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Abstract

We study the relation between obscuration and supermassive black hole (SMBH) accretion using a large sample of
hard X-ray selected active galactic nuclei (AGNs). We find a strong decrease in the fraction of obscured sources
above the Eddington limit for dusty gas (log Agqq = —2) confirming earlier results, and consistent with the
radiation-regulated unification model. This also explalns the difference in the Eddington ratio distribution functions
(ERDFs) of type 1 and type 2 AGNs obtained by a recent study. The break in the ERDF of nearby AGNs is at
log \fiqq = —1.34 £ 0.07. This corresponds to the Aggq Where AGNs transition from having most of their sky
covered by obscuring material to being mostly devoid of absorbing material. A similar trend is observed for the
luminosity function, which implies that most of the SMBH growth in the local universe happens when the AGN is
covered by a large reservoir of gas and dust. These results could be explained with a radiation-regulated growth
model, in which AGNs move in the Ng—Ag4q plane during their life cycle. The growth episode starts with the AGN
mostly unobscured and accreting at low Agqq. As the SMBH is further fueled, Agqq, Ny and the covering factor
increase, leading the AGN to be preferentially observed as obscured. Once Agqq reaches the Eddington limit for
dusty gas, the covering factor and Ny rapidly decrease, leading the AGN to be typically observed as unobscured.
As the remaining fuel is depleted, the SMBH goes back into a quiescent phase.

Unified Astronomy Thesaurus concepts: Supermassive black holes (1663); Astrophysical black holes (98); Quasars
(1319); High energy astrophysics (739); Active galactic nuclei (16); Seyfert galaxies (1447)

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.
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1. Introduction

Supermassive black holes (SMBHs; with masses Mgy >
10°M,,) are found at the center of most massive galaxies (e.g.,
Kormendy & Richstone 1995), and are thought to gain most of
their mass through the accretion of matter from their circum-
nuclear environment (e.g., Soltan 1982; Yu & Tremaine 2002;
Shankar et al. 2004). During the rapid accretion phase, SMBHs
can emit a large amount of radiation across the entire
electromagnetic spectrum (e.g., Elvis et al. 1994), outshining
their host galaxies, and are observed as active galactic nuclei
(AGNSs). The discovery of correlations between SMBH mass and
several properties of their host galaxies, such as the luminosity
and mass of the bulge (e.g., Marconi & Hunt 2003; Héring &
Rix 2004) and the velocity dispersion (e.g., Ferrarese &
Merritt 2000; Gebhardt et al. 2000; Kormendy & Ho 2013),
has suggested that AGNs could play an important role in the
evolution of galaxies. This is usually associated with a feedback
process, in which the energy and radiation produced by the AGN
interact with the interstellar medium (ISM) of their host galaxies
(e.g., Fabian 2012), directly affecting the star formation process.
Both semianalytic models of galaxy formation (e.g., Bower et al.
2006; Croton et al. 2006) and hydrodynamical simulations (e.g.,
Sijacki et al. 2007; Schaye et al. 2015) have demonstrated the
importance of AGN feedback, showing that such a mechanism is
necessary to regulate star formation and to explain the high-mass
end of the galaxy mass function. This feedback process could be
associated with either radiative feedback (for luminous AGNss;
e.g., Fabian 2012) or to kinetic feedback (for low-luminosity
AGNs; e.g., Weinberger et al. 2017).

About 70% of the luminous®' AGN's in the local universe are
found to be obscured by weakly ionized or neutral gas
[log(Ny /cm~2) > 22; Ricci et al. 2015], which implies that gas
and dust typically cover a similar fraction of the sky as seen
from the nucleus, assuming simple orientation-based unifica-
tion (e.g., Antonucci 1993; Urry & Padovani 1995). This
obscuring material is thought to be located on circumnuclear
scales, and distributed anisotropically around the AGN, leading
to the classification of AGNs into type 2 (obscured) and type 1
(unobscured) sources (e.g., Antonucci 1993; Netzer 2015;
Ramos Almeida & Ricci 2017; Hickox & Alexander 2018).
Optical, UV, and soft X-ray (<10keV) radiation can be
strongly suppressed by line-of-sight obscuration, which leads
to a strong bias against detecting heavily obscured sources in
these energy bands. In the hard X-rays (=10 keV), obscuration
is less important due to the lower photoelectric cross section of
the obscuring material, which enables recovery of most of the
X-ray flux up to log(Ny /cm~2) ~ 23.5 (e.g., Ricci et al. 2015).
Therefore, hard X-ray surveys, such as those carried out by
INTEGRAL (e.g., Paltani et al. 2008; Beckmann et al. 2009;
Krivonos et al. 2022), Swift/Burst Alert Telescope (BAT; e.g.,
Markwardt et al. 2005; Tueller et al. 2008; Cusumano et al.
2010; Tueller et al. 2010; Baumgartner et al. 2013; Oh et al.
2018), and NuSTAR (e.g., Alexander et al. 2013; Civano et al.
2015; Mullaney et al. 2015; Harrison et al. 2016; Del Moro
et al. 2017; Zappacosta et al. 2018a; Masini et al. 2018), are
very well suited to detect and characterize obscured AGNs,
particularly at low redshift. The all-sky Swift/BAT survey, in
particular, has detected ~1100 AGNs in the 14-195 keV band
(Oh et al. 2018). X-ray follow-up of BAT-detected sources

31 With a 14-150 keV luminosity log(Lis_15o/erg s~1) > 42.5.
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showed that a significant fraction (~20%-30%) of local AGNs
are obscured by Compton-thick material (CT, log(Ny / cm~2) >
24; e.g., Burlon et al. 2011; Ricci et al. 2015; Akylas et al.
2016; Marchesi et al. 2018; Torres-Alba et al. 2021; Tanimoto
et al. 2022).

