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A B S T R A C T 

We adopt a Bayesian X-ray spectral approach to investigate the accretion properties of unobscured (20 < log ( N H 

/ cm 

−2 < 22) 
and obscured (22 < log ( N H 

/ cm 

−2 < 24) active galactic nuclei (AGNs) to shed light on the orientation versus evolution scenarios 
for the origin of the obscuring material. For a sample of 3882 X-ray-selected AGN from the Chandra COSMOS Legacy, AEGIS, 
and CDFS extragalactic surveys, we constrain their stellar masses, M � , intrinsic X-ray luminosities, L X 

, obscuring column 

densities, N H 

, and specific accretion rates λ ∝ L X 

/M � . By combining these observables within a Bayesian non-parametric 
approach, we infer, for the first time, the specific accretion rate distribution (SARD) of obscured and unobscured AGN to z ≈ 3, 
i.e. the probability of a galaxy with mass M � at redshift z hosting an AGN with column density N H 

and specific accretion rate λ. 
Our findings indicate that (1) both obscured and unobscured SARDs share similar shapes, shifting towards higher accretion rates 
with redshift, (2) unobscured SARDs exhibit a systematic offset towards higher λ compared to obscured SARD for all redshift 
intervals, (3) the obscured AGN fraction declines sharply at log λbreak ∼ −2 for z < 0 . 5, but shifts to higher λ values with 

increasing redshift, (4) the incidence of AGN within the theoretically unstable blow-out region of the λ − N H 

plane increases 
with redshift. These observations provide compelling evidence for AGN ‘downsizing’ and radiation-regulated nuclear-scale 
obscuration with an increasing host galaxy contribution towards higher redshifts. 

K ey words: galaxies: acti ve – X-rays: g alaxies - infrared: g alaxies. 
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 I N T RO D U C T I O N  

t is currently thought that most massive galaxies in the local Universe
ost black holes in their nuclear regions with masses that approach 
r may even exceed 10 10 M � (e.g. Kormendy & Ho 2013 ). These
xtreme compact objects are believed to grow either through merging 
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ith other black holes (e.g. Volonteri, Haardt & Madau 2003 ;
’Neill et al. 2022 ) or via accretion of matter from their immediate

urroundings (e.g. Soltan 1982 ; Alexander & Hickox 2012 ). The
ormer mechanism may dominate the low-frequency gravitational 
ave background signal observed by current pulsar timing arrays 

Antoniadis et al. 2023 ) and will be studied in detail by the future
ISA (Laser Interferometer Space Antenna; Wyithe & Loeb 2003 ; 
run et al. 2022 ) gra vitational wa ve observatory. Although merging
lack holes are interesting, observational evidence demonstrates 
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hat the dominant channel for the growth of supermassive black
oles (SMBHs) at the centres of galaxies is accretion (e.g. Soltan
982 ). During this process, gaseous material is funnelled to the close
icinity of the compact object and is accreted onto it. Simultaneously,
arge amounts of energy are produced and can be observed as
adiation across the electromagnetic spectrum. Although SMBHs
xperiencing such accretion e vents (Acti ve Galactic Nuclei, AGNs)
re being observed throughout the Universe, the details of the
hysical conditions that initiate them, as well as the impact of the
roduced energy on the host galaxy, are still debated. 
One approach to address these issues is to study, in a statistical
anner, the accretion properties of AGN in relation to the charac-

eristics of their host galaxies. Any underlying trends or covariances
hat such a methodology may reveal provide hints about the physical
rocesses go v erning the feeding and feedback c ycle of SMBHs (e.g.
lexander & Hickox 2012 ). Of particular importance in this respect is

he Eddington ratio, λEdd = L bol /L Edd ∝ L bol /M BH , of an accreting
ystem. This fundamental characteristic of AGN measures how fast
r slow a SMBH accretes material relative to its maximum capacity,
.e. the Eddington limit, where radiation pressure becomes dominant
nd may regulate the flow of matter (e.g. Di Matteo, Springel &
ernquist 2005 ; Fabian, Celotti & Erlund 2006 ; Fabian, Vasude v an &
andhi 2008 ; Fabian 2012 ; Ricci et al. 2017b ). Therefore, the
ddington ratio contains information on both the efficiency of the
ccretion process and the potential of the system to launch winds
r outflows into the interstellar medium (ISM) of its host galaxy.
n recent years it has become possible to measure Eddington ratios
r proxies of that quantity for large samples of AGN both in the
ocal Uni verse (e.g. Kauf fmann & Heckman 2009 ; Schawinski et al.
010 ; Ricci et al. 2017b ; Ananna et al. 2022a ; Birchall et al. 2023 ;
orbaniuk et al. 2024 ) and at higher redshift (e.g. Schulze & Wisotzki
010 ; Bongiorno et al. 2012 ; Nobuta et al. 2012 ; Georgakakis et al.
014 ; Schulze et al. 2015 ; Bongiorno et al. 2016 ; Aird, Coil &
eorgakakis 2018 ). A broad picture emerging from these studies is
 preference for AGN residing in star-forming hosts (Mullaney et al.
015 ; Scholtz et al. 2018 ; Ni et al. 2021 ), possibly indicating the
vailability of gas reservoirs and a sharp decline in the incidence
f active SMBHs close to or abo v e the Eddington limit, suggesting
elf-regulation. 

Another fundamental property of AGN is the level of obscuration
long the line of sight to the observer. It is well established that most
MBHs accrete material behind dust and gas clouds (e.g. Ueda et al.
014 ; Aird et al. 2015 ; Hickox & Alexander 2018 ; Andonie et al.
022 ) that absorb part of the emitted radiation and block the direct
iew to the central engine, particularly in the UV/optical part of the
lectromagnetic spectrum. The nature and origin of the obscuring
aterial are not yet fully understood (e.g. Netzer 2015 ), although it

s proposed to be associated with the feeding and feedback cycle of
GN (e.g. Sanders et al. 1988 ; Wada 2012 , 2015 ), thereby, provide

nformation on the physics of black hole growth. Interestingly, in this
espect, recent studies on the statistical properties of AGN samples
nd covariances between AGN obscuration and Eddington ratio. For
xample, Ricci et al. ( 2017b , R17 hereafter) and Ricci et al. ( 2022 ,
22 hereafter), use a hard-X-ray-selected AGN sample ( > 10 keV) at

ow redshift ( ̄z = 0 . 037; Koss et al. 2022a ) to show that the fraction
f obscured AGN drops sharply with increasing Eddington ratio
bo v e λbreak ≈ 10 −2 . This trend is consistent with the expectations
f AGN radiation-dri ven outflo ws acting on a dusty medium (Fabian
t al. 2008, 2009 ), thereby pushing away the obscuring clouds and
erhaps regulating the accretion flow onto the SMBH. 
In this paper, we expand for the first time the results above to higher

edshift to explore if the trends between obscuration and Eddington
NRAS 532, 3459–3479 (2024) 
atio established in the local Universe persist to earlier cosmic times
uring the peak of the accretion history of the Universe (redshfits
 ≈ 1 − 3; Ueda et al. 2014 ; Aird et al. 2015 ). We adopt the specific
ccretion-rate ( SAR; Aird et al. 2012 ; Bongiorno et al. 2012 ), i.e.
he ratio between AGN X-ray luminosity and stellar mass of the host
alaxy, as a proxy of the Eddington ratio. This is because the direct
etermination of black hole masses (and hence Eddington ratios) for
bscured AGN outside the local Universe (e.g. via measurements
f the velocity dispersion of the host galaxy bulge), is challenging
nd e xpensiv e in observing resources. Instead, galaxy stellar masses,
hich are believed to correlate with the masses of the black holes at

heir nuclear regions (Marconi & Hunt 2003 ; Kormendy & Ho 2013 ;
uh et al. 2020 ), can be measured for large samples of AGN hosts
ia template fits to their observed spectral energy distribution (SED).
lthough this is a clear advantage, one should also bear in mind that

he scaling from galaxy stellar mass to black hole mass includes
ssumptions and potential biases (L ́opez et al. 2023 ). Although
 xtensiv e work has been carried out on the stellar mass versus black
ole mass relation in the local Universe (e.g. Kormendy & Ho 2013 ),
he redshift evolution of this scaling law and its scatter remains
oorly constrained. The impact of these uncertainties in the analysis
s discussed, when rele v ant, in our paper. 

We also use X-ray surv e ys to define the parent AGN sample used in
he analysis. This is because X-ray observations (i) provide a handle
n the line-of-sight obscuration to the active SMBHs (parametrized
y the atomic hydrogen column density N H ) and (ii) have a selection
unction that can be accurately quantified, thereby allowing inference
n the demographics of the underlying population from an observed
-ray AGN sample (Brandt & Alexander 2015 ). Our analysis

lso measures the incidence of AGN in galaxies as a function of
bscuration. For this exercise, we infer from the observations the
pecific accretion rate distribution (SARD) of AGN, which measures
he probability of a galaxy hosting an active black hole of a given
AR. This analysis step extends previous works on the o v erall SARD
f the AGN population (Aird et al. 2012 ; Bongiorno et al. 2012 ;
eorgakakis et al. 2017b ; Aird et al. 2018 ) that do not discriminate
etween systems with dif ferent le vels of line-of-sight obscuration.
ection 2 describes the X-ray surv e ys and the multiwavelength data
sed in this work. Section 3 discusses the analyses of the observations
o derive line-of-sight obscuration levels and galaxy stellar masses
nd infer the AGN incidences. We present our results in Section 4
nd show how the SARD evolves with redshift and obscuration. In
ection 5 , we discuss the implications of our results on the fuelling
echanisms of SMBHs and their evolution. Finally, our findings

re summarized in Section 6 . Throughout the paper, we adopt the
ollowing cosmological parameters: H 0 = 70 km s −1 Mpc −1 , �M 

=
 . 3, and �� 

= 0 . 7. 

 DATA  

.1 Multiwavelength photometry and redshift 

e use X-ray selected AGN detected in three extragalactic survey
elds observed by the Chandra X-ray observatory (Weisskopf et al.
000 ): the Chandr a COSMOS Le gac y (Ci v ano et al. 2016 ), the all-
av elength e xtended groth strip X-ray deep (AEGIS-XD; Nandra

t al. 2015 ) and the Chandra deep field south (CDFS; Luo et al.
017 ). Details regarding the construction of X-ray source catalogues,
dentification of the sources’ multiwavelength counterparts, and
edshift determination are presented in Georgakakis et al. ( 2017b ).
his section provides a brief o v erview of the three fields and rele v ant
ata analysis steps. 
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Table 1. Number of unique X-ray detections in different energy bands in 
each of the three Chandra X-ray survey fields used in this work. 

Surv e y Full Soft Hard Ultra-hard Any 
0.5–7 keV 0.5–2 keV 2–7 keV 4–7 keV band 

COSMOS 2658 2172 1754 791 2846 
AEGIS-XD 806 683 547 287 878 
CDFS 418 406 282 183 486 
All 3882 3261 2583 1261 4210 
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Table 2. Number of X-ray sources selected in the 0.5–7 keV band with 
spectroscopic, photometric, or no redshift estimation for each of the three 
Chandra X-ray survey fields used in this work. 

