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ABSTRACT

The obscuration observed in active galactic nuclei (AGNs) is mainly caused by dust and gas distributed in a torus-like structure
surrounding the supermassive black hole. However, the properties of the obscuring torus of an AGN in X-ray have not yet been fully
investigated because of a lack of high-quality data and proper models. In this work, we perform a broadband X-ray spectral analysis of
a large, unbiased sample of obscured AGNs (with line-of-sight column density 23 < log(Ny) < 24) in the nearby Universe for which
high-quality archival NuSTAR data are available. We analyzed the source spectra using the recently developed borus®2 model, which
enables us to accurately characterize the physical and geometrical properties of AGN-obscuring tori. We compare our results obtained
from the unbiased Compton-thin AGNs with those of Compton-thick AGNs. We find that Compton-thin and Compton-thick AGN’s
may possess similar tori, whose average column density is Compton thick (Ny orave = 1.4 X 10** cm™2), but they are observed through
different (under-dense or over-dense) regions of the tori. We also find that the obscuring torus medium is significantly inhomogeneous,
with the torus average column densities being significantly different from their line-of-sight column densities (for most of the sources
in the sample). The average torus covering factor of sources in our unbiased sample is ¢; = 0.67, suggesting that the fraction of
unobscured AGNSs is ~33%. We developed a new method to measure the intrinsic line-of-sight column density distribution of AGN's
in the nearby Universe, and find the results to be in good agreement with constraints from recent population synthesis models.

Key words. galaxies: active — Galaxy: nucleus — X-rays: galaxies

1. Introduction

Active galactic nuclei (AGNs) are some of the most power-
ful objects in the sky because of the extreme accretion pro-
cess of the super-massive black holes (SMBHs) in the center
of galaxies (Soltan 1982; Richstone et al. 1998). The material
(gas and dust) surrounding the SMBH not only feeds the cen-
tral monster but is the origin of the obscuration of the AGN
(see Hickox & Alexander 2018, for a recent review). Study-
ing the properties of this obscuring material in AGNs is key
to understanding the growth of SMBHs. The AGN unified
model (Antonucci 1993; Urry & Padovani 1995) suggests that
the obscuring material in the AGNs is shaped as an opti-
cally thick torus-like structure. The obscuring torus was initially
thought to be smooth. However, many recent observations show
that the material within the torus is clumpy rather than uni-
formly distributed (see Netzer 2015, for a recent review). For
example, the rapid variable sources and eclipse events found
in X-ray observations (e.g., Risaliti et al. 2002; Markowitz et al.
2014; Laha et al. 2020) and the observed 10 um silicate features
in the infrared (IR) spectra cannot be explained by a smooth
torus (e.g., Nenkova et al. 2002; Mason et al. 2009).

Based on the obscuration of the torus, AGNs can be cat-
egorized into unobscured when the column density along the
line of sight is Nyjps < 10*2cm™2, and obscured when
Nigjos > 102 cm™2. The most obscured sources are called Comp-
ton thick (CT-) AGNs when Nyjos > 10** cm~2. Moreover,
AGNSs with different levels of obscuration are the main contribu-
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tors to the cosmic X-ray background (CXB; the diffuse X-ray
emission in the universe; e.g., Maccacaro 1991; Madau et al.
1994; Comastri et al. 1995). Hard X-ray surveys are more effi-
cient in detecting obscured AGNs because high-energy pho-
tons can more easily penetrate the dense material surrounding
the SMBH. However, only a small number of CT-AGNs have
been discovered so far (e.g., Risaliti et al. 1999; Burlon et al.
2011; Ricci et al. 2015; Lanzuisi et al. 2018) because of their
large obscuration, which makes it difficult to both detect them
and properly measure their column density. Consequently, the
uncertainties on the measurement of the intrinsic distribution
of the column density of AGNs are still significant. The frac-
tion of CT-AGNs predicted by AGN population synthesis mod-
els (~30-50%; Gilli et al. 2007; Ueda et al. 2014; Buchner et al.
2015; Ananna et al. 2019) is much higher than what has been
observed so far (~10-30%; Burlonetal. 2011; Ricci et al.
2015; Lansbury et al. 2017; Masini et al. 2018; Zappacosta et al.
2018). Therefore, the intrinsic column density distribution of
AGN:s is still controversial.

In this work, we perform a broadband X-ray spectral anal-
ysis of high-quality (soft and hard) data available for a large,
unbiased sample of obscured AGNSs in the local universe (z <
0.15). In Sect. 2, we introduce the criteria that are used to
select the unbiased AGN sample and describe the X-ray spec-
tral analysis technique. In Sect. 3, we report the spectral anal-
ysis results. In Sect. 4, we develop a new method to calculate
the intrinsic line-of-sight column density distribution of the
AGNSs in the local Universe. We also compare our derived
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distribution with the results obtained in previous observations
and the constraints from different population synthesis models.
All reported uncertainties are at 90% confidence level unless oth-
erwise stated. Standard cosmological parameters are adopted as
follows: (Hy) = 70km s~ Mpc~!, (go) = 0.0, and (Q,) = 0.73.

2. Sample selection and spectral analysis
2.1. Selection criteria

The sources presented in this work are selected from the 100-
month Palermo Swift-BAT catalog' (Marchesi et al., in prep.),
which covers 50% of the sky at the 15-150keV flux limit of
~5.4x107'2 ergcm™2 s~!. The selection criteria are as follows:

1. Sources with line-of-sight column density2 (Nm0s) between
10% and 10%* cm™2. To characterize the physical and geomet-
rical properties of the obscuring material around the SMBH,
a clear signal is needed from the reprocessed component of
the obscuring torus to overcome the line-of-sight compo-
nent. Though ideal for studying the obscuring torus, when
sampling, there is significant bias against CT-AGNs. There-
fore, here we select heavily obscured Compton-thin AGNss,
against which there is less bias when studying the obscur-
ing torus. In sources with Nyjos < 102 cm™2, the contri-
bution of the reprocessed component to the overall AGN
emission is negligible (<5% at 2-10keV; Balokovic et al.
2018), which makes the derivation of the torus properties a dif-
ficult process in those sources. We therefore select Compton-
thin sources with Ny jos > 10% cm™2 in our study of the AGN
torus. We analyzed the nearby CT-AGNs selected from the
Swift-BAT catalog in a separate set of papers (Marchesi et al.
2018, 2019, and in prep., Zhao et al. 2019a,b).

2. Available NuSTAR data. NuSTAR data are instrumental in
properly characterizing the properties of heavily obscured
AGN:s in the local universe because of the significant sup-
pression of their spectra at soft X-rays (see, e.g., Civano et al.
2015; Marchesi et al. 2018).

The obscuring material that reprocesses the X-ray emissions
from the “hot corona” is mainly related to the dusty torus
(<10pc) proposed by the AGN unified model and to the inter-
stellar medium (ISM; >kpc) of the host galaxy (see, Netzer
2015; Almeida & Ricci 2017; Hickox & Alexander 2018, for
recent reviews). The typical column density Ny toward the
nucleus decreases with size scale as R~2 (where R is the dis-
tance from the central SMBH). Thus, the Ny from the galaxy-
wide scale is thought to be Ny < 10?* cm™2, except for galaxy
mergers (e.g., Di Matteo et al. 2005) and high-redshift quasars
where the galaxies are rich in gas (Circosta et al. 2019). The
dusty gas in the compact torus can produce obscuration up to
Nu ~ 10% cm™2. Our selected sources are heavily obscured
(Ng > 10 cm™?) and are in the local Universe (z < 0.15), and
no evidence has been found for merger events. Therefore, we
assume that the obscuring material that reprocesses the X-ray
emission in our sources is mainly from the AGN torus.

A total of 93 out of ~1000 AGNs in the BAT catalog have
been selected and analyzed in this work. The information about
the observations used when analyzing each source is listed in

' http://bat.ifc.inaf.it/100m_bat_catalog/100m_bat_
catalog_v0.0.htm

2 For sources also detected in the BAT 70-month catalog, we use the
spectral properties measured in Ricci et al. (2017a). We measured their
spectral properties using the Swift-BAT data and soft X-ray data for the
rest of the sources.
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the Appendix. The median redshift of the sources in our final-
ized sample is (z) = 0.02776 (i.e., the median distance is (d) ~
122 Mpc).

2.2. Spectral analysis

We perform a broadband (1-78keV) X-ray spectral analysis
of all 93 sources in our sample. NuSTAR (3-78 keV) data pro-
vide coverage in the hard X-rays. For the soft-X-ray band, we
use archival XMM-Newton data when they are available (1-
10keV; 48 sources); otherwise we use archival Chandra data
(1-7keV; 19 sources). We use Swift-XRT data (1-10keV; 26
sources) when neither XMM-Newton nor Chandra data are avail-
able. The details of the data reduction are listed and described in
Appendix A.