The nuclear obscuring material can be significantly affected
by the strong radiation emitted by the AGN (e.g., Fabian et al.
2006). This feedback process was originally supported by a
decrease of the fraction of obscured sources (f,,s) With
increasing luminosity. This was first discovered 40 yr ago by
Lawrence & Elvis (1982; see also Lawrence 1991), and then
confirmed by numerous studies carried out in the optical (e.g.,
Simpson 2005; Oh et al. 2015) and X-rays (e.g., Steffen et al.
2003; Ueda et al. 2003; Barger et al. 2005; La Franca et al.
2005; Treister & Urry 2006; Hasinger 2008; Winter et al. 2009;
Brusa et al. 2010; Ueda et al. 2014). Several works focusing on
the IR regime also found evidence of a decrease of the covering
factor of the obscurer with increasing luminosity (e.g., Maiolino
et al. 2007; Treister et al. 2008; Sazonov et al. 2012; Lusso et al.
2013; Stalevski et al. 2016; Mateos et al. 2017; Ichikawa et al.
2019; Lanz et al. 2019; Toba et al. 2021). Several of these early
results may however be affected by inconsistent bolometric
corrections (Netzer et al. 2016), and by the fact that they did not
take into account the effects of anisotropy and radiative transfer
(Stalevski et al. 2016). When this is taken into account, the
decrease of the covering factor with the AGN luminosity is
reduced or disappears altogether (Netzer et al. 2016; Stalevski
et al. 2016). As shown by Burlon et al. (2011) in a study of
Swift/BAT AGNs, the relation between the fraction of sources
with log(Ny/cm™2) = 22 — 24 and the luminosity is tightly
connected to the different X-ray luminosity functions (LFs) of
obscured and unobscured AGNs (see also Della Ceca et al.
2008; Buchner et al. 2015; Ananna et al. 2019).

Studying a large number of Swift/BAT AGNs, Ricci et al.
(2017a) demonstrated that the main parameter driving the
fraction of obscured sources is the Eddington ratio (Aggq). This
was done by showing the existence of a steep decrease of f, at
log Agqq = —2, which corresponds to the expected Eddington
limit for dusty gas with log(Ny /cm~2) ~ 22 (e.g., Fabian et al.
2006, 2008, 2009; Ishibashi et al. 2018; see also Honig &
Beckert 2007 and Kawakatu et al. 2020). Ricci et al. (2017a) also
showed that, when controlling for Agqq, the relation between fps
and the AGN luminosity disappears. These results suggested that
radiative feedback plays a dominant role in shaping the close
environments of SMBHs, and led to the formulation of the
radiation-regulated unification model (Ricci et al. 2017a),
according to which the likelihood of a source to be observed
as obscured is higher at low Eddington ratio (Aggq S —1.5;
Figure 4 of Ricci et al. 2017a). At higher Eddington ratios
(Agga 2 —1.5) the effect of radiation pressure clears the
immediate vicinity of the AGN, possibly giving rise to the polar
emission that has been observed in a large fraction of AGNs in
the mid-IR (e.g., Tristram et al. 2007; Honig et al. 2013; Lépez-
Gonzaga et al. 2016; Honig & Kishimoto 2017; Asmus 2019;
Alonso-Herrero et al. 2021). The fact that A\g4q is the dominant
parameter also points toward most of the obscuring material
being located within the sphere of influence of the SMBH
(typically <60 pc for the sample of Ricci et al. 2017a), in
agreement with recent studies carried out with ALMA (e.g.,
Garcia-Burillo et al. 2021).

In this work we study the dependence of the fraction of
AGNs with a given Ny on the Eddington ratio, investigate the
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relation between the AGN Eddington ratio distribution function
(ERDF) and the covering factor of the circumnuclear material,
and explain these relations with a radiation-regulated model for
the growth of SMBHs. We use the second BAT AGN
Spectroscopic Survey (BASS) data release (DR2; Koss et al.
2022a) to build a sample that contains ~2 times more Swift/
BAT AGNs with black hole mass available with respect to the
previous study of Ricci et al. (2017a). The BASS DR2 sample
is significantly more complete than the DR1 one, with 100% of
measured redshifts and ~98% of black hole masses for
unbeamed AGNs outside the Galactic plane. This allows us
to study, for the first time, the relation between obscuration and
Agqq in different ranges of Ny. In a companion paper (Ananna
et al. 2022a) we will present a complementary analysis of
the sample, focusing on the timescales of the different stages
of AGN growth. Throughout the paper, we adopt standard
cosmological parameters (Hy=70kms ' Mpc ', Q,=0.3,
and Q4 =0.7). All fractions are calculated following the
Bayesian approach outlined in Cameron (2011), and the
uncertainties quoted represent the 16th and 84th quantiles of
a binomial distribution.

