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ABSTRACT

In modeling the X-ray spectra of active galactic nuclei (AGNs), the inclination angle is a parameter
that can play an important role in analyzing the X-ray spectra of AGN, but it has never been stud-
ied in detail. We present a broadband X-ray spectral analysis of the joint NuSTAR-XMM-Newton
observations of 13 sources with [OIII] measured inclinations determined by |Fischer et al.| (2013). By
freezing the inclination angles at the [OIII] measured values when modeling the observations, the
spectra are well fitted and the geometrical properties of the obscuring structure of the AGNs are
slightly better constrained than those fitted when the inclination angles are left free to vary. We also
test if one could freeze the inclinations at other specific angles in fitting the AGN X-ray spectra as
commonly did in the literatures. We find that one should always let the inclination angle free to
vary in modeling the X-ray spectra of AGNs, while fixing the inclination angle at [OIII] measured
values and fixing the inclination angle at 60° also present correct fits of the sources in our sample.
Correlations between the covering factor and the average column density of the obscuring torus with
respect to the Eddington ratio are also measured, suggesting that the distribution of the material in
the obscuring torus is regulated by the Eddington ratio, which is in agreement with previous studies.
In addition, no geometrical correlation is found between the narrow line region of the AGN and the
obscuring torus, suggesting that the geometry might be more complex than what is assumed in the
simplistic unified model.

Keywords: galaxies: active — galaxies: nuclei — galaxies: individual (Mrk 3, Mrk 34, Mrk 78,

Mrk 573, Mrk 1066, NGC 3227, NGC 3783, NGC 4051, NGC 4151, NGC 4507, NGC 5506,
NGC 5643, NGC 7674) — X-rays: galaxies

1. INTRODUCTION

It is commonly accepted that the main structure of
an active galactic nucleus (AGN) is composed of a su-
permassive black hole (SMBH; Mgy ~ 10579°M,) at
the center of the AGN, an accretion disk surrounding
the SMBH, a subparsec-scale dust-free region known as
the broad line region (BLR), where broad lines with full-
width at half-maximum (FWHM) >2000kms~! are ob-
served in optical, a parsec-scale toroidal structure com-
posed of gas and dust obscuring the emission from the
center engine of the AGN, and a broaden structure
(~10pc to ~1kpc) namely the narrow line region (NLR;
FWHM <1000kms!; see, e.g., [Netzer| 2015; |Almeida &
Ricci|2017; [Hickox & Alexander|2018|, for recent reviews).
AGNs are optically classified as type 1 or type 2 AGNs, if
the broad-emission lines can be observed in their optical
spectra or not. According to the AGN unified model
[fonuccil[1993; [Urry & Padovanil[1995)), type 2 AGNs are
the AGNs whose line-of-sight between the central engine
and the observer passes the dusty toroidal structure and
type 1 AGNs are those whose line-of-sight does not inter-
cept the torus. Furthermore, the torus is also thought to
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play an important role in the co-evolution of the SMBH
and the host galaxy (see, e.g., Kormendy & Ho|[2013;
[Heckman & Best|[2014)). Therefore, putting strong con-
straints on the physical and geometrical properties of the
toroidal structure is essential to understand the basics of
AGNs.