The spectra are fitted using XSPEC (Arnaud 1996) version
12.10.0c. The photoelectric cross-section is from Verner et al.
(1996); the element abundance is from Anders & Grevesse
(1989) and metal abundance is fixed to solar; the Galac-
tic absorption column density is obtained using the nh task
(Kalberla et al. 2005) in HEAsoft for each source. The y? statis-
tic is adopted when XMM-Newton data and Chandra data are
used, while the C statistic (Cash 1979) is used when Swift-XRT
data are applied due to the low quality of the Swift-XRT spectra
and the limited number of counts in each bin.

The spectra of heavily obscured AGNs are complicated by
the emergence of the reprocessed component, including the
Compton scattering and fluorescent emission lines, which are
buried by the line-of-sight component in the unobscured AGN
spectra. However, despite the additional difficulty of character-
izing the spectra, this reprocessed component becomes a per-
fect tool to estimate the physical and geometrical properties of
the obscuring material surrounding the central SMBH. In this
work, following Zhao et al. (2020), we analyze the spectra of
the sources in our sample using the self-consistent Borus model
(Balokovi¢ et al. 2018), which optimizes the exploration of the
parameter space and has been intensively used to characterize
heavily obscured AGNSs.

The complete Borus model used in the spectral analysis con-
sists of three components:

(A) A reprocessed component produced by the obscur-
ing material near the SMBH, including the Compton-scattered
continuum and fluorescent lines, characterized by borus02.
borus02 assumes a sphere with conical cutouts at both poles
(Balokovi¢ et al. 2018), approximating a torus with an opening
angle that can vary in the range of 6r,, = [0—84]°, corresponding
to a torus covering factor of ¢; = cos(fr,) = [1—0.1]. The incli-
nation angle, which is the angle between the axis of the AGN
and the observer’s line of sight, is also a free parameter ranging
from 6, = [18-87]°, where 6., = 18° is when the AGN is
observed face-on and f,,s = 87° is observed edge-on. The aver-
age column density of the obscuring torus can vary in the range
of log(Nu or) = [22.0-25.5].

(B) A line-of-sight component or the absorbed intrinsic con-
tinuum, described by a cut-off power law, denoted by cutoffpl
in XSPEC, multiplied by an obscuring component, including
both the photoelectric absorption (zphabs) and the Compton-
scattering (cabs) effects. It is worth noting that the torus column
density in the reprocessed component is decoupled from the line-
of-sight column density: the torus column density is an average
property of the obscuring torus. In contrast, the line-of-sight col-
umn density represents a quantity that is along our line of sight
and could vary when observed at different epochs.
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The line-of-sight column density Ny o5 can be significantly
different from Ny o, Which can be used as an approximation of
the nonuniform (clumpy) distribution of matter surrounding the
SMBH (see discussion in Sect. 4.2 of Balokovié et al. 2018).
Buchner et al. (2019), Tanimoto et al. (2019), who assume a
clumpy torus scenario, provide a more realistic description of
the obscuring material surrounding the accreting SMBH. How-
ever, these authors do not provide information about the global
average properties of the torus, such as for example its average
column density, which is a significant focus of this paper. More-
over, the Tanimoto et al. (2019) model has not yet been made
publicly available.

(C) A scattered component modeling the fractional AGN
emission that is scattered rather than absorbed by the obscuring
material. The scattered component is characterized by an unab-
sorbed cut-off power law multiplied by a constant. The fractional
unabsorbed continuum is usually less than 5—-10% of the intrinsic
continuum (see, e.g., Noguchi et al. 2010; Marchesi et al. 2016)
and accounts for the AGN emission at low-energy below a few
keV.

In the process of modeling the spectra, we tie the photon
indices, I, the cut-off energy, E.y, and the normalization, norm,
of the intrinsic continuum, the reprocessed component, and the
fractional unabsorbed continuum together, assuming that the
three components have the same origin. The photon index in
borus®2 ranges in [1.4-2.6], and therefore the photon index in
the cut-off power law varies between 1.4 and 2.6 as well.

The Borus model is used in the following XSPEC
configuration:

Model = constant; * phabs * (borus02+
zphabs = cabs * cutoffpl + constant, * cutoffpl),

ey

where constant; is the cross-calibration between NuSTAR and
the soft-X-ray observatories, that is, XMM-Newton, Chandra,
and Swift-XRT; phabs models the Galactic absorption from our
Galaxy; and constant, is the fraction of the unabsorbed con-
tinuum in the scattered component.

The cut-off energy is fixed at E, = 500keV for all sources,
except for ESO 383-18, whose cut-off energy is found to be
E. < 20keV. The spectra of nine sources (ESO 263-13, Mrk
3, NGC 835, NGC2655, NGC4102, NGC4258, NGC4507,
NGC 5728 and NGC7319) all show strong nonAGN thermal
emission around 1keV, which may be caused by the star for-
mation process and/or diffuse gas emission. We use mekal
(Mewe et al. 1985) to model this nonAGN thermal contribu-
tion: the temperature and the relative metal abundance in mekal
are both left free to vary. To better constrain the parameters of
the mekal model, we fit the spectra of these sources down to
0.3keV. When analyzing the spectra of 3C 445, we add a few
Gaussian lines to model different emission lines. The relative
iron abundance of the reprocessed component, Ar., is fixed to
1 (the solar value), except for three sources (3C 445, 3C 452
and ESO 383-18), where a significant improvement in spectral
fit (>30 using ftest in XSPEC) has been found when Ar, is free
to vary. The best-fit iron abundances are Ape3caas = 0. 32+005

~0.08°
Arecas2 = 0417093 and Ape gso3s3-1s = 0.19*507.

We note that the obscuring material in the AGNS might also
originate from the polar dust outflow as revealed by IR obser-
vations (e.g., Tristram et al. 2007). However, the X-ray obser-
vations are less affected by the polar outflow because the gas
density in the polar outflow is much less than that in the torus
(Wada et al. 2016). Indeed, the covering factors measured in X-
ray are systematically smaller than those measured in IR (see,

Fig. 2 in Tanimoto et al. 2019). This suggests that the typical size

of the X-ray obscuring material is much smaller (i.e., the torus)
than the typical sizes of the IR emission (i.e., torus + polar dust).
Therefore, in the following discussion, we assume that absorp-
tion measured in the X-ray spectra of the sources in our sample
is mainly due to the obscuring material in the torus, except for a
few cases discussed in Sect. 3.

3. Results

The spectra of 93 sources and their best-fit models can be found
online®. The best-fit results of the spectral analysis, that is, line-
of-sight column density, Ny s, torus average column density,
Ny or, cosine of the inclination angle, cos(fi,c), torus cover-
ing factors, c¢f, 2-10keV flux, Flux,_j9, and 2-10keV intrin-
sic (absorption-corrected) luminosity, Lino-19, are reported in
Tables A.2—A.4 when XMM-Newton, Chandra, and Swift-XRT
data are used, respectively. For 15 sources in our sample, the
contributions of their reprocessed emission to the overall spectra
are marginal, such that the parameters of the reprocessed compo-
nent, for example the torus average column density, inclination
angle, and torus covering factor, cannot be constrained at all.
Therefore we analyze their spectra using only the line-of-sight
component and the scattered component for those sources. Eight
sources in our sample are found to have line-of-sight column
density Nijos < 102 cm™ or Nyjos > 10**cm™2, and there-
fore these sources are excluded from our sample. The spectra
and best-fit model predictions of four representative sources have
been plotted in Fig. A.1.

Flux variations are commonly found in the X-ray spectra
of AGNs, especially when multiple observations are taken over
timescales that vary from weeks to years (e.g., Guainazzi 2002;
Risaliti 2002; Markowitz et al. 2014). Such variabilities are com-
monly explained by either the fluctuation of the AGN intrinsic
emission (e.g., Nandra 2001) or the variation in the absorbing
column density along the line of sight (see, e.g., Risaliti et al.
2002; Bianchi et al. 2012). Within the 93 sources in our sample,
20 sources are semi-simultaneously observed by NuSTAR and
the soft-X-ray observatories. In the remaining 73 sources, 43
(~59%) are measured with significant flux variations between
the soft- and hard-X-ray observations (2-10keV flux variation
>20 percent). Within these 43 sources, 16 mainly show intrin-
sic emission variation; 15 sources show Ny s Variation; and the
flux variabilities of 12 sources can be explained only by consid-
ering both intrinsic emission and Ny s variations. The details
of the variability analysis are reported in Appendix B. The best-
fit results of the sources with flux variability are summarized in
Table B.1. It is worth noting that if a source had multiple soft-X-
ray observations, we chose the one taken closest to their NuSTAR
observation time. Therefore, the fraction of the sources in our
sample that experienced flux variabilities might be even higher
if all soft-X-ray observations are taken into account; however, we
cannot exclude the possibility that the Ny o, measured with dif-
ferent instruments may have different values (apparent variabil-
ity) due to different bandpasses, energy resolution, and effective
areas. The Ny o reported in Tables A.2—A .4 are those measured
in the NuSTAR observing epoch, and we use them in the follow-
ing discussions.

