscuration in AGN is a consequence of the orientation of the
bserver with respect to the SMBH, or the orientation between the 
GN and its torus. Observing a galaxy and/or its central SMBH edge-
n, would clearly amplify the line-of-sight obscuration due to gas and 
ust in the host galaxy and the torus. The second model, known as
volutionary model, supports the idea that the level of obscuration, 
GN luminosity, and SMBH mass, all depend on the evolutionary 

tage of the host galaxy, largely irrespective of the observer line 
f sight. In traditional evolutionary models, the SMBH grows in a 
w o-mode f ashion, (super)Eddington-limited initially, until it reaches 
 peak luminosity (possibly regulated by AGN feedback effects), 
ollowed by a usually longer sub-Eddington phase. In the pre-peak 
hase, the AGN is considered to be obscured, whilst during the post-
eak phase the SMBH mass has grown sufficiently enough to expel 
nd/or ionize cold gas in the host galaxy via the feedback action
f AGN winds and/or jets (Granato et al. 2004 ; Brandt & Hasinger
005 ; Granato et al. 2006 ; Lapi et al. 2006 ; Hopkins, Richards &
ernquist 2007 ). Some theoretical models also showed that it is
ossible to reproduce the X-ray AGN luminosity functions (LFs) 
f both obscured and unobscured AGN by considering the former 
ources shining pre-peak and the latter post-peak in the AGN light 
urve (LC), that is, occurring preferentially before or after the AGN 

eedback blowout phase (e.g. Granato et al. 2006 ; Lapi et al. 2006 ;
opkins et al. 2008 ). Ho we ver, despite the numerous attempts, a

ocused modelling on AGN obscuration from pure orientation models 
n a full cosmological context is still missing (but see the work by
api et al. 2006 ; Menci et al. 2008 ; Gilli et al. 2022 , for some initial
ttempts in this direction). In this work, we specifically focus on 
rientation-driven AGN obscuration, although we will also briefly 
iscuss models which include a torus component that may exist for
nly part of the lifetime of an AGN. 
From the observational perspective, it is clear that both orientation 

nd evolutionary components are in action in AGN, possibly with 
arying importance depending on time, mass, and environment of 
he host galaxy. The absence of broad emission lines in the so-called
ype 2 AGN (for definitions and Type differences, see Antonucci 
993 ), for example, is usually interpreted as an orientation effect from 

vidence in polarized spectra. The broad emission lines originating 
rom the central region/clouds, are suppressed when line of sight is
ufficiently edge-on and co v ered by the torus, although some sources
ay have intrinsically weaker broad emission lines (e.g. naked AGN, 
awkins 2004 ). 
On statistical grounds, there is often good correspondence in the 

GN LFs of X-ray-selected sources with log ( N H /cm 

−2 ) < 22, and
ype 1 AGN from optical/UV surv e ys (e.g. Ueda et al. 2003 ; Ricci
t al. 2017a ), or in the Eddington rate distribution (e.g. Ricci et al.
017b ). On the other hand, the host galaxy evolution must also play
 role in AGN obscuration. For example, some studies have found 
hat Type 2 AGN are less massive than Type 1, disagreeing with the
rientation model stating that AGN Type 1 and 2 are the same objects
bserved along different viewing angle (Ricci et al. 2022 ). Alexander 
t al. ( 2005 ) showed that many of the Submillimetre Common-User
olometer Array-detected sources host luminous X-ray AGN, and 
ore recently obscured AGN seem to be ubiquitous in star bursts and

lso more regular star-forming galaxies (e.g. Mountrichas & Shankar 
023 , and references therein). 
The relation between star formation, obscuration, and fuelling 
echanisms of AGN and the connection between them has been 
 topic of significance in the community. Some studies find strong
orrelation between the column density and the presence of a stellar
ar in Type 2 galaxies (Maiolino, Risaliti & Salvati 1999 ), while
thers find a power-law relation between column density and stellar 
ass in long-duration gamma-ray bursts (Buchner, Schulze & Bauer 

017 ). Buchner & Bauer ( 2017 ) found that the g alaxy-scale g as is
esponsible for a luminosity-independent fraction of N H ∼ [10 22 –
0 24 ] cm 

−2 AGN obscuration but does not produce N H > 10 24 cm 

−2 ,
uggesting that observations like Ueda et al. ( 2014 ) or Ananna et al.
 2019 ), where the fractions of N H ∼ [10 22 –10 24 ] cm 

−2 present a
uminosity dependency, is due to the luminosity dependency from the 
orus component rather than the galaxy-scale obscuration. Whitaker 
t al. ( 2017 ) observed a strong dependence of the dust attenuation
bscuration with stellar mass with a small redshift evolution ( z =
–2.5), so an unobscured-to-obscured phase could mean a transition 
s happening for low stellar masses (see also Kashino et al. 2013 ;
annella et al. 2015 ; Reddy et al. 2015 ; Shi v aei et al. 2015 , and
eferences therein). 

A variety of methods are adopted to identify and characterize 
bscured AGN (for an e xtensiv e o v erview of the different methods
epending on wavelength, see Hickox & Alexander 2018 ). X-ray 
bservations (e.g. Giacconi 2009 ) are one of the best methods
or selecting obscured AGN since they are directly associated 
ith the accretion disc, and its hot corona. X-rays have more
enetrating power through thick mediums, at least until the Compton- 
hin (CTN)/thick (CTK) limit of N H ∼ 10 24 cm 

−2 . A variety of
bservational studies have attempted to describe the demography 
nd evolution of AGN as a function of their column densities (e.g.
eda et al. 2014 ; Aird et al. 2015 ; Buchner et al. 2015 ; Ananna et al.
019 ; Laloux et al. 2023 ). It has been several times recognized that
he cosmic X-ray background (CXB) of AGN can be reproduced by
 collection of AGN with varying column densities ranging from N H 

10 20 to 10 26 cm 

−2 (e.g. Gilli, Comastri & Hasinger 2007 ; Shankar,
einberg & Miralda-Escud ́e 2009 ; Shen 2009 ; Ueda et al. 2014 ;
ird et al. 2015 ; Ananna et al. 2019 ; Gilli et al. 2022 , and references

herein). 
In this paper, we use the comprehensive semi-analytic model 

SAM) for GAlaxy Evolution and Assembly ( GAEA , Fontanot et al.
020 , F20 hereafter) as a self-consistent baseline for a realistic
imulated population of galaxies and their central SMBHs, consistent 
ith the present constraints on the galaxy stellar mass function and
GN LF. Starting from GAEA predictions, we then assign to each
odel galaxy a line-of-sight hydrogen column density N H , based on

ts gas mass, as well as a torus component based on its SMBH mass
nd AGN luminosity. Ho we ver, we also check the robustness of our
esults by varying various key prescriptions of the GAEA model in
 semi-empirical fashion, by adopting, for example, different AGN 

Cs, gas fractions, or gas disc sizes. 
This paper is the first of a pair dedicated to the study of the

rigin of obscuration in AGN. This paper is dedicated to the
rientation model, while its companion paper (Alonso-Tetilla et al. 

n preparation) will focus on Evolutionary models. The plan of the
aper is a follows. We present a detailed description of the adopted
ethodology in Section 2 , where we describe the basic information

roduced by GAEA which we use as baseline for our calculations, the
omputation of column density from the large-scale gas distribution, 
MNRAS 527, 10878–10896 (2024) 
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he inclusion of an AGN-driven Blast Wave (BW), and the modelling
f a dusty torus-like central component. In Section 3 , we present our
ain results in terms of the key model parameters driving AGN

bscuration in our orientation-based model. We discuss our results
n Section 4 , where we highlight the impact of varying any of our
nderlying assumptions or parameters, and we then list our main
onclusions in Section 5 . 

 M E T H O D O L O G Y  

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

(i) We start from a realistic mock of galaxies ( GAEA galaxy
atalogues) at a given redshift consistent with available data on the
tellar mass function and AGN/quasar (QSO) LFs. 

(ii) We then assign to each galaxy an H I line-of-sight column
ensity based on its gas content and geometry, and examine the
ffect of an AGN-driven BW in modulating the N H . 

(iii) To each galaxy, we also assign a torus-like component based
n its SMBH mass, and AGN luminosity. 
(iv) We then repeat the steps abo v e at different epochs to study the

redicted evolution of AGN obscuration as a function of redshift. 

As previously mentioned, we use as a reference the galaxies and
MBHs extracted from the GAEA SAM, which also yields cold
as fractions, disc sizes, and SMBH accretion rates (LCs). The
dvantage of using this SAM is that a state-of-the-art cosmological
odel provides inner self-consistency among the different variables

nd models used, for example retaining the AGN feedback-induced
elation between gas fractions and AGN luminosity. Nevertheless, in
 data-driven approach, we also explore the impact on our results by
arying, in turn, g alaxy g as fractions, AGN LCs, and galaxy radii
s guided by observational results. We show that our main results
re broadly invariant under these changes except for some notable
xamples which we discuss in detail in the next sections. 

The GAEA model is described in Section 2.1 , we provide full details
n how we compute galaxy-scale obscuration in Section 2.2 , while
n Section 2.3 we discuss how we assign a torus-like component to
ach active galaxy. 

.1 GAEA 

n this paper, we present a study of orientation-driven (hydrogen)
bscuration in AGN in a cosmological context taking advantage of
he predictions of the SAM GAEA (F20), which follows the evolution
f galaxies and their central SMBHs from early times down to the
resent epoch. GAEA follows state-of-the-art recipes to describe the
volution of stars and gas in galaxies, as well as providing a detailed
odelling of the growth of the central SMBHs. We hereby provide a

rief o v erview of GAEA ’s modelling of SMBHs, while full details can
e found in F20. In particular, in this paper, we focus on the so-called
Q11- GAEA realization, which includes Hopkins & Quataert ( 2011 )

nd Hopkins et al. ( 2006 ) prescriptions to estimate: 

(i) The fraction of the cold gas available in the host galaxy which
oses enough angular momentum to reach the central regions and
ccumulate into a low-angular momentum gas reservoir . 