2. Sample

BAT (Barthelmy et al. 2005) on board the Neil Gehrels Swift
Observatory (Gehrels et al. 2004) has been carrying out an all-
sky survey in the 14-195keV band since its launch in
November 2004. This has led to the detection of more than
1500 sources (e.g., Barthelmy et al. 2005; Oh et al. 2018),
including over 1000 AGNs. BASS®? has been gathering a large
number of optical spectroscopy and ancillary multiwavelength
data for BAT-selected AGNs. This includes data in the radio
(Baek et al. 2019; Smith et al. 2020), millimeter (Koss et al.
2021; Kawamuro et al. 2022), infrared (Ichikawa et al. 2017,
Lamperti et al. 2017; Ichikawa et al. 2019; den Brok et al.
2022; Ricci et al. 2022), optical (Koss et al. 2017), and X-rays
(Ricci et al. 2017b). This has led to a number of follow-up
studies comparing the X-ray continuum and optical properties
of AGNs with their accretion rates (Oh et al. 2017,
Trakhtenbrot et al. 2017; Ricci et al. 2018; Rojas et al. 2020;
Kakkad et al. 2022). The first BASS data release (Koss et al.
2017) reported black hole masses for 473 AGNs, and X-ray
properties for all 838 AGNs from the flux-limited Swift/BAT
70 month sample (Ricci et al. 2017b). The second BASS data
release (Koss et al. 2022a) reported black hole masses for 780
AGNs, and increased the total number of AGNs from the
Swift/BAT 70 month catalog to 858.

In BASS, black hole masses were obtained using single-
epoch broad Balmer line measurements for unobscured AGNs
and velocity dispersions for obscured AGNs. Typical systema-
tic uncertainties on Mgy are ~0.3-0.5 dex. In this work, we use
intrinsic X-ray fluxes and column densities from Ricci et al.
(2017b), and black hole masses from BASS DR2. Sources that
were found to be unobscured in the X-ray band were assigned
log(Ny/cm~2) = 20 (i.e., an upper limit). To calculate the
luminosities, we used the updated distances and redshifts
reported in Koss et al. (2022b), which are based on emission
line redshifts and redshift-independent distance measurements.
Eddington ratios were calculated from the intrinsic X-ray
luminosities as in Ricci et al. (2017a). Similarly to what was
done in Ricci et al. (2017a), we excluded blazars from our
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Figure 1. Fraction of obscured Compton-thin [22 < log(Ny/cm™2) < 24]
sources vs. Eddington ratio for AGNs from our hard X-ray selected sample
with —4.8 < log Aggq < 0. For each Agyq bin, the fractions were normalized to
unity in the 20 < log(Ng/cm™2) < 24 interval. The red lines show the
expected Eddington limit for dusty gas with log(Ny /cm™2) =~ 22 from Fabian
et al. (2006 2008 2009; dashed line) and Ishibashi et al. (2018; dotted line).
The fractions are calculated following Cameron (2011), and the uncertainties
quoted represent the 16th and 84th quantiles of a binomial distribution.

©
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sample (Paliya et al. 2019) as well as obscured objects for
which the black hole mass was estimated using broad optical
emission lines, since Mgy is typically underestimated for those
objects (Mejia-Restrepo et al. 2022). Our final sample consists
of 681 AGNs, spanning a large range in 14-150keV
luminosities (10*' — 10*> erg s "), and with redshifts typically
7<0.15 (with most of the objects being located within a few
hundred megaparsecs).

3. The Relation between Obscuration and Eddington Ratio
3.1. Obscured Fraction versus Eddington Ratio

Figure 1 shows the relation between the fraction of obscured
Compton-thin [log(Ny /cm™2) = 22-24] sources (f,ps) and the
Eddington ratio for our sample. We considered here only
sources with log(Ng/cm~2) < 24, to maximize the complete-
ness of our selection (see Figure 1 of Ricci et al. 2015). The
observed trend reflects what was previously found by Ricci
et al. (2017a), with f,, decreasing sharply at Agqq = 1072, a
value consistent with the expected Eddington limit for dusty gas
(red dashed lines; Fabian et al. 2006, 2008, 2009; Ishibashi et al.

2018). Consistent results have been recently obtained using
different approaches and samples (see, e.g., She et al. 2018 for a
study of nearby low-luminosity AGNs). From careful modeling
of the broadband X-ray spectra of nearby AGNs using recently
developed torus models, Zhao et al. (2020) and Ogawa et al.
(2021) found a decrease of the covering factor of the obscuring
material at Agqq >~ 10~ 2. A decrease of the covering factor with
increasing Agqq Was also found in the IR (e.g., Ezhikode et al.
2017; Zhuang et al. 2018). This is in agreement with what
would be expected by the radiation-regulated unification model
(Ricci et al. 2017a), according to which the probability of
observing a source as obscured is a function of the inclination
angle as well as the Eddington ratio.