Marchesi et al. (2019, hereafter M19) reported the CT-AGNs
in the nearby Universe, which are also selected from the
BAT 100-month catalog and are covered by NuSTAR data.
The sources were analyzed using the borus02 model as well,
with the distinction that the inclination angle is fixed in the

3 https://science.clemson.edu/ctagn/project/
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Fig. 1. Left to right in the first row and second row: number of sources with a specific range of inclination angles, cos(6;,.), torus column densities,
log(Nu,or), torus covering factors, cf, and torus column density contrast ratios, Ny or/Np.10s, from the Compton-thin sources in our sample (gray
histogram) and CT sources from M19 (orange histogram), respectively. cos(6i,c) ~ 0.05 is when the AGN is observed edge-on and cos(6inc) ~ 0.95
is when the AGN is observed face-on. The error bar is at 90% confidence level. The overall distribution of the torus column density contrast ratio
after rescaling is plotted in yellow. We do not include the 15 sources fitted with only a line-of-sight component and a scattered component here.

edge-on direction when fitting the spectra. We re-analyze these
CT sources using the same model presented in Sect. 2.2 and
leave the inclination angle free to vary when fitting the spec-
tra. Thus, we were able to compare the properties of the
obscuring torus of CT sources with those of the Compton-
thin sources in our sample. The best-fit re-analysis results of
the CT sources in the M19 sample are reported in Table A.S5.
Four CT sources in the M19 sample are found to be Compton
thin in our re-analysis. Therefore, we add those four sources
to 011r Compton-thin sample, which now includes 89 sources in
total”.

Although CT-AGNs are an ideal sample with which to study
the obscuring torus — because of their significantly suppressed
line-of-sight emission, which allows clear visualization of the
reprocessed emission from the torus—, we need to keep in mind
the strong bias against the detection of CT-AGNs, which means
that the observed CT sample is likely incomplete. Indeed, the
detected fraction of CT-AGNss (fcr) in the BAT sample decreases
significantly as the distance (redshift) increases (fcr = 31% at
10Mpc and fer = 4% at 100 Mpc; Ricci et al. 2015), suggesting
that the detection of CT-AGN:ss is significantly biased, especially
for low-luminosity CT-AGNs at large distance. Therefore, the

* The median photon indices of the 89 sources is (I') = 1.67.
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torus properties derived from the CT sample in this work may not
represent the torus properties of the whole CT-AGN population.
The main results of the spectral analysis are as follows:

— The Compton-thin sources in our sample are evenly observed
in every direction considering the uncertainties as shown
in Fig. 1 (upper left), suggesting that our BAT-selected
Compton-thin AGN sample is an unbiased sample. In con-
trast, most of the CT sources in the M 19 sample are observed
edge-on, which is in agreement with the material distri-
bution formalism used in the clumpy torus model which
assumes that the obscuring clumps are populated in the edge-
on direction (e.g., Nenkova et al. 2008; Buchner et al. 2019;
Tanimoto et al. 2019).

— The torus column densities of the majority of Compton-thin
sources and CT-AGNs are in the >10?* cm™2 range as pre-
sented in Fig. 1 (upper right), suggesting that CT reflectors
are commonly found in both Compton-thin AGNs and CT-
AGNSs. A similar result was also reported by Buchner et al.
(2019), for example.

— The average torus column density is similar for
both Compton-thin AGNs and CT-AGNs, namely
log(NH tor.ave) ~ 24.15 (see left panel of Fig. 2), independent
of the observing angle.

— We notice that the average column densities of the tori
of Compton-thin sources are generally larger than their
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and red squares for CT sources, respectively. Left panel: Nyor = Nujos is plotted as a light-gray dashed line. The low covering factors of the CT

sources are due to the bias explained in Sect. 3.

line-of-sight column densities, suggesting that Compton-
thin AGNs are usually observed through an under-dense
region in their tori. Conversely, the average column densi-
ties of the tori of CT-AGNs are always smaller than their
line-of-sight column densities, suggesting that CT-AGNs are
observed through an over-dense region in their tori; although
we cannot exclude the possibility that the additional obscu-
ration along the line of sight of sources (especially when
observed face-on) with Ny < Npjos is due to polar out-
flows (Honig et al. 2013).

— Compton-thin AGNs and CT-AGNs have (statistically) dif-
ferent covering factors, with the former having larger (c; >
0.5) covering factors than the latter (¢ < 0.5), as shown
in Fig. 1 (bottom left). Interestingly, the average torus cov-
ering factor of Compton-thin AGNs is cfave ~ 0.67. In
contrast, the average torus covering factor decreases signif-
icantly when the line-of-sight column density reaches the
CT regime, as shown in Fig. 2 (right). The low-¢; found
in the CT sample might reflect the fact that the CT sam-
ple is significantly biased. The detected CT-AGNs in the
BAT sample are the intrinsically most luminous sources,
which typically have a lower ¢f compared with the intrin-
sically fainter AGNs (Burlon et al. 2011; Ricci et al. 2017b;
Marchesi et al. 2019), suggesting that BAT samples only
the low-c; CT-AGNs even in the nearby Universe. Indeed,
Ricci et al. (2015) measured a ¢ ~ 0.70 for AGNs in the
local Universe using a statistical method (the fraction of the
absorbed AGNs is used as a proxy for the mean torus cover-
ing factor of the AGNs in the sample). Their result is in good
agreement with the average covering factor measured in our
unbiased Compton-thin sample.

— The obscuring material in the torus of AGNs is significantly
inhomogeneous. The torus average column densities of the
majority of Compton-thin AGNs and CT-AGNs are at least
three times smaller or larger than their line-of-sight column
densities, as shown in Fig. 1 (bottom right). Moreover, for
~30% of sources in the sample, their torus average column
densities are different from their line-of-sight column densi-
ties by more than a factor of ten. A similarly inhomogeneous
torus result was found by Laha et al. (2020), who studied a
sample of 20 Compton-thin AGNSs.

— The distributions of the torus column density contrast ratio
(CR = Ny tor/N110s Which shows how inhomogeneous the
torus is) observed in Compton-thin AGNs and CT-AGNs
are different (see, Fig. 1 bottom right). We consider that the
overall distribution of the torus column density contrast ratio
of different AGN types should be a combination of the CR
distribution of both Compton-thin AGNs and CT-AGNs. To
combine the two distributions, we rescale the torus column
density contrast ratio distribution of CT-AGNs before pro-
ducing the overall distribution because we are biased against
the detection of CT-AGNs, that is, we need to consider
the intrinsic number of Compton-thin AGNs and CT-AGNSs.
Here, we assume that the numbers of Compton-thin AGNs
and CT-AGNs are similar, which is in agreement with the
results of previous works and those found here, as discussed
further in Sect. 4. After rescaling, we find that the torus col-
umn density contrast ratio is rather flat over CR =[0.03,30]
(Fig. 1 bottom right), suggesting that for a given torus col-
umn density, an AGN can be observed with different line-of-
sight column densities with equal probabilities.

In the Compton-thin sample, the effect of the biases discussed
above are much weaker than in the CT sample, because the
reprocessed component does not dominate the hard band emis-
sion of Compton-thin AGNs. Therefore, there is less bias in
the sampling method against the tori properties measured in
the Compton-thin sample. We use only these measurements to
derive the intrinsic Ny o5 distribution of AGNs in the local Uni-
verse in Sect. 4.

4. Intrinsic line-of-sight column density distribution
of AGNs

The line-of-sight column density distribution of AGNs in
the local Universe has been measured in recent years (e.g.,
Burlon et al. 2011; Ricci et al. 2015). However, the observed
line-of-sight column density distribution is significantly affected
by selection bias. Therefore, the intrinsic distribution of the AGN
line-of-sight column density depends heavily on the absorption
correction used, particularly for Ny o5 > 10235 cm™2. To inves-
tigate the actual intrinsic line-of-sight column density distribu-
tion of AGNss in the local Universe, we developed a Monte Carlo
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Fig. 3. Distribution of the average column density of the tori of the
sources in our unbiased Compton-thin AGN sample. The histogram
describes the same sample as in the upper right panel of Fig. 1 but with
different grouping bins.

method based on the measured properties of the obscuring tori in
our unbiased sample from Sect. 3. Here we assume that different
types of AGNs possess tori with similar properties (Antonucci

1993; Urry & Padovani 1995). The details of our method are as

follows:

1. We randomly draw a torus average column density Ny tor
from the distribution shown in Fig. 3.

2. We then assign a random contrast ratio in the range of [0.03—
30] to each Ny (only a small fraction of sources have
extremely inhomogeneous torus with a contrast ratio outside
of this range), and therefore the line-of-sight column density
of each torus is Ny jos = N tor/CR;

3. We assume a 33% fraction of unobscured AGNs because the
average covering factor of the torus in our sample is cfaye ~
0.67, and therefore the lines of sight of 33% of the AGNs do
not intersect their torus. We presume that the distribution of
Ni10s between 10?° cm=2 and 10?? cm~2 is flat.

