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ABSTRACT

The obscuration observed in active galactic nuclei (AGN) is mainly caused by dust and gas distributed in a torus-like
structure surrounding the supermassive black hole (SMBH). However, properties of the obscuring torus of the AGN in
X-ray have not been fully investigated yet due to the 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 AGN (with line-of-sight column
density 23<log(Nu)<24) in the nearby universe which has high-quality archival NuSTAR data. The source spectra are
analyzed using the recently developed borus02 model, which enables us to accurately characterize the physical and
geometrical properties of AGN obscuring tori. We also compare our results obtained from the unbiased Compton thin
AGN with those of Compton-thick AGN. We find that Compton thin and Compton-thick AGN may possess similar
tori, whose average column density is Compton thick (Ng torave /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 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 c; =
0.67, suggesting that the fraction of unobscured AGN is ~33%. We develop a new method to measure the intrinsic
line-of-sight column density distribution of AGN in the nearby universe, which we find the result is in good agreement
with the constraints from recent population synthesis models.
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1. Introduction

Active galactic nuclei (AGN) are one of the most power-
ful objects in the sky due to the extreme accretion process
of the super-massive black holes (SMBHs) in the center of
galaxies (Soltan| 1982; [Richstone et al.[1998). The mate-
rial (gas and dust) surrounding the SMBH not only feeds
the central monster but is the origin of the obscuration of
the AGN (see Hickox & Alexander [2018| for a recent re-

- view). Studying the properties of this obscuring material

X

in the AGN is key to understanding the growth of SMBHs.
The AGN unified model (Antonucci|1993; Urry & Padovani|
suggests that the obscuring material in the AGN is
shaped as an optically thick torus-like structure. The ob-
scuring torus was initially thought to be smooth. However,
many recent observations show that the material within
the torus is clumpy rather than uniformly distributed (see
for a recent review), e.g., 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 pum silicate features in the Infrared
spectra which cannot be explained by a smooth torus (e.g.,
[Nenkova et al|2002; Mason et al.|2009).

Based on the obscuration of the torus, AGN can be cat-
egorized into unobscured when the column density along
the line-of-sight is Np 1,05 < 10?2 cm~2, and obscured when

* Email: xiuruiz@clemson.edu

Ni,10.s > 10?2 cm™2. The most obscured sources are called
Compton thick (CT-) AGN when Nyj1o,s > 1024 cm—2.
Moreover, AGN with different levels of obscuration are the
main contributors to the cosmic X-ray background (CXB;
the diffuse X-ray emission in the universe; e.g., [Maccac-
laro et al.|[1991} [Madau et al.|[1994}; |Comastri et al.[1995).
Hard X-ray surveys are more efficient in detecting obscured
AGN since high-energy photons can more easily penetrate
the dense material surrounding the SMBH. However, only
a small number of CT-AGN have been discovered so far
(e.g., Risaliti et al.|1999; Burlon et al.2011; Ricci et al.|
[2015; |Lanzuisi et al.[2018), due to their large obscuration,
which makes it difficult to both detect them and properly
measure their column density. Consequently, the uncertain-
ties on the measurement of the intrinsic distribution of the
column density of AGN are still significant. The fraction of
CT-AGN predicted by AGN population synthesis models
(~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%; Burlon et al. 2011} [Ricci
et al|2015; [Lansbury et al]2017}; [Masini et al.]2018; [Zappa-
costa et al|/2018)). Therefore, the intrinsic column density
distribution of AGN is still controversial.

In this work, we perform a broadband X-ray spectral
analysis of high-quality (soft and hard) data available for a
large, unbiased sample of obscured AGN in the local uni-
verse (z < 0.15). In Section [2] we introduce the criteria that
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are used to select the unbiased AGN sample and describe
the X-ray spectral analysis technique. In Section [3] we re-
port the spectral analysis results. In Section 4l we develop
a new method to calculate the intrinsic line-of-sight column
density distribution of the AGN in the local universe. We
also compare our derived distribution with the results ob-
tained in previous observations and the constraints from
different population synthesis models. All reported uncer-
tainties are at 90% confidence level unless otherwise stated.
Standard cosmological parameters are adopted as follows:
< Hy>=70kms " Mpc™!, <gyo>—=0.0and < Qy > —
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 catalogﬂ (Marchesi et al.,
in preparation), which covers 50% of the sky at the 15—
150keV flux limit of ~5.4x107 2 ergcm™2s~!. The selec-
tion criteria are as follows:

1. Sources with line-of-sight column densityf| (Ng,1.0.5) be-

tween 10?2 and 10?4 cm~2. To characterize the physi-
cal and geometrical properties of the obscuring material
around the SMBH, one needs a clear signal of the re-
processed component of the obscuring torus overcoming
the line-of-sight component. CT-AGN, which are ideal
for studying the obscuring torus, are significantly bi-
ased against when sampling. Thus here we select heav-
ily obscured Compton thin AGN, which are least bi-
ased when studying the obscuring torus. In sources with
NH l.o.s <10%% cm 2, the contribution of the reprocessed
component to the overall AGN emission is negligible
(<5% at 2-10keV; Balokovi¢ et al.|[2018)), rendering the
derivation of the tori properties a difficult process in
those sources. Thus, we select Compton thin sources
with N 1.0. >10%% cm ™2 in our study of the AGN torus.
We analyzed the nearby CT-AGN selected in Swift-BAT
catalog in a separate set of papers (Marchesi et al.|2018]|
2019; |Zhao et al.|[2019alb, Marchesi et al. in prep.).

2. Available NuSTAR data. NuSTAR data are instrumen-
tal to properly characterize the properties of heavily
obscured AGN in the local universe due to the signif-
icant suppression 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 emis-
sions from the ‘hot corona’ is mainly related to the dusty
torus (<10 pc) proposed by the AGN unified model and to
the interstellar medium (ISM; >kpc) of the host galaxy
(see, Netzer| 2015b; |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 distance from the central SMBH).
Thus the Ny from the galaxy-wide scale is thought to be
Ny <102 ecm~2, except for galaxy mergers (e.g.,|Di Matteo

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

“ For sources also detected in the BAT 70-month catalog, we
use the spectral properties measured in (Ricci et al.[[2017b)). 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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et al.|2005) or high-redshift quasars where the galaxies are
rich in gas (Circosta et al[2019). The dusty gas in the com-
pact torus can produce obscuration up to Ny ~10%° cm™2.
Our selected sources are heavily obscured (Ng >10%3 cm™2)
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 AGN 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 Appendix. The median redshift of the sources
in our finalized sample is (z) = 0.02776 (i.e., the median
distance is (d) ~122 Mpc).