Redshift type COSMOS AEGIS-XD CDFS Total 

Spectroscopic 1536 319 267 2122
Photometric 1087 487 147 1721
No estimation 35 0 4 39 

Total 2658 806 418 3882

Figure 1. Central panel: Distribution of the intrinsic 2–10 keV X-ray 
luminosity (see Section 3.1 ) as a function of redshift. The blue circles, black 
squares, and red triangles correspond to 0.5–7 keV selected X-ray sources 
in the COSMOS Le gac y, AEGIS-XD, and CDFS surv e ys, respectiv ely. Top 
panel: Redshift distribution of the X-ray sources. The different colours are 
for COSMOS (blue), AEGIS-XD (black), CDFS (red), and the full sample 
(yellow). Right panel: Intrinsic X-ray luminosity distribution of X-ray sources 
in the different surv e ys. The colour coding is the same as in the top panel. 
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The Chandra COSMOS Legacy field is the largest survey used in 
ur analysis with a total area of 2 deg 2 . The tiling of the Chandra
ointings within this field is such that the total exposure time reaches
 homogeneous limit of 160 ks in the central ∼ 1 . 5 deg 2 part of the
urv e y and drops to 80 ks in the outer regions. AEGIS-XD, covering
 . 29 deg 2 , has a longer exposure time of 800 ks per Chandra pointing.
DFS is the smallest of the three surv e ys with a 0 . 13 deg 2 area but
lso the deepest with a total exposure time that sums up to a total of
 Ms (Luo et al. 2017 ). In this work, we use the CDFS X-ray source
atalogue presented by Georgakakis et al. ( 2017b ) that uses the first
 Ms of exposure time in this field ( Chandra observations carried out
p to 2010 July 22) to define the X-ray selected AGN sample. For
xtracting X-ray spectra of the detected X-ray sources, ho we ver, all
handra pointings in CDFS with a total exposure time of 7,Ms are
sed. 
The X-ray observation reduction and source detection follow the 
ethods of Laird et al. ( 2009 ) and Nandra et al. ( 2015 ). They enable

ccurate characterization of the X-ray selection function, i.e. the 
robability of detecting an X-ray source with a given count-rate or
ux across the surv e y area, based on the sensitivity map construction
teps described in Georgakakis et al. ( 2008 ). X-ray sources are
etected independently in four energy bands, 0.5–2 keV (soft), 2–
 keV (hard), 4–7 keV (ultra-hard), and 0.5–7 keV (full), each with
he Poisson false detection probability threshold < 4 × 10 −6 . Table 1
eports the total number of sources in each energy band for the three
handr a surv e y fields. F or the purpose of optimizing statistics, this

tudy focuses on the energy band with the highest number of sources,
.e. the full band 0.5–7 keV. Our final sample contains 3882 sources,
ith 2658, 806, and 418 detections within the COSMOS Le gac y,
EGIS-XD, and CDFS, respectively. 
The identification of X-ray sources with multiwavelength counter- 

arts in the optical to mid-infrared (mid-IR) is based on the likelihood
atio method (LR; Sutherland & Saunders 1992 ; Brusa et al. 2007 ).
pecific details on the identification of sources in the Chandra survey 
elds used in this work can be found in Aird et al. ( 2015 ). The LR
easures the ratio between the probability of a multiwavelength 

ource being the true counterpart of an X-ray detection and the 
robability of it being a spurious association. The calculation takes 
nto account both the magnitude of a potential counterpart and its
ngular separation relative to the X-ray source under consideration. 
he photometric catalogues used to identify X-ray sources differ 

or each field. In the case of the COSMOS-Le gac y field, we use
he COSMOS intermediate and broad band photometry Catalogue 
008. 1 For AEGIS-XD and CDFS, counterparts are identified using 
 custom version of the rainbow cosmological surv e ys Database 2 

P ́erez-Gonz ́alez et al. 2005 , 2008 ; Barro et al. 2011 ), which provides
 compilation of the various photometric data sets. 
 http:// irsa.ipac.caltech.edu/ data/ COSMOS/ datasets.html 
 https:// arcoirix.cab.inta-csic.es/ Rainbow Database/ Home.html 
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Spectroscopic or photometric redshifts for the X-ray sources in 
he Chandra survey fields used in this work are from Hsu et al.
 2014 ) (CDFS), Nandra et al. ( 2015 ) (AEGIS-XD), and Georgakakis
t al. ( 2017b ) (COSMOS Le gac y). Table 2 summarizes the redshift
nformation available for each field. Overall, 2122 sources have 
 spectroscopic redshift estimation, whereas 1721 sources have a 
hotometric redshift probability distribution function (PDF). The 
emaining 39 sources do not have any redshift estimation. 

Fig. 1 presents the distribution of the X-ray sources used in this
ork across the luminosity-redshift plane. The determination of 2–
0 keV luminosities is based on the X-ray spectral analysis results
escribed in Section 3.1 . Fig. 1 demonstrates that the combination
f the three Chandra survey fields with different X-ray depths and
reas allows us to explore the AGN population o v er a reasonably
road luminosity and redshift baselines. 

.2 The X-ray spectral extraction 

he extraction of X-ray spectra for individual X-ray sources follows 
he methodology of Laloux et al. ( 2023 ). The COSMOS, AEGIS-
D, and CDFS surv e ys used in this work encompass multiple
 v erlapping observations. Consequently, each source typically lies 
n several distinct Chandra pointings. Our approach extracts X-ray 
pectra at both the position of a given source and appropriately
elected background positions from all the available o v erlapping 
MNRAS 532, 3459–3479 (2024) 

http://irsa.ipac.caltech.edu/data/COSMOS/datasets.html
https://arcoirix.cab.inta-csic.es/Rainbow_Database/Home.html
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bservations. Calibration files, i.e. the auxiliary response files (ARF)
nd redistribution matrix files (RMF), are also produced for each of
he extracted spectra of a given source. Subsequently, these products
re coadded using the combine spectra task of CIAO 4.13
Fruscione et al. 2006 ) to generate a single spectrum for each source,
long with the associated ARF, RMF, and background spectrum.
he circular region within which a source’s X-ray photons are
xtracted has a radius that maximizes its signal-to-noise ratio, as
xplained in Laloux et al. ( 2023 ). The background region is an
nnulus surrounding the source under consideration with inner and
uter radii that are respectively 2.5 and 20 arcsec larger than the
xtraction radius of the source’s X-ray spectrum. The outer radius
ay be progressively expanded until the background region contains

t least 100 photon counts. Any other X-ray sources that lie within
he background region are masked out during this process. 

 ANALYSIS  

his section outlines the methodological steps that lead to the
etermination of the SARD for obscured and unobscured AGN from
he X-ray selected sample of Section 2 . The Bayesian X-ray spectral
tting, described in Section 3.1 , yields PDF for the intrinsic 2–
0 keV X-ray luminosity, L X , and line-of-sight column density, N H ,
or individual X-ray AGN. The stellar masses, M � , of the AGN
ost galaxies are estimated by fitting templates to their broad-band
ED as described in Section 3.2 . The statistical Bayesian inference
pproach, combining the outcomes of the X-ray spectral analysis
nd SED fitting process to derive the SARD as a function of the
bscuration, is described in Section 3.3 . 

.1 X-ray spectral fitting 

n this work, we use the Bayesian X-ray Analysis (BXA) package
Buchner et al. 2014 ) to fit the X-ray spectra extracted as described
n Section 2.2 . Powered by the ULTRANEST package (Buchner
021 ), BXA efficiently explores the entire parameter space without
etting stuck in local minima. A notable advantage of this Bayesian
pproach is the ability to incorporate prior knowledge about specific
arameters, such as the full photometric redshift PDF. Additionally,
he output of this algorithm is in the form of a list of equiprobable
ets of parameter values. From this list, one can build the posterior
istribution for each free parameter of the model, accurately rep-
esenting parameter uncertainties and covariances. These posterior
istributions are further propagated in the analysis, e.g. for the
eri v ation of SARD. 
Given the limited number of photons in many X-ray spectra, we

dopt CSTAT statistics (Cash 1979 ) as our likelihood function. This
tatistical approach accounts for the Poisson nature of the data and
ecessitates modelling both the source and background spectra. To
ddress the latter, we employ the automatic background()
ommand in BXA (Simmonds et al. 2018 ). This machine-learning-
ased algorithm empirically derives the principal components of the
ackground model and their parameter values. 
The source spectra are fitted with the physically moti v ated model

XCLUMPY (Buchner et al. 2019 ) in which the obscuring material
s distributed in clumps in a toroidal shape around the SMBH. The
lumpiness of the torus is supported by observational evidence in
oth X-ray (Risaliti, Elvis & Nicastro 2002 ; Esparza-Arredondo et al.
021 ) and mid-infrared (Ramos Almeida et al. 2009 , 2011 ) studies.
n this model, two types of clouds surround a central emitting source,
mall clouds scattered in a torus-like volume, and large Compton-
hick (CTK; N H > 10 24 cm 

−2 ) clouds distributed in a ring on the
NRAS 532, 3459–3479 (2024) 
quatorial plane. The UXCLUMPY spectral model is produced by
 radiative transfer code that tracks individual photons emitted by a
entral source, interacting or not with the surrounding material before
eaching the observer. This approach generates a complex spectrum
ependent on the various model parameters controlling the geometry
f the obscurer and the physical properties of the source. The
XCLUMPY model incorporates three main components contribut-

ng to the o v erall spectrum. The transmitted component represents
hotons that escape without interacting with the obscuring material.
he reflected component includes photons that undergo scattering
r reflection after interacting with the obscuring material. The
uorescent lines component represents photons that are re-emitted
fter absorption, with the dominant contribution from neutral iron
toms at 6.4 keV. Additionally, in local obscured Seyferts, a soft X-
ay photon excess is often observed. This is believed to be produced
y photons scattered by photo-ionized gas clouds located abo v e
he torus into line of sight of the observer (Bianchi, Guainazzi &
hiaberge 2006 ). To account for this excess, a second UXCLUMPY
odel is added to mirror the intrinsic spectrum without absorption.
xcept for its normalization, all the parameters of this second model

e.g. spectral index) are linked to the main model. 
In our study, several UXCLUMPY parameters are fixed, while the

thers are allowed to vary within predefined prior distributions. A
etailed discussion of these choices can be found in Laloux et al.
 2023 ), and the parameter settings are presented in Table 3 . In
XCLUMPY, the spatial distribution of the small clouds surrounding

he central engine is controlled by the TORsigma parameter, which
s fixed at 28 deg . The covering factor of the large equatorial CTK
louds is set to CTKco v er = 0.4. The inclination angle with respect
o the plane of the torus is fixed to 45 deg . The central source of
he AGN emits a power-law continuum with a high energy cutoff
xed at E cutoff = 200 keV and a photon index, �, that follows a
aussian prior distribution centred on 1.95 with a standard deviation
f 0.15 (Nandra et al. 1997 ). The line-of-sight column density,
 H , the power-law continuum normalization, and the soft-scattering

omponent normalization follow a log-uniform prior in the intervals
0 to 26, −8 to 3, and −7 to −1 . 5, respectively. The soft-scattering
ormalization refers to the fractional contribution of the soft-
cattering component relative to the intrinsic power-law component.
omputationally, this is achieved by setting the normalization of the

oft-scattering model to log(norm torus) + log(norm scattering). If
 source has a spectroscopic redshift, the UXCLUMPY redshift
arameter is fixed to that value. If a photometric redshift PDF
s available, it is used as a prior in the modelling. If no redshift
nformation is available (a total of 39 sources, see section 2.1 ), then
e assign a uniform prior in the range 1 < z < 6 to the UXCLUMPY

edshift parameter as a source for which we cannot obtain a redshift
stimation is most likely abo v e z > 1 (Georgakakis et al. 2017b ). The
ormalization of the background model is set to the value estimated
y the automatic background() task of BXA re-scaled to the
ource area. This decision does not impact the final results. The X-
ay spectroscopic methodology described abo v e, by accounting for
bservation uncertainty, yields robust parameter constraints (Laloux
t al. 2023 ). Fig. 2 illustrates the spectroscopic results by displaying
he best-fitting model of the spectra of three sources (from left to
ight, an unobscured, a CTN obscured, and a CTK obscured AGN). 

.2 Spectral energy distribution fitting 

itting theoretical and/or empirical model templates to the observed
ED of extragalactic sources yields valuable information on their
hysical properties (Conroy 2013 ). In this study, our primary goal is
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Table 3. Input parameters of the UXCLUMPY model and the 
adopted fixed value or the prior used in the X-ray spectral 
analysis. 