Most of the sources in our sample are found to accrete at
Arda < 1, with only 10 sources accreting at higher Eddington
ratios. Although we have only a small number of sources
at Aggq = 1, it is interesting to notice that three of them
(LEDA 97012, ESO383—18, and IRAS 04210+0400) are
obscured, which corresponds to f,, = 3273%, a value
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Figure 2. Fraction of sources with Ny in a given range vs. Eddington ratio for the objects in our hard X-ray selected sample with —4.5 < log Agqq < 0. For each Agqq
bin, the fractions were normalized to unity in the 20 < log(Ny/cm~2) < 24 interval. The red lines show the expected Eddington limit for dusty gas with
log(Ny /cm~2) ~ 22 (bottom-left panel; dashed line from Fabian et al. 2006, 2008, 2009; dotted line from Ishibashi et al. 2018) and log(Ny /cm~2) ~ 23 (bottom-
right panel; Ishibashi et al. 2018; Venanzi et al. 2020). The latter value of the effective Eddington limit includes the contribution from IR radiation trapping. The
fractions are calculated following Cameron (2011), and the uncertainties quoted represent the 16th and 84th quantiles of a binomial distribution.

significantly higher than what we found at Aggq >~ 107925 (see
Figure 1). Among these objects, LEDA 97012 is in a merging
system (e.g., Koss et al. 2012), ESO 383—18 shows peculiar
absorption properties, possibly associated with partial covering
(Ricci et al. 2010), while IRAS 0421040400 shows a relatively
high star formation rate (e.g., Ichikawa et al. 2017). Larger
studies of nearby AGNs accreting at high Eddington ratios are
needed to confirm an increase in fy,s at Aggq = 1.

3.2. f,,(Ng) versus Ngqq

Considering the large number of AGNs with careful measure-
ments of black hole masses provided by BASS DR2 (Koss et al.
2022a, 2022c¢), we can now explore the trend between the fraction
of sources in relatively narrow ranges of Ny and the Eddington
ratio. Figure 2 shows that the fraction of sources that show little to
no absorption [log(Ny /cm~2) < 21] increases with Agqg, and that
such an increase is particularly steep at Apgq > 102 (top-left
panel), in agreement with the idea that radiation pressure is able to
clean up the obscuring material very rapidly, leaving most of the
sky around the AGN with little or no absorbing material (Ricci
et al. 2017a). A similar trend is obtained when selecting only
sources with 20 < log(Ng/cm~2) < 21. Interestingly, such a
trend is not observed for sources with log(NVy/cm™2) = 21-22
(top-right panel), which exhibit a constant fraction of ~20% across
four orders of magnitude in Ag4q. This could be due to the fact that
most of the obscuring material in this range of column densities is
associated with gas from the host galaxy (e.g., Buchner et al. 2017;
Malizia et al. 2020), and therefore is not affected by radiation
pressure. In the log(Ny/cm~2) = 22-23 range (bottom-left

panel), we observe a trend that is in good agreement with what
is expected by considering the effect of radiation pressure, with a
rapid decline at Agqq =~ 102 Interestingly, the fraction of sources
with log(Ny /cm~2) = 23-24 (bottom-right panel) shows a very
similar trend to that of sources with log(Ny/cm™2) = 22-23,
with a rapid drop in the fraction of sources with Eddington ratios
above a few percent. The Eddington limit for dusty gas is however
expected to increase with the column density of the material, and it
should be Aggq = 107" for log(NVy /ecm~2) =~ 23 (e.g., Fabian
et al. 2006). Recent theoretical studies (e.g., Ishibashi et al. 2018;
Venanzi et al. 2020) have shown that infrared radiation trapping
could play an important role in the obscuring material, and would
allow AGNs to expel dense [log(Ny/ cm2) > 23] gas at
relatively low Eddington ratios (Agqq =~ 0.04), which could explain
our new observational results (dashed red vertical line in the
bottom-right panel of Figure 2). We explored the same trends of
Figure 2 by dividing our sample into different bins of intrinsic
14-150keV luminosity and black hole mass in Appendix (see
Figure 6), and found that these parameters do not appear to have
any significant effect on the relation between the fraction of
sources with a given Ny and Agyq.