2.2. Spectral Analysis

We perform broadband (1-78keV) X-ray spectral analy-
sis of all 93 sources in our sample. NuSTAR (3-78keV)
data provide 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). We use archival Chan-
dra data (1-7keV; 19 sources) when XMM-Newton data
are not available. We use Swift-XRT data (1-10keV; 26
sources) when neither XMM- Newton nor Chandra data are
available. The details of the data reduction are listed and
described in Appendix [A]

The spectra are fitted using XSPEC (Arnaud||[1996) ver-
sion 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
Galactic absorption column density is obtained using the
nh task (Kalberla et al.||2005) in HEAsoft for each source.
The x? statistic is adopted when XMM-Newton data and
Chandra data are used, while 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 AGN are complicated
by the emergence of the reprocessed component, includ-
ing the Compton scattering and fluorescent emission lines,
which are buried by the line-of-sight component in the un-
obscured AGN spectra. However, despite adding the diffi-
culty of characterizing the spectra, this reprocessed com-
ponent becomes a perfect tool to estimate the physical and
geometrical properties of the obscuring material surround-
ing the central SMBH. In this work, following [Zhao et al.
(2020), we analyze the spectra of the sources in our sam-
ple using the self-consistent Borus model (Balokovié et al.
2018)), which optimizes the exploration of the parameter
space and has been intensively used to characterize heavily
obscured AGN.

The complete Borus model used in the spectral analysis
consists of three components:

A) areprocessed component, produced by the obscuring
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 (Balokovié¢ et al.|2018]), approximating a torus with an
opening angle which can vary in the range of ., = [0-84]°,
corresponding to a torus covering factor, ¢y = cos(fror) =
[1-0.1]. The inclination angle, which is the angle between
the axis of the AGN and the observer line-of-sight, is also
a free parameter ranging from 6;,. = [18-87]°, where Oops
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Fig. 1. The figures from left to right in the first row and second row are the number of sources with a specific range of the
inclination angles, cos(finc), torus column densities, log(Nm tor), torus covering factors, ¢¢, and the torus column density contrast
ratio, NH tor/NH,1.0.s, of Compton thin sources in our sample (grey histogram) and CT sources from M19 (orange histogram),
respectively. Cos(finc) ~0.05 is when the AGN is observed in ‘edge-on’ direction and cos(finc) ~0.95 is when the AGN is observed
‘face-on’. The error bar is at 90% confidence level. The overall distribution of 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.

= 18° is when the AGN is observed “face-on” and 0,5 =
87° is observed “edge-on". The average column density of

the obscuring torus, can vary in the range of log(Ny tor) =
[22.0-25.5].

B) a line-of-sight component or the absorbed intrinsic
continuum, 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 compo-
nent is decoupled from the line-of-sight column density: the
torus column density is an average property of the obscur-
ing torus. In contrast, the line-of-sight column density rep-
resents a quantity that is along our line-of-sight and could
vary when observed at different epochs.

The line-of-sight column density Ny 1., can be signif-
icantly different from Ny ¢or, which can be used as an ap-
proximation of the non-uniform (clumpy) distribution of
matter surrounding the SMBH (see discussion in Sec. 4.2
of Balokovié et al.[2018]). Buchner et al.| (2019)); Tanimoto
et al.| (2019), which assumes a clumpy torus scenario, pro-
vides a more realistic description of the obscuring material

surrounding the accreting SMBH. However, they do not
provide information about the torus’ global average prop-
erties, e.g., the torus average column density, which is a sig-
nificant focus of this paper. Moreover, the [Tanimoto et al.
(2019) model has not been publicly available yet.

C) ascattered component, modeling the fractional AGN
emission that is scattered rather than absorbed by the ob-
scuring material. The scattered component is characterized
by an unabsorbed cut-off power law multiplied by a con-
stant. 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, F.,+ and the normalization,
norm, of the intrinsic continuum, the reprocessed compo-
nent, and the fractional unabsorbed continuum together,
assuming that the three components have the same origin.
The photon index in borus02 ranges in [1.4-2.6], thus the
photon index in the cut-off power-law varies between 1.4
and 2.6 as well.
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The Borus model is used in the following XSPEC config-
uration:

Model = constanty * phabs * (borus02+
zphabs x cabs * cutof fpl + constants * cutof fpl)

(1)
where constant; is the cross-calibration between NuSTAR
and the soft X-ray observatories, i.e., XMM-Newton, Chan-
dra and Swift-XRT; phabs models the Galactic absorption
from our Galaxy; constants is the fraction of the unab-
sorbed continuum in the scattered component.

The cut-off energy is fixed at FE., = 500keV for all
sources, except for ESO 383-18, whose cut-off energy is
found to be FE.u <20keV. The spectra of nine sources
(ESO 263-13, Mrk 3, NGC 835, NGC 2655, NGC 4102,
NGC 4258, NGC 4507, NGC 5728 and NGC 7319) all show
strong non-AGN thermal emission around 1 keV, which may
be caused by the star formation process and/or diffuse gas
emission. We use mekal (Mewe et al[|[1985) to model this
non-AGN thermal contribution: 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 an-
alyzing the spectra of 3C 445, we add a few gaussian lines
to model different emission lines. The relative iron abun-
dance of the reprocessed component, Ap,, 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 Ap.
is free to vary. The best-fit iron abundances are Age 3¢ 445
= 0.327003, Arescasz = 0417002, and Ape psosss—1s =
0.197007.