Observing the X-ray emission from AGNs is a power-
ful method to probe their obscuring toroidal structure.
The intrinsic X-ray emission produced by the central en-
gine of the AGN is reprocessed by the obscuring torus:
studying this reprocessed X-ray emission can then pro-
vide abundant of information about the properties of the
torus. One of the ubiquitous signatures of this repro-
cessed component is the fluorescent Fe Ka line at 6.4 keV,
originating from the outer side of the accretion disk or
the inner edge of the torus (see, e.g., [Fabian et al.|2000
|[Reynolds & Nowak! 2003} |Yagoob & Padmanabhan/2004
for reviews), which could provide significant information
on both the physics and dynamics of the circumnuclear
materials (Leahy & Creighton|1993; Reynolds|1999; Matt|
2002 [Shu et al.[2010; [Ricci et al.[2014). XMM-Newton is
the best instrument to study such a signature in terms of
both effective area between 0.3keV to 10keV and spec-
tral resolution. Indeed, many studies have been done on
the properties of the torus utilizing XMM-Newton (e.g.,
|Georgantopoulos et al.|2013; LaMassa et al.2014). An-
other spectral signature of the reprocessed component,
which is particularly prominent in heavily obscured AGN
(i.e., sources with column density Ny > 1024 cm_2)7 is
the so called “Compton hump” peaked at 10-40 keV (see,
e.g., |Ghisellini et al[1994; Krolik et al.||1994). Thus the
proper characterization of heavily obscured AGNs, which
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are thought to be ~20-30% of all AGNs according to
different CXB synthesis models predictions (Alexander
et al|[2003; [Gandhi & Fabian| 2003} [Gilli et al.|[2007}
Treister et al.|2009; [Ueda et al.|2014; |Ananna et al.
2019), requires an X-ray telescope sensitive above 10 keV.
The launch of the Nuclear Spectroscopic Telescope Array
(hereafter, NuSTAR, Harrison et al.|2013), which is the
first instrument to focus on X-ray at energy >10keV
and provides a two orders of magnitude better sensi-
tivity than previous telescopes (e.g., INTEGRAL and
Swift-BAT; Winkler et al.|2003; Barthelmy et al.||[2005])
at ~10-50keV, allowed us to characterize the physical
properties of heavily obscured AGNs with unprecedented
accuracy (e.g., Balokovié et al.|2014} [Puccetti et al.[2014
Annuar et al. ||2015 ¢ [Ursini et al.[[2015; [Koss et al.|[2016
Marchesi et al.||[2017; |Ursini et al.||2018). Therefore, the
combination of NuSTAR and XMM-Newton is one of the
best methods to study the properties of an heterogeneous
AGN population in the local universe (see, e.g., Marin-
ucci et al.| 2014} [Furst et al.|[2016; |Ursini et al. 2016}
La Caria et al.|2019; [Marchesi et al.|[2019; Walton et al.|
2019} |Zhao et al[[2019alb)).

In recent years, several tori models based on Monte
Carlo simulation have been developed to characterize the
X-ray spectra of AGNs (Matt & Fabian|1994; [Tkeda et al.
2009; Murphy & Yaqoob| [2009; Brightman & Nandra
2011} [Paltani, S. & Ricci, C.[2017}; Balokovic¢ et al.|2018;
Tanimoto et al|2019). Different models adopt different
assumptions on the geometry of the torus, e.g., [Murphy
& Yaqoob] (2009); Liu & Li| (2014); Furui et al|(2016) as-
sume a half-opening angle of the torus fixed at 6y, ,, = 60°
but variable inclination angle of the torus (O.s); Tkeda
et al.| (2009); Brightman & Nandral (2011); [Paltani, S. &
Ricci, C.|(2017)); Balokovic et al.| (2018); [Tanimoto et al.
(2019)) assume a flexible half-opening angle of the torus
and variable inclination angle. Given the intrinsic com-
plexity of these models and the multiple free parameters
involved, applying them in full capability is still difficult
especially with low-quality X-ray spectra: in particular,
the inclination angle of the AGN is hard to constrain.
Thus it is common to freeze 6,5 in the spectral analysis
process (see, e.g., Yaqgoob|2012; Kawamuro et al.[[2013;
Brightman et al.|[2015} [Yaqoob et al.[2015} [Koss et al.
2015, [2016} |Ricci et al.|2016; |Gandhi et al.[|2017; March-
esi et al.|2018). However, the validity of the method of
freezing the inclination angle has not yet been studied
in a systematic way. The studies on the NLRs of AGNs
can provide us with a method to overcome this issue by
measuring the inclinations of the AGNs by mapping the
kinematics of their NLRs. [Fischer et al.| (2013) success-
fully measured the inclinations of the NRLs and thus the
torus with respect to our line-of-sight in 17 AGNs by
fitting the radial outflow dominated NLR kinematics re-
solved by Hubble Space Telescope (HST) [OIII] imaging
and Space Telescope Imaging Spectrograph (STIS) with
a biconical outflow model.