Parameter Prior 

TORsigma fix ed = 28 de g 
CTKco v er fixed = 0.4 
Inclination fix ed = 45 de g 
E cutoff fixed = 200 keV 

photon index � Gaussian (1.95, 0.15) 
log ( N H / cm 

−2 ) uniform (20, 26) 
log(norm torus) uniform ( −8, 3) 
log(norm scattering) uniform ( −7, −1.5) 
redshift spectroscopic fixed at source redshift 
redshift photometric photometric PDF 
no redshift estimation uniform (1, 6) 
log(norm background) fixed at measured value 
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o reco v er the stellar masses of AGN host galaxies by modelling
heir multiwavelength (UV to mid-IR) broad-band photometry. 
he templates we adopt include both stellar population and AGN 

mission modules, enabling the separation of galaxy light from that 
ssociated with the nuclear compact object and thus allowing the 
stimation of critical galaxy properties, such as stellar mass. For 
his application, we choose to use the Code Investigating GALaxy 
mission (CIGALE hereafter; Boquien et al. 2019 ; Yang et al. 2022 )
ecause it is computationally efficient and e xtensiv ely tested. 
CIGALE provides different SED template-generating modules, 

ach corresponding to different emission mechanisms and/or com- 
onents. These modules are go v erned by a set of parameters that
an vary within a user-defined grid. The combination of the different 
igure 2. Examples of X-ray spectroscopic results for an unobscured, CTN obscu
or each source, the top panel shows the spectrum ( blue crosses ) and the best-fittin
- σ uncertainty of the best-fitting model is shown with the grey area . The lower pa
odules results in a multidimensional parameter grid where each 
ode represents a specific combination of parameter values for 
hich CIGALE generates a template SED. The comparison of these 
odels with the observed photometry using the χ2 statistic yields the 

est-fitting set of module parameters, their associated uncertainties, 
nd their PDFs. To ensure the selection of appropriate modules 
nd parameter sets, we follow the prescriptions of previous studies 
Mountrichas et al. 2021 ; L ́opez et al. 2023 , see Table A1 in the
ppendix). The chosen modules and their corresponding parameters 

re briefly described below. 
For the host galaxy stellar component, we employed a delayed star- 

ormation history that parametrizes the star-formation rate (SFR) as 
FR ( t) ∝ t × exp ( −t/τ ). The SFR peaks at the time τ and then
eclines exponentially, with an optional star formation burst with an 
-folding time of 50 Myr to account for recent intense star-formation
ctivity. The stellar population is modelled from the stellar templates 
f Bruzual & Charlot ( 2003 ) with the initial mass function of Chabrier
 2003 ) and solar metallicity (Z = 0.02). We also incorporate the
ebular module (Inoue 2011 ), which includes the typical nebular 
mission lines observed in star-forming galaxies with a line width of
00 km s −1 . The dust attenuation follows a modified Calzetti et al.
 2000 ) law, and the dust emission from the host galaxy with no
GN contribution is modelled by the Dale et al. ( 2014 ) templates.
or the AGN emission, we employ the SKIRTOR model (Stalevski 
t al. 2016 ), which uses a 3D radiation-transfer code to simulate
he interaction of photons emitted by a central source with a two-
hase medium torus, consisting of a smooth and low-density medium 

ontaining high-density clumps. The scaling factor of the module, the 
GN fraction, represents the ratio of the IR emission from the AGN

o the total emission (AGN + host galaxy) within the 8 − 1000 μm
est-frame range. In this work, we consider both type I and type II
MNRAS 532, 3459–3479 (2024) 

red, and CTK obscured AGN (left, central, and left columns, respectively). 
g model ( black solid line ), on top of the residual, defined as log ( data 

model ). The 
nels indicate for each source the N H posterior PDF. 
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Figure 3. Demonstration of how we use CIGALE to account for photometric 
redshift PDFs of individual sources. Top panel: The redshift PDF of an 
example X-ray source in the sample is split into four intervals with width 

 z = 0 . 1. For clarity, the part of the PDF within each redshift interval is 
shaded with a different colour. The fraction of the photometric redshift PDF 
in each interval is indicated by coloured numbers at the bottom of the panel. 
Bottom panel: Demonstration of the Gaussian mixture model adopted to 
reco v er the stellar mass PDF for the same source. For each redshift interval 
of the top panel, CIGALE returns a best-fitting value for the stellar mass, 
M � , and the corresponding uncertainty. These are used to generate Gaussians 
with means equal to the best-fitting stellar masses and standard deviations 
equal to the stellar mass uncertainties. These Gaussians are shown with the 
coloured curves. The colour coding corresponds to the redshift intervals of 
the top panel. The normalization of these curves is set by the fraction of 
the photometric redshift PDF within each redshift interval (i.e. the coloured 
numbers in the top panel). The sum of the Gaussians (black solid line) is the 
total log( M � ) PDF. 
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GN, corresponding to SKIRTOR model viewing angles of 30 and
0 deg , respectively. 
One of the limitations of CIGALE is that it requires fixing the

edshift, preventing the utilization of photometric redshift PDFs.
iven that a sizeable fraction of the X-ray selected AGN sample in

his study has photometric redshift estimations, we need to address
his limitation and account for the redshift uncertainties in the
eri v ation of the physical parameters from the SED fitting process.
ur approach consists of marginalizing o v er the redshift uncertainty
y importance sampling. We sample the z-PDF in regular redshift
ntervals, and for each, we perform the SED fitting with the redshift
xed to the mean value of the interval. This approach yields, for a
iven source, multiple estimates of physical parameters, e.g. stellar
ass or SFR, each corresponding to a different redshift bin. These

stimates are then weighted and combined to generate posteriors for
he parameter of interest. 

Fig. 3 illustrates our approach. We segment the redshift range into
ins of 0.1 width and calculate their weight based on the fraction
f the redshift PDF within each bin. For each source and each
edshift bin with a weight exceeding a 10 −3 threshold, we create
uplicates of the photometric data, fixing the redshift to the bin’s
ean value, and perform SED fitting on each duplicate. Finally, for
 given source, the posterior PDF of a parameter of interest, such as
he stellar mass, is constructed as a Gaussian mixture. A Gaussian is
enerated for each redshift bin, centred on the parameter best-fitting
alue from CIGALE. The standard deviation and the amplitude of
he Gaussian are given by the uncertainty of the best-fitting value
NRAS 532, 3459–3479 (2024) 
nd the weight of the redshift bin, respectively. The full posterior
arameter distribution is the sum of these Gaussians, allowing easy
xtraction of the parameter’s median and lower/upper limits. The
tellar mass distribution of the sources of the three different surv e ys
s a function of the redshift is illustrated in the top panel of Fig. B3
n the Appendix B . 

.3 Specific accretion rate distribution calculation 

his section describes the algorithm adopted in this work to estimate
he SARD of the X-ray selected AGN from Section 2 based on
heir inferred X-ray luminosities (refer to Section 3.1 ) and stellar

asses (refer to Section 3.2 ). For each source, the posterior parameter
istribution of both analyses must be merged to obtain the SAR
SAR = L X /M � posterior distribution. For this, we attribute a stellar
ass value to each parameter set ( N H , L X , z, �) constituting the X-

ay spectroscopy posterior distribution. This M � value is randomly
rawn from a normal distribution parametrized by the SED results.
or sources with spectroscopic redshift, the centre and the width
f the normal distribution correspond respectively to the best-fitting
tellar mass and its 1- σ uncertainty. For sources with photometric
edshift, the posteriors are matched by redshift, meaning the process
s identical but the redshift value within the parameter sets indicates
hich SED fitting result to use, i.e. the one of the nearest redshift
in. Now that each parameter set includes both the stellar mass and
-ray luminosity, the λSAR value can be computed, resulting in the
AR posterior distribution for each individual source. Similarly to
revious works (Bongiorno et al. 2016 ; Georgakakis et al. 2017b ;
ird et al. 2018 ), we re-scale the λSAR to Eddington ratio units using

he bolometric correction L bol = 25 · L X (2 − 10 keV) (e.g. Elvis
t al. 1994 ) and the scaling relation M BH = 0 . 002 M � (Marconi &
unt 2003 ) in the following way 

= 

L bol 

L Edd 
= 

L bol 

1 . 3 × 10 38 · M BH 
≈ 25 · L X (2 − 10 keV) 

1 . 3 × 10 38 · 0 . 002 M � 

∼ 10 −34 L X 

M � 

, (1) 

ith M � in solar mass units and X-ray luminosity in erg s −1 . We
mphasize that these simplistic scaling relations are applied to make
he accretion rate L X /M � resemble the Eddington ratio. The impact
f these assumptions on our results and conclusions is discussed in
ater sections. Fig. B3 in Appendix B illustrates the distribution of
ndividual X-ray sources in the COSMOS, AEGIS-XD, and CDFS
urv e ys on the λ versus redshift parameter space. 

The estimation of the SARD relies on the sampling of the Poisson
ikelihood function originally used to determine the X-ray luminosity
unction of AGN (XLF; Loredo 2004 ; Aird et al. 2010 , 2015 ; Buchner
t al. 2015 ; Georgakakis et al. 2015 ; Laloux et al. 2023 ). We exploit
he fact that the AGN XLF can be expressed as the convolution of the
tellar mass function (SMF), ψ( M � | z), and the SARD, P ( λ| z, M � ),
hich is defined as the probability of a galaxy at redshift z and with

tellar mass M � hosting an AGN accreting at a specific accretion rate
(Georgakakis et al. 2017a ). We extend this framework to include

n additional dependence of the SARD on AGN obscuration, which
s parametrized by the line-of-sight hydrogen column density N H .

ith this extra dimension, the likelihood function can be written as 

 ( D | ω) = e −μ( ω) ×
N ∏ 

i= 1 

∫ 
d V 

d z 
d z d log M � d log N H d log λ

p( z, M � , N H , λ | d i ) ψ( M � | z) P ( λ, N H , z, M � | ω) , 

(2) 
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Figure 4. Sensitivity curve as a function of count rate in the full band (0.5–
7 keV) for the COSMOS (dash-dotted blue), AEGIS-XD (dotted orange), and 
CDFS (solid green) surv e ys. The total sensitivity area for the three fields is 
shown with the dashed black curve. 
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Table 4. Initial boundaries of the parameter space bins. 

Parameter Bin boundaries 

Redshift [0.0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 6.0] 
log ( N H / cm 

−2 ) [20, 22, 24, 26] 
log λ [ −5, −4, −3.5, −3, −2.5, −2, −1.75, − 1.5, −1.25, 

−1, 
−0.75, −0.5, −0.25, 0, 0.25, 0.5, 0.75, 1, 1.25, 1.5, 2] 

log ( M � /M �) [9.5, 11.5] 
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here p( z, M � , N H , λ | d i ) is the probability that a source has a
edshift z, a mass M � , an obscuration N H , and an accretion rate

given the observational data d i . P ( λ, N H , z, M � | ω) is the model
f the SARD (at fixed λ, N H , z, M � ) that is to be constrained by the
bservations and is described by the set of parameters ω. The SARD
s a probability density function and, therefore, at fixed redshift and 
 � interval, it follows the normalization ∫ 
P ( λ, N H , z, M � ) d log λ d log N H = 1 . (3) 

he expected total number of detected AGN in a surv e y for a
articular set of model parameters ω is 

( ω) = 

∫ 
d V 

d z 
d z d log M � d log N H d log λ

A ( λ, N H , z, M � ) ψ( M � | z) P ( λ, N H , z, M � | ω) , (4) 

here A ( λ, N H , z, M � ) is the sensitivity curve of the X-ray selected
ample, quantifying the probability of detection of a source with a 
iven N H , λ, z, and M � . It is derived from the indi vidual sensiti vity
aps generated for each surv e y, following Georgakakis et al. ( 2008 ).
hese maps represent the area sensitive to a source with a given
.5–7 keV X-ray photon count rate, and their sum gives the total
ensitivity map, as displayed in Fig. 4 . Then, following Laloux 
t al. ( 2023 ), we predict with the UXCLUMPY spectral model
he expected count rate for a source for a given parameter set
 λ, N H , z, M � ). Combining the expected count rates with the total
ensitivity map, normalized to the total surv e y area, yields the
ensitivity curve A ( λ, N H , z, M � ). In the equations above, we adopt
he stellar mass function parametrization presented by Ilbert et al. 
 2013 ), which is consistent with recent observational constraints (e.g. 

eaver et al. 2023 ). Ilbert et al. ( 2013 ) use two Schechter functions
ith parameters evolving with redshift to represent the mass function 
f galaxies in the redshift interval z = 0 − 4. 
For computational efficiency, we adopt a non-parametric approach 

or the determination of P ( λ, N H , z, M � ). This involves defining a
D grid in SAR, column density, redshift, and stellar mass, where 
he SARD is assumed to be constant within each grid hypercube 
ith dimensions ( log λ ± δ log λ, N H ± δN H , z ± δz, M � ± δM � ). To

nsure smoothness, a prior is imposed on the SARD slope along the
-axis. This prior enforces that the inclination of the slope between 

wo successive grid points is drawn from a Gaussian distribution 
entred on the slope inclination between the two preceding grid 
oints. 
Table 4 lists the grid boundaries of the hypercubes that de-

ne the non-parametric P ( λ, N H , z, M � ) model. Although included
or consistency, the highest redshift bin (3 < z < 6) is not uti-
ized in our analysis due to its limited number of sources. The
ogarithmic column density space is split into three bins: unob- 
cured (20 < log N H / cm 