4. Radiation-regulated Growth of Supermassive Black
Holes

4.1. Luminosity and Eddington Ratio Distribution Functions of
Nearby AGNs

Luminosity and Eddington ratio distribution functions
(ERDFs) can provide important insights on the lifetime of the
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different phases of SMBH growth. While AGN LFs have been
studied in detail in different bands and at various redshifts (e.g.,
Ueda et al. 2003; Nagar et al. 2005; Caputi et al. 2007; Hopkins
et al. 2007; Paltani et al. 2008; Aird et al. 2010; Ross et al.
2013; Ueda et al. 2014; Buchner et al. 2015), studies of the
ERDF (e.g., Kollmeier et al. 2006; Greene & Ho 2007; Aird
et al. 2012; Kelly & Shen 2013; Caplar et al. 2015; Schulze
et al. 2015; Bongiorno et al. 2016; Weigel et al. 2017; Ananna
et al. 2022b) are still relatively scarce. Early efforts to study the
ERDF were based on high-luminosity AGNs at z < 0.3 from
the Hamburg /ESO Survey (Schulze & Wisotzki 2010), and on
1 <z<2 AGNs from different optical surveys (Schulze et al.
2015). However, these samples were focused on unobscured,
high-luminosity AGNs and did not provide a full picture of
the SMBH growth. Some other studies have used the stellar
mass as an indicator of the black hole mass, and derived
ERDFs including for lower-luminosity, obscured systems (e.g.,
Georgakakis et al. 2017; Aird et al. 2018). Recently, studying
nearby hard X-ray selected AGNs from BASS, Ananna et al.
(2022b) calculated the ERDFs of AGNs in the local universe in
the 107> < Agqq < 1 range for both type 1 and type 2 AGNs
(top panel of Figure 3), finding that the shape of the ERDF is
independent of the AGN black hole mass. Ananna et al.
(2022b) found that the total ERDF can be well reproduced by a
double power law with a break at log A3y = —1.34 & 0.07. A
similar value was inferred by Weigel et al. (2017), who
proposed that the growth of radiatively efficient (i.e., X-ray
detected) and inefficient (i.e., radio detected) AGNs could each
have universal ERDFs, which can reproduce both the black
hole mass function and the AGN LF. Weigel et al. (2017)
found that the ERDF of local, radiatively efficient AGNs has a
break between log A3y = —1.57 and log A\fyy = —1.11.

As expected, the ratio between the ERDF of type 2 AGNs
and that of the whole AGN population (bottom panel of
Figure 3) shows a similar trend to that observed for the
Jfobs—AEqq relation (Ricci et al. 2017a). The break in the ERDF
of local type2 AGNs (log \igq = —1.667009) found by
Ananna et al. (2022b) is consistent with the Eddington limit
for dusty gas, while that of type I AGNs is found at higher
Eddington ratios (log Ay = —1.15%092). Considering the
strong anisotropy of the radiation produced in the accretion
disk (e.g., Kawaguchi & Mori 2010), it is possible that this
value is associated with the action of infrared radiation trapping
in the optically thick material located along the plane of the
accretion disk, which was not blown away at log Agqq ~ —2.

4.2. A Radiation-regulated Model for the Growth of Nearby
SMBHs

The value of Ay, inferred by Ananna et al. (2022b) for the
whole AGN population lies in the range at which we find that
BASS AGNs transition from being mostly obscured
(fobs > 50%) to mostly unobscured (f,ps < S0%), as illustrated
in the top panel of Figure 4. A similar trend is observed when
considering the X-ray luminosity (bottom panel of Figure 4),
with the break (L;%_,5,) in the LF>? being consistent with the
transition between an AGN being mostly obscured to being
mostly unobscured. Most of the SMBH growth in the local
universe should occur around the break in the LF (e.g.,

33 Ananna et al. (2022b) report the luminosity in the 14-195 keV band, which
was converted into the 14-150 keV luminosity adopted here assuming a
power-law continuum with a photon index of I' = 1.8, consistent with the
median of Swift/BAT AGNs (Ricci et al. 2017b).
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Figure 3. Top panel: ERDFs of type 1 and type 2 BASS AGNs from Ananna
et al. (2022b). The vertical red lines show the expected Eddington limit for dusty
gas with log(NVy /ecm~2) =~ 22 (dashed line from Fabian et al. 2006, 2008, 2009;
dotted line from Ishibashi et al. 2018) and log(Ny /cm~2) ~ 23 (dotted—dashed
line from Ishibashi et al. 2018; see also Venanzi et al. 2020). Bottom panel: ratio
between the Eddington ratio distribution function of type 2 AGNs and that of the
whole AGN population, which is a proxy of the fraction of obscured sources and
of the covering factor of the obscuring material.

Hopkins et al. 2005; Hopkins & Hernquist 2009), which
corresponds, for our sample of nearby AGNSs, to the phase
during which the accreting SMBH is surrounded by large
quantities of gas and dust. Since the number density of AGNs
strongly decreases at Agqg > Migq, this suggests that, in
removing the obscuring material, radiation pressure from the
AGN also depletes the reservoir of the fueling material, thus
regulating accretion onto the SMBH, and causing the shorter
lifetime of AGNs accreting at high Eddington ratios.

The differences in the Eddington ratio distributions of
obscured and unobscured AGNSs, as well as the overall shape of
the ERDF and LF, can be interpreted in the framework of an
evolutionary model, in which radiation pressure, besides
shaping the close environment of SMBHs, also regulates their
growth. A schematic of this radiation-regulated growth model
of SMBHs, which is an extension of the radiation-regulated
unification model (Ricci et al. 2017a), is shown in Figure 5: an
accretion event (1) increases the Eddington ratio, typical
column density, and covering factor of the circumnuclear
obscuring material of an AGN (2). Due to the large covering
factor of the circumnuclear obscuring material, an AGN in this
stage would be preferentially observed as obscured by an
observer at a random inclination angle. As the Eddington ratio
increases due to the large amount of fuel available, the source
eventually reaches the effective Eddington limit for dusty gas.
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Figure 4. Top panel: covering factor of obscuring material vs. Eddington ratio
for the objects in our hard X-ray selected sample with —4 < log Aggq < 0. The
covering factor was obtained by considering the fraction of obscured sources, as
in Figure 1, including the Compton-thick fraction from Ricci et al. (2017a), and
normalizing to unity in the 20 < log(Ny/cm~2) < 25 interval. The red vertical
line shows the break in the ERDF (\f), while the hatched vertical area shows
the uncertainty on \f;; (Ananna et al. 2022b). The blue hatched horizontal area
represents the observed interval of the covering factor overlapping with \fy.
The blue dashed line corresponds to fys = 50%. The value of Afqq corresponds
to the Eddington ratio where the transition between most of the sources being
obscured (f,ps > 50%) to most of the sources being unobscured (fops < 50%) is
observed. Bottom panel: same as the top panel for the 14-150 keV luminosity.
The red vertical line shows the break in the LF (L_s,), while the hatched
vertical area shows its uncertainty (Ananna et al. 2022b).