(ii) The accretion onto the SMBH from material accumulated
nto the reservoir or accretion disc, in particular the accretion rate
ollows a fixed AGN LC based on the results of the numerical hydro-
imulations. 
NRAS 527, 10878–10896 (2024) 
The original model has been calibrated on dark matter merger trees
rawn from the Millennium Simulation (Springel et al. 2005 ), which
ypically allows for a good description of galaxy properties down to
 stellar mass scale of the order of 10 9 M �. 

SMBH seeding in GAEA is performed following Volonteri, Natara-
an & G ̈ultekin ( 2011 ) and corresponds to seed masses of ∼10 4 

 � (which is the resolution of the Millennium Simulation). The
ubsequent growth of these seeds is then followed via gas accretion
nd mergers with other SMBHs. The accretion of gas onto the SMBH
n GAEA is triggered by both galaxy mergers and disc instabilities,
hich contribute to the creation of a central gas reservoir of low-

ngular momentum, which in turn gradually feeds the central SMBH.
he accretion onto the central SMBH is then redistributed in time

ollowing an AGN LC, namely composed of an initial (super-
Eddington accretion phase, which lasts until the SMBH reaches
he self-regulation limit, followed by a power-law decline, as also
uggested by theoretical arguments and hydrodynamic simulations
e.g. Granato et al. 2004 ; Lapi et al. 2006 ; Hopkins, Richards &
ernquist 2007 ; Shen 2009 ). GAEA , as well as radio-mode feedback,

lso includes QSO-mode feedback in the form of winds. AGN winds
eat the cold gas eventually expelling it in the hot gas. Specifically,
he model realization considered in this work, HQ11- GAEA , uses the
utflow rate predictions as a function of cold gas mass, bolometric
uminosity, and black hole mass from Menci et al. ( 2019 ). 

The HQ11- GAEA model is calibrated to reproduce the evolution of
he AGN LF without applying any obscuration correction to model
redictions, while still reproducing all galaxy properties discussed
n previous papers (e.g. Hirschmann, De Lucia & Fontanot 2016 ),
ike mass–metallicity relations, quenched fractions, and cold gas
ractions. It also reproduces the observed distribution of Eddington
atios at various redshifts (F20). A deeper analysis on the chemical
nrichment can be found in De Lucia et al. ( 2014 ). 

.2 Column density distribution: contribution from the galaxy 

hroughout this work, we consistently assume that the gas density
n star-forming discs follows an exponential density profile, 

( R, θ ) = ρ0 exp ( −R/R d ) , (1) 

here ρ0 is the central gas volume density, R is the line-of-sight
adius from the centre of the disc to the furthermost part of the
alaxy, R d is the gas disc scale length, and θ is the angle between
he rotational vertical axis of the galaxy and the line of sight. The
eometry is visualized in Fig. 1 . 
Although possibly not all galaxies are characterized by exponential

ensity profiles for their gas component (e.g. van der Kruit 1979 ;
ohlen & Trujillo 2006 ; Bigiel & Blitz 2012 ; Wang et al. 2014 ),
quation ( 1 ) still represents a good approximation to the gas mass
istribution of many galaxies at different epochs and stellar masses,
nd becoming even a better approximation at higher redshifts (e.g.
atterson 1940 ; Freeman 1970 ; Hodge et al. 2019 ; Hunter et al.
021 ; Ferreira et al. 2022 , and references therein). In some highly
tar-forming high-redshift galaxies, the gas disc profile may deviate
rom an exponential one, attaining a more compact and spherical
eometry. We will anyhow continue adopting an exponential gas
ensity profile, although we will also briefly discuss the impact of
witching to, for example, a S ́ersic profile in Section 4, as well as in
ur companion paper. Also, equation ( 1 ) is consistent with the fact
hat GAEA , following common recipes in SAMs, assumes that the cold
as density settles in an exponential profile once in rotational equi-
ibrium. This gas profile is consistent with surface brightness profiles
bserved in some galaxy samples (e.g. ASPECS - ALMA (Atacama
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Figure 1. Diagram depicting a typical galaxy in our mock sample characterized by an exponential gas density profile and a disc geometry. In this figure, R 

traces the line of sight, R d is the gas scale length, h is the thickness of the disc, θ is the angle between the vertical and R , α is the random angle for the random 

line of sight, R max marks the endpoint of the galaxy edges along R , R b is the radius of the BW, and θop is the opening angle of the BW (central white sphere in 
the figure). 
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arge Millimeter/submillimeter Array) Spectroscopic Surv e y in the 
ubble Ultra Deep Field, Aravena et al. 2020 , and CANDELS -
osmic Assembly Near-infrared Deep Extragalactic Le gac y Surv e y, 
rogin et al. 2011 ; Koekemoer et al. 2011 , or Hodge et al. 2019 ),

s predicted by hydrodynamic simulations (Aumer et al. 2013 ), and 
sed by previous SAMs (Fu et al. 2009 , 2010 ), but with a gas disc
cale length that could be different from the stellar component, as
iscussed below. 
The normalization ρ0 in equation ( 1 ) is chosen in a way that the

ntegral of the gas density o v er the full radial ( R ), vertical ( θ ), and
zimuthal ( φ) extent of the galaxy equals the gas mass of the host
alaxy ( M gas ), that is, 
∫ 2 π

0 

∫ π

0 

∫ ∞ 

0 
ρ( R , θ ) R 

2 sin θd R d θd φ = M gas 

⇒ ρ0 = 

M gas 

4 πR 

2 
d I 

, (2) 

here 

 = 

∫ ∞ 

0 
e −x x 2 d x = 2 , (3) 

nd x = R / R d . For simplicity of visualization and computation,
specially in models with a BW, we will al w ays use cylindrical
oordinates in all our calculations. 

Throughout the paper, we assume a disc thickness h = R d / 8
e.g. Nath Patra 2020 ). As a sanity check, we also consider other
ossible definitions (e.g. Ojha 2001 , h = R d /15) showing that the
isc thickness plays a relatively minor role in AGN obscuration with 
espect to other input variables. This test is discussed in Appendix A .

The line-of-sight H I column density is then calculated as 

 H = 

∫ R max 

0 
ρ( R, θ )d R = 

∫ h 
R d sin α

0 
ρ0 e 

−x d x , (4) 

here α is the angle between the plane of the galaxy and the line of
ight, and R max is maximum radius of the galaxy for a given line of
ight (see Fig. 1 ). 

We are making two assumptions in this methodology: 

(i) What X-ray observations measure is driven by hydrogen ( N H 

rom X-ray spectra assume solar abundance of H/H e /O/F e ). 
(ii) That M gas consists of 100 per cent hydrogen. 

As mentioned before, GAEA includes the effects of AGN feedback 
n reducing the gas mass in the low-angular momentum reservoir 
round the SMBH, as well as in the surrounding galaxy. Ho we ver,
AEA does not include the dynamical effect of AGN feedback on
he gas distribution in the host galaxy, which becomes rele v ant
hen calculating the line-of-sight N H column density. To include 

his ef fect, we follo w a model based on the AGN-dri ven outflo ws
roposed by Menci et al. ( 2019 , see also Lapi, Cavaliere & Menci
005 ; Menci et al. 2008 ), which analytically follows the two-
imensional expansion of AGN-driven outflows as a function of 
he global properties of the host galaxy and of the luminosity of the
entral AGN. These AGN-driven outflows are effectively winds (for 
 re vie w, see King & Pounds 2015 ). Different theoretical works
e.g. Silk & Rees 1998 ; King 2003 ; Granato et al. 2004 ; Lapi,
avaliere & Menci 2005 ; Silk & Nusser 2010 ; King, Zubovas &
ower 2011 ; Faucher-Gigu ̀ere & Quataert 2012 ) have tried to capture

he main features of the outflows using models based on shocks
xpanding into the ISM. These models use power-law density profiles 
r exponential discs (Hartwig, Volonteri & Dashyan 2018 ), and 
pherical approximation, consistent with AGN-dri ven outflo ws with 
uminosity, outflow rate, and shock velocity dependence. The Menci 
t al. ( 2019 ) treatment ef fecti vely follo ws the e xpansion v elocity of
he shock and the mass outflow rate out to large radii where the
tellar/gas discs are the dominant components, creating a BW. This 
W creates a cavity in the gas, pushing the gas to the outskirts of

he galaxy and creating a thin layer around the BW with heavily
ompressed gas. Menci et al. ( 2019 ) provide tabulated numerical
olutions for the fraction of the cold gas ejected ( f qw ) as a function of
he properties of the AGN and host galaxy. These scaling have been
ncluded in the F06- GAEA SAM (F20), showing that AGN-driven 
inds help in reproducing the (low) levels of Star-Formation Rate 

SFR) in massiv e galaxies, remo ving some cold gas still in place in
hese galaxies since z ∼ 2. 