−2 < 22), obscured (22 < log N H / cm 

−2 <

4), and Compton-thick (CTK; 24 < log N H / cm 

−2 < 26). Ho we ver,
n this paper, we focus solely on Compton Thin AGN (CTN;
og N H / cm 

−2 < 24) due to challenges in robustly identifying CTK
GN in deep extragalactic survey fields (e.g. Ananna et al. 2019 ;
aloux et al. 2023 ). None the less, we include a CTK interval in the
nalysis to account for the N H -PDF of individual sources extending
nto this regime. Along the λ-axis, the grid is finer for moderate to
igh accretion rates ( −2 < log λ < 1 . 5) to allow more flexibility in
his regime where the SARD may vary rapidly. The purpose of the
owest specific accretion rate bin ( −10 < log λ < −5) is to account
or the majority of galaxies that host practically inactive SMBHs at
heir nuclear regions. We adopt a single logarithmic stellar mass bin
n the interval 9.5–11.5. The chosen stellar mass range brackets the
ajority of our sources, and a finer binning in this axis would result

n more noisy SARD constraints. 
Normal galaxies with X-ray emission dominated by binaries or hot 

as instead of accretion onto SMBHs are present in our sample and
re likely to be rele v ant to ward lo w luminosities ( L X < 10 42 erg s −1 ).
e account for this potential source of contamination in a statistical
ay by adding terms in the likelihood (equations 2 and 4 ) that depend
n the X-ray luminosity function of normal (i.e. non-AGN) galaxies. 
he modified likelihood can be written as 

 ( D | ω, θgal ) = e −μ( ω) ×
N ∏ 

i= 1 

[∫ 
d V 

d z 
d z d log M � d log N H d log λ

p( z, M � , N H , λ| d i ) ψ( M � | z) P ( λ, N H , z, M � | ω) 

+ 

∫ 
d log L X 

d V 

d z 
d z p( L X , z| d i ) φgal ( L X , z| θgal ) 

]
. 

(5) 

( ω) = 

∫ 
d V 

d z 
d z d log M � d log N H d log λ

A ( λ, N H , z ) ψ( M � | z ) P ( λ, N H , z, M � | ω) 

+ 

∫ 
d log L X 

d V 

d z 
d z A gal ( L X , z) φgal ( L X , z | θgal ) , (6) 

here p( L X , z | d i ) is the parameter posterior distribution from X-
ay spectroscopy and φgal ( L X , z | θgal ) is the normal galaxy XLF,
haracterized by the set of parameters θgal . Given that the constraint
f this non-AGN galaxy component is outside the scope of this work
nd well-studied in the past (e.g. Geor gantopoulos, Geor gakakis &
oulouridis 2005 ; Ptak et al. 2007 ), we decide not to fit this

unction. We use instead the parametric X-ray luminosity function 
gal ( L X , z| θgal ) of Aird et al. ( 2015 ), based on the previous works of
MNRAS 532, 3459–3479 (2024) 
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Table 5. Parameters of the normal galaxy X-ray luminosity function φgal . 

Parameter log K log L 0 α β z c 

Value −3.59 41.12 0.81 2.66 0.82 
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eorgakakis et al. ( 2006 , 2007 ). This function has a Schechter form 

gal ( L X , z) = K 

(
L X 

L 

∗
X 

)−α

e 
− L X 

L ∗X , (7) 

here L X is the 2–10 keV X-ray luminosity and L 

∗
X is defined as 

og L 

∗
X ( z) = 

{
log L 0 + β log (1 + z) if z < z c 
log L 0 + β log (1 + z) if z ≥ z c 

. (8) 

he different parameters are fixed to the best-fitting values presented
y Aird et al. ( 2015 ) and listed in Table 5 . 
The Hamiltonian Markov Chain Monte Carlo code STAN (Car-

enter et al. 2017 ) is used for Bayesian statistical inference. It is
sed to sample the likelihood of equation ( 5 ) and produce posterior
istributions for each of the grid hypercubes that define the non-
arametric SARD model, P ( λ, N H , z, M � | ω). 

 RESULTS  

.1 Specific accretion rate distribution 

ig. 5 shows the SARDs for unobscured (10 20 < N H < 10 22 cm 

−2 )
nd obscured Compton thin (CTN; 10 22 < N H < 10 24 cm 

−2 ) AGN
t different redshift intervals. For clarity, we only plot the SARDs
ut to redshift z = 2. The shaded regions in this figure correspond
o the 68 per cent confidence interval estimated from the SARD
NRAS 532, 3459–3479 (2024) 

igure 5. Specific accretion rate distribution for the unobscured ( left panel , log N
opulations. The solid lines and corresponding regions represent the median and
yellow shaded), 0.5–1 (black hatched), 1–1.5 (blue shaded), and 1.5–2 (horizontal
ddington ratio via equation ( 1 ). For completeness, we also show the SAR in units
osterior distributions, while the solid lines represent the median
alue of the posterior at fixed SAR and redshift intervals. The
ndividual SARD curves in Fig. 5 exhibit a complex shape, broadly
haracterized by three segments. First, a steep-slope regime emerges
t high SAR, indicating a rapid decline in the SARD with increasing
beyond a turnover point. Secondly, a plateau where the SARD

attens or mildly drops with increasing λ, extending to SAR of
bout 1–1.5 dex below the turnover point. Finally, at very low SAR
 λ ≈ 10 −3 − 10 −2 ), the median of the SARD curves decreases with
ecreasing λ. This low λ regime roughly corresponds to X-ray
uminosities � 10 42 erg s −1 for the typical stellar masses of the X-ray
elected sample, M � ≈ 10 10 − 10 11 M � (see Fig. B3 ). At these X-ray
uminosities, the contribution of normal galaxies to the likelihood in
quation ( 5 ) becomes significant. Furthermore, in the low λ regime,
he uncertainties of the SARD measurements increase because of the
imited sensitivity of the X-ray selected sample to wards lo w X-ray
uminosities. 

A striking feature of Fig. 5 is the redshift evolution of the SARDs,
hich appear to shift towards higher SAR with increasing redshift.
his trend applies to both obscured and unobscured AGN. Therefore

he probability of a galaxy hosting a high SAR event increases with
edshift, independent of the level of line-of-sight obscuration to the
entral engine. Additionally, Fig. 5 reveals a clear difference in the
elative normalization of the unobscured and obscured SARDs at
xed redshift, with the latter being systematically higher. This offset
etween the two populations reflects the higher fraction of obscured
GN in the Universe, a proportion known to increase with redshift

e.g. La Franca et al. 2005 ; Hasinger 2008 ; Buchner et al. 2015 ).
ur baseline methodology normalizes the SARD via equation ( 3 ),
reserving differences in the relative fraction of obscured/unobscured
GN in the results. 
 H / cm 

−2 < 22) and obscured CTN ( right panel , 22 < log N H / cm 

−2 < 24) 
 the 1 σ confidence interv als, respecti vely, for dif ferent redshift bins: 0–0.5 
 red hatched). The lower x-axis in each panel is the SAR rescaled to units of 
 of erg s −1 M 

−1 
� at the upper x-axis of each panel. 
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Figure 6. Specific accretion rate distributions for the unobscured ( blue , log N H / cm 

−2 < 22) and obscured ( orange , 22 < log N H / cm 

−2 < 24) AGN populations. 
The plotted SARDs are normalized to unity for each obscuration bin following equation ( 9 ). The lower x-axis in each panel is the SAR rescaled to units of 
Eddington ratio via equation ( 1 ). For completeness, we also show the specific accretion rate in units of erg s −1 M 

−1 
� on the upper x-axis of each panel. The 

solid lines and shaded regions represent the median and the 1 σ confidence interv als, respecti vely. Each panel corresponds to a different redshift interval from 

z = 0 − 0 . 5 to z = 2 . 5 − 3. In the z < 0 . 5 redshift interval, the blue and orange dotted vertical lines correspond, respectively, to the break of the Eddington ratio 
distribution function of unobscured and obscured AGN in A22b . 
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Despite the normalization difference, the similarities between the 
hape of unobscured and obscured SARDs at fixed redshift in Fig. 
 are striking. This is further demonstrated in Fig. 6 . The SARDs in
his figure are independently normalized to unity for each obscuration 
nterv al to allo w comparison of their shapes. Mathematically, this can
e expressed by modifying equation ( 3 ) as ∫ 

P ( λ, N H , z, M � ) d log λ = 1 . (9) 

herefore, the SARDs of Fig. 6 represent the probability of an AGN
n a given obscuration and redshift interval to accrete at a rate λ. Both
nobscured and obscured AGN in Fig. 6 have SARDs with overall 
hapes that, to the first order, are quite similar. Ho we ver, a closer
xamination suggests a small ( ≈ 1 σ significance) but systematic 
ffset between the SARDs of two populations at fixed redshift, 
ith unobscured extending to higher specific accretion rates. Similar 

laims for such a trend exist in the literature (e.g. Mountrichas 
t al. 2024 ). If this ef fect is true, it can be interpreted as e vidence
hat fast-accreting black holes are more likely to be unobscured. 
n Section 5.2 , we discuss further the observed offset and explore
ystematic uncertainties that could produce it. 

Another way to demonstrate this effect is to explore the redshift
volution of the mean SAR, < log λ> , of the two AGN subpopu-
ations, as shown in Fig. 7 . The averages are estimated from the
ARDs of Fig. 6 for the interval −3 . 5 < log λ < 2. Unobscured
GN systematically exhibit higher < log λ> with respect to obscured 
nes, up to z ≈ 2 . 5. Additionally, Fig. 7 includes the inferred mean
ccretion rate evolution of broad line QSOs of Shen & Kelly ( 2012 ).
hese independent estimates for a subpopulation of active SMBHs 
lso show an increasing trend with redshift and are of the same
rder of magnitude as our results. Also shown in Fig. 7 are the pre-
ictions of the cosmological hydrodynamic simulations presented by 
irschmann et al. ( 2014 ) and Habouzit et al. ( 2019 ). In these models,

he mean accretion rate of SMBHs also increases with redshift as
 result of the intensity of the adopted AGN (and star-formation)
eedback prescriptions that act to remo v e gas in the nuclear regions
f galaxies towards later cosmic epochs. The shallower increasing 
rend in the case of the Illustris TNG100 simulation (Habouzit et al.
019 ) is likely related to the implementation details of the AGN
eedback. 

Fig. 8 provides a further comparison of our SARD measurements 
ith the previous estimates of Aird et al. ( 2012 ), Bongiorno et al.

 2016 ), Georgakakis et al. ( 2017b ), and Aird et al. ( 2018 ). We
aution that from the studies abo v e, only Bongiorno et al. ( 2016 )
nclude corrections to account in a statistical manner for the impact
f obscuration on the AGN incidence measurements. For this 
omparison, we add the unobscured and obscured SARDs of Fig. 5 to
btain the total CTN AGN SARD. While there is broad agreement in
MNRAS 532, 3459–3479 (2024) 
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M

Figure 7. Mean SAR as a function of the redshift for the unobscured 
( blue , log N H / cm 

−2 < 22) and obscured ( orange , 22 < log N H / cm 

−2 < 24) 
populations based on the normalized SARD (Fig. 6 ). The solid lines show 

the median for each subpopulation while the shaded regions correspond to 
the 1 σ confidence interval. The black solid line is the mean accretion rate 
from the cosmological hydrodynamic simulations of Hirschmann et al. ( 2014 ) 
for AGN with bolometric luminosity L bol > 10 43 erg s −1 . The black dashed 
line corresponds to the subpopulation with 7 < log ( M BH / M �) < 8 from the 
same study. The red stars are the Illustris TNG100 cosmological simulation 
(Habouzit et al. 2019 ). The black crosses are the mean Eddington rates of 
broad line quasars estimated by Shen & Kelly ( 2012 ). 
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oth shape and normalization between the different SARD estimates
resented in Fig. 8 , indicating a consistent emerging picture on
he incidence of AGN in galaxies, second-order discrepancies are
vident and are attributed to differences in methodology. Our non-
arametric SARDs have a systematically higher normalization at
ntermediate specific accretion rates −2 � log λ � 0, compared to
revious works. This is attributed to the fact that we explicitly
stimate obscuration corrections for individual sources and also
ccount for these effects in the X-ray selection function. Also, at low
AR, log λ � −2, our SARD estimates lie below previous estimates.
his difference is partly related to the obscuration corrections that act

o mo v e obscured AGN to higher intrinsic luminosities and hence, at
xed stellar mass, to higher SAR. Notably, the SARD of Aird et al.
 2018 ) drops slower towards high λ values compared to ours and other
stimates in Fig. 8 , reflecting their Bayesian Gamma distribution
ixture model methodology. 
We also compare our low redshift results with the recent work

f Ananna et al. ( 2022a , b ) (hereafter A22a , A22b ) based on the
econd data release of the BAT AGN spectroscopic surv e y (BASS
R2). BASS is a low-redshift ( z < 0 . 3) serendipitous hard X-ray