—0.05

We note that the obscuring material in the AGN might
also originate from the polar dust outflow as revealed by
Infrared observations (e.g., Tristram et al.[|2007). However,
the X-ray observations are less affected by the polar outflow
since 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 infrared (see, Fig.2 in [Tanimoto et al.
2019)). This suggests that the typical size of the X-ray ob-
scuring 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 ab-
sorption 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 Section [3]

3. Results

The spectra of 93 sources and their best-fit models can be
found onlineﬂ The best-fit results of the spectral analy-
sis, e.g., line-of-sight column density, Ny 1., torus aver-
age column density, Ny tor, cosine of the inclination angle,
cos(Binc), torus covering factors, cf, 2-10keV flux, Fluxs_19,
and 2-10keV intrinsic (absorption-corrected) luminosity,
Lint,2—10 are reported in Table when XMM-
Newton, Chandra, and Swift-XRT data are used, respec-
tively. 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 com-
ponent, e.g., the torus average column density, inclination

3 nttps://science.clemson.edu/ctagn/project/
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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 Ny 105 <102 cm~2 or NH 105
>10%* cm ™2, thus these sources are excluded from our sam-
ple. The spectra and best-fit model predictions of four rep-
resentative sources have been plotted in Fig. [A1]

Flux variations are commonly found in the X-ray spec-
tra of AGN, especially when multiple observations are
taken over time-scales that vary from weeks to years (e.g.,
Guainazzi 2002; Risaliti, G.[[2002; Markowitz et al.||2014]).
Such variabilities are commonly 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 be-
tween the soft and hard X-ray observations (2-10keV flux
variation >20 percent). Within these 43 sources, 16 mainly
show intrinsic emission variation; 15 sources experienced
Ny,1.0.s variation; and the flux variabilities of 12 sources
can be explained only by considering both intrinsic emis-
sion and Ny 1 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 Ta-
ble 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. Although, we cannot exclude the possibility
that the Ny 1,5 measured with different instruments may
have different values (apparent variability) due to differ-
ent bandpasses, energy resolution, and effective areas. The
NH,1.0.5 reported in Table A4 are those measured
in the NuSTAR observing epoch, and we will use them in
the following discussions.

Marchesi et al.| (2019, hereafter M19) reported the CT-
AGN in the nearby universe, which are also selected from
the BAT 100-month catalog and have NuSTAR data. The
sources were analyzed using borus02 model as well, with
the distinction that the inclination angle is fixed at ‘edge-
on’ direction when fitting the spectra. We re-analyze these
CT sources using the same model presented in Section [2.2]
and let the inclination angle free to vary when fitting the
spectra. Thus we could compare the properties of the ob-
scuring 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-6]
Four CT sources in the M19 sample are found to be Comp-
ton thin in our re-analysis. Therefore, we add those four
sources into our Compton thin sample, which in the end
includes 89 sources in totalll

Although CT-AGN are an ideal sample to study the ob-
scuring torus due to their significantly suppressed line-of-
sight emission, thus showing clearly the reprocessed emis-
sion from the torus, we need to keep in mind that the strong
bias against the detection of CT-AGN, which makes the
observed CT sample incomplete. Indeed, the detected frac-

* The median photon indices of the 89 sources is (I') = 1.67.
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Fig. 2. Torus column density log(N tor) (left) and torus covering factor cy (right) as a function of line-of-sight column
density, log(Nu,1.0.s). Compton thin sources are plotted in light grey points, while CT sources are plotted in light red
squares. The average and 1o standard error of the torus column densities and torus covering factors in different line-
of-sight column density bins are plotted in black points for Compton thin sources and red squares for CT sources,
respectively. In the left panel, Ny tor = N,1.0.5 is plotted as a light grey dashed line. The low covering factors of the CT

sources are due to the bias explained in Sec. [3]

tion of CT-AGN (fcr) in the BAT sample decreases sig-
nificantly as the distance (redshift) increases (for ~ 31%
at 10Mpc and for = 4% at 100 Mpc; Ricci et al.|[2015]),
suggesting that the detection of CT-AGN is significantly
biased, especially for low-luminosity CT-AGN at large dis-
tance. Therefore, the 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:

— The Compton thin sources in our sample are evenly ob-
served in every direction considering the uncertainties
as shown in Fig. [1| (upper left), suggesting that our
BAT selected Compton thin AGN sample is an unbi-
ased sample. In contrast, most of the CT sources in the
M19 sample are observed ‘edge-on’, which is in agree-
ment with the material distribution formalism used in
the clumpy torus model 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-AGN are in the >10?* cm~2 range
as presented in Fig. [1| (upper right), suggesting that CT
reflectors are commonly found in both Compton thin
and CT-AGN. A similar result was also reported in,
e.g., Buchner et al.| (2019)).

— The average torus column density is similar for both
Compton thin and CT-AGN, independent on the ob-
serving angle, i.e., log(Ny tor,ave) ~24.15, as shown in
Fig. [2] (left).

— We notice that the torus average column densities of
Compton thin sources are generally larger than their
line-of-sight column density, suggesting that Compton
thin AGN are usually observed through an under-
dense region in their tori. The torus average column
density of CT-AGN is always smaller than their line-
of-sight column density, suggesting that CT-AGN are
observed through an over-dense region in their tori.

Although we cannot exclude the possibility that the ad-
ditional obscuration along the line-of-sight of sources
(especially when observed face-on) with Ny tor < N 1.0.5
is due to polar outflows (Honig et al.[2013).

Compton-thin and CT-AGN have (statistically) dif-
ferent covering factors, with the former having larger
(¢t >0.5) covering factors while the latter having
smaller (¢ <0.5) covering factors, as shown in Fig.
(bottom left). Interestingly, the average torus covering
factor of Compton thin AGN is ¢ aye ~0.67. In contrast,
the average torus covering factor decreases significantly
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
sample is significantly biased. The detected CT-AGN
in the BAT sample are the intrinsically most luminous
sources, which typically have a lower ¢; compared with
the intrinsically fainter AGN (Burlon et al.|[2011}; Ricci
et al.|2017aj;|[Marchesi et al.[[2019), suggesting that BAT
samples only the low-c¢f CT-AGN even in the nearby
Universe. Indeed, |Ricci et al.| (2015) measured a c; ~
0.70 for AGN in the local Universe using a statistical
method (the fraction of the absorbed AGN is used as
a proxy of the mean torus covering factor of the AGN
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 AGN is signifi-
cantly inhomogeneous. The torus average column densi-
ties of the majority of Compton thin and CT-AGN are
at least three times different (larger or smaller) from
their line-of-sight column densities as shown in Fig. [I]
(bottom right). Moreover, for ~30% of sources in the
sample, their torus average column densities are more
than ten times different from their line-of-sight column
densities. A similarly inhomogeneous torus result is also
found in [Laha et al.| (2020)), which studied a sample of
20 Compton thin AGN.
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Table 1. Intrinsic line-of-sight column density distribution de-

o =3 Compton thin ' ' ' ' ' rived from our new method, compared with previous results from
- observational works and from population synthesis models.
2 020} -
S 10201022 10%2-10%6  10%2-10%%  10%4-102¢
D
£ sk i Our work 33% 67% 30% 37%
g Observations
=
% 0.10 _ 102071022 102271025 102271024 102471025
g Burlon 11 38% 62% 43% 19%
é’* 005 . Riccit15 22% 78% 46% 32%
population synthesis model
s 70 73 0 s 70 255 102°-1022  1022-10%° 10%2-10%* 1024_102°
log(NH, Tor)
Gilli+07 13% 87% 42% 45%
. L. . Ueda+14 33% 67% 34% 33%
Fig. 3. Torus average column density distribution of the ’ ’ ’ ’
sources in our unbiased Compton thin AGN sample. The  Buchner+15 25% 75% 37% 38%
histogram describes the same sample as in the upper right Ananna-19 9% 91% 41% 50%

panel of Fig. [T] but with different grouping bins.