It then spends a short time in the blowout region (3), with the
covering factor of the circumnuclear obscuring material
decreasing rapidly, until most of the circumnuclear obscuring
material is blown away, and the AGN is more likely observed
as a relatively unobscured source (4). This would leave mostly
optically thick material located near the plane of the disk, in
agreement with the finding that the covering factor of the CT
gas does not change significantly with Eddington ratio (Ricci
et al. 2017a). Once most of the material has been accreted and/
or has been blown away by radiation pressure and IR trapping,
the source would transition to low Ny and Agyq.

The timescales of this process will be discussed in detail,
using the ERDF, in a forthcoming companion paper (Ananna
et al. 2022a; see also Lansbury et al. 2020 and Jun et al. 2021
for a recent discussion on the blowout timescales). It should
be noted that in Figure 5 we assumed a maximum
contribution of the host galaxy to the X-ray obscuration of
log(Ng/cm~2) ~ 22, ie., ~1dex higher than the angle-
averaged value obtained for the Milky Way (e.g., Willingale
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Figure 5. Top panel: BASS AGNs (red diamonds) in the Ng—Agqq plane. The
dashed, dotted, and dotted—dashed black lines represent the 50%, 68%, and 90%
number density contours in the 1073 < Arda < 1 range. The black continuous
line represents the effective Eddington limit for dusty gas reported in Fabian et al.
(2009). The horizontal line at log(Ny/cm~—2) = 22 represents the assumed
maximum contribution to Ny of gas from the host galaxy. The colored surface
represents the blowout region. The dashed—dotted line shows the effective
Eddington limit when including infrared radiation trapping (Ishibashi et al. 2018),
adapted to the values of Fabian et al. (2009), similarly to what was done by
Lansbury et al. (2020). The dashed line represents the effective Eddington limit
for dusty gas reported by Ishibashi et al. (2018; see also Venanzi et al. 2020). The
typical uncertainties are reported in the top-left corner for Compton-thin and CT
AGNs. Sources for which Ny was too low to be constrained were assigned
log(Ny /cm~2) = 20. The low number of low Agqq points is due to relatively low
sensitivity of Swift/BAT, which does not allow it to detect low-luminosity
AGNSs. Bottom panel: a schematic of the radiation-regulated growth model
outlined here: an accretion event (1) leads to an increase of the Eddington ratio
and typical column density of an AGN (2), which would be preferentially
observed as an obscured or type 2 source, due to the large covering factor of the
obscuring material. As the Eddington ratio increases above the effective
Eddington limit for dusty gas, the AGN spends a short time in the blowout region
(3), before its covering factor decreases, and it is mostly observed as an
unobscured or type 1 source (4). Once most of the material has been accreted, or
blown away by infrared radiation trapping, the source moves back to having low
values of Ny and Agqg. The lines are the same as in the top panel.

et al. 2013), although this value could be larger for high
stellar masses (e.g., Buchner et al. 2017) and could increase
significantly at higher redshifts (e.g., Banerji et al. 2012;
Assef et al. 2015; LaMassa et al. 2016; Gilli et al. 2022; see
Section 4.3). The accretion event could be either associated
with secular processes (e.g., Davies et al. 2007) or with
mergers (e.g., Blecha et al. 2018). Both mechanisms could be
at play in our AGN population: Swift/BAT AGNs tend to be
hosted by gas-rich spiral galaxies (e.g., Koss et al. 2011) and
to have high gas fractions (Koss et al. 2021), and some of
them can be found in galaxy mergers (e.g., Koss et al. 2018).
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According to the model proposed here, the obscuring
material of objects at the end of the cycle, with low Eddington
ratios (log Aggg < —4), would be expected to have lower
covering factor and column density. While the statistics
available are still small, this could be reflected in the lower
fraction of obscured sources observed in the —4.8 < log Agqq <
—4 range (Ricci et al. 2017a, Figure 1). These very low
Eddington ratio AGNs typically show only faint X-ray
reflection features (e.g., Ptak et al. 2004), and recent modeling
of their broadband X-ray spectra has also shown that their
integrated column densities appear to be significantly lower
than those of more rapidly accreting SMBHs (e.g., Ursini et al.
2015; Diaz et al. 2020). This might not be the case for all low
Arda AGNs, since some of them might be in the process of
starting a new cycle (i.e., transitioning from step 1 to 2 in
Figure 5). Low-luminosity AGNs (e.g., Ho 2008, 2009) are still
expected to produce feedback, preferentially through the
kinetic mode (e.g., Weinberger et al. 2017), which would
however mostly heat up the gas on Galactic scales, and not
strongly affect the circumnuclear environment of the SMBH.