We compute the opening angle of the AGN BW for each galaxy
hich depends on the AGN bolometric luminosity, the cold gas 
ass M gas , and the virial velocity of the parent dark matter halo
 vir following the tabulated values by Menci et al. ( 2019 ). In this
ork, the virial velocity is used to predict the amount of reduction

n gas mass in the centre of galaxies, and its impact on the line-of-
ight column density. This model assumes that the opening angle 
orresponds to the maximum aperture of the BW, which occurs at
he peak luminosity of the AGN. Therefore, our N H corresponds to
he one at the maximum value of the bolometric luminosity, although
e also explore model variants where we relax this assumption. 
Assuming gas mass conservation during the expansion of the BW 

Lapi, Cavaliere & Menci 2005 ; Menci et al. 2008 ), the part of the
otal gas mass that is pushed away by the bubble creating a central
MNRAS 527, 10878–10896 (2024) 
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avity will all be compressed in a thin layer around the bubble. When
 b > h , the BW pushes the gas outside the disc galaxy and part that
f the gas is remo v ed. In that scenario, a line of sight with α ∼ 0 will
ee the same N H as without the BW. Ho we ver, when R b > R max , the
W remo v es the gas from the line of sight reducing N H . We can thus
ompute the total line-of-sight column density N H as the sum of two
omponents, the contribution from the shell and from the outer, still
nperturbed gas disc 

 H = 

(
θop 

90 

)
N 

shell 
H + N 

out 
H . (5) 

he column density of the outside, unperturbed disc is 

 

out 
H = ρ0 

Q out 

I 
, (6) 

here I is given in equation ( 3 ) and Q out is defined as 

 out = 

∫ R max /R d 

R b /R d 

x 2 e −x d x, R b < R max , (7) 

ith R b , the radius of the bubble calculated from θop . The column
ensity contribution from the shell is instead given by 

 

shell 
H = 

M 

shell 
gas 

4 πR 

2 
b 

, (8) 

here the cold gas mass of the cavity is calculated by 

 

shell 
gas = M gas 

Q shell 

I 
and Q shell = 

∫ R b /R d 

0 
e −x x 2 d x. (9) 

In our reference model, we assume that the column density does
ot evolve during the lifetime of the AGN. Ho we ver, AGN feedback
odels predict some evolution in the amount of gas content in

he host galaxy already during the relatively brief lifetime of the
GN (see e.g. Granato et al. 2004 ; Lapi et al. 2006 , 2014 ; Santini
t al. 2014 ). Indeed, even in GAEA the gas mass is reduced by the
GN feedback. Ho we ver, equation ( 1 ) considers a single snapshot
f M gas when the AGN is at the beginning of its LC. The gas mass
eaches a maximum value at the start of the SMBH active phase,
nd then rapidly decreases around and after the peak of the LC
see also Cavaliere, Lapi & Menci 2002 ; Lapi, Cavaliere & Menci
005 ). This evolution is explored in Appendix B . In what follows,
or convenience all our main results are plotted against the peak
uminosity (luminosity at the peak accretion rate within the LC),
lthough we will show in Appendix B that this assumption plays a
inor role on our results. 
The bolometric luminosities are directly calculated from the gas

ccretion rates onto the central SMBHs. More specifically, the GAEA

odel includes both a QSO- and a radio-mode AGN feedback, each
ne characterized by its own independent radiative efficiency which
ets the fraction of rest mass energy of the accretion flow onto
he SMBH that is converted into radiative or kinetic luminosity,
espectively. The radio-mode feedback is generally less efficient,
ith a kinetic efficiency of just 2 per cent, against the 15 per cent

ssumed for the radiative-mode feedback. In Fontanot et al. ( 2020 ),
oth the contributions of the QSO- and radio-mode accretion have
een taken into account to estimate the AGN/QSO LF. In general,
or consistency, we follow the same approach. It is worth stress-
ng that radio-mode accretion becomes rele v ant only for massi ve
alaxies residing in massive haloes at low redshifts, as those are
he environments where an efficient quenching of the cooling flows
nd late SFR is required. Radio-mode accretion, by construction, is
reated as an (almost) continuous accretion process of hot gas from
he halo (which gives rise to tensions with the observed distribution
NRAS 527, 10878–10896 (2024) 
f radio galaxies – see e.g. Fontanot et al. 2011 ). At low redshift, this
mplies that the radio mode is dominant in galaxies devoid of their
old gas content. On the other end, in modelling the QSO mode,
AEA is explicitly dealing with the flow of the cold gas from the
ost galaxy disc to the reservoir, and with the effects of feedback
n the evolution of the total cold gas content. These considerations
mply that our geometrical modelling of obscuration correlates better
ith the QSO-mode prescription, while the radio-mode channel is

ypically underestimating the obscuration by construction. We will
hus also present model predictions on the AGN obscured fractions
emoving the sources dominated by radio-mode accretion and show
hat these are very similar to the full model outputs at z > 2, but
i verge some what at lo w z and lo w L , as further detailed belo w. The
–10 keV intrinsic X-ray luminosities are calculated from bolometric
uminosities via the bolometric correction by Duras et al. ( 2020 ).
imilar results would be retrieved adopting, for example, the Marconi
t al. ( 2004 ) bolometric correction. 

.3 Column density distribution: contribution from the torus 

t is now clear from direct and indirect (via, e.g. spectral energy
istribution, SED fitting) observations that a torus-like component
Combes et al. 2019 ; Garc ́ıa-Burillo et al. 2019 , 2021 ) is an essential
ngredient required to fully model the observational properties of
GN (see Netzer 2015 ; Ramos Almeida & Ricci 2017 ; Hickox &
lexander 2018 , for re vie ws), especially in their log 10 ( N H /cm 

−2 )
 24 phase (Risaliti, Maiolino & Salvati 1999 ; Marchesi et al.

018 ). The torus can be pictured as a compact reservoir of low-
ngular momentum dusty gaseous material, and/or part of a windy
utflowing structure connected to the accretion disc (H ̈onig 2019 ,
nd references therein). Irrespective of its underlying nature, a torus
round an SMBH significantly contributes to absorb UV light from
he accretion disc and reprocess it in infrared (IR) bands. As GAEA

oes not explicitly include the dynamical modelling of an accretion
isc and a torus around the central SMBH, in what follows we
nclude two torus models and also a combination of them: the
odel proposed by Wada ( 2015 , Wada hereafter) 2 and the model

roposed by Ramos Almeida & Ricci ( 2017 , RA&R hereafter). The
ormer model analytically connects the dependence of the torus
ize and thickness on AGN luminosity/accretion rate and SMBH
ass, as detailed below, and assumes that in an AGN there is al w ays

nough circumnuclear material to feed a torus. The latter assumes
hat the column density increases for larger inclination angles, with

aximum CTK column densities for the centre of the torus, with
o explicit dependence on SMBH accretion rate or mass. We give
urther details below. 

RA&R is based on the model where the fraction of the optical/UV
nd X-ray radiation processed by the torus and observed in the mid-
R (MIR) is proportional to its co v ering factor (CF, Ricci et al.
015 , 2017b ). Under this model, they assume that in the X-rays the
F of the gas and dust surrounding the SMBH can be estimated
sing a statistical argument and studying the absorption properties
f large samples of AGN. Since a compact X-ray corona only gives
nformation of that particular line of sight, a large sample study
ould provide further constrains in inclination angles and therefore
ther characteristics of the obscuring material. The intrinsic column
ensity distribution of local hard X-ray-selected AGN in the data of
icci et al. ( 2015 ) shows an average roughly constant with luminosity

https://github.com/JohannesBuchner/agnviz
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Figure 2. Diagram of the fiducial torus model where we implement both 
the radiation-dri ven outflo ws described by Wada, where θ crit is the critical 
angle of the radiation-accelerated gas (right side), and the RA&R constant 
limit angles (left side). α is the random line-of-sight angle. The diagram is 
separated in two for clarity. 
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F of the obscuring material of 70 per cent, implying a maximum
pening angle of 45 ◦ (CF = sin θ ). Some other w orks, lik e Tanimoto
t al. ( 2020 , 2022 ), Ogawa et al. ( 2021 ), and Yamada et al. ( 2021 ,
023 ), propose torus opening angles somewhat larger between 60 ◦–
0 ◦, corresponding to higher co v ering factor (CF ∼ 90 per cent–
00 per cent, see also Esparza-Arredondo et al. 2021 , for CF > 70
er cent for Seyfer 2 galaxies in the X-ray and for Seyfer 1&2 in
IR). In order to match our targeted CTK AGN observed fractions

U14 and A19), in what follows we will adopt the same baseline
tructure of the RA&R model but with a slightly larger value of the
o v ering factor, CF ∼ 93 per cent, which is more representative of the
atest observational results and, we found, simultaneously provides 
 better match to the data on the fractions of CTK AGN. Following
he RA&R layout, the CF is then subdivided into three areas, the low
TN ( N H ∼ 10 22 –10 23 cm 

−2 ), high CTN ( N H ∼ 10 23 –10 24 cm 

−2 ),
nd low CTK ( N H ∼ 10 24 –10 26 cm 

−2 ), corresponding to 52 ◦–70 ◦

CF ∼ 93 per cent), 27 ◦–52 ◦ (CF ∼ 78 per cent), and 0 ◦–27 ◦ (CF ∼
5 per cent) angles, respectively (see Fig. 2 ). We decide to modify
he original RA&R parameters in order to produce higher CFs, and 
ssess the minimum CTK obscured fractions required from the torus 
o reproduce observations. 

Wada suggests a kinematic model to describe the behaviour of the 
adiative feedback and the origin of the dependence of the obscured 
ractions on AGN luminosity. Their work proposes that the AGN 

roduces a fountain of gas creating a radiation pressure on the dusty
as, with the accretion disc radiating most of its energy towards the
irection of the rotational axis, not towards the plane of the disc.
esides, the radiative heating is isotropic affecting the surrounding 
as through adv ection. The y assume that the X-ray radiation from
he AGN is spherically symmetric and heats the inner part of the thin
as disc, making it geometrically thick. 