14–195 keV) AGN surv e y, carried out by the Swift -BAT telescope
Gehrels et al. 2004 ; Barthelmy et al. 2005 ). This AGN sample is least
iased by obscuration because high-energy photons can efficiently
enetrate high columns of obscuring material. A22a determine
imultaneously the black hole mass function and Eddington-ratio dis-
ribution function (ERDF) from the XLF of type I and type II AGN,
efined by the presence or absence of broad Balmer emission lines,
espectively. A22b further extend this study to X-ray unobscured
 N H < 10 22 cm 

−2 ) and obscured (10 22 ≤ N H < 10 25 cm 

−2 ) AGN. It
s crucial to note that the ERDF, which represents the space density
f AGN in logarithmic Eddington ratio bins, is a distinctly different
uantity from the SARD, which expresses the probability of a galaxy
osting an accretion event with a specific accretion rate λ. Therefore,
 direct comparison between the two statistical measures is not
traightforward. We, therefore, do not display the results of A22b
n Fig. 8 , but provide a qualitative comparison with our findings. In
NRAS 532, 3459–3479 (2024) 
heir work, A22b parametrize the ERDF by a broken power law and
nfer breaks for unobscured and obscured AGN at Eddington ratios of

1 . 06 and −1 . 75, respectively. These break values are o v erplotted
s vertical lines in the z < 0 . 5 panel of Fig. 6 . Similarly to our
esults, A22b find that at high- λ unobscured AGNs are more likely
han their obscured counterparts. Moreo v er, the ERDF break values
bo v e are consistent, at least to the first approximation, with the SAR
here the SARDs in Fig. 6 show a significant change in their slopes.
e caution, nevertheless, that the ERDFs of A22b use the Eddington

atio of individual AGN in their sample through direct measurements
f their bolometric luminosities and black hole masses (Koss et al.
022a ). Instead, we use stellar masses as a proxy of the Eddington
atio under the assumption of an underlying M � − M BH correlation.
he impact of these assumptions is further discussed in Section 4.2 .

.2 Obscured fraction 

e xt, we e xplore the CTN obscured AGN fraction as a function of
he SAR. This is moti v ated by recent findings ( R17 , R22 ) suggesting
hat this parameter space provides a handle on AGN feedback

echanisms (Venanzi, H ̈onig & Williamson 2020 ; Alonso-Herrero
t al. 2021 ). 

Fig. 9 shows the dependence of the obscured CTN AGN fraction,
 obs , with specific accretion rate for different redshift intervals up

o z = 2. We obtain f obs by dividing the obscured AGN SARDs
resented in Fig. 5 by the sum of both unobscured and obscured
ARDs within each redshift bin. The general trend is that f obs 

ecreases with increasing SAR and this decline becomes steeper
owards high λ values. The turno v er point, λbreak , where the slope
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Figure 9. The obscured AGN fraction as a function of SAR λ. Each panel corresponds to a different redshift interval. The blue solid line represents the median 
obscuration fraction, while the shaded region corresponds to the 68 per cent confidence interval around the median. The black-hatched areas are the results of R17 
in the local Universe ( <z> = 0.037). The results of R22 , based on the BASS DR2 sample, are shown with the yellow shaded area. The purple hatched regions 
correspond to the observational constraints of A22b . The red dashed curves are the predictions by the forward model with luminosity-dependent obscuration 
presented in Georgakakis, Ruiz & LaMassa ( 2020 ). 
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hanges substantially, appears to evolve with redshift, moving 
rogressively to higher SAR. 
At low redshift z < 0 . 5, our constraints are in reasonable agree-
ent with the results of ( R17 , R22 , A22b ) up to log λ ≈ −1. These

tudies are based on the BASS sample of local AGN (Koss et al.
017 , 2022b ). We find evidence for a significant change of slope
t log λ ≈ −2, consistent with the findings of the studies abo v e.
o we ver, the uncertainties in our measurements are important at 
oth very low and high λ values due to the limited volume of our
ample at low redshift ( z < 0 . 5). 

According to R17 and R22 , the λ dependence on f obs and, more
pecifically, the steep decline towards high SAR in Fig. 9 are 
uggestive of AGN radiation pressure acting on a dusty medium. 

hile the standard Eddington limit, λ = 1, is typically calculated 
or a fully ionized gas, the AGN obscuring material is known 
o be partially ionized dusty gas with a cross-section larger than 
he Thomson one. A larger cross-section induces a lower effective 
ddington limit dependent on the column density (Fabian et al. 2008 ,
009 ). For a dusty gas at N H = 10 22 cm 

−2 , i.e. the column density
imit adopted in this work to separate unobscured from obscured 
GN, the ef fecti ve Eddington limit is log λeff ≈ −1 . 7 (Fabian et al.
008 ). Thus, abo v e this λ limit, an AGN ef fecti vely accretes at super-
ddington rates and the radiation pressure is expected to blow away 

he surrounding CTN clouds. As a consequence, the co v ering factor
s reduced, impacting the probability that the AGN is observed as
bscured, i.e. the obscured fraction (Ramos Almeida & Ricci 2017 ). 
t z < 0 . 5, the results on the obscured AGN fraction plotted in Fig. 9 ,

.e. the sharp decrease of f obs at log λeff ≈ −2, are broadly consistent 
ith this expectation. 
At higher redshifts, the turno v er point mo v es to increasingly higher
v alues, de viating from local Uni verse results. This shift could

ndicate a change in the λeff limit to drive away the obscuring material.
 or instance, F abian et al. ( 2009 ) argue that a lower dust grain
bundance would increase the lo w- N H ef fecti ve Eddington limit.
dditionally, the presence of stars in the environment can increase 

he inward gravitational pull, thereby, shifting the λeff limit towards 
igher accretion rates. The amplitude of these ef fects, ho we ver, is
ot expected to be sufficient to explain the shift of the f obs turnover
oint to high SAR. 
The adopted scaling relations to convert the SAR, L X /M � , to

ddington ratio might also influence the observed trends of the 
bscured fraction with redshift in Fig. 9 . F or e xample, a systematic
hift towards heavier black hole masses at fixed stellar mass at
igher redshifts compared to the adopted local M � − M BH relation 
ould lead to a shift of our f obs curves in Fig. 9 towards lower
ddington ratios. Ho we ver, studies of the M � − M BH relation suggest
nly mild evolution with redshift (Aversa et al. 2015 ; Suh et al.
020 ; L ́opez et al. 2023 ), insufficient to explain the 1–2 dex shift
f λbreak at z = 2 in Fig. 9 . Also, in our analysis, the bolometric
orrection used to convert the 2–10 keV luminosity to bolometric 
s fixed to K bol = 25. Instead, it is suggested that K bol increases
ith increasing luminosity (e.g. Marconi & Hunt 2003 ; Duras et al.
020 ). We assess the impact of a variable bolometric correction factor 
y repeating our Bayesian inference analysis using the Duras et al.
 2020 ) luminosity-dependent bolometric corrections. We use the new 

ARD estimates to measure f obs for different redshift intervals, and 
e find no significant difference with the f obs shapes shown in Fig.
 . Furthermore, Duras et al. ( 2020 ) find no dependence of the X-ray
olometric correction on redshift. We therefore conclude that the 
caling relations adopted to convert the SAR we measure directly 
rom the observations to Eddington ratio cannot account for the 
edshift evolution pattern of the f obs in Fig. 9 . 

Studies of the AGN space density evolution and demographics 
ave long been claiming that the obscured AGN fraction depends on
GN luminosity in the sense that obscured AGN become scarcer as

he central engine becomes brighter (e.g. Lawrence 1991 ; La Franca
t al. 2005 ; Hasinger 2008 ; Merloni et al. 2014 ; Ueda et al. 2014 ;
ird et al. 2015 ; Buchner et al. 2015 ; Vijarnwannaluk et al. 2022 ;
eca et al. 2023 ). This trend can be interpreted in the context of

he receding torus model, in which the opening angle (i.e. width) of
he torus decreases with increasing luminosity (Lawrence 1991 ). It 
s also broadly consistent with the hydrodynamic simulations of the 
MNRAS 532, 3459–3479 (2024) 
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Figure 10. Logarithmic probability density log P ( λ, N H | z) of a galaxy to 
host an AGN as a function of SAR (log λ) and obscuration (log N H ). Each panel 
represents a different redshift interval from 0 to 2. The diagonal solid red line 
represents the ef fecti ve Eddington limit as a function of the column density 
(Fabian et al. 2008 ) while the horizontal dashed line shows the expected 
contribution of the host galaxy to the obscuration level. The red-hatched area 
in between the two curves is the blowout region, an unstable and short-lived 
region where the radiation pressure should push away the gas efficiently. 
The white dots indicate, for each redshift and log N H interval, the λ-bin 
(log λ > −3 . 5) with the highest probability. At the bottom of each panel, the 
horizontal dashed black curve corresponds to the probability density summed 
o v er log N H as a function of log λ. Respectively, the vertical dashed black curve 
is the probability density summed o v er log λ as a function of log N H . 
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adiation-driven fountain model (Wada 2012 ), in which the radiation
f the accretion disc drives the gas flow and generates a torus-like
tructure. It is interesting to assess the extent to which the luminosity-
ependent obscuration is consistent with the observations in Fig. 9
uggesting that f obs is dependent of λ. For this e x ercise, we use the
mpirical model of Georgakakis et al. ( 2020 ). They infer the SARD
f AGN by assuming that convolving it with the galaxy SMF at a
iven redshift reproduces the X-ray luminosity function of AGN.
eorgakakis et al. ( 2020 ) use the Ilbert et al. ( 2013 ) SMF and the
ird et al. ( 2015 ) X-ray luminosity function (including obscured
GN) to solve the above inverse convolution problem and estimate
 parametric model for the SARD of AGN as a function of redshift.
his SARD parametrization is then used to assign specific accretion

ates to mock galaxies drawn from the SMF and hence, produce
imulated AGN samples. These AGNs are further assigned column
ensities, N H , in a probabilistic way based on the obscuration model
f Aird et al. ( 2015 ). Inherent in these mock AGN catalogues is
he X-ray luminosity-dependent obscuration inferred by Aird et al.
 2015 ). We use the Georgakakis et al. ( 2020 ) empirical model to make
redictions on how f obs varies as a function of specific accretion rate
nd to o v erplot the results in Fig. 9 . This rather simple empirical
odel performs reasonably well and, to the first approximation, is

onsistent with the observations in Fig. 9 especially at 0 . 5 < z <

 . 5. In detail, ho we ver, there are discrepancies suggesting that AGN
uminosity may not be the only parameter that affects the co v ering
actor of the obscuring material in AGN. 

.3 Evolution of the blow-out region 

ig. 10 provides an alternative visualization of the obscured fraction
volution, depicting the SARD as a function of both N H and λ. The
hading of each cell represents the probability density for an AGN
f being in that cell at a given redshift and with a stellar mass within
 . 5 < log ( M � /M �) < 11 . 5. It reflects the intrinsic and unbiased
istribution of AGN in this plane. The probability values shown
n this figure are computed using the same methodology described
n Section 3.3 , except that the boundaries of the log ( N H / cm 

−2 ) grid
re now set at [20, 22, 23, 24]. In each panel of Fig. 10 , the red solid
ine corresponds to the ef fecti ve Eddington limit for a dusty gas as
 function of the column density (Fabian et al. 2008 ). The region
ocated abo v e the obscuration limit N H > 10 22 cm 

−2 and on the right
f the ef fecti ve Eddington limit curve is referred to as the blow-out
r forbidden region (Venanzi et al. 2020 ). As mentioned previously,
ue to the dustiness of the surrounding gas, sources in this region are
f fecti vely accreting at super-Eddington rates despite having λ < 1.
he radiation pressure of these AGNs can potentially launch winds

hat clear up the obscuring material in a short time-scale relative
o the o v erall AGN phase. Therefore, due to being short-liv ed and
nstable, the fraction of AGN detected in that region is expected to be
mall hence, its name (Fabian et al. 2009 ; Ricci et al. 2017b , 2022 ). 