— The distributions of the torus column density contrast
ratio (CR = Ny tor/Nu 1.0.s which shows how inhomoge-
neous the torus is) observed in Compton thin and CT-
AGN are different (see, Fig. |1| bottom right). We con-
sider 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 and CT-AGN. To combine the two distributions,
we rescale the torus column density contrast ratio dis-
tribution of CT-AGN before we produce the overall dis-
tribution since we are biased against the detection of
CT-AGN, i.e., we need to consider the intrinsic number
of Compton thin and CT-AGN. Here, we assume that
the number of Compton thin AGN and CT-AGN are
similar, which is in agreement with previous works and
what we find in this work, as we will further discuss in
Section[d After rescaling, we find that the torus column
density contrast ratio is rather flat over CR = [0.03,30]
(Fig [1| bottom right), suggesting that for a given torus
column 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,
since the reprocessed component does not dominate the
hard band emission of Compton thin AGN. Therefore, the
tori properties measured in the Compton thin sample are
least biased against. We will only use these measurements
to derive the intrinsic Ny 1.0 distribution of AGN in the
local universe in Section [4l

4. Intrinsic line-of-sight Column Density
Distribution of AGN

The line-of-sight column density distribution of AGN in
the local universe has been measured in recent years (e.g.,
Burlon et al.|2011; Ricci et al.[|2015)). However, the ob-
served line-of-sight column density distribution is signifi-
cantly selection-biased. Thus the intrinsic distribution of
the AGN line-of-sight column density depends heavily on
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the absorption correction used particularly for N o5 >
1023 em~2. To investigate the actual intrinsic line-of-sight
column density distribution of AGN in the local universe,
we develop a Monte Carlo method based on the measured
properties of the obscuring tori in our unbiased sample from
Section [3] Here we assume that different types of AGN pos-
sess tori with similar properties (Antonucci||1993; |Urry &
Padovani|[1995). The details of our method are as follows:

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

2. We then assign a random CR in the range of [0.03-30]
to each Ny 1oy (only a small fraction of sources have ex-
tremely inhomogeneous torus with CR outside of this
range), thus the line-of-sight column density of each
torus is Ny 1.0.s = N tor/CR;

3. we assume a 33% fraction of unobscured AGN since the
average covering factor of the torus in our sample is
Cfave ~0.67 thus the line-of-sight of 33% AGN do not
intersect their torus. We presume that the distribution
of Ng 1.0.5 between 1020 cm—2 and 1022 cm ™2 is flat.

A discrepancy of the intrinsic line-of-sight column den-
sity distribution between the previous observational results
obtained using Swift-BAT (e.g., Burlon et al|/2011; [Ricci
et al.[2015) and constraints from different population syn-
thesis models (e.g.,|Gilli et al.|2007; [Ueda et al.|2014; [Buch-
ner et al.|2015;|Ananna et al.|[2019)) still exists. We compare
our derived intrinsic line-of-sight column density distribu-
tion with their results E] in Table [1] and in Fig.

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-AGN (see, Ta-
ble , which is likely due to the difficulty of Swift-BAT
in detecting extremely heavily obscured AGN. Our predic-
tions are in good agreement with the column density dis-
tribution used in the population synthesis model in [Ueda

° The reported observational column density distributions are
those which have been corrected for selection bias and for the
bias against detecting extremely absorbed sources. The average
redshift 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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Fig. 4. Comparison between the intrinsic line-of-sight column density distribution derived from our new developed method with
previous observational results (left) and those used in different population synthesis models (right). The extremely obscured sources
with log(Nmr1s3) >26 are included in the 25 < log(Nmrs3) <26 bin.

et al.| (2014), which are 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 dif-
ferent samples of AGN with different luminosity and red-
shift ranges when deriving the column density distribution.
In particular, our work provides a constraint on the line-
of-sight column density distribution of AGN with the me-
dian 2-10keV intrinsic luminosity of (Ling2-10) = 1.20 X
10*3 ergs~! in the local Universe (2 <0.15). The listed col-
umn density distributions of each work in Table [I] are the
values at z ~0. We note that the fraction of unobscured
AGN derived in our work at z ~0 is larger than those ob-
tained in |Gilli et al.| (2007)); Buchner et al.| (2015); |Ananna
et al.| (2019). Therefore, an overestimation of the CXB at
soft X-ray band might be made if the fraction of unob-
scured AGN is consistent at different redshift, suggesting
that the unobscured AGN fraction should significantly de-
crease moving towards higher redshifts, as discovered in ob-
servations (e.g., Lanzuisi et al.[2018).

A schematic of the comparison of the average torus
properties obtained from our unbiased sample (left side)
and the intrinsic line-of-sight column density distribution
derived from our method is illustrated in Fig.

5. Conclusions

We study the obscuring torus of AGN by analyzing the
broadband X-ray spectra of a large and unbiased sample of
heavily obscured AGN in the local universe. We find that
Compton thin and CT-AGN may possess similar tori, whose
average column density is Compton thick (Ny tor,ave = 1.4
x 10**cm~2), but they are observed through different
(under-dense or over-dense) regions of the tori. The aver-
age torus covering factor of the Compton thin sample is c¢
= 0.67, suggesting that the fraction of unobscured AGN is
~33%. We also find that the obscuring tori of most AGN are
significantly inhomogeneous. Using the obtained properties
of the obscuring torus and a Monte Carlo method, we cal-
culate the intrinsic line-of-sight column density distribution
of AGN in the nearby universe, which is in good agreement

Intrinsic line-of-sight

Average Torus Nu,Los distribution

Unops,
Properties . cured
- : (;%
' 2,
3% 33% z% %,
H °
: [ J
67% 30% o
: ° . 232
: =%
log(Ny ror) ~ 24.15 : & L] 2

' e o 3% [}

, | L4

.......................... X .
°«* .
°
o
[ ] L
L °
L ] [ ]