A discrepancy in the intrinsic line-of-sight column density dis-
tribution between the previous observational results obtained
using Swift-BAT (e.g., Burlonetal. 2011; Riccietal. 2015)
and constraints from different population synthesis models
(e.g., Gillietal. 2007; Ueda et al. 2014; Buchner et al. 2015;
Ananna et al. 2019) still exists. We compare our derived intrin-
sic line-of-sight column density distribution with the results of
these authors’ in Table 1 and Fig. 4.

When comparing to the Swift-BAT observed column density
distributions (Burlon et al. 2011; Ricci et al. 2015), our method
predicts a larger fraction of CT-AGNs (see, Table 1), which is
likely because of the difficulty that Swift-BAT has in detecting
extremely heavily obscured AGNs. Our predictions are in good
agreement with the column density distribution used in the popu-
lation synthesis model in Ueda et al. (2014), which is also based
on a low-redshift Swift-BAT-selected sample. It is worth noting
that the column density distribution is luminosity (and redshift)
dependent (see, e.g., Buchner et al. 2015). Different works adopt
different samples of AGNs with different luminosity and redshift

> The reported observational column density distributions are those
that have been corrected for selection bias and for the bias against
detecting extremely absorbed sources. The average redshifts of the
sources in the samples used in Burlon et al. (2011) and Ricci et al.
(2015) are (z) = 0.03 and 0.055, respectively.
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Table 1. Distribution of the intrinsic line-of-sight column densities
derived from our new method compared with previous results from
observational works and from population synthesis models.

1 020_1022 1 022_1 026 1022_ 1 024 1 024_ 1 026

Our work 33% 67% 30% 37%
Observations

1020_1022 1022_1025 1022_1024 1024_ 1 025
Burlon+11 38% 62% 43% 19%
Ricci+15 22% 78% 46% 32%

Population synthesis model

1020_1022 1022_1026 1022_1024 1024_1026
Gilli+07 13% 87% 42% 45%
Ueda+14 33% 67% 34% 33%
Buchner+15 25% 75% 37% 38%
Ananna+19 9% 91% 41% 50%

ranges when deriving the column density distribution. In partic-
ular, our work provides a constraint on the line-of-sight column
density distribution of AGNs with a median 2—10keV intrinsic
luminosity of (Lin2-10) = 1.20 X 10 erg s~ in the local Uni-
verse (z < 0.15). The listed column density distributions of each
of the studies in Table 1 are the values at z ~ 0. We note that
the fraction of unobscured AGNs derived in our work at z ~ 0 is
larger than those obtained in Gilli et al. (2007), Buchner et al.
(2015), Ananna et al. (2019). Therefore, an overestimation of
the CXB at the soft X-ray band might occur if the fraction of
unobscured AGNs is consistent at different redshifts, suggesting
that the unobscured AGN fraction should significantly decrease,
moving towards higher redshifts, as discovered in observations
(e.g., Lanzuisi et al. 2018).

Figure 5 shows a comparison of the average torus proper-
ties obtained from our unbiased sample (left side) and the intrin-
sic line-of-sight column density distribution derived from our
method.

5. Conclusions

We study the obscuring tori of AGNs by analyzing the broad-
band X-ray spectra of a large and unbiased sample of heavily
obscured AGNss in the local Universe. We find that Compton-thin
AGNs and CT-AGNs may possess similar tori, whose average
column density is Compton thick (N orave = 1.4 X 10%*cm™),
but that they are observed through different (under-dense or over-
dense) regions of the tori. The average torus covering factor of
the Compton-thin sample is ¢ = 0.67, suggesting that the frac-
tion of unobscured AGNs is ~33%. We also find that the obscur-
ing tori of most AGNs are significantly inhomogeneous. Using
the obtained properties of the obscuring torus and a Monte Carlo
method, we calculate the intrinsic line-of-sight column density
distribution of AGNs in the nearby Universe, finding good agree-
ment with recent AGN population synthesis models. Our results
may help understand the properties of the obscuring materials
surrounding the SMBH in the local Universe and help to con-
strain the future population synthesis study of the CXB. In the
future, new X-ray missions such as Athena and the proposed
Lynx and AXIS facilities will detect a large sample of obscured
AGNs at high redshift (see, e.g., Marchesi et al. 2020), which
could help us to further constrain the evolution of AGN obscu-
ration and SMBH growth over cosmic time.
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Appendix A: Data reduction and spectral analysis
results

Information about the observations adopted when analyzing
each source is listed in Tables A.1. The redshift of each source
is adopted from NED® and SIMBAD’, except for 2MASX
J00502684+8229000, for which there is no redshift record; we
therefore let the redshift of this source free to vary when fitting
its spectra obtain a best-fit redshift of z ~ 0.03817.

The NuSTAR data of both FPMA and FPMB are calibrated,
cleaned, and screened using the nupipeline script version
0.4.6 and calibration database (CALDB) version 20181030. The
sources spectra, ancillary response files (ARF), and response
matrix files (RMF) are obtained using the nuproducts script
version 0.3.0. The source spectra are extracted from a 75” circu-
lar region, and the background spectra are extracted using a 75"
circular region near the source but avoiding contamination from
the source.

The XMM-Newton data from two MOS cameras
(Turner etal. 2001) and one EPIC CCD camera (pn;
Striider et al. 2001) onboard XMM-Newton are utilized in
the spectral analysis. The XMM-Newton data are reduced using
the Science Analysis System (SAS; Jansen et al. 2001) version
17.0.0 following standard procedures. The flares are removed
by visually inspecting the high-energy light curve (10-12keV)
when the count rates exceed 0.35 cts s~! for MOS and 0.4 ctss™!

Table A.1. 93 BAT selected sources with archival NuSTAR observations.

for pn. The source spectra are extracted from a circular region
with a radius of 15”; the background spectra are extracted from
a circle nearby the source with the same radius as the source
spectra but avoiding contamination from sources.

Chandra data, focused on the 0.3-7keV energy band, are
used in our spectral analysis when XMM-Newton data are not
available. We reduced the Chandra data using the Chandra’s
data analysis system, CIAO software package (Fruscione et al.
2006) version 4.11 and Chandra CALDB version 4.8.2. The
level=1 data are reprocessed using the CIAO chandra_repro
script. The source spectrum is extracted from a circular region
with a radius of 5”; the background spectrum is extracted from
a circular region near the source with a radius of 10”. The CIAO
specextract tool is used to extract both source and background
spectra, ARF, and RMF files following standard procedures.

Given the smaller effective area in soft X-ray band (eight
times smaller than XMM-Newton pn and four times smaller than
Chandra at 3keV), Swift-XRT data are used only when nei-
ther XMM-Newton nor Chandra data are available. The spectra
are obtained from the online Swift product generator® (see also
Evans et al. 2009). In the case of variability, we did not stack
multiple observations of the same source. The Swift-XRT spectra
are rebinned with a minimum of 5 counts per bin because of the
limited number of counts using the HEAsoft task grppha, while
the NuSTAR, XMM-Newton, and Chandra spectra are rebinned
with a minimum of 20 counts per bin.