In the z < 0 . 5 panel of Fig. 10 , the blow-out region is sparsely
opulated, consistent with the predictions of the theoretical picture
resented abo v e. Ho we ver, with increasing redshift, the forbidden
e gion appears progressiv ely more populated. The white dots in each
anel represent the peaks of the AGN probability distribution for
ach N H interval and they shift towards higher SAR with increasing
edshift. This global increase of the accretion activity of AGN with
edshift is better visualized by the probability summed o v er N H 

isplayed with a dashed line at the bottom of each panel in Fig. 10 .
onversely, the probability density summed o v er λ, represented by

he dashed line on the right side of each panel, shows an increase of
bscured AGN with redshift. 
NRAS 532, 3459–3479 (2024) 
From Fig. 10 , it is possible to estimate the fraction of AGN within
he blow-out region as 

 blow −out = 

∑ 

( λ,N H ) ∈ R f 

P ( λ, N H | z) 

∑ 

log λ> −3 . 5 
P ( λ, N H | z) 

, (10) 

here P ( λ, N H | z) is the probability in the 2D space ( λ, N H ) of
ig. 10 and R f is forbidden region of the parameter space. For the
ummation of the numerator, we attribute to the cells that partially
 v erlap with the blow-out region a weight corresponding to the
raction of their area within that region. The summation of the
enominator is o v er all cells with log λ > −3 . 5 and represents the
GN duty-cycle, i.e. the probability that a galaxy hosts an AGN with

og λ higher than the threshold −3 . 5. The dependence of the duty-
ycle on the chosen λ-threshold for different redshifts is presented
n Fig. C1 in the Appendix. The choice of the λ-threshold affects
he width of the uncertainties but does not impact our results and
onclusions. 

The evolution of f blow −out with redshift is shown in Fig. 11 in
he form of violins representing the posterior distribution for each
edshift interval. The median f blow −out values increase with the
ncreasing redshift with o v er 10 per cent of the AGN at z > 1 being
ound in the forbidden region. This significant evolution of f blow −out is
t odds with the very definition of the forbidden re gion. Nev ertheless,
e caution that the uncertainties of f blow −out also progressively rise
ith redshift, becoming significant at z > 1 . 5. These large error bars

eflect the increasing uncertainty in the determination of the AGN
uty cycle, 

∑ 

log λ> −3 . 5 P ( λ, N H | z), i.e. the denominator of equa-
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Figure 11. Fraction of sources within the forbidden region as a function 
of the redshift. The violin plots represent the posterior distribution of our 
f blow −out value for each redshift interval, and the blue dots and error bars 
correspond to the median values and 1 σ -uncertainties, respectively. The black 
cross corresponds to the value presented in Ricci et al. ( 2017b ). The red 
crosses are the results of Toba et al. ( 2022 ) within the z = 0 − 1 and z = 

1 − 3 redshift intervals, using soft X-ray data from eROSITA . Through a 
Monte Carlo randomization, Toba et al. ( 2022 ) find a constant value of 5 ±
2 . 5 per cent represented by the red hatched area. The green triangles are the 
f blow −out values from Vijarnwannaluk et al. ( 2024 ). 
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ion ( 4.3 ). For instance, within the redshift range 1 . 5 < z < 2, the
edian duty cycle and 1 σ errors are 12 + 4 

−2 per cent, but the tails of the
osterior distribution are pronounced with the 3 σ upper confidence 
imit being 70 per cent. Consequently, the posterior distribution of 
 blow −out also has an extended posterior tail to lower values. 
In Fig. 11 , we also compare our results with the local Universe
easurement of R17 based on the BASS sample. They estimate 
 blow −out = 1 . 4 per cent in good agreement with our measurement 
t z < 0 . 5, f blow −out = 1 . 4 + 0 . 6 

−0 . 4 per cent. Additionally, we include the
ndings of Toba et al. ( 2022 ) in this figure, who investigated the
ultiwavelength properties of 692 X-ray selected AGN with WISE 

4 counterparts detected in the eROSITA final equatorial-depth 
urv e y (eFEDS; Brunner et al. 2022 ). Under the assumption of a
onstant AGN blow-out fraction in the redshift interval z = 0 − 3,
hey infer f blow −out = 5 ± 2 . 5 per cent , illustrated by the red shaded
egion in Fig. 11 . Our results, ho we ver, suggest an increasing trend
or f blow −out towards high redshift, contradicting the constant fraction 
ssumption of Toba et al. ( 2022 ). Nevertheless, when these authors
plit their sample into low ( z = 0 − 1) and high ( z = 1 − 3) redshift
ins, they find a mild increase. It is worth underlying that eROSITA is
 soft X-ray (0.3–2.3 keV) telescope (Liu et al. 2022 ) and, therefore,
iased against obscured systems. Additionally, Fig. 11 presents the 
ecent results of Vijarnwannaluk et al. ( 2024 ) which, by exploiting
he HSC-DEEP XMM -LSS surv e y data, find f blow −out = 0 . 18 ± 0 . 02
n the redshift interval 0 . 8 < z < 1 . 8. When splitting the redshift
nterval in half, an f blow −out increasing trend similar to our results
s noticeable with f blow −out = 0 . 14 ± 0 . 03 at 0 . 8 < z < 1 . 3 and
 blow −out = 0 . 21 ± 0 . 04 at 1 . 3 < z < 1 . 8. 
The adopted scaling relations to convert the specific accretion rate 

o Eddington ratio (see equation 1 ) clearly affects the inferred fraction 
f AGN within the forbidden region of Fig. 10 . For example, if the
 BH − M � relation evolves with redshift in a way that leads to more
assive BHs at fixed stellar mass, then the net effect would be an
 v erall shift of the probabilities of individual cells in Fig. 10 towards
ower Eddington ratios. This would reduce the estimated fraction 
f AGN in the blowout region in Fig. 11 . However, as discussed in
ection 4.2 , studies of the M BH − M � relation suggest little evidence
or redshift evolution. Introducing scatter in M BH − M � relation 
ould tend to blur the estimated probabilities of individual cells 

n Fig. 10 by distributing them to nearby λ bins but is not expected
o drastically modify the observed trends. The choice of the X-ray
olometric correction also has little impact on the results shown in
igs 10 and 11 . The increase of f blow −out could potentially indicate a
ecrease in the efficiency of the dusty radiation pressure mechanism 

o launch outflows. Varying the dust grain abundance, for instance, 
educes the area of the forbidden region (Fabian et al. 2009 ), resulting
n lower f blow −out values. However, changing the abundance from 1 to
.3 or 0.1 does not change the behaviour of the f blow −out posterior dis-
ribution that remains increasing with redshift. The only difference is 
hat the median values are slightly lower compared to those plotted in
ig. 11 , with a maximum difference of ∼ 4 per cent at high redshift.

 DI SCUSSI ON  

his paper presents the first quantitative analysis of how AGN with
 arying le vels of line-of-sight obscuration inhabit galaxies across 
osmic time, from the local Universe to high redshifts, z ∼ 3. We
ombine three extragalactic X-ray survey fields (COSMOS, AEGIS- 
D, CDFS) with distinct X-ray depths and sizes on the sky to compile 
 sample of 3882 X-ray selected AGN with 2–10 keV luminosities
n the range 10 40 − 10 46 erg s −1 and redshifts spanning z = 0 . 01 − 5
see Fig. 1 ). We employ state-of-the-art Bayesian X-ray analysis 
echniques to constrain the intrinsic 2–10 keV X-ray luminosity, L X ,
nd hydrogen line-of-sight column density, N H , of individual sources 
n the sample. In parallel, template fitting of the observed UV-to-mid-
R SEDs yields constraints of the stellar masses M � of the X-ray AGN
ost galaxies. Combining these observables enables us to derive the 
pecific accretion rate λ ∝ L X /M � and its associated uncertainty for
ach source. We develop a Bayesian framework that accounts for 
election effects and observation uncertainties to derive the SARD, 
.e. the probability of a galaxy at a given redshift hosting an AGN with
 given λ and N H . In the following sections, we discuss the redshift
volution of the SARD (Section 5.1 ) and how our findings provide
nformation on the origin of the obscurer (Section 5.2 and 5.3 ). 

.1 Redshift evolution of SARD: evidence for downsizing? 

ur analysis shows that the specific accretion rate of both unobscured
20 < log ( N H / cm 

−2 ) < 22) and obscured (22 < log ( N H / cm 

−2 ) <
4) AGN has a complex shape that can be roughly approximated
y a power law, bending to a steeper slope at high SARs, and
ho wing e vidence for a turno v er at the low-SAR end (see Fig. 5 ).
nterestingly, the high SAR bending point, where the slope of the
istribution changes significantly, appears to shift to higher specific 
ccretion rates with increasing redshift. This evolution pattern applies 
o both the obscured and unobscured AGN population and results in
n increase of the mean SAR with increasing redshift, e.g. Fig. 7 .
imilar results have been reported in previous studies (e.g. Shen &
elly 2012 ; Georgakakis et al. 2017b ) and align with the predictions
f cosmological models on the evolution of galaxies and their 
upermassive black holes (e.g. Sijacki et al. 2015 ; Weinberger et al.
018 ). The physical interpretation of this trend is tied to the impact
f AGN feedback on the gas availability in the vicinity of SMBHs
e.g. Hirschmann et al. 2014 ; Habouzit et al. 2019 ). 

Another perspective on the SARD evolution pattern is presented 
n Fig. 12 , which plots the probability of a galaxy hosting an AGN at
xed SAR as a function of redshift. With increasing SAR (different
MNRAS 532, 3459–3479 (2024) 



3472 B. Laloux et al. 

M

Figure 12. Redshift evolution of the probability of an AGN to accrete at 
a fixed SAR log λ for different λ values. It is a different way to show the 
redshift evolution of the SARD presented in Fig. 5 . The blue and orange 
shaded regions represent the probability when normalized o v er N H for 
unobscured ( log N H / cm 

−2 < 22) and obscured (22 < log N H / cm 

−2 < 24) 
AGN, respectively. 
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anels in Fig. 12 ), the peak or plateau of the corresponding curves
hift to higher redshift, with the trend being more pronounced in the
ase of obscured AGN. Fig. 12 is reminiscent of the concept of AGN
downsizing’ (Barger et al. 2005 ; Hasinger, Miyaji & Schmidt 2005 ;
hankar, Weinberg & Miralda-Escud ́e 2013 ), originally defined as

he fact that the accretion density of low-luminosity systems peaks at
ower redshift compared to luminous AGN. Previous studies indeed
uggest a connection between AGN downswing and the evolution of
he incidence of AGN in g alaxies. Georg akakis et al. ( 2017b ), for
xample, find evidence that at earlier times, the relative probability
f high versus low specific accretion-rate events among galaxies
ncreases, in qualitative agreement with the trends in Fig. 12 . They
rgue that this differential redshift evolution of the AGN duty cycle
ith respect to SAR produces the AGN downsizing trend. Similarly,
ongiorno et al. ( 2016 ) argue that the differential redshift evolution
f the AGN SARD compared to the weak evolution of the host galaxy
MF are the main factors behind the AGN downswing trend, which

s reflected by the evolution of the SARD, i.e. shift to higher SAR
ith increasing redshift, at fixed M � range. Moreover, our analysis

dds to the studies abo v e by showing that SARD evolution applies
eparately to both obscured and unobscured AGN. Therefore, the
nderlying physical mechanism driving this trend applies nearly
niformly to all AGNs, regardless of obscuration level. The well-
stablished increase in the gas content of galaxies to z ∼ 3 (Santini
t al. 2014 ; Tacconi, Genzel & Sternberg 2020 ) likely plays an
mportant role in establishing the patterns shown in Figs 5 , 7 , and 12 .