Fig. 5. The left part of the figure presents that the average torus
properties of our unbiased Compton thin sample; The right part
of the figure illustrates the intrinsic line-of-sight column density
distribution derived from our new developed method.

with the recent AGN population synthesis models. Our re-
sults may help understand the properties of the obscuring
materials surrounding the SMBH in the local universe and
help constrain 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 AGN at high redshift (see, e.g., March-
esi et al.[[2020), which could help us further constrain the
evolution of the AGN obscuration and SMBH growth over
cosmic time.
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Appendix A: Data Reduction & Spectral Analysis
Results

The information about the observations adopted when an-
alyzing each source is listed in Table and Table [A2]
The redshift of each source is adopted from NEljﬂ and SIM-
BA]jZL except for 2MASX J00502684+8229000, which does
not have redshift record. Thus, we let the redshift of this
source free to vary when fitting its spectra, and we 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) ver-
sion 20181030. The sources spectra, ancillary response files
(ARF), and response matrix files (RMF) are obtained using
the nuproducts script version 0.3.0. The sources spectra are
extracted from a 75" circular 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 et al.[2001) and one EPIC CCD cameras (pn;
Striider et al.|2001)) on-board 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 cts/s for pn. The source spectra are extracted from
a circular region with a radius of 15”; the background spec-
tra are extracted from a circle nearby the source with the
same radius as the source spectra but avoiding contamina-
tion from sources.

Chandra data, focused on the 0.3-7keV energy band,
are used in our spectral analysis when the 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 ex-
tracted from a circular region with a radius of 5”; back-
ground spectrum is extracted from a circular region nearby
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 (8
times smaller than XMM-Newton pn and four times smaller
than Chandra at 3keV), Swift-XRT data are used only when
neither XMM- Newton nor Chandra data are available. The
spectra are obtained from the online Swift product genera-
toxﬂ (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 due to the limited number of counts, us-
ing the HEAsoft task grppha, while the NuSTAR, XMM-
Newton and Chandra spectra are rebinned with a minimum
of 20 counts per bin.

6 https://ned.ipac.caltech.edu
" http://simbad.u-strasbg.fr/simbad/
8 http://www.swift.ac.uk/user_objects/

Appendix B: Variability Analysis

To properly characterize the spectra of the sources which
are observed with flux variation between the NuSTAR ob-
servations and soft X-ray observations (2-10keV flux vari-
ation >20 percent), we fit them three times: 1. allowing the
cross-calibration factor between the soft X-rays spectra and
NuSTAR spectra, Cyoft/Nus, free to vary, assuming the flux
variability is caused by the intrinsic emission variation. The
sources whose flux variabilities are thought to be caused
by intrinsic emission variations are those with Cyog/nus
is different from unity at 90% confidence level. 2. fixing
Csott/Nus = 1, and disentangling the “line-of-sight” column
densities of the soft X-ray observations, N 1o s0fc and NuS-
TAR observations, Ng jos,Nug, assuming the flux variability
is caused by Ny 1,5 variations. The sources whose flux vari-
abilities are caused by Ny 1, variations are those whose
Ni 1os,Nus are different from their Ny jos soft at 90% confi-
dence level. 3. allowing Cyof; /nus free to vary and disentan-
gling the Ny 105,50t @a0d N 105, Nus, assuming the flux vari-
ability is caused by both the intrinsic emission and Ng 1.0
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 scenarios, we assume that the
flux variability of this source is the result of both intrin-
sic emission and Ny 105 variations. Otherwise, the cause of
the flux variation of this source is determined by comparing
the reduced statistics (x?/d.o.f or cstat/d.o.f) of the best-fit
of the first two scenarios. For sources whose flux variabili-
ties are caused by the Np 1,5 variations only, we fix their
cross-calibration factors at Cyog;/nus = 1 to better constrain
the other parameters. Here, we assume a consistent repro-
cessed component and scattered component between differ-
ent observing epochs, considering that the global structure
and properties of the obscuring torus is stable in the time-
scale of few years. We summarize the best-fit results of the
sources with observed flux variability (including four vari-
able sources from M19 sample) in Table

Article number, page 9 of 16


https://ned.ipac.caltech.edu
http://simbad.u-strasbg.fr/simbad/
http://www.swift.ac.uk/user_ objects/

A&A proofs: manuscript no. heavily obscured AGN

Table A.1. 93 BAT selected sources with archival NuSTA R observations.Col 2: redshift of the source. Col 3—4: NuSTA R observation
date and exposure time. Col 5-6: XMM-Newton observation date and exposure time. Col 7-8: Chandra observation date and
exposure time. Col 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.

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+43249313  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

I1C 751 0.03120 2014 Nov 28 52 2014 Nov 28 64

I1C 1657 0.01195 2017 Jan 15 90 2008 Nov 03 2

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
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Fig. A.1l. 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 black, respectively. The reprocessed component, line-of-sight component, and scattered (& Mekal) component are plotted in
dashed, solid, and dot lines, respectively. Significant flux variabilities are found in ESO 263-13 and UGC 3995B.

Article number, page 11 of 16



A&A proofs: manuscript no. heavily obscured AGN

Table A.2. (Continued)

Source z NuSTAR NuSTAR XMM XMM Chandra Chandra XRT XRT

date ks date ks date ks date ks
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
NGC 454E 0.01213 2016 Feb 14 48 2009 Nov 05 76
NGC 612 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
NGC 4102 0.00282 2015 Nov 19 42 2016 Jun 17 29
NGC 4258 0.00149 2016 Jan 10 208 2006 Nov 17 142
NGC 4388 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
NGC 4939 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 Apr 29 3
NGC 7319 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+4132757.2  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.3. Best-fit results of the sources with NuSTAR (3-78keV) data & XMM-Newton (1-10keV) data.
Col 2: Reduced x?, i.e., x?/ degree of freedom (d.o.f.). Col 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 are reported. Col 5: Logarithm
of average column density of the torus in cm~2. Col 6: Cosine of the inclination angle. cos() = 1 is face-on and cos(6)
= 0.05 is edge-on. Col 7: Covering factor of the torus. Col 8: normalization of the main cut-off power-law component at
1keV in 1072 photons keV~! em=2s71. Col 9: Logarithm of 2-10keV flux of NuSTAR observation in 1072 ergem =257 1.
Col 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.