Source z NuSTAR NuSTAR XMM XMM Chandra Chandra XRT XRT
date ks date ks date ks date ks

2MASX J00502684+8229000 N/A @ 2018 Aug 25 54 2018 Aug 25 7

2MASX J01073963-1139117  0.04746 2016 Sep 16 42 2019 May 21 10

2MASX J06411806+3249313  0.04700 2018 Dec 31 36 2006 Mar 11 17

2MASX J09235371-3141305  0.04237 2014 Apr 20 42 2014 Apr 19 7

2MASX J11140245+2023140  0.02615 2014 Jan 17 48 2014 Jan 17 6

3C 105 0.08900 2016 Aug 21 42 2008 Feb 25 34

3C 403 0.05900 2013 May 25 40 2002 Dec 07 49

3C 445 0.05588 2016 May 15 40 2001 Dec 06 57

3C 452 0.08110 2017 May 01 104 2008 Nov 30 194

4C +29.30 0.06471 2013 Nov 08 42 2008 Apr 11 62

4C +73.08 0.05810 2016 Dec 05 26 2009 July 11 29

CASG218 0.05395 2016 Dec 31 40 2016 Dec 26 23

Cen A 0.00183 2013 Aug 06 102 2013 Aug 07 29

CGCG 427-028 0.03033 2014 Dec 10 52 2014 Dec 10 84

ESO 21-4 0.00984 2015 May 05 42 2019 Dec 22 6

ESO 103-35 0.01329 2017 Oct 15 88 2002 Mar 15 30

ESO 119-8 0.02294 2016 Jun 27 52 2016 July 09 10

ESO 121-28 0.04052 2014 Aug 08 44 2014 Aug 08 7

ESO 231-26 0.06254 2015 Mar 13 48 2009 Jun 19 2

ESO 263-13 0.03354 2015 Oct 13 46 2007 Jun 14 61

ESO 317-41 0.01932 2018 May 27 62 2018 May 27 72

ESO 383-18 0.01241 2016 Jan 20 213 2006 Jan 10 45

ESO 439-G009 0.02389 2015 Dec 20 46 2015 Jun 07 34

ESO 464-16 0.03635 2016 Apr 13 44 2016 Apr 11 55

ESO 500-34 0.01222 2017 Dec 15 36 2016 Feb 08 10

ESO 505-30 0.03971 2018 Jan 28 44 2018 Jan 28 7

ESO 553-43 0.02776 2016 Aug 16 43 2010 May 16 10

Fairall 272 0.02182 2014 Jan 10 48 2007 Oct 14 30

1IC 751 0.03120 2014 Nov 28 52 2014 Nov 28 64

IC 1657 0.01195 2017 Jan 15 90 2008 Nov 03 2

Notes. Column 2: redshift of the source. Columns 3—4: NuSTAR observation date and exposure time. Columns 5-6: XMM-Newton observation
date and exposure time. Columns 7-8: Chandra observation date and exposure time. Colunms 9-10: XRT observation date and exposure time.
@No redshift record is found for 2MASX J00502684+8229000 in either NED or SIMBAD, so we let the redshift free to vary when fitting the
spectra. The best-fit redshift is z ~ 0.03817.

% https://ned.ipac.caltech.edu
7 http://simbad.u-strasbg.fr/simbad/

8 https://www.swift.ac.uk/user_objects/
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Table A.1. continued.

Source z NuSTAR NuSTAR XMM XMM Chandra Chandra XRT XRT
date ks date ks date ks date ks

IC 4709 0.01690 2013 July 24 40 2006 Oct 28 2

IC 4518A 0.01626 2013 Aug 02 16 2006 Aug 07 22

IC 5063 0.01135 2013 July 08 36 2007 Jun 15 34

IRAS 0558140006 0.11470 2015 Dec 12 42 2010 May 07 10

IRAS 16288+3929 0.03056 2012 Sep 19 32 2011 Sep 08 78

IRAS 20247-7542 0.11394 2019 Feb 18 70 2010 July 02 7

LEDA 15023 0.04500 2012 July 24 12 2012 Oct 20 19

LEDA 2265450 0.02678 2014 Dec 23 40 2006 Jan 04 6

LEDA 259433 0.09001 2019 Mar 01 44 2009 Dec 31 7

LEDA 2816387 0.10756 2016 May 06 53 2017 Nov 20 50

LEDA 46599 0.03194 2016 Jan 09 42 2016 Jan 09 6

LEDA 511869 0.07661 2016 May 25 44 2018 Feb 09 41

LEDA 549777 0.06100 2014 Jan 21 44 2006 Jun 23 12

MCG -01-05-047 0.01720 2012 Nov 30 26 2009 July 24 30

MCG -02-09-040 0.01499 2015 Feb 25 44 2015 Feb 25 26

MCG -02-15-004 0.02897 2018 Nov 13 40 2010 May 05 6

MCG -03-34-064 0.01654 2016 Jan 17 157 2016 Jan 17 372

MCG +11-11-32 0.03625 2016 Feb 18 8 2015 Dec 14 7

Mrk 3 0.01351 2015 Apr 08 50 2015 Apr 08 8

Mrk 18 0.01109 2013 Dec 15 40 2006 Mar 23 36

Mrk 273 0.03778 2013 Nov 04 140 2013 Nov 04 19

Mrk 348 0.01503 2015 Oct 28 42 2002 July 18 76

Mrk 417 0.03276 2017 Feb 20 42 2006 Jun 15 24

Mrk 477 0.03773 2014 May 15 36 2010 July 21 30

2014 May 24 34

Mrk 1210 0.01350 2012 Oct 05 30 2001 May 05 18

Mrk 1498 0.05470 2015 May 11 48 2007 Jun 23 21

NGC454E 0.01213 2016 Feb 14 48 2009 Nov 05 76

NGC612 0.02977 2012 Sep 14 30 2006 Jun 26 71

NGC 788 0.01360 2013 Jan 28 30 2010 Jan 15 71

NGC 835 0.01359 2015 Sep 13 42 2000 Jan 23 91

NGC 1142 0.02885 2017 Oct 14 41 2006 Jan 28 32

NGC 1229 0.03629 2013 July 05 50 2010 Oct 19 7

NGC 2655 0.00467 2016 Nov 10 32 2005 Sep 04 16

NGC 3281 0.01067 2016 Jan 22 46 2011 Jan 05 64

NGC4102 0.00282 2015 Nov 19 42 2016 Jun 17 29

NGC4258 0.00149 2016 Jan 10 208 2006 Nov 17 142

NGC4388 0.00842 2013 Dec 27 42 2008 Apr 16 171

NGC 4500 0.01038 2015 Aug 30 42 2015 Aug 30 7

NGC 4507 0.01180 2015 Jun 10 68 2010 Aug 03 29

NGC 4785 0.01227 2014 Aug 20 98 2014 Aug 20 72

NGC4939 0.01037 2017 Feb 17 44 2010 Jun 09 14

NGC 4941 0.00370 2016 Jan 19 42 2011 Mar 07 5

NGC 4992 0.02514 2015 Jan 27 46 2006 Jun 27 45

NGC 5283 0.01040 2018 Nov 17 66 2003 Nov 24 9

NGC 5728 0.00935 2013 Jan 02 48 2003 Jun 27 19

NGC 5899 0.00855 2014 Apr 08 48 2011 Feb 13 62

NGC 5972 0.02974 2018 Mar 20 83 2017 Dec 18 24

2017 Dec 19 24

NGC 6300 0.00370 2016 Aug 24 48 2001 Mar 02 128

NGC 6232 0.01480 2013 Aug 17 38 2011 Apr29 3

NGC7319 0.02251 2017 Sep 27 84 2001 Dec 07 121

PKS 2356-61 0.09631 2014 Aug 10 46 2011 Oct 19 22 2010 Mar 04 20

SDSS J135429.05+132757.2  0.06332 2019 Mar 14 39 2014 Jun 25 9

SDSS J165315.05+234942.9  0.10342 2018 Jan 19 56 2011 Mar 09 35

UGC 3157 0.01541 2014 Mar 18 40 2010 Oct 22 6

UGC 3752 0.01569 2013 Dec 03 48 2013 Dec 03 7

UGC 3995B 0.01597 2014 Nov 08 46 2014 Feb 07 11

UGC 4211 0.03443 2017 Mar 11 40 2019 Feb 08 10

VII Zw 73 0.04133 2012 Nov 08 34 2011 Mar 04 27

Was 49b 0.06400 2014 July 15 40 2014 July 15 6

WISE J144850.99-400845.6 0.12323 2019 Mar 12 40 2014 Feb 16 67

7319-7 0.04400 2014 May 01 30 2014 May 01 7

7333-49 0.03358 2015 Jan 15 50 2009 Jan 14 10

7367-9 0.02392 2014 Dec 21 60 2007 May 30 10
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Table A.2. Best-fit results of the sources with NuSTAR (3—-78 keV) data and XMM-Newton (1-10keV) data.