The way we include the Wada torus model in our host galaxies
s by assuming a random value of α line of sight, which compared
ith the torus critical angle θ crit provides us with a random column 
ensity, either N H ∼ 10 20 –10 24 cm 

−2 (CTN obscuration) or N H ∼
0 24 –10 26 cm 

−2 (CTK obscuration). The selected values depend on 
he absence or presence of the torus, which is in turn determined by
he line-of-sight α for both the torus, and the host disc components 
see Figs 1 and 2 ) and its relation with θ crit , the critical angle of the
adiation-accelerated gas (see Fig. 2 ). If α < 90 ◦ − θ , the line of
ight lies within the torus, and the source is assumed to be CTK,
therwise it is considered a CTN AGN. 
The critical angle θ crit originates from the balance between the 
adiation pressure on the gas and the gravitational potential of the
MBH. At any angle θ ≤ θ crit , the radiation force is large enough to
llow the dusty gas to escape, and therefore we expect gas outflows
orming without the presence of the torus. In the region defined by
> θ crit , the gas eventually falls back towards the equatorial plane,

ausing dusty gas to remain in the centre and forming a thick torus.
he critical angle θ crit depends on both the SMBH mass M BH and the
olometric luminosity L X . More specifically, following equation (6) 
rom Wada ( 2015 ), the critical angle is defined as 

cos θcrit = 

GM BH 

r 0 

16 πc 

κγdust L UV 

(
1 

r dust 
− 2 

r 0 

)−1 

, (10) 

here c is the velocity of light, κ = 10 3 cm 

2 g −1 is the opacity of the
usty gas, γ dust = 1/100 is the dust-to-gas ratio, r 0 is the radius within
hich the X-ray heating is ef fecti ve, r dust is the dust sublimation

adius, and L UV is the UV luminosity of the AGN (Marconi et al.
004 ). This UV luminosity is related to the X-ray luminosity of the
GN by L X = (1/2) · L UV | cos ( θ ) | where θ is the angle from the

otational axis. All fixed values are the ones assumed in Wada. When
sing equation ( 10 ), an increasing AGN power increases the angle
crit , reducing the chance of intersecting the torus. Note that it is
ssumed in this model that r 0 > r dust which is al w ays the case for L X 

 10 47 erg s −2 if one defines r 0 as 

 0 = 

(
3 L X 

4 π
 cool 

)1 / 3 

, (11) 

here the radiative cooling with cooling rate 
 cool is balanced by
he X-ray heating rate ρ2 

g 
 cool = 3 L X / (4 πr 3 0 ), ρg being the average
as density in the gas sphere with r = r 0 . Wada also assumes that
 d = 1.3( L X /10 46 ) 1/2 pc (e.g. Lawrence 1991 ) and 
 cool = 10 −22 n −2 

H 

rg cm 

3 s −2 ( n H = ρg / m p , where m p is the proton mass). 
A combination of the two models is also studied, and it is labelled

n the following plots as the fiducial torus model. In this combined
odel, we first calculate the critical angle from the Wada model,

nd we distinguish CTN from CTK depending on the angle α with
espect to θ crit . More specifically, if α > 90 ◦ − θ crit , then the AGN
ill be CTN with N H < 10 22 cm 

−2 , if α < 90 ◦ − θ crit , then three
ossibilities can arise following RA&R: (1) if α < 27 ◦ then CTK, if
7 ◦ < α < 52 ◦ high CTN, 52 ◦◦ < α < 70 deg low CTN. 
We include these dust obscured torus models in each galaxy in

ost-processing in the GAEA catalogues. A summary of all models 
an be found in Table 1 . 

 RESULTS  

n this section, we compare the predicted mean N H column densities
nd obscured AGN fractions as a function of AGN X-ray luminosity,
ith data from Ueda et al. ( 2014 ), Buchner et al. ( 2015 ), and Ananna

t al. ( 2019 ) (U14, B15, A19, hereafter), which are among the most
omplete compilations in terms of AGN luminosity and redshift 
o v erage, including data from deep surv e ys from observatories
uch as Swift /BAT, ASCA (Advanced Satellite for Cosmology and 
strophysics), XMM–Newton , Chandra , ROSAT , or AEGIS (All- 
avelength Extended Groth Strip International Survey). The major 

ifferences between U14, B15, and A19 are described and deeply 
tudied in A19, Sections 3.1 and 3.2, where they focus on the different 
ethods to calculate the X-ray LF (XLF) . Specifically, we use two

orms from A19, one which closely follows the analytic formula by
14 with updated parameters, and a new one derived from Machine
earning algorithms, which we label as A19-ML throughout. It is 
MNRAS 527, 10878–10896 (2024) 
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M

Table 1. Summary of the different models studied in the paper. They are separated by its area of appliance (host galaxy, torus or both) and by model (no-BW/BW, 
RA&R/Wada/fiducial, or a combination). 

Part Model Summary 

Host Fiducial host ( R d, Wel , no BW) Model using equation ( 4 ). Column density calculated with a disc morphology using all the 
gas available 

Fiducial host + BW ( R d, Wel , BW) Model using equation ( 5 ). Column density calculated with a disc morphology from the gas 
left after the BW 

Torus RA&R Model where the X-ray radiation processed by the torus and observed in the MIR is 
proportional to its CF (left half of Fig. 2 ) 

Wada Model based on a radiative fountain (right half of Fig. 2 , equation 10 ) 
Fiducial torus Combination of RA&R and Wada torus models 

Host + torus Fiducial + noBW (Fiducial torus + host, 
noBW) 

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

Fiducial + BW (Fiducial torus + host, BW) Combination of the fiducial torus model and the BW host model 
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nteresting to note that the two A19 prescriptions are fits to the same
ata sets but with different prescriptions, and pro vide v ery different
esults, as we show in the next figures. 

We need to take into account that the obscured values from U14
re extrapolations for column densities log N H > 24 [cm 

−2 ] since
hey do not have CTK AGN in their samples. U14 use a parametric
odel to fit the XLF, but could not directly constrain the CTK

raction, which is derived from matching the X-ray background
XRB) with some assumptions on the spectra of AGN. U14 do not
ssume any specific constraints for the CTK, but each bin of CTK
s the same as the CTN fraction. They also use data that do not
av e an y galaxy detected o v er log N H ∼ 25 [cm 

−2 ] (e xcept in IR,
ut not resolvable in X-ray, for an updated analysis of U14 see also
amada et al. 2021 ). While B15 have galaxies with CTK obscuration,
19’s analysis extrapolates for log N H > 25 [cm 

−2 ]. The aim of A19
as to calculate new fractions where no assumptions on the CTK
GN fraction were given. Also, updating some B15 constraints,
ccording to A19, does not help to match the current data. B15
se two different approaches: one where they have high CTK at
igh luminosity, o v erestimating the XLF by 3 times (see appendices
f A19), which produces around 55 per cent–65 per cent CTK, and
nother one where they use a constant slope prior which generates
 lower CTK obscuration, around 20 per cent. In this paper, we use
he 10 per cent–90 per cent quantiles of the posterior samples from
oth models as limits of the data. The major problem is that the
ncertainty of the spectra distributions among the data available is
ot consistent with each other, and some of them never produce the
XB, which affects the conversion between number counts and flux.

n this work, we do not address the origin of these discrepancies but
ather the source is use the total of the available observational results
ssumed to be CTK to bracket the current empirical constraints
n the fraction of obscured AGN as a function of luminosity and
edshift. Despite U14 and A19 not attempting to directly identify
TK AGN by, for example, spectral fitting (see B15), we use those

esults as observational constraints as broad guidance for the fraction
f CTK AGN required to match the normalization and shape of the
RBs. Our results therefore on, for example, the need for a torus-

ike component to generate more CTK sources, rest on the future
alidation of the current observational constraints. We acknowledge,
or example, other interesting works such as Akylas et al. ( 2012 , see
lso Treister, Urry & Virani 2009 ), who put forward models able
o fit the XRB without any CTK AGN, but by modifying the X-ray
NRAS 527, 10878–10896 (2024) 
pectrum of AGN, or Georgakakis et al. ( 2017 ), who suggest lower
raction of CTN AGN with L X > 10 44 erg s −1 using the wide-area
MM–XXL surv e y. We conclude this discussion on the present-day

onstrains on obscured AGN noticing that a recent work, Laloux
t al. ( 2023 ), combined X-ray spectral analysis with SED fitting to
onstrain the obscuration of a large sample of AGN. Overall, their
esults point to relatively large CTK fraction consistent, if not higher
han, those calibrated by U14. Ho we ver, their error bars are still
arge to derive any firm conclusion on the true underlying fraction of 
TK AGN. 

.1 The role of galaxy size and AGN feedback in shaping the 
bscured AGN fraction with L X 

n what follows, when discussing the dependence of AGN obscured
ractions on X-ray luminosity, we focus on the mean redshift of z =
.4, around the peak of AGN emissivity with available observational
onstraints. We will then show the fiducial model against data in
ther bins of redshift. In the left panel of Fig. 3 , we provide a
omparison of the predicted mean column densities from our models
s a function of X-ray luminosity compared with the mean empirical
olumn densities extracted from the average 

 log N H 〉 = 

∫ 
f ( log N H | L X ) · log N H · d log N H . (12) 

here f (log N H | L X ) is the conditional column density distribution
erived by U14 and A19. Our results clearly highlight the importance
f the correct reco v ery of the gas scale radii as a function of galaxy
tellar mass, as seen from the significant difference between the AGN
bscured fractions using GAEA disc radii and van der Wel et al. ( 2014 )
elation. In our reference model, we assume gas disc thickness as h =
 d /8 following Nath Patra ( 2020 ). We will show the effect on our
rediction of a different assumption for h in Appendix A . As robust
nd e xtensiv e measurements of the gas sizes are only available for
poradic samples (see Nelson et al. 2016 ; Puglisi et al. 2019 , for
omparison between ionized gas or cold gas and stellar disc radii in
 statistical sample of z ∼ 1.5 galaxies), in what follows we assume
he R d, gas = N · R d, � , with R d, � = 1.68 R eff , and N = 0.3, inspired by
he recent ALMA/sub-millimetre (sub-mm) observations by Puglisi
t al. ( 2019 ) suggesting that on average the gas disc radius is about
/3 of the stellar component, which is at variance with previous works
hat assumed R d, � = R d, gas (e.g. Leroy et al. 2008 ; Tamburro et al.
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Figure 3. Mean column density distribution and obscured fractions at z = 2.4 depending on the X-ray luminosity. Dashed lines corresponds to the model using 
the (gas) scale length from GAEA and without BW. Solid and dotted lines are calculated with the scale length fit from van der Wel et al. ( 2014 ) no-BW and 
BW models, respectively. All three lines assume R d, gas = 0.3 · R d, � . Left panel: column density distributions predicted by each model, as labelled. Lines 
correspond to the mean values of the column density at fixed AGN X-ray luminosity, and the coloured areas mark the predicted σ region around the mean. 
Middle panel: CTN obscured fractions. Dotted and lined areas correspond to the observations by U14, B15, and A19 as labelled. Right panel: CTK obscured 
fractions. Observations with the same format as in the middle panel. 