.2 Origin of the obscurer: support of a modified orientation 

odel 

n this subsection, we discuss the results of the comparison of the
ARDs of obscured and unobscured AGN, contextualizing them
ithin models explaining the nature of the obscurer. The simplest
ersion of the orientation or unification scenario (Antonucci 1993 ;
rry & P ado vani 1995 ) postulates that all AGNs are surrounded by
bscuring material with a toroidal shape (Ramos Almeida & Ricci
017 ; Combes et al. 2019 ; Garc ́ıa-Burillo et al. 2019 , 2021 ; G ́amez
osas et al. 2022 ) and a universal opening angle. The obscuration
roperties of individual AGN are determined by geometrical effects,
NRAS 532, 3459–3479 (2024) 
.e. if the line of sight to the observer intersects the obscurer. In
his picture, since obscured and unobscured AGN differ only in their
rientation relative to the observer, their SARDs are expected to have
imilar shapes. Fig. 5 is consistent with this scenario, showing that,
o the first approximation, the SARDs of AGN samples categorized
y hydrogen column density N H are similar once differences in their
ormalizations are factored out. 
In detail, ho we ver, there is e vidence in Fig. 6 for subtle dif ferences

etween the SARDs of obscured and unobscured AGN, in the
ense that the SARD high- λ turno v er point of unobscured systems
s located towards higher SAR compared to obscured AGN. As
llustrated in Fig. 9 , this offset leads to a fast decline in the obscured
GN fraction, directly related to the opening angle of the dust and
as clouds surrounding the central engine. This finding aligns with
tudies on the Eddington ratio distribution of type I and type II AGN
n the local Universe ( R17 , R22 , A22b ). Nevertheless, we caution
gainst potential systematic and random errors that might affect the
bserved trend, such as biases in determining the stellar mass of
alaxies hosting AGN. In particular, for type I AGN, estimating host
alaxy properties by fitting templates to the observed SEDs is non-
rivial (Vanden Berk et al. 2001 ; Richards et al. 2006 ) and requires
he decomposition of the stellar emission from the AGN light. For
xample, an ad-hoc systematic stellar mass bias of + 0.3 dex for
nobscured AGN suffices to mask any differences between the
ARDs of obscured and unobscured AGN in Fig. 5 . Ho we ver,
revious studies either do not find systematic differences in the stellar
ass distribution of obscured and unobscured AGN (Andonie et al.

022 ) or suggest that obscured AGNs are actually more massive than
nobscured ones (Mountrichas et al. 2021 ; Mountrichas & Georgan-
opoulos 2023 ). Additionally, the M BH − M � scaling relation used in
ur study for converting SAR to Eddington ratio, may impact our
esults due to its scatter and potential dependence on obscuration
Ricci et al. 2017a ). Nev ertheless, despite these potential cav eats,
ur results indicate a second-order but significant difference in the
ccretion properties of unobscured and obscured AGN. 

The dependence of the obscured AGN fraction on physical
arameters, such as accretion luminosity or Eddington ratio, provides
dditional information on the origin of the obscuration in AGN.
e explore this potential in Fig. 9 , which plots the obscured AGN

raction as a function of λ. The observed trends in this figure broadly
lign with a modified version of the unification model, suggesting
 reduction in the opening angle of the obscurer as luminosities
ncrease (e.g. Lawrence 1991 , see discussion in Section 4.2 ). An
lternative scenario for the dependence of the obscured fraction
n SAR is the radiation-regulated model ( R17 , R22 ) that links
GN obscuration to distinct stages of the growth of black holes.

n this picture, AGN feedback acting on dusty gas clouds (Fabian
t al. 2008 ; Fabian et al. 2009 ) regulates the evolution of AGN on
he λ − N H plane of Fig. 10 . Initially, an accretion event onto an
MBH is triggered by some process (e.g. disc instabilities, galaxy

nteractions). The quiescent black hole starts off at the far left end of
− N H diagram of Fig. 10 and mo v es gradually to higher λ. At the

ame time, the line-of-sight obscuration of the system increases as a
esult of the inflowing material of gas and dust clouds. As a result,
he AGN mo v es towards the top left corner of the λ − N H plane,
here the obscurer has a larger co v ering factor, e.g. ∼ 85 per cent

t log λ < −2 in the work of R17 . As the Eddington ratio continues
o increase, the AGN enters the forbidden region of the parameter
pace, where radiation pressure acting on the dust grains renders the
ystem unstable to outflows (Fabian et al. 2008 ; Fabian et al. 2009 )
hat can act to gradually push away the CTN obscuring material.
he final stage of black hole growth consists of a rapidly accreting
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nobscured AGN with a low co v ering factor at the bottom right corner
f the diagram. Ultimately, as the gas and dust are consumed by the
lack hole or blown away, the accretion rate gradually decreases, and 
he system returns to its initial quiescent state. 

This modified orientation scenario that includes feedback predicts 
 decrease in the obscured AGN fraction beyond log λ ≈ −2, 
orresponding to the ef fecti ve Eddington limit of dust clouds with
 H ≈ 10 22 cm 

−2 . As explained in Section 4.3 , this obscured AGN
raction decline is attributed to the existence of the forbidden region 
 red-hatched area in Fig. 10 ), in which the incidence of AGN
s theoretically very low. Our results in the smallest redshift bin 
 z < 0 . 5) suggest that f blow −out ∼ 1 per cent , in agreement with
ocal Universe studies ( R17 ). However, as illustrated in Fig. 11 ,
he fraction of AGN in this region increases significantly with 
edshift, exceeding 30 per cent of AGN at z > 2, surpassing previous
stimations (Toba et al. 2022 ). Consequently, as depicted in Fig. 
 , λbreak at which the obscured AGN fraction declines shifts with 
edshift, from log λ ∼ −2 to higher SAR, no longer consistent 
ith the radiation-regulated model predictions. The nature of the 
GN driving this redshift evolution of the forbidden region is 
ey to understand the intrinsic relation between obscuration and 
ccretion. 

To start with, it is important to acknowledge that the effective 
ddington limit, bordering the blow-out region, is not universal. Its 
haracteristics depend on physical parameters that can differ among 
arious AGNs (Arakawa et al. 2022 ). Fabian et al. ( 2009 ) demonstrate
hat the dust-to-gas ratio can impact the shape of this limit, while the
resence of stars can shift the λeff limit to higher accretion rates. 
xpanding on this, Ishibashi et al. ( 2018 ) suggest that radiation

rapping makes the high-obscuration end of the λeff limit more 
 ertical, e xpanding the size of the forbidden region. Furthermore, 
hey propose that factors such as the inclination angle of the line-
f-sight or external gas pressure due to gas inflow can shift the λeff 

imit along the λ-axis. Additional assumptions, like the isotropy of 
he emission, can also impact the ef fecti ve Eddington limit. While
hese physical dependencies may contribute to the scatter of AGN in 
he λ − N H plane at low redshifts ( z < 0 . 5), they appear too weak to
ccount for the observed redshift evolution. 

By definition, AGN in the blow-out region should exhibit outflows 
hat push away the nuclear-scale obscuring material through radiation 
ressure (Fabian et al. 2008 , 2009 ). For instance, Kakkad et al.
 2016 ) find that four out of the five AGNs selected in the forbidden
egion show clear outflow signatures. Similarly, using the eFEDs 
atalogue (Brunner et al. 2022 ), Musiimenta et al. ( 2023 ) compare
he outflow properties of mid-IR colour-selected AGN (sample A; 
rusa et al. 2015 ; Zakamska et al. 2016 ; Perrotta et al. 2019 ) with
GN selected within the blow-out region (sample B). Remarkably, 

ample B contains 528 sources ( ∼ 14 per cent of the parent eFEDS 

opulation with optical spectra at z > 0 . 5), reinforcing the idea of
 non-empty forbidden region. Additionally, both samples A and B 

xhibit high outflow incidence (3 out of 4 in sample B within the
edshift of interval and with good enough spectroscopy). Ho we ver, 
ample B shows bluer colours than sample A, which could suggest the
nitial stage of the blowout phase or the presence of inhomogeneous 
bscuration. These results are supported by the work of Yamada 
t al. ( 2021 ), which suggests that chaotic quasi-spherical inflows in
ate mergers produce dusty outflows, responsible for the obscuration 
n the blow-out region. If the expected high incidence of outflows 
n forbidden region AGN is confirmed in larger samples, thereby, 
he increasing f blow −out with redshift could indicate an increased 
ncidence of outflows in the o v erall AGN population with redshift.
o we ver, pre vious studies claim that the fraction of [O III ] outflows
n AGN does not significantly evolve with redshift (Harrison et al.
016 ; Coatman et al. 2019 ). 

.3 Origin of the obscurer: evidence for ISM obscuration 

he redshift evolution of f obs and f blow −out can also be explained by a
ifferent origin of the obscuration. According to evolutionary models 
e.g. Sanders et al. 1988 ; Di Matteo et al. 2005 ; Hopkins et al. 2006 ;
lindt et al. 2019 ), obscuration is linked to a specific stage in the

ife cycle of an AGN. During this stage, infalling gas and dust that
uel the SMBH create a cocoon of obscuring material around it (Lapi
t al. 2018 ; Sicilia et al. 2022 ). This connection ties AGN growth
nd feedback activity to host galaxy properties, such as the star
ormation rate (Lapi et al. 2014 ). The main distinction from the earlier
entioned radiation-regulated model ( R17 ) is that the obscurer is not

onfined to the nuclear scale. It can also originate from the interaction
f the photons with the ISM of the host galaxy on larger scales. A
irect consequence of this large-scale ISM obscuration is a longer 
ime-scale for the feedback to clear out the ISM obscuring material
e.g. 10 6 −7 yr for distances 10 2 −3 pc from the central engine; King &
ounds 2015 ; Jun et al. 2021 ) compared to nuclear-scale obscuration
e.g. ≈ 2 × 10 5 yr for distances of about 30 pc; Lansbury et al. 2020 ;
un et al. 2021 ). Therefore, ISM-obscured AGN can have a higher
ncidence in the blow-out region compared to torus-obscured AGN. 
he powerful dust-reddened quasars are believed to be obscured by 

he ISM (Alexander & Hickox 2012 ; Klindt et al. 2019 ; Andonie et al.
022 ), and represent a younger, transitioning phase than their bluer
ounterparts (Yi et al. 2022 ). Interestingly, previous studies found a
ignificant number of such red quasars within the forbidden region 
Glikman 2017 ; Lansbury et al. 2020 ). Furthermore, in a recent study,
likman et al. ( 2024 ) examine a sample of 10 red quasars from the
IRST-2MASS surv e y and noticed that all quasars hosted in galaxies
xhibiting merging signatures were found within the blow-out region. 
hese findings suggest the importance of the host galaxy evolution 
n the AGN properties. 
Ho we ver, a limitation of this work is the difficulty of disentangling

uclear-scale and large-scale obscuration from X-ray spectroscopy 
lone. The ISM contribution to the line-of-sight obscuration N H 

s considered insignificant at low redshift. Nev ertheless, sev eral 
tudies point to an increasing ISM contribution with higher red- 
hifts (Buchner, Schulze & Bauer 2017 ; Gilli et al. 2022 ; Alonso-
etilla et al. 2024 ), which can even dominate in compact starburst
alaxies (Andonie et al. 2024 ). For instance, Buchner et al. ( 2017 )
se gamma-ray bursts to probe the host galaxy obscuration and 
nd a M � − N H , ISM 

relation suggesting a higher ISM obscuration 
ontribution in the most massive galaxies. Similarly, Buchner & 

auer ( 2017 ) observe an ISM obscuration increase with redshift.
oreo v er, Gilli et al. ( 2022 ) estimate that the median ISM surface

ensity evolves with (1 + z) 3 . 3 , suggesting that the ISM obscuration
ould ev en e xceed the CTK limit at z ≥ 6. Additionally, the recent
ork of Andonie et al. ( 2024 ) uses a similar methodology as Circosta

t al. ( 2019 ), independently measuring the size of host galaxies with
LMA observations and the total gas mass in them to constrain ISM
bscuration. By doing so, Andonie et al. ( 2024 ) find a dependence
etween obscuration and star formation rate and observationally 
onfirm that ISM obscuration can even be CTK in the most compact
tarburst galaxies. 