In this work, we study the role of inclination angle in
fitting the AGN X-ray spectra by comparing the best-
fit results obtained when the broad X-ray spectra of the
sources in the sample of [Fischer et al.| (2013)) are fitted
with the inclination angle being (i) left free to vary, (ii)
fixed at [OIII] measured values, (iii) fixed at 60° and (iv)
fixed at 87°. The paper is organized as follows: in Section
[2], we report the sample selection rules and the NuSTAR,

XMM-Newton and Chandra data reduction process; in
Section [3] we describe the model used to fit the broad-
band X-ray spectra, the fitting procedure and best-fit re-
sults of each source in our sample; in Section[d] we discuss
how fixing the inclination angle affects the broadband X-
ray spectral analysis of AGNs and study the geometrical
properties of the AGNs in both X-ray and optical. All
reported uncertainties on spectral parameters are at 90%
confidence level. Standard cosmological parameters are
adopted as follows: < Hp > =70 km s~ Mpc™!, < ¢¢ >
= 0.0 and < Qp > = 0.73.

2. SAMPLE SELECTION AND DATA REDUCTION
2.1. Selection Rule

To better constrain and properly study the physical
and geometrical properties of AGNs, we utilize the sam-
ple reported in [Fischer et al.| (2013), who measured the
nuclear inclinations of 17 nearby AGNs (z <0.1) in op-
tical. In these 17 AGNs, 15 sources have high-quality
NuSTAR archival data (the 2 sources without NuSTAR
archival data are Mrk 279 and NGC 1667). All 15 sources
also have XMM-Newton archival observations: for 6 of
these 15 sources, the NuSTAR and XMM-Newton obser-
vations were took simultaneously. We also supplement
Chandra data for three sources, i.e., Mrk 34, Mrk 78
and Mrk 1066, of which the XMM-Newton spectra is not
in high-quality. The summary of the observations is re-
ported in Table

It is worth mentioning that 2 sources in the
sample are excluded in our analysis, which
are Circinus and NGC 1068. The Circinus AGN X-ray
spectra has been shown to be contaminated by two bright
off-nuclear X-ray sources, the X-ray binary CGX1 and
the supernova remnant CGX2 (Bauer et al|2001). Fur-
thermore, |Arévalo et al.| (2014) showed that the contam-
ination from X1 and X2 contributes to 18% of the
nuclear flux in the Iron line region and becomes com-
parable to the nuclear flux at energy >30keV. The off-
nuclear sources can be resolved by XMM-Newton, but
not by NuSTAR. Therefore, Circinus is excluded from
our sample due to the fact we do not have the ability to
extract the AGN broadband X-ray spectrum of Circinus
without any contamination. Furthermore, NGC 1068 is
also excluded from our final sample, since we find that it
is difficult to fit both NuSTAR and XMM-Newton spec-
tra properly with the standard model presented in Sec-
tion Indeed, Bauer et al| (2015) suggests a best-fit
model of three reprocessed components with distinct col-
umn densities, rather than the single reprocessed com-
ponent used in our analysis. Therefore, 13 sources are
analyzed as our finalized sample in the rest of the work.

2.2. Data Reduction
2.2.1. NuSTAR

For NuSTAR data, the raw files are calibrated, cleaned
and screened using the NuSTAR nupipeline script ver-
sion 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 sources
spectra are extracted from a 75" circular region, unless
otherwise indicated, corresponding to ~80% of the en-
circled energy fraction (EEF) at 10keV, centered on the



Table 1
Inclination angle of 15 sources in |Fischer et al.| (2013)