Figure 4. Predicted fraction of CTN obscuration as a function of X-ray 
luminosity and without a BW for different values of the relation between gas 
disc radius R d, gas and stellar disc radius R d, � , R d, gas = N · R d, � , as labelled, 
with a fixed thickness of h = R d /8 at redshift z = 2.4. We explore N = 0.2, 
0.3, 0.5, and 1.0. Fiducial model refers to the model using van der Wel et al. 
( 2014 ) fit and N = 0.3 (see the text). The observational data are shown as in 
Fig. 3 . 
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008 ; Swinbank et al. 2017 ; Gilli et al. 2022 ; Liao et al. 2023 ). We
ote that assuming large gas scale lengths comparable to the stellar
isc ones would induce too low CTN fractions, as shown in Fig. 4 ,
hen adopting exponential profiles. We first use the gas disc sizes
irectly predicted by the GAEA model, and we obtain a weak positive
ependence of N H versus AGN luminosity, which is at odds with 
bservational constraints. Puglisi et al. ( 2019 ) results are complete 
n the main sequence only abo v e 10 11 M sun , but there are no results
or lower masses. In order to explore the effect of the dependence of
isc sizes on stellar mass, we also use the fitting formulae from van
er Wel et al. ( 2014 , equation 3 and Table 1). Using this empirical
odel, the situation clearly impro v es and the observed dependence 

f N H with X-ray luminosity is reco v ered, although its slope is still
hallower than in the observed data. It is important to keep in mind
hat van der Wel et al. ( 2014 ) measure half-light radii of the stellar
omponent. It is also worth noticing that the GAEA model predicts
 disc size versus stellar mass relation which is consistent with van
er Wel et al. ( 2014 ) data (Zoldan et al. 2019 ), but with a slightly
hallower slope. Our results thus highlight the need for a relatively
teep disc size vs stellar mass relation in order to reco v er the trend
f obscuration with bolometric luminosity. We explore the impact 
f varying the ratio N = R d, gas / R d, � within reasonable values in
ig. 4 , which shows that only models with N � 0.3 can generate a
raction of CTN AGN broadly consistent with current data (solid, 
lue and dotted, green lines). The effect of varying the gas disc
hickness instead is marginal and definitely negligible with respect 
o the impact of the BW and/or the choice of gas disc sizes, as
iscussed in Appendix A . 
The middle panel of Fig. 3 compares the predicted fraction of

bscured CTN AGN, with the data by U14, B15, and both of the A19
odels, as labelled. The fiducial model [without BW, assuming the 

tellar mass dependence of the R d, � from van der Wel et al. ( 2014 ),
nd R d, gas = 0.3 R d, � ] presents a decreasing trend in the obscured
raction with increasing X-ray luminosity, which is also present when 
ncluding the BW model. This decreasing trend, which is aligned with 
bservations (e.g. Gilli, Comastri & Hasinger 2007 ; Hasinger 2008 ;
eda et al. 2014 ; Buchner et al. 2015 ; Ananna et al. 2019 ), is mainly

nduced by the lower luminosity AGN, which tend to have a relatively
igher fraction of high column densities being generally hosted in 
ower mass and more compact galaxies. As seen in equation ( 4 ), in
act, at fixed line-of-sight angle, a smaller R d, gas would increase the
pper end of the integral and thus the corresponding N H . 
When including the BW in Fig. 3 , our predicted fractions drop

y ∼30 per cent at low luminosities and ∼15 per cent at higher
uminosities. Although the impact of the BW is somewhat degenerate 
ith the exact choices of gas fractions and/or shape of the still poorly

onstrained R d, gas –M � relation, it is still rele v ant to highlight two
ffects of the BW model. First, with all other parameters kept fixed,
he BW model makes it usually harder for galaxy-scale obscuration 
o make a significant contribution to the fraction of obscured AGN,
ue to some gas being remo v ed from the galaxy when the BW is
igger than the extension of the gas disc. Second, at least within
he remit of the Menci et al. ( 2019 ) model, the BW is not the cause
ehind the drop in the fraction of obscured AGN with luminosity, a
MNRAS 527, 10878–10896 (2024) 
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rend which in our model is instead mostly driven by the (positive)
orrelation between R d, gas and M � . 

The right panel of Fig. 3 shows that the galaxy-scale obscuration,
rrespective of the specific parameters adopted in input, falls drasti-
ally short in producing any CTK AGN at any X-ray luminosity, at
east in the case of an exponential gas density profile, suggesting that
omething in the current model is still missing. 

To further clarify the importance of the dependence between gas
isc sizes and galaxy stellar mass, in Fig. 4 we plot the predicted
raction of CTN obscuration for four different values of the variable
 of the R d, gas = N · R d, star relation, where the fiducial model (solid
lue line) is N = 0.3 as previously defined, and the other three lines
re for different choices of N , as labelled. We also include a model
ith the original GAEA R d for comparison (cyan long dotted–dashed

ine). The smaller the N value, the larger the o v erall implied mean
olumn densities. The value N = 0.3 has been chosen following the
esults of Puglisi et al. ( 2019 ), which is the average ratio between
he stellar and sub-mm radius in sub-mm compact galaxies. Lower
 generates more compact and obscured galaxies, to the point where
e can reproduce the full fraction of CTN as measured by U14 (see
 = 0.2, dotted green line for U14 and A19 at lower luminosities,
nd B15 and A19, – updated Ueda version – at higher luminosities).
his trend indicates that, with sufficiently compact galaxies, we can

eproduce the CTN obscured fractions without the need for any
ther obscuration component. Ho we ver, due to the lack of extensive
easurements of the molecular gas disc size in statistical samples

f main-sequence galaxies, we cannot confirm (nor reject) that all
alaxies at high-redshift present gas scale lengths below 0.7 kpc,
hich are the values obtained when assuming N = 0.2. In this paper,
e choose a value of N = 0.3 in order to be conservative, and

n line with some of the latests observations (Puglisi et al. 2019 ,
ee also Elbaz et al. 2018 ; Franco et al. 2020 ; Puglisi et al. 2021 ;
 ́omez-Guijarro et al. 2022 ). Meanwhile, we have confirmed that any

ombination of input parameters explored in this paper can hardly
enerate any significant number of CTK AGN, although a few more
ould be formed when switching to a S ́ersic gas density profile, as
urther discussed below. 

The analysis of Figs 3 and 4 has been carried out under two major
ssumptions: (1) the gas fractions do not evolve significantly during
he life span of the AGN, and (2) the X-ray luminosity associated to
 H for each source is the peak luminosity within the AGN LC. The

ormer assumption might be extreme as gas fractions decay in time
ue to gas consumption via star formation and, as predicted by many
alaxy evolution models, via AGN feedback which can both heat and
xpel gas (e.g. Granato et al. 2004 ; Croton et al. 2006 ; Hopkins et al.
006 ). The second assumption is a somewhat natural choice in GAEA

s AGN LCs tend to be quite narrow due to an emission bulk highly
oncentrated in time, a combination of large initial SMBH masses
most of the AGN in GAEA at z < 3.3 are re-acti v ations), and a rapid
ading phase for less luminous objects (the large majority of events).
n addition, following F20, the peak of the LC is shorter because
he bolometric luminosities significantly drop when they enter the
adiati vely inef ficient mode, belo w 10 per cent Eddington luminosity.
n order to check the robustness of our conclusions against the abo v e
ssumptions, we de velop se veral additional models where either (i)
e associate an X-ray luminosity randomly chosen within the AGN
C to the column density, (ii) we deploy a column density which
ecreases e xponentially o v er time, or (iii) we assume a more extended
nput AGN LC. We report the results of our new additional models
n Appendix B , where we show that, in all cases, our main results
re similar to the ones obtained in our fiducial model. 
NRAS 527, 10878–10896 (2024) 

l  
As a final check, we compare our fiducial host model against U14
nd A19 for the obscured fraction distributions in the column density
lane in Fig. 5 . We note that the column density distributions as a
unction of X-ray luminosity from A19 were recently confirmed in
he MIR at z ≤ 0.8 by Carroll et al. ( 2023 ). We immediately note
hat, as expected from our previous findings, our reference models
all severely short in matching the fraction of CTK AGN when only
he obscuration from the host galaxy is included. In addition, Fig.
 also reveals that, although our fiducial model (without a torus)
an predict an o v erall inv erse dependence of obscured fraction with
ncreasing X-ray luminosity similarly to what observed in the data
Fig. 4 ), it still struggles in fully reproducing the breakdown of CTN
GN at fixed X-ray luminosity. The fiducial model generates similar

ractions of N H ∼ 10 22 –10 23 cm 

−2 as in the data, but less AGN
ith N H ∼ 10 20 cm 

−2 and significantly more AGN with N H ∼ 10 21 

m 

−2 . We will see below that including a torus in our fiducial model
ro vides an impro v ed match to the data on the N H distribution at
xed X-ray luminosity. 