Source x?/d.o.f. r N los MNitor c08(Binc) ¢t Norm Flux,_9 Lint2-10

2MASX J06411806+3249313  382/371  1.60*000  23.0970%  22.86*0%  0.95*  0.88* . 0.1670% 112700 4370003
3C 105" 205/232  1.53*013  23.65+00 - - - 0.257010  —12.03*092  43.97+097
3C 445 885/913  1.56*0% 23.08*0%5  24.00*011  0.957 . 0807012 022002 1127092 43.76*09!
3C 452 1206/1177  1.49%002 2359003 22.96*004  0.95% o 1.00%%,, 026*002 —11.51*00) 443600
4C +29.30 168/176  1.46*521  23.50*20¢  23.90*011  0.55*  1.00%% . 0.05709%  -12.0070% 4335013
Cen A 5100/4781 1.81*001  23.06*00!  23.041026 03501 0.30*0% 9.95007  _936+001  42.82+091
CGCG 427-028 463/470  1.76*003  23.15*003  2546*1 , 0.607031  0.627095 0.117091  —11.66*092  42.99+0.93
ESO 103-35 2006/1907  1.70*34%  23.25*002 24.36*008  0.51701¢  0.657004 1737034 —10.747091  43.37+092
ESO 263-13 410/444  1.64*012 2385%004 2260%048  0.6479%°  0.70%%,, 0.247091  —11.877091  43.50*0.0¢
ESO 317-41 158/156  1.76*031  23.90*007  24.66%4 0.45%0% 0567k, 0127015 -12.367017 42,6001
ESO 383-18 1367/1343  1.58%00¢  2328+003 2438097 0.84*097  0.86*019  0.39*001  -11.34*002 42544003
ESO 439-G009 173/180  1.77*926  23.58*000  24.26*% o 0.10*997 0.64%% .. 0.16*015 —11.93*017  42.89+0.1¢
ESO 464-16 137/131  1.46%530 2379*018  23.96%027 0.74:911 0.91%4 ., 0.047095 -12.27:09%8  42.97+0-19
Fairall 272 559/594 1517011 23.23%095 2400103 0.37:021 0407047 0.18%096  -11.19096  43.100:9¢
IC 4518A 188/186  1.72*)13  23.11%012 24.28%040  0.75*01°  0.80%4,, 0.20700° —11.37:003  42.75+00¢
IC 751 280/257  2.06*015 23.607093 24764, 0.5970 07274, 028709 -11.937030 4320700
IRAS 16288+3929 187/196  1.72*312 23.88*006 23424069 0261947 041704 023011 —12.06*09 43.28*017
LEDA 2816387* 243/232  1.33*013 23.76*0% - - - 0.0870%%  ~12.007091  44.24*011
LEDA 511869 157/155  1.49*018  2388*012 24.00%4_ 0.13*213  0.10:9% 022702 —11.24*09 43,9207
MCG -01-05-047 2517261 1.89*019 23.33709%  24.46%4,.  0.8970% 0.897097 0307005 -11.587004  42.6800
MCG -02-09-040 111/92  1.95%932 23.90*012 2550* ~ 0.86%,, 077311 0.127038 12312000 422602
MCG -03-34-064 1920/1460  1.92+002  2377+002 2453+003  .85+001  0.86*004  0.48+001  _11.68*002  42.92+00!
Mrk 3 1056/1073  1.48%011 23947006 2330+024  047+016  0.50*095  1.42*033  -11.01*000 43424003
Mrk 18 212/204 1707035 23.1370%  25.10%%,, 0.95% . 0257019 0.07709  -11.97709  41.7670%
Mrk 273 339/359 176920 23.527095  24.11*019  0.15%  1.00%,, 0.0670% -12.09709  42.90*014
Mrk 348 2702/2583  1.66*093  22.92+003  24.48+048  21+002 0175008 1334009 _10.43+001  43.48+00¢
Mrk 417 314/326 1570008 23.53700%  23.15703%  0.157076 040707 0237008 11517000 43.46700]
Mrk 477 673/539  1.58*009  23.30700  22.90701%  0.95%  1.0074,, 0.16709¢ -11.477091  43.36709
Mrk 1210 679/669  1.77+%  23.3070%%  24.11701L 0957 1.00% . 074701 11127091 42.92+0.93
Mrk 1498 811/815  1.67*2%% 2326092 23001083 0.95* 0328902 0.42+095 11107001  44.12+002
NGC454E 344/310  1.81°011 23.86700  24.75%06%5  0.43*01¢ 0.4002%  0.167095 -12.18092 4226700
NGC612 176/195  1.5470:12  23.95+0:05 2378018 0.05:500  0.1079%  0.53*030 -11.96*092  43.56*0:3
NGC 788 303/290  1.56*01%  23.79*004  24.50* 0267095 0.20:0% 045015 1171709 42.97+097
NGC835 104/124  1.40%0%  23.46%000  23.22%01°  0.05*03* 0407970  0.047001  -12.09701F  41.81*00
NGC 1142 225/255  1.48:016 2420%008  23.49+013 005028 0.45*01% 03670107 -12.10709% 43447013
NGC 2655 123/120 212707 23.51%008F  23.65%%  0.15%0%0 039 0.22*0%  -11.96*07  41.37*08
NGC 3281 506/495  1.77*912 24.30%0% 2550 o 0.55*013 0524012 0.68+031 1172019  42.98+011
NGC 4258 1577/1582  1.92*008  22.94+002 2349+026 095+ = 0.90*093  021*003  -11.66*001  40.23+00
NGC 4507 1383/1355  1.637003  23.87°002 22907046 051011 0.66%012  1.49%032  -10.97*001 43334003
NGC 4785 402/364  1.96*013 23.70*004 24.43+037 063022 0.70%% 0217012 —12.04*012  42.32+097
NGC 4992 480/449  1.50*006 23.46%003  24.00*004 02574 1.007k,, 0.1870%%  —11.54709  43.1070:%¢
NGC 5899 820/866  1.997093  23.08*001 2479013 095 . 0957000 043000 11274000 42.26*0!
NGC 6300 863/952  1.9070% 23217093 24407016 073013 0817013 0.1170%  -10.817003  42.087002
NGC 7319 387/346 1717097 23.81*0% 25504 .. 0.69*02  0.70*0% 0.27+019  -12.39*09% 425609
PKS 2356-61 296/294  1.9070%  23.23+093  2550* - 0.76*017  0.76*097 0217092 —11.57709  44.26+*0.93
SDSS J165315+234942 307/350  1.50*99% 23207006 22.95°133 095t 07074 0.087092 11707093  44.01%00
VIIZw73* 93/96  1.78*921 238108 - - - 0.21*928  _12.17+005  43.49+020
WISE J144850.99-400845.6*  1247/1099  1.60*0.%3  22.4570.93 - - - 0.127091  —11.28091  44.74+091

Notes. Column 2: Reduced y?, i.e., x?/ degree of freedom (d.o.f.). Column 4: Logarithm of line-of-sight column density in cm™2. If line-of-sight
variability is found, the line-of-sight column density measured using NuSTAR data is reported. Column 5: Logarithm of average column density
of the torus in cm~2. Column 6: Cosine of the inclination angle. cos(d) = 1 is face-on and cos(6) = 0.05 is edge-on. Column 7: Covering factor of
the torus. Column 8: Normalization of the main cut-off power-law component at 1 keV in 107 photons keV~' cm™2 s~!. Column 9: Logarithm of
2-10keV flux of NuSTAR observation in 10712 ergcm™2s~!. Column 10: Logarithm of 2-10keV intrinsic luminosity of NuSTAR observation in
ergs™!. The 1o confidence level error is reported here. u is unconstrained when fitting the spectra. Sources labeled with asterisks are those fitted
with only the line-of-sight component and the scattered component.
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Table A.3. Best-fit results of the sources with NuSTAR (3—-78 keV) data and Chandra (1-7keV) data.