Source z log(MBHl lAGNEl ma,i NuSTAR NuSTA]iEl XMM XM Chandra Chandrl
(deg) (deg) date ks date ks date ks
Circinus 0.00145 6.23 65 41 2013 Jan 25 108 2013 Feb 03 131
Mrk 3 0.01351 8.65 85 51 2015 Apr 08 50 2015 Apr 08 7
Mrk 34 0.05050 7.12 65 40 2013 Sept 19 48 2005 Apr 04 31 2017 Jan 30 100
Mrk 78 0.03715 7.87 60 35 2018 Nov 19 48 2006 Mar 11 16 2017 Jan 01 50
2017 Jan 07 50
Mrk 573 0.01718 7.28 60 53 2018 Jan 06 64 2004 Jan 15 33
Mrk 1066 0.01202 7.01 80 25 2014 Dec 06 60 2005 Feb 20 33 2003 July 14 20
NGC 1068 0.00379 7.20 85 40 2015 Feb 05 108 2015 Feb 03 89
NGC 3227 0.00386 7.56 15 55 2016 Dec 01 84 2016 Dec 01 176
NGC 3783 0.00973 6.94 15 55 2016 Dec 11 52 2016 Dec 11 126
NGC 4051 0.00234 6.24 12 25 2013 Oct 09 100 2009 June 10 71
NGC 4151 0.00332 7.66 45 33 2012 Nov 14 124 2012 Nov 14 16
NGC 4507 0.01180 8.26 a7 50 2015 June 10 68 2010 Aug 03 51
NGC 5506 0.00618 7.94 80 40 2014 Apr 01 114 2015 July 08 322
NGC 5643 0.00400 6.44 65 55 2014 May 24 42 2009 July 25 92
2014 June 30 40
NGC 7674 0.02892 7.56 60 40 2014 Sept 30 104 2004 June 02 22

aLogarithm of the mass of the black hole at the center of the AGN in solar mass. Circinus: [Beifiori et al.| (2012); Mrk 3, Mrk 78, Mrk 573,

Mrk 1066: Nelson & Whittle| (1995); Mrk 34: |Gandhi et al.|(2014); NGC 1068:Merritt & Ferrarese| (2001)); 3227: |Onken et al.|(2003));
NGC 3783: |Onken & Peterson|(2002); NGC 4051: |Denney et al. (2009), NGC 4151: |Onken et al.[(2007); NGC 4507: |Nicastro et al.| (2003);
NGC 5506: Nikotajuk et al.[(2009); NGC 5643: |Goulding et al.| ; NGC 7674: [Woo Ty

b AGN inclination angle reported in [Fischer et

(2013): 0° corresponds to an “face-on” orientation. The typical error is 5°.

°The opening angle between the bicone axis and the outer edge of the narrow line region, assuming a typical error of 5°.
dTotal effective exposure time after data cleaning of NuSTAR FPMA and FPMB.
¢Total effective exposure time after data cleaning of XMM-Newton MOS1, MOS2 and pn.

fEffective exposure time after data cleaning for ACIS-S of Chandra.

source. The background spectra are extracted using a
75" circular region near the source but avoiding contam-
ination from it.

2.2.2. XMM-Newton

The XMM-Newton observations are taken with two
MOS cameras (Turner et al.|[2001) and the EPIC CCD
cameras (pn; [Striider et al.[[2001)). The XMM-Newton
data are reduced using the Science Analysis System
(SAS; [Jansen et al|[2001) version 17.0.0 following stan-
dard procedures. The source spectra are extracted from
a circular region with radius of 15” (corresponding to
~70% of the EEF at 1.5keV) or 30" (corresponding to
~85% of the EEF at 1.5keV), based on which spectra has
higher signal to noise ratio (SNR); the background spec-
tra are extracted from a circle nearby the source with the
same radius as the source spectra but avoiding contam-
ination from sources. ARF and RMF files are produced
using the tasks arfgen and rmfgen.

2.2.3. Chandra

Archived Chandra ACIS-S observations are used for
three sources (Mrk 34, Mrk 78 and Mrk 1066) which have
low-quality XMM- Newton data because of their short ex-
posure time and low observing luminosity in soft X-ray
band. We reduced the Chandra data using the Chandra’s
data analysis system, CIAO software package (E
m OO ) version 4.11 and Chandra CALDB version
4.8.2. The level = 1 data are reprocessed as suggested to
apply updated calibrations as suggested using the CIAO
chandra_repro script. The source spectrum is extracted
from a circular region centered at the source with a ra-

dius of 5”; background spectrum is extracted from a cir-
cular 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.

The NuSTAR, XMM-Newton and Chandra spectra are
rebinned with a minimum of 20 counts per bin using the
HEAsoft task grppha.