.2 The contribution of the torus to the AGN obscured fraction 

o far, we have been considering only the contribution to the N H 

olumn density of the large-scale distribution of gas in the host
alaxies. We now proceed with the inclusion of the torus as an
ndependent source of AGN obscuration. Fig. 6 shows the three

odels described in Section 2 : Wada, RA&R, and the fiducial torus
odel, a combination of the other two with no contribution to the

bscuration from the host galaxy. 
The implementation of the Wada torus model (red, dotted lines of

ig. 6 ) in our mock galaxy catalogue produces, using their suggested
arameters, a significant fraction of CTK AGN of ∼85 per cent at
ow luminosity, with a steep decrease to ∼25 per cent at brighter
uminosities (right panel of Fig. 6 ). This trend is mostly a conse-
uence of the dependencies of the torus radius (the radius within
hich the X-ray heating is ef fecti ve) and θ crit on luminosity, with

he former increasing and the latter decreasing with increasing
uminosity (see Section 2.3 ). Both variables are contributing by
owering the probability for the central SMBH to be obscured along
ny random line of sight, especially in the more luminous AGN. The
orus also significantly contributes to the obscuration of AGN in the
TN regime (middle panel). The average value of 50 per cent of CTN
bscuration across all luminosities (middle panel of Fig. 6 ) naturally
rises from our adopted assumption (see Section 2.3 ) of assigning
 column density to all non-CTK obscuration uniformly distributed
etween 20 < log ( N H /cm 

−2 ) < 24. 
Fig. 6 also includes the RA&R model (long-dashed, green lines),

hich relies on constant limit values for the α angle depending on
he column density and the line of sight, creating constant fractions
f obscured AGN for both CTN and CTK. In the case of the CTN,
he model presents a mean value around 67 per cent, while the CTK
redicted fraction is ∼30 per cent, with negligible dependence on
GN luminosity, as expected. The predicted fractions of CTN and
TK AGN from this torus model alone are already significant enough

o be comparable to the observations of B15 for both CTN and CTK.
Our fiducial torus model (solid, blue lines in Fig. 6 ) includes the

uminosity dependent features of the Wada torus model, as well
s the angle dependency of the N H distribution from RA&R. This
ducial model, in line with the RA&R model, naturally predicts
 ∼30 per cent fraction of CTK at low luminosities (right panel),
eflecting the assumed value from RA&R model that sources below
7 ◦ are CTK, but gradually decreasing to a few per cent at bright
uminosities due the (ne gativ e) luminosity dependence of the opening
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Figure 5. Obscured fractions of galaxies between L X = 10 43 and 10 45 erg s −1 (left panel) and between L X = 10 44 and 10 45 erg s −1 (right panel) as a function 
of the column density for the fiducial host model with (dotted line) and without (solid line) BW at redshift z = 2.4. Observational data correspond to U14 and 
A19, as labelled. 

Figure 6. Column density distribution and obscured fractions depending on the X-ray luminosity for different types of torus models at redshift z = 2.4. Fiducial 
model (solid line) refers to a combination of Wada and RA&R torus models (see the text), dotted line shows the Wada torus model, and dashed line is the RA&R 

model. Observ ations sho wn as in Fig. 3 . Left panel: mean column density distribution along with its σ (coloured area). Middle panel: CTN obscured fractions. 
Right panel: CTK obscured fractions. 
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ngle. A similar trend is observed in CTN (middle panel), showing 
 value at faint luminosities close to the one predicted by the RA&R
odel, and then gradually decreasing at higher luminosities. 
In Fig. 7 , we sum the predicted large-scale obscuration from the

ost galaxy gas with the small-scale obscuration from the torus for
ifferent redshifts. Our fiducial torus and host model, which is the 
ombination of our preferred models from Figs 3 and 6 , is reported
ere, with and without the inclusion of the BW (red, dotted and
lue, solid lines, respectiv ely). Our reference model pro vides a good
atch to the U14 data at least at z > 2. Overall, the fraction of CTK

s roughly constant across cosmic times, and slightly decreasing at 
ower redshifts and at luminosities below L x ∼ 10 44 erg s −1 . The
raction of CTN AGN is also roughly constant at z � 2, but then
teadily decreasing in normalization with cosmic time especially at 
ower luminosities. The progressively increasing drop in the fractions 
f low-luminosity obscured AGN at z < 1 is mostly driven by the
ncreasing number of radio-mode sources in the model. In Fig. 7 , the
ellow dotted–dashed line shows a realization where we compute the 
olometric luminosity using QSO-mode accretion only: this implies 
hat we remo v e from the estimate all sources powered by radio-mode
ccretion, that are not obscured by the host by construction (since
heir gas content is almost zero), which results in an increase of
he obscured fractions. Radio-mode has a marked effect only in the
 ∼ 0 panel, due to the o v erall decline of the AGN space density
nd the increase of massive and gas-poor galaxies which are not
argely represented in the sample of obscured X-ray AGN. In this
edshift range, neglecting the radio-mode accretion in the luminosity 
alculation increases the CTN and CTK AGN obscured fractions at 
ow luminosity, bringing them in better agreement with the available 
onstraints. This is mainly due to the fact that by removing radio-
ode dominated sources we are preferentially removing model 

alaxies that are expected to be unobscured in our modelling. Indeed,
MNRAS 527, 10878–10896 (2024) 
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M

Figure 7. CTN and CTK obscured AGN fractions depending on the X-ray luminosity for galaxies including BW (dashed line) or without the BW (solid line) 
and the fiducial torus model. Each panel corresponds with a different redshift as labelled. Observations shown as in Fig. 3 . 
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adio-mode dominated sources are mostly massive galaxies, that,
y construction, have a negligible gas content and low bolomet-
ic luminosities. As expected, the impact of removing the radio-
ode channel on our predictions strongly decreases at increasing

edshift and is completely marginal at the redshift of interest for 
his paper. 

For completeness, we compare our fiducial model against U14 and
19 for the obscured fraction distributions in the column density
lane in Fig. 8 . We note that the inclusion of the fiducial torus
omponent impro v es the match to observations compared to a model
nclusive of only the obscuration from the host galaxy (Fig. 5 ).
n the left panel, we show the fractions of all galaxies within X-
ay luminosities between 10 43 –10 45 erg s −1 . For column densities
etween N H ∼ 10 20 –10 21 cm 

−2 , we still predict a relative deficit
f obscured sources. Ho we ver, the model tends to better align with
he data at larger N H column densities, although the uncertainties in
he current available data are still significant. The full model host
alaxy + torus tends to smooth out the sharp peak observed before
n Fig. 5 , in better, albeit not perfect, agreement with the data. We
ote that the fraction of CTK AGN we predict from our reference
odel is never too large, roughly consistent with the one inferred by
14 and A19 from fits to the XRB, but nev er be yond the ∼10 per

ent–15 per cent limit. The inclusion of the AGN BW has a minimal
mpact on our predicted N H distributions. 

 DISCUSSION  

y modelling the small- and large-scale obscuration of AGN on
 g alaxy-by-g alaxy basis, we have been able to pin down, in the
ontext of an Orientation model, the main parameters driving AGN
bscuration (namely galaxy structure and the torus component).
ere, we discuss the robustness of these results starting from our

ssumptions, compare with other related works in the literature, and
onnect with Evolutionary models. 
NRAS 527, 10878–10896 (2024) 
Our reference model for this study is the state-of-the-art SAM
AEA , which provides a self-consistent baseline population of
alaxies, with their central SMBHs and accretion rate distributions
onsistent with the total AGN LF (see F20). The aim of this section is
o probe the impact of our results on some underlying assumptions
nd also input parameters. In an empirical/data-driven fashion, we
hus change in turn some of these main input parameters. We have
lready seen that although GAEA correctly predicts the increase of
he mean galaxy size with increasing galaxy stellar mass, only when
ssuming the steeper empirical relation from van der Wel et al. ( 2014 )
e obtain the right trend of N H with L X . Ho we ver, an R d, � = R d, gas 

elation is insufficient to reproduce the necessary CTN sources to
eproduce observations (Fig. 4 ). We thus need a more compact gas
omponent, as suggested by recent results from ALMA by Puglisi
t al. ( 2019 , 2021 ). Further observational constraints in the cold
as mass disc radii are needed in order to test our results, such
s measurements of molecular gas disc sizes, and/or larger galaxy
amples with AGN detections. We also study the effect of varying,
ithin observational constraints, the gas disc scale height h (see
ppendix A ). We find that the gas scale height h plays a minor role

n the o v erall results when compared to other variables like the BW.
Additionally, the modelling of an AGN-driven BW feedback

apable of removing significant portions of the cold gas mass from
he inner regions, affects somewhat the normalization of the fraction
f obscured AGN, but not its luminosity dependence. The only
ependence of the BW with the luminosity comes from the opening
ngle calculation, which will produce all possible angle values
etween log 10 L X = 40–44 [erg s −1 ] to then exponentially saturate
t 90 ◦ between log 10 L X = 44–46 [erg s −1 ]. Therefore, a luminosity
ependence of the BW will only slightly affect higher luminosities,
s seen in Fig. 7 . The two variables of gas disc sizes and the impact
f a BW appear therefore somewhat degenerate, as increasing the
atter requires steepening the former. More robust constraints on the
 d, gas –M � and/or the presence of BWs in AGN will help in further
uiding the models. 
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Figure 8. Obscured fractions of galaxies between L X = 10 43 and 10 45 erg s −1 (left panel) and between L X = 10 44 and 10 45 erg s −1 (right panel) as function 
of the column density for the fiducial galaxy model (host and torus) with (dotted line) and without (solid line) BW at redshift z = 2.4. Observational data 
correspond with U14 and A19, as labelled. 
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Other assumptions seem to play a minor role in setting the 
bscuration levels in AGN. For example, we checked the effect 
f adopting the empirical gas fractions as function of stellar mass
nd SFR by Santini et al. ( 2014 ), which yields similar results to our
eference model based on the GAEA gas fractions (see Appendix C ). 