4.3. The Role of Large-scale Obscuration at High Redshift

At higher redshifts and luminosities than those probed here, it
seems to be rather common for sources accreting at very high
Apda to be obscured. This is shown, for example, by the
relatively high number density of hot dust obscured galaxies (hot
DOGs), which are found to have large [log(Ny/cm~2) > 23]
column densities (e.g., Stern et al. 2014; Ricci et al. 2017c; Vito
et al. 2018a; Zappacosta et al. 2018b) compared to AGNs with
similar luminosities (Assef et al. 2015). Red quasars, which host
obscured AGNs (e.g., Banerji et al. 2012; LaMassa et al. 2016;
Glikman et al. 2017), have also been found to reside in the
blowout region of the Ny—Agqq diagram (Glikman 2017,
Lansbury et al. 2020). Moreover, many of these objects show
evidence of powerful outflows in their optical /UV spectra (e.g.,
Yi et al. 2022), suggesting they are in the process of driving
material away from the nucleus (Temple et al. 2019; Lansbury
et al. 2020). Jun et al. (2021) recently studied a large sample of
infrared and submillimeter-bright obscured quasars with bolo-
metric luminosities Lgy 2 10* erg s~ !, which included red
quasars, Hot DOGs, ultraluminous infrared galaxies, and
submillimeter galaxies. Jun et al. (2021) showed that most of
these objects are found in the blowout region, and behave
differently from lower-luminosity, local AGNs. In some of these
objects, the AGN might be in the brief phase during which it is
expelling dusty circumnuclear gas, and cleaning up its
environment. This behavior in IR-bright and submillimeter
galaxies could also be related to the high fraction of mergers
found in these objects (e.g., Urrutia et al. 2008; Glikman et al.
2015; Fan et al. 2016; Diaz-Santos et al. 2018). Theoretical
studies have shown that the merger process can be very efficient
in moving gas into the inner hundreds of parsecs of galaxies,
thus feeding and obscuring the SMBH (e.g., Hopkins et al. 2008;
Blecha et al. 2018; Kawaguchi et al. 2020). In agreement with
this, it has been found that the typical column density and
covering factor of the obscuring material is very high in galaxies
undergoing mergers, particularly during the final stages (Ricci
et al. 2017d, 2021; see also Satyapal et al. 2014; Kocevski et al.
2015; Yamada et al. 2021). Part of this material could be located
outside the sphere of influence of the SMBH, so that the main
parameter determining the effect of radiation pressure would be
the luminosity, rather than the Eddington ratio. Moreover, it has
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been argued that the presence of stars in the dusty gas clouds
would hinder the effect of radiation pressure (Fabian et al. 2009),
since they would provide an additional gravitational pull,
allowing the obscuring material to survive to higher Aggyq.
Therefore, in the case of major merger-induced accretion, the
radiation-regulated growth model illustrated in Figure 5 could
reach higher column densities (e.g., Ricci et al. 2017d, 2021) and
accretion rates (e.g., Treister et al. 2012).

The ISM could also play a role in obscuring the AGN at
redshifts higher than those probed by our study. Using ALMA
observations, Gilli et al. (2022) recently showed that the column
density of the ISM toward the nucleus of z >3 galaxies is
typically >100 times larger than at z ~ 0, and it may reach CT
values at z 2 6. This, combined with the larger number of
AGNs in mergers at higher redshifts with respect to z =0 (e.g.,
Mortlock et al. 2013; Whitney et al. 2021), could explain the
increase of the fraction of obscured sources with redshift (e.g.,
La Franca et al. 2005; Treister & Urry 2006; Ueda et al. 2014;
Aird et al. 2015; Buchner et al. 2015; Vito et al. 2018b; Avirett-
Mackenzie & Ballantyne 2019), and in particular the high
fraction of AGNs with log(Ny/cm™2) > 23 at z > 3 (Vito et al.
2018b). Since the ISM material is outside the sphere of
influence of the SMBH, in these high-z objects, the relation
between radiative AGN feedback and the obscuring material
would be regulated by luminosity, and not by Eddington ratio.
This would allow AGNs to reach higher luminosities before
they are able to remove the obscuring gas. If part of the
obscuring material is associated with the AGN feeding, one
would expect the break in the ERDF to shift to higher values for
higher redshifts (e.g., Caplar et al. 2015; Schulze et al. 2015),
similarly to what is observed for the break in the LF (e.g., Ueda
et al. 2014).

5. Summary and Conclusions

We studied here the relation between AGN obscuration and
the Eddington ratio using a highly complete sample of 681
nearby X-ray selected AGNs with black hole mass measure-
ments from BASS, with the goal of improving our under-
standing of the relation between obscuration, radiation
pressure, and SMBH growth. Our main findings are:

1. Thanks to the significantly larger sample, we confirm
with a higher statistical significance the results obtained
by Ricci et al. (2017a), namely that the fraction of
obscured sources decreases sharply at Aggq 2 1072
(Figure 1), corresponding to the Eddington limit for
dusty gas (Fabian et al. 2006, 2008, 2009). This suggests
that radiative feedback can efficiently remove the
obscuring material around SMBHs.