3. SPECTRAL ANALYSIS AND RESULTS

The spectral are fitted using the XSPEC software (Ar-|
1996) version 12.10.0c. The photoelectric cross
section for the absorption component is from |[Verner
et al. (1996); the element abundance is from |Anders &
Grevesse| (1989)) and the metal abundance is fixed to So-
lar; the Galactic absorption column density is obtained
using the nh task (Kalberla et al|[2005) in HEAsoft for
each source. The redshift of each source is adopted from
NE[ﬂ In this work, the spectra are analyzed using the
self-consistent borus02 model (Balokovi¢ et al.|[2018]),
which is suitable to characterize AGNs with high-quality
broadband X-ray spectra.

3.1. Spectral Modeling

The recently published Monte Carlo radiative transfer
code BORUS has already widely used to
model the reprocessed component of AGN spectra (e.g.,
Boorman et al.|[2018} [La Caria et al|2019; [Kammoun
et _al.[2019; [Li et al./2019; Masini et al|[2019; Marchesi
et al.[2019); see also the borus02 websitq'| for more de-

6 https://ned.ipac.caltech.edu
7 http://www.astro.caltech.edu/~mislavb/download/
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tails. The complete model used in fitting the spectra is
composed of four parts:

1. An absorbed intrinsic continuum, described by a
cut-off power-law, denoted by cutoffpl in XSPEC,
multiplied by a obscuring component, considering
both the photoelectric absorption (zphabs) and the
Compton scattering (cabs) effects.

2. A reprocessed component produced by the obscur-
ing material near the center of the AGN, includ-
ing the scattered component and fluorescent lines,
characterized by borus02.

3. A second, leaked unabsorbed intrinsic continuum,
modeling the fractional AGN emission which is de-
flected, rather than absorbed by the obscuring ma-
terial.

4. A thermal component, namely mekal (Mewe et al.
1985), modeling the soft excess observed below
1keV, potentially describing the emission caused
by the processes other than AGN, such as star-
formation and/or diffuse gas emission.

The reprocessed component, borusOQE| assumes  a
sphere with conical cutouts at both poles (Balokovié
et al.|[2018]), approximating a torus with an opening an-
gle which can vary in the range of 61, = [0-84]°, cor-
responding to a torus covering factor, ¢y = cos(Oror) =
[1-0.1]. Another parameter in the reprocessed compo-
nent is the inclination angle, which is the angle between
the axis of the AGN and the observer line-of-sight, 6,
= [18-87]°, where f,s = 0° is when the AGN is observed
“face-on” and 0,5 = 87° is observed “edge-on”. Another
parameter, the relative iron abundance of the reprocessed
component, Ap., is fixed to 1 (i.e., the iron abundance
in solar, Ape @), unless a much better result is obtained
leaving the parameter free to vary. We plot the spectra
of the borus02 (Balokovi¢ et al.|[2018]) model prediction
when varying different parameters in Appendix A to il-
lustrate how the spectra of the reprocessed component
vary with different parameters, i.e., Oobs, Oror, O1or and
Ap.. Evidence in Infrared and X-ray observations have
shown that the torus is clumpy rather than having an
uniform density (e.g., Krolik & Begelman||1988; [Risaliti
et al.||2002; Nenkova et al.| 2008} |Almeida et al.|[2009;
Markowitz et al.[[2014). Therefore, the column density of
the obscuring torus in the reprocessed component is de-
coupled from the one in the absorbed intrinsic continuum
in our modeling to approximate the clumpy nature of the
obscuring torus. In this scenario, the column density of
the reprocessed component is an average property of the
clumpy torus while the column density of the absorbed
intrinsic continuum represents a line-of-sight quantity.

In the process of modeling the spectra, the photon
index, I', the cut-off energy, F., and the normaliza-
tion, norm, of the intrinsic continuum, the reprocessed
component and the fractional unabsorbed continuum are
tied together, assuming that the three component have
the same origin. The cut-off energy is fixed at Foy =

8 The energy coverage of borus02 model is 1keV < E <1000keV.
The model cut-off at 1keV does not affect the fit of the sources in
our sample since their spectra in soft energy band (E < 3keV) are
dominated by the leaked component.