By applying our fiducial torus model to our galaxies, we are includ- 
ng a luminosity dependency on the obscured fractions, as seen by 
14 and A19, which ultimately originates from the radiative fountain 
f Wada (Fig. 2 ). Ho we ver, the results obtained by B15 or A19 ML
uggest a less dependent obscured fraction with luminosity, more in 
ine with RA&R model, which alone falls short in reproducing the 
bservations despite our increase in the CF follo wing ne w results
e.g. Tanimoto et al. 2019 , 2020 , 2022 ; Ogawa et al. 2021 ; Yamada
t al. 2021, 2023 ). Including a luminosity dependence in this model
ould be achieved by including a dependency on the Eddington rate 
nstead of a constant value of the torus critical angle for all galaxies
Ricci et al. 2017a ; Ogawa et al. 2021 ; Yamada et al. 2021 ). 

When exploring the LC of the AGN (see Appendix B ), we show
hat associating to each galaxy’s column density the peak X-ray 
uminosity or a random one within the LC yields similar results,
ainly due to the relatively briefly peaking LC predicted in GAEA .
ne might wonder the consequence of extending the LC and thus
roadening the choice of X-ray luminosity to map to each N H . We
arried out this e x ercise in Appendix B , finding similar results to our
eference model. It is interesting to note that the adoption of extended
Cs also allows for exploring the impact of evolutionary patterns 
n the obscured fractions (e.g. Sanders et al. 1989 ; Granato et al.
004 , 2006 ; Lapi et al. 2006 ; Hopkins et al. 2010 ). For example, by
ssuming that obscured/unobscured AGN sources are preferentially 
hose observed in their pre-/post-peak phase, it would be possible 
o test whether traditional evolutionary models could reproduce the 
atest observations on the fractions as a function of luminosity and 
edshift. A preliminary investigation shows that forcing obscured 
ources N H > 10 22 cm 

−2 to only appear in the pre-peak phase does
ot change our results. Another interesting test involving the torus 
ppearance only during the pre-peak phase of the AGN LC is also
ncluded in Appendix B . This test confirms that the evolution of the
orus can affect the predicted fractions of obscured AGN, which may
ven fall below current observational constraints in some instances. 
ur results suggest that, despite the lifetime of the AGN torus
eing somewhat degenerate with the type of specific torus model 
dopted in the context of our model, to produce CTK obscuration
n our models the presence of an inner torus appears to be an
ssential and ubiquitous feature. This is consistent with the analytic 
alculation carried out by Buchner & Bauer ( 2017 , appendix B),
hich demonstrated that CTK column densities cannot be achieved 
y accumulating the galaxy gas o v er sev eral central kpc. 
Our current work, strictly based on exponential gas disc profiles, 

uggests that, at least at z � 3, galaxy-scale obscuration may not
e sufficient to account for the significant fraction of CTK AGN,
nd may even fall short in reproducing all CTN AGN. Nevertheless,
ome care is needed in extrapolating this conclusion at higher z. In
act, in many high- z star-forming galaxies (harbouring a growing 
entral BH), most of the host galaxy obscuration is not associated to
n extended gaseous H I disc, but rather to a roughly spherical and
ompact (about 1 kpc) central region, rich in molecular gas and dust,
here most of the star formation is taking place (e.g. Knapen et al.
006 ; Chen et al. 2016 ; Molina et al. 2023 ). There, the equi v alent gas
olumn densities may be extremely high, to provide an obscuration 
omparable, or even heavier than from the nuclear torus (cf. Gilli
t al. 2022 ). We reserve the modelling of these highly obscured
ystems in a forthcoming paper, where we will explore the full impact
f evolutionary models on AGN obscuration. None the less, we 
ave carried out a preliminary test using a three-dimensional S ́ersic
ensity profile (Prugniel & Simien 1997 ) assuming R e = R d /1.68.
his calculation suggests the possibility of fully reproducing the CTK 

ractions with only the host galaxy component with S ́ersic index n =
–3, although saturating the CTN fractions to 100 per cent. Further
argetted observational and theoretical work is needed to verify and 
onfirm these results. 

Our best model is in agreement with the recent predictions by
illi et al. ( 2022 ) who propose that the total CF from the ISM within
alaxies is not sufficient to produce CTK obscuration at z � 3.
o we ver, its contribution to obscuration can drastically increase at
MNRAS 527, 10878–10896 (2024) 
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igher redshifts due to an o v erall strong increase in the gas cloud
urface density in the host galaxies. 

 C O N C L U S I O N S  

he source of obscuration in AGN is still highly uncertain, as it
an arise from the large-scale obscuration of the galaxy, and/or from
n inner dusty torus component around the central SMBH. In this
aper, we have modelled from first principles, in the framework of
 comprehensive SAM, the origin of obscuration in AGN in the
ontext of pure orientation models with a first incursion into some
volutionary components that might play a key role in the obscuration
efinition. Our main results can be summarized as follows: 

(i) On the strict assumption of an exponential cold gas density
rofile, we find that the fraction of CTN obscuration contributed by
nly the large-scale galaxy obscuration is not enough to reproduce
he current observational constraints, unless we assume very compact
alaxies while also having the gas disc scale length increasing with
tellar mass, as measured by, for example, van der Wel et al. ( 2014 )
or the stellar discs (Figs 3 and 4 ). 

(ii) The inclusion of a physically moti v ated, AGN-dri ven shock
W reduces the gas fractions and thus the o v erall N H column
ensities. Ho we ver, the BW is not the main driver behind the drop of
he obscured CTN fractions with X-ray luminosity, which is mostly
riven by the gas disc sizes increasing with stellar mass (Fig. 4 ).
ur results point to the morphology of the cold gas component as

he main driver shaping the properties of the obscuration of AGN, at
east in CTN sources. 

(iii) Irrespective of the exact parameters and model assumptions,
he large-scale gas distributions fall short in reproducing any sig-
ificant fraction of CTK obscuration (Figs 3 and 5 ), at least at z ≤
.3, and when adopting a strictly exponential profile for the cold gas
omponent. 

(iv) The inclusion of a dusty torus with opening angle depending
n both AGN luminosity and BH mass as in Wada ( 2015 ) with the
 H limits discussed by Ramos Almeida & Ricci ( 2017 , adopted as a
ducial torus model in this work), nicely matches the full distribution
f CTK obscuration as a function of X-ray luminosity, and also
ontributes to the fraction of CTN AGN. The full fiducial model also
roadly, albeit not perfectly, aligns with the AGN N H distributions at
xed X-ray luminosity. 
(v) Within the remit of the model explored here, the presence of

n inner torus appears to be an essential and ubiquitous contributor to
GN obscuration, especially for the more luminous CTN and most
f the CTK sources. 
(vi) A time-dependent torus model disappearing in the post-peak

hase might be able to reproduce the CTN and CTK obscuration, but
t heavily depends on how the torus and the AGN LC are modelled
see Appendix B ). 

Our core results are robust against variations in input AGN LCs,
 alaxy g as masses, and disc morphology. Our work has highlighted
he key importance of a combined contribution of small- and large-
cale obscuration to provide a full census of AGN at z < 3.3.
n the other hand, some rele v ant points remain to be investigated,
amely the contribution of mergers and/or dust-enshrouded/highly
tar-forming galaxies in controlling the demography of obscured
GN, especially at high redshift, as well as the caveats mentioned

n the discussion. We aim to address these, and other Evolutionary
eatures contributing to AGN obscuration, in a forthcoming paper. 
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PPENDIX  A :  D E P E N D E N C E  O N  G A S  DISC  

CALE  T H I C K N E S S  

n this work, we have assumed that a reasonable definition for the
isc thickness is h = R d /8, as suggested by, for example, Nath Patra
 2020 ). Here, we explore the impact on our results when adopting
 different definition. The one by Ojha ( 2001 ), who proposes h =
 d /15, leads to thinner discs for all galaxies. Other works also use
 = 0.15 · R d ∼ R d /6 as fixed value (e.g. see Gilli et al. 2022 ,
nd references therein), which leads to thicker discs. We assume
onstant disc thickness throughout the redshifts studied, as observed
y Hamilton-Campos et al. ( 2023 ) in galaxies z > 1. 
In Fig. A1 , we show the CTN obscured fractions without BW

nd for the three different disc thickness definitions. The exact
alue of disc thickness h , when chosen within the observational
ange, does not significantly alter the o v erall shape of the pre-
icted CTN fractions, except for a luminosity-dependent increase
f around 10 per cent − 20 per cent at all X-ray luminosities. The
NRAS 527, 10878–10896 (2024) 

igure A1. Host galaxy CTN obscured sources for the fiducial host galaxy 
odel without BW modifying the prescription of the scale height at redshift 
 = 2.4. We compare the disc heights h = R d /6, R d /8, and R d /15. Observations 
s in Fig. 3 . 
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isc thickness can therefore be safely considered as a second-order
arameter in the column density calculation compared to other
ore impactful assumptions in the model. See, for example, our
ducial no-BW model (solid blue line) using h = R d /8, compared
ith h = R d /15 (dotted red line). Therefore, the effect of the
W, as seen in Fig. 3 , is larger than the effect of changing disc

hickness. 