Source x*/d.of. r MNtios MNtor cos(Binc) cr Norm Flux,_jo Linia-10
2MASX J01073963-1139117 10/18  1.82%03% 24.48% 23.47j8:§§ 0.05*% 0.10*% 1.13’:‘5:?3 -12.331015 4430703
3C 403 358/305 2.1 1’:8:(1’? 23.65f8;3§ 24.76% 1o 0.56j8f§ 0.60f8ﬁ§ 0.67’:8:{2 -1 1.64f8;3_§ 44.09f8:8§
4C +73.08 139/135  1.40%012 23.53f8:?‘2‘ 22.93f8;§; 0.05%  0.70%% 5, 0~08f8i8? -1 1.81f8;_§? 43.60f8:8§
CASG 218 201/209 1.60f8:{3 23.41j8:8‘g 24.13% o 0.35% 0.20*%71 0.1 1“:8283 -11 .73’:8:?‘5‘ 43.55f8:(1’g
ESO 119-8* 91/106 1.66j8i}§ 23.17f8;83 - - - 0.03’:8;8% —12.19’:833 42.25j818§
ESO 500-34 115/120  2.34*32 23.67f8:8§ 2417 ,s 0. 15071 0.8875 s 0.62%7072 -1 1.92’:8;;2 42.52+517
IC 5063 732/742 1.77f8:3§ 23.36f8:8§ 24.31f8:§‘,‘ O.48f8::? 0.53ﬁ8ﬁ§ O.71f8;{3 -11 .O6f8:8§ 42.87f8:8§
LEDA 15023 78/77 1.91j8§§ 23.97j8:(1’§ 23.1 8’:8;;2 0.05+012 (,18+0:12 0.88:‘,;5 -1 1.86’:8;2; 44.09j8:}‘1)
NGC4102 297/300 1.74702 23.87+0%% 25 15 ¢ 0.537008  0.61703)  0.467022  -11.847031 41 .49’:8;32
NGC 4388 953/871 1.64f8:8§ 23.43j8:8§ 24.00j8:% O.60f8:(')j O.60ﬁ8ié§ O.49f8;8§ -1 1.14f8;8; 42.52j8:8§
NGC 4939 228/234  1.697017  23.827000  23.02%013  0.05194 0577003 0317039 -11.80*0%  42.49%01¢
NGC 4941 106/111  1.40%03! 23.98f8:§8 24-50f8ﬁ2§ 0.65% 5, 0.40j8:‘2‘_§ 0.06f8:8§ —12.281006 41 .O4f8jjz
NGC 5283 343/302 1.8 1‘:8;{? 23.04j8:(1)$ 24.39% ., 0.60%,, 0.50% ., O. 13“:8:83 -11 .62j8:?{ 42.02f8;82
NGC5728 417/446  1.80*09 24097003 2521*  0.52*921  0.59709 1.80’:8:?)% -1 1.78’:8:?_% 43.08j8:32
NGC 5972 177/188 1 .75f8;§? 23.79f8:(1)§ 24.34%%0 o 0.85f8:2§ 0.90% ., 0.08f8:(2)§ —12.35%010 42.79f8;8§
SDSS J135429.05+132757.2* 113/149 1.61j8:}2 23.45f8:?? - - - 0.11“:8281 —11.83’:8;8; 43.67f8;}(')
UGC 3995B 234/258 1.617095  23.48+0% 24.25j8:?§ 0.870% 0.94*% o 0.15*007 11687092 42.58j8:?§
UGC 4211 295/304 1.77f8:(1)é 22.95f8:8§ 23.43f8:‘5‘é 0.05%  0.70%5 0.15f8:8; -1 1.38f8:(1’_§ 43.28f8:8‘5‘
Was49b* 215/171 1 .49f8:{§ 23.30f8;{(‘) - - - 0.08f8:8§ -11 .69f8:8Z 43.65f8:(1)8
Table A.4. Best-fit results of the sources with NuSTAR (3-78 keV) data and Swift-XRT (1-10keV) data.
Source Cstat/d.o.f. r N.10s Ny tor c08(Bine) cf Norm Flux,_19 Lini2-10
2MASX J00502684+8229000 128/160  2.02*32)  23.21*019  24.15%017  0.95%  0.98%4 . 0.17705  —11.72%09  43.13*038
2MASX J09235371-3141305* 183/148 1.37701% 23.677097 - - - 0.13f818§ —11.81’:8;82 43.56*311
2MASX J11140245+2023140* 106/109 1.53’:8% 23.70*011 - - - 0.08f815§ -12.1 8’:8:2; 4283921
ESO 21-4* 215/180 1.57f8:{i 23.43f8:{8 - - - O.legjgﬁ —11.75f8:8§ 42.11f8;{(‘)
ESO 121-28 289/303  2.07 jg:gg 23.40’:818; 24.25’:8:?‘9‘ 0.35%  1.00%5,, 0.53“_’81;3 -11.47 jg:gé 43.67’:8:?(5)
ESO 231-26 296/309 1747018 23377098 24.52% o 0.26:03% 0402077 027701 -1 1.50’:8;8‘; 43.96*3%
ESO 505-30 292/299 1.84f8;‘1}i 23.10f8:8§ 24.20f8:§;’ 0.05+0:33 O.SOfgj‘g 0. 19j8183 -1 1.41j8:8§ 43.48f8;82
ESO 553-43* 488/493 1 .63’:8;32 23.1 8’:8182 - - - 0.34“:8132 —-11.1 9’:818: 43.42’:8:8:2
IC 1657 161/143 1.5870% 2353020 24.11% 0.67f8:§2 0.70%5 ¢ 0.07+09%  —-11.94*0%  42.007028
IC 4709 353/326 1.81f8:{§ 23.38f8:?§ 24.16f8:‘2)§ 0.95%  0.98%% O.32j8;ﬂ -1 1.42f8:8‘9‘ 42.77f8:8§
IRAS 05581+0006 201/199 1.47+022 23.32’:81{5 24.00% 4, 0.35*04  0,50* 0.08“:818; —11.72’:8;2‘1‘ 44.15’:8:(1)%
IRAS 20247-7542 446/401 1.627097  23.02+097 24.03:'81}; 0.90%%,, 03593 0.11*50>  -11.49+09 44.23:'818;‘
LEDA 2265450* 222/224 1.66f8;{: 23.46f8:82 - - - O.22i8;82 -1 1.62f8:8§ 43.1 ngjgg
LEDA 46599 299/263 1.88f8;§é 23.40f8:?§ 24.82%5,  0.91% . 0.43+0:32 0.26f8;$2 -11 .54f8:?: 43.35f8;{:
LEDA 259433 190/196  1.80*3:% 23.07*3)7 24.10%9%>  0.05%%  1.00%4,, 0.12*30%  —11.65709} 43.93’:8%
LEDA 549777* 196/187 1.58*010 23.11*597 - - - 0.0770%  -11.7570% 43.39f818§
MCG+11-11-32 117/133 1.88f8:(1)3 23.1 1f8:83 24.34f8;fg 0.65  1.00%5,, O.SOfgi{g —11.16f8;8§ 43.67f8;8‘7‘
MCG-02-15-004 127/120  2.14*383  23.74*005  2425%07  0.87r¢  0.98%4., 0467008 117709 43.30*0
NGC 1229 115/135 1.45+034 23.32’:8:(1)‘9‘ 2431% . 0.86% ., 0.80% ., 0.03“:8;83 —12.11+003 42.77’:813‘9’
NGC 4500 40/30 1.54+0:38 23.36f8jé 23.521978 .95+ 0717 0.01*502 12417005 41.24%038
NGC 6232 14/14 1.40+0% 23.72f8:(5)é 247545, 0554 0.90% ., 0.0ljgig? —12.6819% 41 .56f8;23
UGC 3157 121/134 2-21f8% 23.85%007  24.84*00  0.91* o 1.00%4 ., 0.82“:(')13‘3‘ -11.933097 42,91+
UGC 3752 149/129  2.037091  24.00%09! 24.58’:83?8 0.907092  0.9170%  0.43%002  -12.227095 42777091
7319-7* 133/113 1.39f8:}; 23.18*014 - - - 0.05709 -1 1.82f8;8§ 43.14*048
7.333-49* 213/192 1.67+513 23.20Jj8:(1)8 - - - 0.10%09%  —11.777302 43,0200
7367-9 196/203 1.66f8;}2 23.1 lfgzéf 23.75f8;5 0.05*" 0.59+ 0.04f8;8f -11 .89f8:?i 42.41f8;8§

Notes. Column 2: Reduced C statistic.
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Table A.5. Reanalysis best-fit results of the CT-AGN in Marchesi et al. (2019).