The impact of the increasing ISM obscuration with redshift on the
orbidden region is illustrated in Fig. 13 . In our study, the obscuration
ower limit of the blow-out region is fixed to N H = 10 22 cm 

−2 (Matt
000 ). Abo v e this threshold, we assume that the obscuration is only
ttributed to the torus. Ho we ver, according to the findings of Gilli
MNRAS 532, 3459–3479 (2024) 
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Figure 13. Schematic redshift evolution of the impact of the ISM obscuration 
on the forbidden region across the λ − N H plane. The diagonal red solid 
line corresponds to the ef fecti ve Eddington limit (Fabian et al. 2008 ) while 
the horizontal red solid line corresponds to the N H = 10 22 cm 

−2 threshold 
(Matt 2000 ) delimiting the forbidden region in this work. With increasing 
redshift, the median host galaxy ISM obscuration increases following 
N H , ISM 

= 10 21 × (1 + z) 3 . 3 cm 

−2 ( horizontal black dotted lines; Gilli et al. 
2022 ). As a consequence, λbreak , at which the ISM obscuration and the 
ef fecti ve Eddington limit intersect, shifts towards higher SAR ( vertical black 
dashed lines). λbreak corresponds to the SAR at which the obscured AGN 

fraction drops. 
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t al. ( 2022 ), the ISM obscuration is increasing with redshift (vertical
arge red arrow in Fig. 13 ) and the median ISM obscuration, N H , ISM 

,
s larger than the 10 22 cm 

−2 threshold at z > 1. Therefore, at higher
edshifts, an AGN in the forbidden region would have its nuclear-
cale obscurer rapidly blown away as in the local Universe, but, due
o longer clearing time-scales, the ISM obscurer will maintain the
GN within the blow-out region, increasing the incidence of AGN

n that region. One could then consider the definition of a forbidden
egion with a redshift-dependent N H -threshold as displayed in Fig.
3 . With increasing redshift, the N H -threshold would increase and,
ubsequently, the intersection with the ef fecti ve Eddington limit
ould be shifted towards higher λ (horizontal large red arrow in Fig.
3 ). This intersection corresponds to the λbreak at which the obscured
GN fraction strongly decreases. Indeed, only AGN with higher
ccretion rates λ > λbreak and higher obscuration N H > N H , ISM 

can
otentially be impacted by the dusty radiation pressure and have
heir obscurer rapidly blown away, decreasing the observed obscured
GN fraction. It is important to note, ho we ver, that the λbreak 

 alues sho wn in Fig. 13 should only be considered illustrative. As
entioned earlier, the ef fecti v e Eddington limit curv e is not univ ersal.
oreo v er, the N H , ISM 

redshift evolution used here (Gilli et al. 2022 )
orresponds to the median ISM obscuration, i.e. more heavily ISM-
bscured AGN can still occupy the redefined redshift-dependent
orbidden re gion. Nev ertheless, this scenario e xplains qualitativ ely
he increasing f blow −out with redshift (Fig. 11 ) and the shift of λbreak 

owards higher λ with redshift (Fig. 9 ). 

 SUMMARY  A N D  F U T U R E  WO R K S  

n this study, we investigate the incidence of obscuration on the
rowth of AGN and its evolution up to redshift z ≤ 3 by combining
ata from three X-ray field surv e ys: COSMOS, AEGIS, CDFS
Section 2 ). The X-ray obscuration and intrinsic luminosity are
NRAS 532, 3459–3479 (2024) 
easured by X-ray spectroscopy, while the stellar mass of the
ost galaxy is estimated through SED fitting (Section 3.1 and 3.2 ,
espectively). These measurements are combined through a non-
arametric Bayesian analysis, with careful propagation of measure-
ent uncertainties throughout the analysis, to constrain the SARD

Section 3.3 ). Pioneer studies R17 , R22 , A22b , using hard-X-ray
 > 10 keV) selected AGN, have investigated the relation between
bscuration and accretion rate. Ho we v er, our analysis e xpands this
nvestigation, for the first time, to higher redshift ∼ 3 and with a larger
GN sample ( ∼ 4000 sources). Furthermore, an innov ati ve aspect of
ur study is its non-parametric approach, eliminating dependencies
n prior assumptions regarding the shape and evolution of the SARD.
The key results of our research are summarized below 

(i) Unobscured and obscured SARDs have similar shapes at
rst approximation, in agreement with the AGN orientation model
aradigm (Fig. 5 ). 
(ii) The SARDs of both unobscured and obscured AGN popula-

ions shift towards higher accretion rates with redshift (Fig. 5 ) driving
 systematic increase in the mean accretion rate (Fig. 7 ). These results
re consistent with the AGN ‘downsizing’ and suggest that the driver
f these increases similarly impacts both AGN populations, possibly
ue to the increased gas availability in galaxies at higher redshifts
see discussion in Section 5.1 ). 

(iii) When normalized o v er N H (Fig. 6 ), the SARD of unobscured
GN show a small systematic offset towards higher accretion rates
ompared to the obscured population, leading to a ∼ 0 . 5 dex offset
n < log λ> (Fig. 7 ). These findings argue against the simplest
nification model. 
(iv) For all redshifts, the obscured AGN fraction is high before

eclining at a certain λbreak v alue. Belo w z < 0 . 5, our findings behave
imilarly to the results of R17 up to log λ < −1. Ho we ver, the λbreak 

hifts towards higher λ with redshift, leading to an increased obscured
GN fraction at high- λ with redshift. 
(v) In the λ − N H plane’s forbidden region, where radiation pres-

ure is thought to efficiently clear obscuration, a sparse population is
xpected ( R17 ), as indicated in our observations at z < 0 . 5. Ho we ver,
ur results demonstrate a gradual increase in AGN density within this
egion at higher redshifts (see Fig. 10 and 11 ). 

(vi) The redshift evolution of the obscured AGN fraction and
he forbidden region AGN fraction may be attributed to either
n increased incidence of outflows in AGN (See discussion in
ection 5.2 ) or to an increased host-galaxy ISM obscuration with
edshift (see discussion in Section 5.3 and Fig. 13 ). 

In conclusion, our no v el approach, differentiating between ob-
cured and unobscured AGN populations, provides valuable insights
nto the relationship between obscuration and SMBH accretion.
he similarity of the o v erall SARD shape and the evolution of

he mean accretion rate between obscured and unobscured AGN
uggest a shared underlying physical driver, broadly supporting
he orientation model. Ho we ver, at higher accretion rates, a stark
iver gence emer ges, indicating a more complex behaviour. The
volution of this divergence as a function of the redshift can shed
ight on the growth and outflow mechanisms that drive the AGN life
ycle. 

Follow-up studies could assess the high outflow incidence ex-
ected in forbidden region AGN as a function of the redshift to inspect
his transitioning stage of AGN. For that purpose, several wavebands
an be valuable, for instance, ALMA can also trace molecular
utflows. Additionally, optical spectra can inspect the presence
f broad absorption lines (BAL; Weymann et al. 1991 ; Gallagher
t al. 2006 ), characteristic of outflows. An obvious limitation would
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e the availability of optical spectra, especially since obscuration 
trongly impacts the emission lines, but future large spectroscopic 
urv e ys like MOONRISE (Maiolino et al. 2020 ), the 4MOST AGN
urv e y (Merloni et al. 2019 ; Andonie, in preparation) or with the
OSAIC instrument on ELT will provide statistically significant 

pectra samples. Moreo v er, the recent work of F a wcett et al. ( 2023 )
uggests that outflows interacting with the ISM could produce radio- 
uiet emission, linking radio-detection fraction and obscuration. A 

ollow-up analysis of the radio-detection in the forbidden region 
s in preparation. Complementary, following the methodology of 
ircosta et al. ( 2019 ); Andonie et al. ( 2024 ), ALMA observations
f blow-out region AGN could provide constraints on the ISM- 
bscuration, and doing so, remo v e ISM-obscured AGN and refine 
he forbidden region selection. Such a rigorous and systematic 

ultiwavelength analysis of these AGNs will provide valuable 
nowledge on the physics linking obscuration and accretion across 
osmic time. 
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PPENDI X  A :  SED  FITTING  M O D U L E  

A R A M E T E R S  

n this appendix, we summarize in Table A1 the different modules
sed for the SED fitting in Section 3.2 . The range of the different
arameters is also indicated. 
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ALE for the SED fitting of our sources (Section 3.2 ). 
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ot ( 2003 ) 

Chabrier ( 2003 ) 
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Figure B2. Top panel: Logarithmic stellar mass distribution for obscured 
( orange dashed ) and unobscured ( solid blue ) AGN. The median value for both 
samples is also indicated by a vertical line of the corresponding colour and 
style. Bottom panel: Distribution of stellar mass uncertainties for unobscured 
and unobscured AGN. The colour code is identical to in the top panel. 
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PPENDIX  B:  PHYSICAL  PARAMETER  

ISTRIBU TION  

ith the X-ray spectroscopy and SED fitting methodologies de-
cribed in Sections 3.1 and 3.2 , for the whole AGN sample, we
eco v er the intrinsic X-ray luminosity L X , column density N H , and
tellar mass M � , from which we can compute λ ∝ L X /M � . 

Fig. B1 displays the distribution of intrinsic 2–10 keV X-ray
uminosities for both obscured and unobscured AGN. As expected,
bscured AGN have a higher median luminosity, by ∼ 0 . 5 dex.
his is due to a selection effect, for a given flux limit at the same

edshift, an obscured AGN must be brighter than its unobscured
ounterpart to be detected. The bottom panel of Fig. B1 shows the
- σ uncertainty distribution of the X-ray luminosity measurements.
ne can notice a bump in the obscured distribution, around 1.5.
his is due to the double-peaked sources mentioned in Laloux et al.
 2023 ). For these sources, the L X and N H posteriors show two
istinct peaks, one in the CTN obscured regime and one in the
TK regime, which corresponds, respectively, to the moderate and
igh luminosity peaks. As a consequence, the 1- σ uncertainty of the
uminosity is broad, which explains the log 
L X bump around 1.5
ex. 
In the same way, Fig. B2 displays the distribution of log M � 

easurements and uncertainties for both AGN populations. The
edian log M � of obscured AGN is moderately higher than for

nobscured AGN by ∼ 0 . 1dex. This could be explained by the fact
hat more luminous AGN are slightly more massive than their less

assive counterparts, and as seen in Fig. B1 , obscured AGN are
n average more luminous than unobscured AGN. Nevertheless,
he stellar mass uncertainty of both populations is very similar,
NRAS 532, 3459–3479 (2024) 

igure B1. Top panel: Logarithmic intrinsic 2–10 keV X-ray luminosity 
istribution for obscured ( orange dashed ) and unobscured ( solid blue ) AGN. 
he median value for both samples is also indicated by a vertical line of the 
orresponding colour and style. Bottom panel: Distribution of intrinsic X-ray 
uminosity uncertainties for unobscured and unobscured AGN. The colour 
ode is identical to in the top panel. 

Figure B3. Top panel: Redshift distribution of the different surv e ys with 
COSMOS ( blue ), AEGIS ( black ), CDFS ( red ), and the total sample ( yellow ). 
Central left panel: Distribution of our sample stellar mass as a function 
of the redshift. The blue circles, the black squares, and the red triangles 
correspond to the AGN of the COSMOS Le gac y, AEGIS, and CDFS surv e ys, 
respectively. Central right panel: Stellar mass distribution of the different 
surv e ys. Same colour code as on the top panel. Bottom left panel: Distribution 
of our sample accretion rate λ ∝ L X /M � as a function of the redshift. The 
marker style and colour are identical to the central left panel. Bottom right 
panel : log λ distribution of the different surv e ys. Same colour code as on the 
top panel. 

/3/3459/7721001 by U
niversity of D

urham
 user on 19 August 2024



SARD of unobscured and obscured AGN 3479 

s
T  

g
A

 

λ  

C  

t

A

I
S  

a  

i
l

F  

t  

a  

T  

r  

t

T

©
P
(

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article
howing no systematic offset between one or the other population. 
his result shows that there is no specific bias in terms of host
alaxy stellar mass constraints between obscured and unobscured 
GN. 
Finally, Fig. B3 displays the AGN distribution in the M � − z and
− z plane for the three different surv e ys (COSMOS, AEGIS, and
DFS). For clarity, in these plots, we do not show uncertainties, only

he posterior median values. 

PPENDIX  C :  D U T Y  C Y C L E  

n this appendix section, we present the duty cycle estimated in 
ection 4.3 . It represents the probability that a galaxy hosts an AGN
ccreting faster than a specific accretion rate. It is computed as the
ntegration of the SARD along the λ-axis with an increasing lower 
imit. 
2024 The Author(s). 
ublished by Oxford University Press on behalf of Royal Astronomical Society. This is an Open
 https://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reuse, distribution, and rep
igure C1. Duty cycle for different redshift intervals. It corresponds to
he probability that a galaxy hosts an AGN accreting faster than a specific
ccretion rate. The violin plots represent the duty cycle posterior distribution.
he different black lines represent the median duty cycle of the corresponding

edshift interval. The red duty cycle is P ( log λ > −3 . 5) used in Section 4.3
o compute f blow −out . 
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