500keV, unless a much better result is obtained leaving
the parameter free to vary. The fractional unabsorbed
continuum is usually less than 5-10% of the intrinsic
continuum (see, e.g., Noguchi et al.|[2010; [Marchesi et al.
2018)). We denote this fraction as fs, and we model it
with a constant (constants). Finally, the temperature
and the relative metal abundance in mekal are both left
free to vary. Lines are added if strong emission lines are
found in the spectra using zgauss model in XSPEC.

The borus02 model is used in the following XSPEC con-
figuration:

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

where constant; is the cross-calibration between NuS-
TAR and XMM-Newton (separate cross-calibration con-
stants are applied if Chandra data are used); phabs mod-
els the Galactic absorption.

3.2. Results

We fit the spectra twice at first: letting the inclination
angle free to vary when fitting the spectra and fixing the
inclination angle at the values reported in [Fischer et al.
(2013). The best-fit results are reported in Table [2| and
Table [3} Furthermore, to extend our analysis on the role
of inclination angle in the spectral analysis, we also fit
the spectra by fixing the inclination at some specific an-
gles, i.e., Oinc = 60° or cos(binc) = 0.5 (i.e., the opening
angle of the torus in MY Torus model Murphy & Yaqoob
2009)), and fixing inclination at 6;,. = 87° (the maximum
angle in borus02 model) representing an “edge-on” sce-
nario, which is commonly used when analyzing heavily
obscured AGN spectra (see, e.g., Brightman & Nandra
2011; [Koss et al.|[2015} [Ricci et al.|[2016; [Marchesi et al.
2018; |Zappacosta et al. [2018), although not all of the
sources in our sample are heavily obscured. The best-fit
results of the two scenarios are also reported in Table
and Table The details of fitting procedure of each
source and best-fit results of the 13 sources fitted when
the inclination angles are left free to vary are reported in
Appendix C. The unfolded spectra and the model predic-
tions of each source when fitted leaving the inclination
angle free to vary are plotted in Appendix C as well.

6 out of 13 sources in our sample have been observed
displaying strong variability between their soft X-ray
observations and NuSTAR observations. The observed
variability is commonly explained by either the varia-
tion of the accretion rate of the SMBH or the variation
in the so-called corona when the fluctuation of intrin-
sic emission of the AGN is observed, i.e., the shape of
the spectrum does not change while the normalization
of the intrinsic power-law varies (Nandral|2001), or the
change in the absorption column density along the line-
of-sight when the shape of the spectra varies (see, e.g.,
Risaliti et al.||2002; Bianchi et al.2012), or both. To
properly characterize the spectra of these sources, we
fit them three times: 1. disentangling the normaliza-
tion of the intrinsic cut-off power law, norm, of the soft
X-ray observatories observations and the NuSTAR ob-
servations, modeling the flux variability caused by the
intrinsic emission variation; 2. disentangling the line-
of-sight column densities of the soft X-ray observations,
Nt 1os,sott and NuSTAR observations, N 105 nug, model-



Table 2
Best-fit results of 13 sources

Model  x?/d.o.f. r NH,Lo.sH NH,tol‘EI COS(Ginc Cf,to nor"rEl f F2*1 Li"t

Mrk 3
N +0.11 B +0.06 B +0.24 +0.16 +0.06 +0.54 +0.46 +1 -
free  1056/1073 1.4870M 23.94F006 93307022 0477005 0507595 1.427550  0.9870 40 8y 31
[OII]] 1061/1074 1.407995 23917001 23.04702¢  0.09/ 0627528 1127097 1.3670%% 8t2 28
+0.18 +0.06 +0.44 +0.06 +0.82 +0.36 +1
60°  1057/1074 1.4679018  23.9570-06 23327004 050/ 0507098 1357082 0.8170:20 G 31
+0.12 +0.02 +0.19 +0.29 +0.01 +0.44 +3
87°  1061/1074 1.407%'? 23907002 23.07701)  0.05/ 060702 112%997 141707 8t 28
Mrk 34
+0.67 + + + 40.44 +0.35 +2.02 +18
free 74/82 1457067 o474ty o 25047y, 0427 0401031 0067535 0857202 02718, 21
[o111) 74/83 1497959 oq73TH . 24.98TH . 042 0417598 0077355 0747053 02737 24
60° 74/83 1467935 24.67TH .. 25.007% ., 0.50f 0.43%299  0.057077  1.12%055 02722 16
+0.33 +0.08 +0.17 +0.13 +0.07 +0.06 +0.5
87° 76/83 1417033 24597008 93667007 0.05/ 0107201 0257507 0.207005 02705 96
Mrk 78
+0.21 +0.13 +0.18 +0.45 + +0.00 +2.00 +0.3
free  276/271 1407021 23917015 24217018 0437043 0.45T%,, 0067059 1807290  0570% 12