Source Statistics r Nulos Ny tor coS(Ginc) ct Norm Flux,_ig Lini2-10

CGCG 164-19 38/37 1.67+034 23.77j8;:2 24.56% ., 0.89%  0.90% 0.0ng:(')g -12.36+033 42.61j8:;1
ESO 005-G004 59/47 1.90%% 4, 24.67f8§; 24, 15f8;§§ 0.78’:8:}@ 0.79“:8: }é 0.32“:3:;2 -12.27:006 41 .92j8:3§
ESO 201-004 99/92 1.97f8:§§ 24.34f8:?2 23.28fg:?§ 0.05*0-18  0,20+0-26 0.99;‘@ —12.38+003 43.90f8;;‘§
MCG +08-03-018  125/131 1.98j3:(1’g 23-97i8ﬁ83 23.00ﬁ8;g 0.55%  1.00%%, O.49f8:§(2) -1 1.89f8:?§ 43.08f8:;8
NGC424 422/335 2. 12j8:8j1‘ 24.5 1f8:8§ 23.8 lfgzgg 0.063%01 (107001 5.27“_';:32 -1 2.00f8:5 43.54f8:gg
NGC 1194 275/267 1.91j8:{é 23.99j8:8§ 24.75% +, 0.86j8:(1)g 0.85f8:gg 0.39f8:§g 11971004 427 lfgigg
NGC 3079 111/111 2.041’8:%(2) 24.75% ., 238 1j8:g§ 0.1 5“:8:}8 0.231’8:52 4.071’3:82 1228104 427 lj(l’:‘l‘g
NGC 3393 120/110 1.6Ofgf(7) 24.27f8f‘3‘ 24.21fg:?g 0.0510-64 0.55“:8:2; 0.43“:3:‘2‘8 —12.43f‘2):;§ 42.85’:8;2(7’
NGC 4945 1144/1167 1.92j8:8§ 24.55j8:8{ 24.65jg:g‘3‘ 0.05+001 0, 12f8:8{ 76.86f8;2 -1 1.54ﬁ8i{‘5) 43.24f8:8{
NGC 5100 178/171 1 .69f8:‘1)‘3‘ 23.29f8;8§ 25.50% ,,  0.95% ., 0.254_’8:‘1’3 0. 17f3:8? -11 .53j8:§3 43.21j8182
NGC 5643 191/173 1.63fg:}2 >24.24 24.07fgzgg 0.95% 5o 0.80“:8:5}1 0. 121’3:8; —12.13f‘2):(1)j 41 .35f8;8§
NGC5728 417/446 1.80f8:?(2) 24.09j8:8? 25.21% ¢, 0.52j8:(2): 0.59f8:?? 1.80j3:8§ -1 1.78f8f§ 43.()8f8:32
NGC 6240 494/476 1.69“:8:82 24.08jg:g§ 24, 16j8:32 0.25+0-21 0.50“:8:%} 0.73“:3:%‘5’ -1 1.64j8:ﬁ 43-67t8ﬁ}§
NGC 7130 81/81 17145043 52416 24.61%% 5, 0.28f8;?§ 0‘37f8j§§ 0‘3731):2% —12.67f‘1):(3’? 42.931+0:66
NGC7212 110/106 2~22i8i33 24283}% 23.86f8;?§ 0.1 5j8:8§ 0.10%03 2.363:?? -1 2.25j?:g§ 43.78f8ﬁ
NGC 7479 195/165 2.29“:8:%2 24.76j8:g§ 25.087 0. 15’:8;8{ 0.29“:8:8} 46.80j‘2‘Z:§§ —12.62j‘2):;2 44.18j8£
NGC 7582 1708/1544 1.64f8:8§ 24.23f8;8§ 23.29f8:8§ 0.25j8182 0.90% 0‘76fgj8; -1 1.30f8z82 42.57f8:g{

Notes. Column 2: x?/d.o.f. for sources using XMM-Newton and Chandra data and cstat/d.o.f. for sources using Swift-XRT data.
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Fig. A.1. Spectra and ratio (between the data and model predictions) of ESO 263-13 (XMM-Newton+NuSTAR), UCG 3995B (Chandra+NuSTAR),
LEDA 549777 (Swift-XRT+NuSTAR) and NGC 7212 (in M19 sample). NuSTAR and soft X-ray data are plotted in blue and red, respectively.
The total best-fit model predictions and different components of the models of are plotted in cyan and black, respectively. The reprocessed
component, line-of-sight component, and scattered (and Mekal) component are plotted in dashed, solid, and dotted lines, respectively. Significant
flux variabilities are found in ESO 263-13 and UGC 3995B.
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Appendix B: Variability analysis

Table B.1. Best-fit results of sources with flux variabilities in our sample and M19 sample.

Source CSOfI/NuS NH,los,NuS NH,]os,soft A]\’H,Ios AT
DMASX J06411806+3249313 075012 23.00*008 23274006 (18012 12,80
3C 105* 26303 2365701 - - 8.34
3C 445 14300 2308+005 2321+ (13007 1444
. 03 ! .
3C 452 1307001 23597003 93.8p+006 (231000 g 4y
: 0.04 0.03 0.07
4C +29.30 1/ 235000 2368+003 (18007 558
4C +73.08 1 2353004 23707003 0174012 740
ESO 21-4" 1/ 2343%010 23674013 0244016 463
ESO 103-35 1331004 03251002 939g+001 () (3:002 |5 58
ESO 119-8* 201203 2317700 - - 0.03
ESO 263-13 0.81%008 23851008 3 43:003 () 471004 | 67
. 03 ! .
ESO 383-18 1.43%006  9398+003 93394001 () (4+002 [0 (3
ESO 439-G009 1 23.58%009  2369%007 0 11+011 (54
ESO 553-43" 0.6370%  23.18700 - - 5.75
Fairall 272 0.83:009 23234005 93 51+003 (97006 604
IC 1657 31110 23 53+021 - - 8.20
IC 4518A 0811015 2311012 93364007 25017 .99
IC 4709 243104 93 3g+002 - - 6.74
IRAS 16288+3929 1 23.88%006 23751006 (13+013 13
LEDA 259433 1 23.05°017  2334%012 (294027 |54
LEDA 2816387" 1 2376*005  2387:00%  (11#008 |54
LEDA 511869 217402 23.88+007 - - 1.71
+0.16 +0.09 +0.03 +0.10
MCG -01-05-047 123016 23334009 93934003 () 1010 335
MCG +11-11-32 0.682014 23,1109 - - 0.18
Mrk 348 0931002 22,9200 93144001 20008 138
0.06 0.04 0.07
Mrk 417 1/ 23,53f8_82 23.81 fggg 0.28f8_88 10.68
. . .07
Mrk 477 1/ 2330400 2370%003 040007 382
Mk 1210 1301005 23.30:004 - - 11.42
NGC 454 1 23.86%000 23371004 (494005 697
NGC612 149015 23 95+005 - - 6.22
NGC 788 1.59:010 93 79+004 - - 3.04
NGC 835 i 2346109 2406014 060017 15.64
NGC 1142 1437030 24207008 23751007 45109 11.7]
0.07 0.06 0.05 0.07
NGC 3281 0.65%007 2430709 23901005 (407007 505
NGC4388 1.89°005 3 43+002 - - 5.70
NGC 4507 0.68+001 23 8g+00! - - 4.85
NGC 4939 1 23.821009  2369°0%9  (.13+012 6,69
NGC 4941 1 23.987030  2358:032 0401038 6,69
NGC 4992 LI2:011 2346003 2367+003 (0 21+004 1058
NGC 5283 0.641007 2304011 - - 14.98
NGC 6300 008570008 391003 93344003 () |3+006 |5 48
NGC7319 333102 9381400 - - 15.80
UGC 3995B 0301004 23 48+004 - - 0.75
7367-9 4031050 93 qp+012 - - 7.56
CGCG 164-19 1 2377°018 93414027 036103 2.80
ESO 201-004 1 24341009 24.19*008 (15017 707
NGC 7479 0782014 24767008 24561004 20010 505
NGC 7582 0561006 24931002 23 58:002 () 651002 3 66

Notes. Column 2: Cross-calibration factor between the soft X-ray spectra and NuSTAR spectra. Column 3: Logarithm of “line-of-sight” column
density of NuSTAR observation in cm™2. Column 4: Logarithm of “line-of-sight” column density of soft X-ray observation in cm™2. Column 5:
Absolute difference between Ny jos nus and Ny jos soft- Column 6: Time interval between the NuSTAR observation and the soft X-ray observation in
years. Sources labeled with asterisks are those fitted with only the line-of-sight component and the scattered component.
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To properly characterize the spectra of the sources observed with
flux variation between the NuSTAR observations and soft X-
ray observations (2-10keV flux variation >20 percent), we fit
them three times: 1. First we allow the cross-calibration factor
between the soft X-rays spectra and NuSTAR spectra, Cooft/Nus>
free to vary, assuming the flux variability is caused by the intrin-
sic emission variation. The sources whose flux variabilities are
thought to be caused by intrinsic emission variations are those
with Cyof/ngs different from unity at 90% confidence level. 2.
Second, we fix Csoft/nus = 1, and disentangling the line-of-sight
column densities of the soft-X-ray observations, Ny jossoft and
NuSTAR observations, Ny 105 Nus, assuming the flux variability is
caused by Ny o5 variations. The sources whose flux variabilities
are caused by Ny o variations are those whose Ny jos Nus are dif-
ferent from their Ny jossoft at 90% confidence level. 3. Finally,
we allow Cofi/nus free to vary and disentangling the Ny jos soft
and Ny josNus. assuming the flux variability is caused by both
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the intrinsic emission and Ny o variations. If the improvement
in the fit is >90% confidence level using the ftest in XSPEC
with respect to the previous two scenarios the first two scenar-
ios, we assume that the flux variability of this source is the result
of both intrinsic emission and Ny o variations. Otherwise, the
cause of the flux variation of this source is determined by com-
paring the reduced statistics (r?/d.o.f or cstat/d.o.f) of the best-fit
of the first two scenarios. For sources whose flux variabilities are
caused by the Ny 105 Variations only, we fix their cross-calibration
factors at Cefynus = 1 to better constrain the other parame-
ters. Here, we assume a consistent reprocessed component and
scattered component between different observing epochs, con-
sidering that the global structure and properties of the obscur-
ing torus is stable over a timescale of a few years. We summa-
rize the best-fit results of the sources with observed flux vari-
ability (including four variable sources from M19 sample) in
Table B.1.