Source x2/d.o.f. r NH,l.o.s NH, tor cos(Binc) ct norm Fluxa_10 Lint,2—10
2MASX J06411806-+3249313  382/371  1.60700%  23.09709% 22867059  0.95T%  o0.88Ty.. 0.16700% -11.2770%%  43.7070:0%
3C 105* 205/232  1.537013  23.65700% - - - 0257909 ~12.0379:92  43.9770-07
3C 445 885/913  1.567995  23.08%00°  24.007011 o0.95%y o 0807012 0227997 11277092 43.767001
3C 452 1206/1177  1.4970°92 235907098 22067005 o0.95T% o 1.00t% ., 0267397 11517000 44361002
4C 429.30 168/176  1.467021 23501004 2390%0-10 055t 100ty .. 0057091 -12.007097  43.35701%
Cen A 5100/4781  1.81%0-01  23.0670:01  23.047025  0.35%0-1°  0.30709%  9.9570:97 9361001 42.821001
CGCG 427-028 463/470 1761003 23.1519:0% 25467 . 0.6070%0  0.62709%  0.11700) 11667002 42.9910-03
ESO 103-35 2006/1907  1.707019  23.2570:92  24.36799% 0517015 0.6570 0 173793 10747091 43.3770-02
ESO 263-13 410/444  1.647372  23.85700% 22607015 0.647%%° o070ty ,, 0247900 -11.877901  43.50700%
ESO 317-41 158/156  1.767931  23.90%00T  2466%u . 0457936 o6ty 012701 12367017 42607018
ESO 383-18 1367/1343  1.5870°01  23.287098 24387007 0.847097  0.86701% 0.39709%  -11.3479:02 42547003
ESO 439-G009 173/180 1771038 23581009 2426ty o 0.107067 064y, 0167008 -11.93F01T 42891014
ESO 464-16 137/131 1.467030 23797018 23967027 074701 001ty 0.04T395 12277008 42971019
Fairall 272 559/594  1.5170 0L 23231905 2400703 037722 0.40%097 0187398 -11.19709%  43.10%0°95
IC 4518A 188/186 1721015 23117072 24.2870%0  0.7579'¢ o080ty ..  0.20700%  -11.37F00% 42751009
IC 751 280/257  2.06791°  23.60709% 24767V ., 0591027 o2ty 0287099 -11.9370:19  43.207009
IRAS 16288+3929 187/196  1.72%012 23881098 23427099 0.267047  0.41701%  0.23%011  -12.067908  43.281017
LEDA 2816387* 243/232  1.337913  23.76700% - - - 0.0879:9¢ 12007991 44.247011
LEDA 511869 157/155  1.497918 23887012 24.00%% . 0137013 0101926 0.22%02% 11247003 43.927007
MCG -01-05-047 251/261  1.897010 23331009 24.46Tu .. 0.89700%  0.89%097  0.30709%  -—11.58700%  42.68100%
MCG -02-09-040 111/92 1.957939 23907912 2550t% . o086ty ., 0.77fOll 0127038 12311001 42267027
MCG -03-34-064 1920/1460  1.9270:02 23777092 94537008 g g5t0-00  0.861000  0.48T001  -11.687002  42.927007
Mrk 3 1056/1073  1.48T011 23.947096 23307021 0477009 0501090 1.4270°%  —11.01790L  43.42700°
Mrk 18 212/204  1.707905  23.13709%  25.107%,, 0957y 0 0257019 0.07700% 11977093 41.76700%
Mrk 273 339/359 1767020 23521905 24117319 o015t 1.o00ty,, 0.06739%%  -12.097091  42.90%015
Mrk 348 2702/2583  1.6610:0%  22.9210-03 94481048 . 2140-02 171008 1 3310-09  _10.43F700  43.4810-04
Mrk 417 314/326  1.5770°08 23537096 2315F1-58 151026 407021 0237001 11517000 43.4670 07
Mrk 477 673/539  1.587009  23.30709% 22907010  0.95T*  1.00ty,, 0167095 -11.477001  43.36700°
Mrk 1210 679/669  1.7710:0° 23307007 24117001 0.957% .00ty o, 0.74%91% 11127001 42.9270-08
Mrk 1498 811/815  1.67790%% 23267902 23.007%% o095ty .. 0.3279%% 042709 11.10700)  44.12%0°02
NGC 454E 344/310  1.817071  23.86100% 2475709 0.43791% 0401035 0167305 12187092 42.26100%
NGC 612 176/195  1.5470012  23.95%0-05  2378%0-18  0.057001 0101220 0537080 -11.967092  43.5670 11
NGC 788 303/290  1.56701% 23797091 24507 0 0267008 0.2070%° 0457018 11717000 42.977097
NGC 835 104/124  1.407%%% 23461007 23.2270:1%  0.05793 0407020 0.047007  -12.09%01% 41811002
NGC 1142 225/255  1.48T%16 24201008 23497015 0.05%%2% 045701t 0367007 -12.10709F  43.447013
NGC 2655 123/120 2121023 23517098 2365t 015795 039t 0.227097  -11.067097 41371018
NGC 3281 506/495  1.777912  24.30709%  25507% o 0.557003  0.52F012  0.68703L 11727019 42.987010
NGC 4258 1577/1582  1.9270:08  22.9410:92 23497026 g5t - 0.90%0 0% 0.21709%  —11.66700. 40.237002
NGC 4507 1383/1355  1.6370°0°  23.877092 2290701 05110 0667012 1.497032 10971001 43.33700%
NGC 4785 402/364  1.96701% 23707004 24437937 0637022 o070y, 0217902 12047902 42.327097
NGC 4992 480/449  1.50709% 23461005  24.00790% o025t 1.00T%,, 0187905 1154709 43.1070%%
NGC 5899 820/866  1.9979:05  23.087097 24797012 o095t o 0951000 0437001 11.277001 42.267007
NGC 6300 863/952  1.907905  23.217098  24.40701¢ 0737013 0.81701% 0117092 10817003 42.087002
NGC 7319 387/346  1.717990% 23817091 2550Tu .. 0.697029 0701095 0.277019  -12.3970:9%  42.56709%
PKS 2356-61 206/294  1.90700%  23.23709%  25507%,.  0.767007 0761097  0.217092 11571000 44.26700%
SDSS J165315+234942 307/350  1.507909 23207906 2295718 gg95tu o o70t*  0.087397 11707092 44.01700%
VIIZw73* 93/96 1.78%927  23.8110°08 - - - 0211928 12177995 43.4970-29
WISE J144850.99-400845.6*  1247/1099  1.6070:9% 22451003 - - - 0.1270-07  —11.28%001  44.7470-0
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Table A.4. Best-fit results of the sources with NuSTAR (3-78keV) data & Chandra (1-7keV) data