PPENDI X  B:  DEPENDENCE  O N  L I G H T  C U RV E

o determine the dependence of AGN obscured fractions on lu-
inosity, it is necessary in the first place to calculate and modify

he AGN luminosity of all sources in the mock catalogue. As
entioned in the main text, we compute the bolometric luminosity

rom the QSO and Radio accretion rates from GAEA following
20, and then we use Duras et al. ( 2020 ) to determine the X-ray

uminosity. But throughout the paper, we have been using the peak
ccretion rate (and therefore the peak bolometric luminosity and peak
-ray luminosity) as the value assigned to each column density.
sing another luminosity within the LC could lead to different

esults. 
The results of this test are shown in Fig. B1 . In the left panel, CTN

ractions decrease when using a random value within the original
AEA LC, except at higher luminosities. Choosing random X-ray

uminosities within the GAEA predicted AGN evolution tends to
ick more frequently luminosities lower than the peak, and during
he post-peak, more extended phase. This effect is causing many
GN to be selected at luminosities below the 10 42 erg s −1 limit,

hus decreasing the fractions at faint, but not necessarily at high
uminosities. 

The HQ11- GAEA assumes the Hopkins et al. ( 2006 ) LC. To test the
ffect of the shape of the LC our results, we deploy a slightly different
lternative modelling, a modified LC model ( modified model from
ow on) characterized by two phases. A first regime is defined by an
xponential increase until the galaxy reaches its critical SMBH mass
t the peak luminosity, 

˙
 BH ( t) = Ṁ 

crit 
BH exp 

(
t − t peak 

t Edd 

)
, (B1) 

here Ṁ BH ( t) is the accretion rate onto the central SMBH, Ṁ 

crit 
BH is

he peak accretion rate, t peak is the time corresponding to the peak
ccretion rate, and t Edd is the Eddington time corresponding to 4.5 ×
0 7 yr for our chosen value of the radiative efficiency. Both Ṁ 

crit 
BH and

 peak formulae are given by Hopkins, Richards & Hernquist ( 2007 ).
n our test, the Ṁ 

crit 
BH is given by GAEA , but we opt for a random t peak 

ithin the possible GAEA timesteps. 
A second regime follows a power-law decline as defined by

opkins et al. ( 2006 ), 

˙
 BH = 

Ṁ 

crit 
BH 

1 + 

∣∣∣ t−t peak 

t Edd 

∣∣∣2 , (B2) 

hich is the same equation used in HQ11- GAEA for the post-peak
hase [equation (14) of F20]. 
The abo v e model, although still very similar to the original in

AEA , tends to produce more extended curves rather than sharp
eaks, with more long-lasting pre- and post-peak phases. We present
he results using both the GAEA original and modified models in
ig. B2 , for models with and without BW. X-ray luminosities are
ssigned at random within the modified model. The o v erall shapes
nd normalizations of the predicted CTN fractions are very similar
o our GAEA ones, with only a slight decrease of the fractions
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Figure B1. CTN (left panel) and CTK (right panel) obscured fractions for the fiducial model without BW (solid line), fiducial model with the BW (dashed line), 
no BW model but using the randomly picked X-ray luminosity (dotted line), and the BW model using the randomly picked X-ray luminosity (dashed–dotted 
line). Observations as in Fig. 3 . 

Figure B2. AGN obscured fractions depending on the X-ray luminosity randomly selected within the LC assuming the modified LC, for both with and without 
the BW at redshift z = 2.4. Observations as in Fig. 3 . Left panel: CTN obscured fractions. Right panel: CTK obscured fractions. 
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f obscured AGN in both the CTN and CTK regimes at lower
uminosities and an increase at higher luminosities, flattening the 
ractions and slope. Choosing random X-ray luminosities within the 
 xtended AGN curv es tends to pick more frequently luminosities
ower than the peak, especially during the (longer) post-peak phase. 
his selection again causes many AGN to fall below the 10 42 erg s −1 

ut, thus decreasing the fraction of faint AGN. 

1 Dependence on time-varying H I column density 

n this appendix, we test the impact on the AGN obscured fraction
f allowing the gas mass, and thus the N H , to vary within the
elatively short time-scale of the AGN LC. In other words, we 
ere test a variant of our reference model in which we include an
fficient AGN feedback and/or star formation rate consumption that 
an significantly and rapidly decrease the initial gas mass. To this
urpose, we follow Granato et al. ( 2004 ) who suggest that the gas
ass can in some instances decrease exponentially due to AGN 

eedback, and assume that the N H column density evolves with time
s 

 H = N H , peak · exp 

(
− t − t 0 

τ

)
, (B3) 

here N H, peak is the column density at the peak luminosity calculated 
rom equation ( 4 ) or (5 ), t 0 is the start of the modified LC, and τ =
 Gyr to roughly mimic the time behaviour predicted by Granato
t al. ( 2004 ). The time t in equation ( B3) is the time, within the
MNRAS 527, 10878–10896 (2024) 
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M

Figure B3. Host galaxy CTN obscured fractions for the fiducial model 
without BW (solid line), fiducial model with the BW (dotted line), no BW 

model but using the randomly picked X-ray luminosity with a time-dependent 
column density (dashed line), and the BW model by using the randomly 
picked X-ray luminosity with a time-dependent column density (dashed–
dotted line) at redshift z = 2.4. Observations as in Fig. 3 . 
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C, corresponding to the L X selected at random for each source as
iscussed previously. 
We show our results in Fig. B3 for our fiducial host model.
hen comparing with the outputs in Fig. 3 , it is clear that the

redicted fractions with a strongly decreasing gas mass are close
o the ones with constant N H , as expected given the relatively short
GN lifetimes. Therefore, for simplicity we continue assuming
 constant N H throughout the lifetime of the AGN as this time-
ependent evolution of the column density is not going to heavily
mpact our results. 

2 Modified light cur v e with short-li v ed torus 

nce we have a working model with random X-ray luminosity in
ur modified LC model, we can test other physically moti v ated
rescriptions for AGN obscuration. As an example, we can test the
mpact on our results of a potentially short-lived torus component,
ppearing only during a specific portion of the AGN lifetime. In
rder to test this idea, we build a toy model where the torus is only
resent during the pre-peak phase, but rapidly disappears, due to, for
xample, AGN feedback and/or gas consumption, during the post-
eak phase. In this scenario, if the source is selected in the case of pre-
eak, we include the column density coming from our fiducial torus
odel. On the contrary, if the source is in the post-peak phase, we do

ot include the torus. We compare the predictions of this toy model
gainst our fiducial model from Fig. 7 in Fig. B4 . It is interesting
NRAS 527, 10878–10896 (2024) 
o see that with this new prescription for a shorter appearance of
he torus (dotted–dashed, purple and blue, dotted lines in Fig. B4 ),
he fraction of obscured AGN decreases, in particular the CTK
GN now reduce to ∼13 per cent, which is noticeably below any
f our comparison data sets. This suppression is also evident in CTN
bscuration, where it becomes even more marked when including
he BW. 

We find that if we go back to a standard Wada torus model (Fig.
5 ), which was predicting a larger fraction of CTK sources than our

eference model (Fig. 3 ), we are able to reco v er a sufficiently high
raction of CTK comparable to the number observed (dotted–dashed,
urple and blue, dotted lines). We conclude that the features of the
pecific torus model adopted are degenerate with the lifetime of the
orus. 

PPENDI X  C :  DEPENDENCE  O F  T H E  AG N  

BSCURED  F R AC T I O N S  O N  T H E  G A S  

R AC T I O N S  IN  T H E  H O S T  G A L A X I E S  

he column densities are directly proportional to the amount of
old gas mass M cold in the host galaxy, we expect a variation of
 cold to have an impact on the implied fractions of obscured AGN.

n this appendix, we replace the gas fraction predicted by GAEA

and self-consistently computed in the model as a balance between
ooling, star formation and AGN feedback), with the empirical
elations derived from the GOODS-S (Great Observatories Origins
eep Surv e y-South sample), GOODS-N (North sample), and the
OSMOS (Cosmic Evolution Surv e y) fields sample (Santini et al.
014 ). This choice allows us to check the impact on the predicted NH
istributions when varying the underlying gas fraction in the model.
he analytic fit by Santini et al. ( 2014 ) suggests an SFR-dependent

otal gas mass of the form 

 gas = 

f gas 

1 − f gas 
M � , (C1) 

ith gas fractions calculated as 

log f gas = α + β ∗ ( log M � − 11) . (C2) 

The variables α and β depend on the SFR of the galaxy and can
e found in table 1 of Santini et al. ( 2014 ). 
Fig. C1 compares our reference model with cold gas masses from

AEA with the ones using Santini et al. ( 2014 ). The GAEA models
ith and without BW (solid blue and red dotted–dashed lines,

espectiv ely) hav e broadly similar predictions for the fractions of
TN AGN to the models assuming the cold gas masses from Santini
t al. ( 2014 ) with and without BW (dashed green and dashed–dotted
ello w lines, respecti vely). Despite relati vely minor dif ferences, the
ean CTN fractions are similar, proving that the gas fractions from

AEA are sufficiently reliable and not biasing our core results. 
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Figure B4. AGN obscured fractions depending on the X-ray luminosity of the fiducial galaxy model compared against the random X-ray luminosity within the 
modified LC, for both BW and no-BW, assuming that the fiducial torus model only appears in the pre-peak phase at redshift z = 2.4. Observations as in Fig. 3 . 
Left panel: CTN obscured fractions. Right panel: CTK obscured fractions. 

Figure B5. AGN obscured fractions depending on the X-ray luminosity of the fiducial galaxy model compared against the random X-ray luminosity within the 
modified LC, for both BW and no-BW models, assuming that the Wada torus model only appears in the pre-peak phase at redshift z = 2.4. Observations as in 
Fig. 3 . Left panel: CTN obscured fractions. Right panel: CTK obscured fractions. 
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