2. Using the large BASS data set, we find a strong increase
in the fraction of sources with log(Ny/cm™2) < 21 at
AEdd 2 1072, consistent with the idea that obscured
sources become fully unobscured rapidly once they
accrete above the effective Eddington limit for dusty
gas (top-left panel of Figure 2).

3. The fraction of sources with 21 < log(Ny/cm™2) < 22
does not change with Aggqq, and is stable at ~15%-20%,
suggesting that most of the (neutral or weakly ionized)
obscuration in these AGNs is produced by gas in their
host galaxies (top-right panel of Figure 2).

4. The fraction of sources with 22 < log(Vy/cm~2) < 23
decreases rapidly at Aggq > 1072 (bottom-left panel of
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Figure 2), consistent with the radiation-regulated unifica-
tion model (Ricci et al. 2017a). Interestingly, the fraction
of sources with 23 < log(Ny/cm~?) < 24 also decreases
at a similar Eddington ratio (bottom-right panel of
Figure 2). This could be due to the effect of infrared
radiation trapping (e.g., Ishibashi et al. 2018; Venanzi
et al. 2020), which is expected to lead material with
log(Ny/cm~2) > 23 to evaporate at Aggq below the
expected Eddington limit for dusty gas with the same
column density.

5. Using the ratio between the ERDF of type 2 AGNs and
the ERDF of typel and type2 AGNs (Ananna et al.
2022b), we recover a similar relation between the
covering factor and the Eddington ratio to that found
using the fraction of obscured sources (Figure 3; see also
Ricci et al. 2017a).

6. The breaks in the ERDF (log \f;y = —1.34 + 0.07) and
LF (log L} |50 = 44.117)13) of all BAT AGNs (Ananna
et al. 2022b) are found where AGNs transition from
having most of their sky covered by obscuring material to
having most of their sky devoid of absorbing material
(Figure 4). This implies that most of the SMBH growth in
the local universe would happen when an AGN is
covered by a large fraction of gas and dust. The fact that
AGNs with Eddington ratios above \fy4, which have low
covering factors of the obscuring material, are rarer,
could be associated with the lower amount of accreting
material available in their surroundings, which would
lead them to spend a relatively short time in this phase.

7. We suggest that these results could be explained with a
radiation-regulated growth model for AGNs (see
Figure 5), in which (nearby) accreting SMBHs move in
the Ny—Aggq plane during their life cycle. The growth
episode starts with the AGN mostly unobscured and
accreting at low Agqq. As the SMBH receives its fuel, its
Agdd> Vi, and covering factor increase. At this stage, an
observer, with a randomly selected inclination angle with
respect to the obscuring material, would preferentially
observe the source as an obscured/type 2 AGN. When
Agdq increases above the Eddington limit for dusty gas,
the AGN starts to rapidly expel the obscuring material,
which leads to a rapid decrease of its covering factor and
typical Ny. The AGN is now observed typically as
unobscured/type 1, with only CT material along the
equatorial plane left. As the material is depleted, either by
accretion or by the effect of infrared radiation trapping
due to the increasing Agqq, the SMBH goes back to a
quiescent phase.

In a parallel and complementary BASS analysis (Ananna
et al. 2022a), we will use the ERDF of nearby AGNs to
constrain the timescales of the different stages of SMBH
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growth. At redshifts higher than those probed here, large-scale
material associated with the host galaxy might play an
important role in obscuring AGNs (e.g., Gilli et al. 2022),
and the main parameter determining the effect of radiation
pressure could be the luminosity, rather than the Eddington
ratio. Future studies of the redshift evolution of the fyn—Agaq
relation, and evolution of the Ny—Agqq diagram, will help shed
light on how the relation between AGN obscuration and
radiative feedback changes over cosmic time.
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Appendix
The Effect of Black Hole Mass and Luminosity on the
Obscuration—-Eddington Ratio Relation

In the top and bottom panels of Figure 6, we show the
relation between the fraction of sources with given column
density and the Eddington ratio. The sources are divided into
two different ranges of 14—150keV intrinsic luminosity (top
panels) and black hole mass (bottom panels), showing that
these two parameters do not play a significant role.
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Figure 6. Top panel: fraction of sources with column densities in a given range vs. the Eddington ratio for AGNs in two different bins of intrinsic 14-150 keV
luminosity (in units of ergs™'). The red dashed lines show the expected Eddington limit for dusty gas with log(Ny/cm™2) =~ 22 (bottom-left panel; Fabian
et al. 2006, 2008, 2009) and log(Ny /cm~2) ~ 23 (bottom-right panel; Ishibashi et al. 2018; Venanzi et al. 2020). The latter value of the effective Eddington limit
includes the contribution from IR radiation trapping. Bottom panel: same as top panel, but with AGNs divided into two different ranges of black hole mass (in units of
solar mass).
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