Source x?/d.o.f. r NH,l.o.s NH,tor cos(Oinc) ce norm Fluxa_10 Lint,2—10
2MASX J01073963-1139117 10/18 1.821950  24.48T% o 2347702 0.051 0.10%" 1137599 -12.33791%  44.307] 52
3C 403 358/305 2117097 23.65700%  24.76TH .. 0561030 0.60703% 0677018 11647005 44.007000
4C +73.08 139/135  1.407%1%* 23537097  22.93%021  o.05t* o070ty 0.08T099  -11.817010  43.607002
CASG 218 201/209  1.6070715  23.41%00% 2413t o o035F* 0207070 0117008 -11.73709%F  43.5570:9%
ESO 119-8* 91/106  1.66791%  23.1770:99 - - - 0.0379:92 12197003 42 25+0-08
ESO 500-34 115/120  2.34702% 23671009 2417ty o 015707t o.sstu . 0627072 -11.027015 42521017
IC 5063 732/742 177008 23361002 24.317020  0.48791% 0531032 0717005 -11.067090%  42.871003
LEDA 15023 78/77 1.91792% 23971098 23187018 0.057%'% 0187012 0887 2% -11.86709%  44.097019
NGC 4102 297/300  1.74%002 23877008 2557y o0 0.537015  0.61793) 0467022 -11.84793%  41.497009
NGC 4388 953/871  1.6470°05  23.4370:02  24.007097  0.6010 15 0.60700¢  0.497000  -11.14%0:0)  42.527003
NGC 4939 228/234  1.6970'17  23.827009  23.02701%  0.05%2% 0577012 0317939 -11.80109F  42.497019
NGC 4941 106/111  1.407%31 23987080 24501040 0.65T4,, 0.407033  0.06T00L  -12.287006  47.,047048
NGC 5283 343/302  1.817918  23.047000 24397 o060ty . 0507E.,  0.13700° 11621091 42.027008
NGC 5728 417/446  1.807392  24.00%09% 25217y o 0.52F021 0507399 1801002 11787052 43.087099
NGC 5972 177/188 1751938 23797008 24.34%y o 0.85709% o000ty  0.08T022 12357010 42797007
SDSS J135429.05+132757.2*  113/149  1.61101%  23.4570:9% - - - 0117997 -11.83T991  43.677011
UGC 3995B 234/258  1.6170:0°  23.48700%  24.25709% 0871095 goaty o 0157007 11681097 42.5870°93
UGC 4211 205/304  1.77H0 0L 22.9570:05 23437021 o0.05T*  o0.70fE,, 0157007 -11.3810:9F  43.287001
Was49b* 215/171  1.49101%  23.307010 - - - 0.0879-97  -11.69705T  43.65%0 19
Table A.5. Best-fit results of the sources with NuSTAR (3-78keV) data & Swift-XRT (1-10keV) data.
Col 2: Reduced C statistic.
Source Cstat/d.o.f. r Nu,1.0.s NH, tor cos(finc) cf norm Fluxz_10 Lint,2—10
2MASX J00502684-+8229000 128/160 2.02020  23.21t019 2415017 095t 098ty . 0.17t0 15 11724095 43.131008
2MASX J09235371-3141305* 183/148 1.37191% 23.677007 - - - 0.1379-9%  —11.817092 43561011
2MASX J11140245+2023140* 106/109 1.53%037 2370101} - - - 0.08T902  -12.18T091  42.83702}
ESO 21-4* 215/180 1.577015  23.431019 - - - 0.12799% 11751092 42117010
ESO 121-28 289/303 2.077598 23407005  24.25%09%  0.35T% .00ty o 05310 %0 11477002 43671090
ESO 231-26 296,/309 1741918 23371008 24.52%% o 026103 0407037 0277010 -11.50100%  43.961099
ESO 505-30 292/299 1.8479:9%  23.107908  24.207029  0.051%%% 050701 0197007 11411005 43.4810:0¢
ESO 553-43" 488/493 1.6319:95  23.1870:9¢ - - - 0.347995  —11.197001 43427008
IC 1657 161/143  1.58T036 93531021 ggq3te 0677024 7oty o 0077098 11941004 49007928
IC 4709 353/326  1.81701¢ 23381002 94161093 o0.95t%  0.98%¢ o 0321020 11424001 40771007
IRAS 0558140006 201/199 1.477922 93327011 24.00%,, 0357%% om0t 0.0870%5 1172709 44151002
IRAS 20247-7542 446/401 1.627097  23.02%097  24.037917  o0.90%y,,  0.3570%* 0117997 —11.49709%  44.23%001
LEDA 2265450* 222/224 1.667077  23.461000 - - - 0227002 -11.62700L  43.1875-0%
LEDA 46599 299/263 1.88703% 23401095 24.827% ., o001ty 0437903 0267000 -11.547007  43.357070)
LEDA 259433 190/196 1.8019:0%  23.077915%  24.10702% .05 ooty o 0.12%39% 11657001 43.9370-99
LEDA 549777* 196/187 1.5810-19 23.1170:97 - - - 0.07t99% 11757001 43.39+0-06
MCG+11-11-32 117/133 1.8819:99  23.111999 24.34702% o065t 1.007E,, 0507015 -11.16%00%  43.671002
MCG-02-15-004 127/120 2147992 23747097 24251007 o.s7t% o098ty 0461005 11771299 43.30100>
NGC 1229 115/135 1.45T03% 93321004 24317% o 0867y, 0.80%E., 0037098 12117008 42771020
NGC 4500 40/30 1.54T058 93361021 23527078 (.95t o071t 0.01+t09%% 12,4170 41247058
NGC 6232 14/14 1.401959 23727051 o475ty 055t o090ty ., 0.017099 12681099 41.56709°
UGC 3157 121/134 2217034 23.857007  24.84%010  0.91Fy o 1007y, 0.82%55h 11931207 42917000
UGC 3752 149/129 2.0370:00  24.00%00%  24.5870:99 0.90%092  0.017098 0431002 _12.297005 4o 774001
Z319-7* 133/113 1.397017  23.18%01% - - - 0.05T00%  —11.82709%  43.147% 11
7333-49* 213/192 1.677315  23.2010 09 - - - 0.10799% 11771992 43.0270°%7
Z367-9 196/203 1.66701% 23111002 23.75101% o051 0.59T% 004799 1180709 42.41700%
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Table A.6. Reanalysis best-fit results of the CT-AGN in Marchesi et al.| (2019).
Col 2: 2 /d.o.f. for sources using XMM-Newton and Chandra data and cstat/d.o.f. for sources using Swift-XRT data.

Source Statistics T NH,l.o.s NH, tor cos(Oinc) ct norm Fluxs_10 Lint,2—10
CGCG 164-19 38/37 1.67793% 2377108 og56tu .. 0.89T  0.90tY. . 0057000 1236107 42617017
ESO 005-G004 59/47 1.907y 0 24.677937 24157028 g7gtOl5 079f0 01 0327278 12277006 43.92+0-09
ESO 201-004 99/92 1977022 24341097 23287095 0.05701% 0207026 09970 2% -12.3870%%  43.907033
MCG +08-03-018  125/131  1.9870:95  23.97400% 2300003  oss5ty 100ty 0497032 -11.897097  43.08%0 19
NGC 424 422/335 2127004 24511002 23817095 0.061000 0107000 5277139 —12.00F01%  43.5410-0¢
NGC 1194 275/267  1.91701L  23.99700%5  og 75ty 0.867097  0.85%09%  0.397016  —11.97F00% 42717007
NGC 3079 111/111 2047930 24.75T% .0 23.81700% 0157005 023700 4071500 —12.28F0% 42717090
NGC 3393 120/110  1.607929 24277024 24.2170-9° 005795 0557937 0437030 12437918 42857080
NGC 4945 1144/1167 1924008 24557007 24657005 005500 02007 76.861070 11541010 43.24700
NGC 5100 178/171  1.69709%  23.20%0-02 o550ty . 0.95T% ., 0257995 01709 11537028 43.2170:0¢
NGC 5643 191/173  1.63701%  so494 24077098 o95te o 08070l 0127093 1213701l 41354999
NGC 5728 417/446  1.807092  24.00790%  25.21%% . 0521021 0597099 1807002 -11.78%0%2  43.0810-09
NGC 6240 494/476  1.69700%  24.08T005  24.167020 0251221 0507021 0737038 11647030 43671015
NGC 7130 81/81 1711048 >24.16 24611, 0287092 037705t 037155 12671995 42931066
NGC 7212 110/106 22279908 24.287071%  23.86709) 0157392 0.10103% 23613857 1225700, 43787003
NGC 7479 195/165  2.297026  24.76%0-0% o508ty o 0157000 0207000 46.80735%9  -12.627917  44.187017
NGC 7582 1708/1544  1.647092  24.237002 23207002 0.257097  ggoty . 076700l -11.307005 42,5701
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Table B.1. Best-fit results of sources with flux variabilities in our sample and M19 sample. Col 2: Cross-calibration factor between
the soft X-ray spectra and NuSTAR spectra. Col 3: Logarithm of “line-of-sight” column density of NuSTAR observation in cm™2.
Col 4: Logarithm of “line-of-sight” column density of soft X-ray observation in cm 2. Col 5: Absolute difference between NH, los,Nus
and N jos,s0tt- Col 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.

Source Csoft /Nus NH,los,Nus  NH,los,s0ft ~ ANH, l.o.s AT
2MASX J06411806+3249313 | 0.75%012  23.097395  23.27F00°%  0.18731%  12.80
3C 105* 2.631033  23.651019 - - 8.34
3C 445 1.43709%  23.081005  23.21799%  0.13%007  14.44
3C 452 1.30790L  23.597003  23.827099  0.23+0-00 842
4C +29.30 1f 23.5010:0%  23.68T09%  0.187007  5.58
4C +73.08 1/ 23.537092  23.70709%  oa7t) 12 740
ESO 21-4* 1f 23.437919 23677018 0241016 4.63
ESO 103-35 1.33799% 23257002 23287090 0.037092  15.58
ESO 119-8* 2.0110-3 23.1719-09 - - 0.03
ESO 263-13 0817005  23.85T90% 23437005 0427994 167
ESO 383-18 1.4379:05  23.2870:98  23.327001  0.04%0:02  10.03
ESO 439-G009 1f 23.5810:99  23.60T99T  0.117010  0.54
ESO 553-43* 0.637098 23187008 - - 5.75
Fairall 272 0.837099 23231095 23511003 0.27700°  6.24
IC 1657 311709 23531021 - - 8.20
IC 4518A 0.81791%5 23117312 23.36%097 0257077 6.99
IC 4709 2431049 23.3819:92 - - 6.74
IRAS 1628843929 1/ 23.8810:95 2375109 0.13%013  1.03
LEDA 259433 1f 23.0510°07 233470102 0207037 1.54
LEDA 2816387* 1f 23.7610°05 23871094 0117008 1.54
LEDA 511869 2177930 23.887007 - - 1.71
MCG -01-05-047 1.23701% 23331009 23.23709%  0.10%010  3.35
MCG +11-11-32 0.687015 23117500 - - 0.18
Mrk 348 0931902 22927398 23147001 0.22709%  13.28
Mrk 417 1/ 23.537009  23.817004  0.28%0-07  10.68
Mrk 477 1f 23.3079°95  23.70709% 0401007 3.82
Mrk 1210 1.30799%  23.307003 - - 11.42
NGC 454E 1f 23.867091  23.377004 0491005 6.27
NGC 612 1497905 2395100 - - 6.22
NGC 788 1.5910-10 23.797004 - - 3.04
NGC 835 1/ 23.46%099  24.06750t  0.607017  15.64
NGC 1142 1.4370%2 24201008 23757007 0451090 1171
NGC 3281 0.65T997  24.30739%  23.90%09% 0407057  5.05
NGC 4388 1.89709°  23.4310:02 - - 5.70
NGC 4507 068790 23.88%90! - - 1.85
NGC 4939 1f 23.827999  23.697099  0.13¥012  6.69
NGC 4941 1f 23.981030 23581932 0.40703%  6.69
NGC 4992 1127910 23.46700% 23677008 0211008 10.58
NGC 5283 0.647907  23.047008 - - 14.98
NGC 6300 0.08570008 23211008 2334%0-0%  0.137005  15.48
NGC 7319 3.331922  23.817004 - - 15.80
UGC 3995B 0.30799%  23.48%0-07 - - 0.75
7367-9 4.0319°%0 23117932 - - 7.56
CGCG 164-19 1f 23771018 23.41703T 0367057 2.80
ESO 201-004 1f 24.3470:99  24.197098 0151017 7.07
NGC 7479 0787011 24767998 24567005 0.20790%  2.05
NGC 7582 0.5617096  24.23%0-02 935810-02 (657092 3.66
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