[omy  276/272 1401922 23.897007  24.1570-13 050 0.547% ., 0057090 219138 05702 10
60°  276/272  1.407022 23897007 24157013 050  0.547¢ ., 0057050 2197338 05732 10
+0.16 +0.06 +0.07 + +0.00 +0.90 +0.1
87°  278/272  1.407016 23827006 93957007 0.05/  0.99%%,, 0047500 3327095 05701 8.0
Mrk 573

free  152/194 23514 .. 24.527u . 2401ty o 0607 0617037 056752 0a17fyly  03%% 57

—U
[OIIT]  152/195  2.3674., 24.6370,, 25.007%., 0.507 0.547004 0967238 0107015 0375 9.7
60° 152/195 23670, 24.63T0,, 25.00%% .,  0.507 0.541990 0.967238 0107013 0.3T% 9.7
87° 152/195  2.607% , 24.947% . 24.99750 0.05¢ 012799 1108 0.00735, 0.3T5L 798

Mrk 1066

free  142/147 1527992 93977003 24167030 0.65T"  1.00T¢.s 008193t 405723 0370l 11

(oI 142/148  1.5375:05  23.9870-03  24.1770-08 0.174 1.007Y ., 008907  404t5 03T01 11
+0.02 +0.00 +0.01 + +0.01 +0.63 +0.1

60°  142/148 1547502 23987000 24177000 0507 10074, 0.09 3.78 0.3 1.2

—0.00 —0.08 —0.3

87° 142/148 1537508 23.9770-0¢  24.1710:02 0.05f 1.00T% .o 0.09T0-19  378%232 3f01 12
NGC 3227

free  4684/4008 1.687501 21.3970-0% 23147008 015701 100ty . 0.86700 of 377705 1.2

[OI11]  4686/4009 1.687501  21.3970-0% 23141003 0.95f 1.00ty . 0.867501 of 377707 1.2

60°  4686/4009 1.687091 21.3970:0% 23141003 0.95f 1.007% . 0.86700 of 377101 1.2

87°  4686/4009 1.687091 21.3970:0%  23.15100% 0.05f 1.007%,,  0.8779:0% o/ 377705 1.2
NGC 3783

free  3349/2929 1.517592 22857001 2500702 0547592 0417598 0687003 10147030 267) 6.9

[OII]]  3367/2930 1.49750% 22.847092 25117%,, 0.95/ 0.267051  0.667595  10.5570:35 2673 6.9

60°  3356/2930 1.49700L 22.857007 24.98%012  0.50F  0.40700) 0677052 1042701 267 6.9

87°  3439/2930 1.557001 22.821001 23581000 0.05f 1.001% , 0.66700% 10471365 27f9 6.8

aLogarithm of line-of-sight column density in cm™2; for sources which variability has been obsvered between the NuSTAR and XMM-
Newton, we report here the line-of-sight column density of the XMM-Newton observation

bLogarithm of average torus column density in cm =2

“Inclination angle, i.e., the angle between the axis of the torus and the edge of the torus

dEffective covering factor of the torus

°normalization of the main cut-off power-law component at 1keV in 10~2 photons keV~! cm~2s~1 of XMM-Newton observations

fFraction of scattering component in 10~2

gFlux between 2-10keV in 10~ 12 ergcm~2s~! of XMM- Newton observation

hIntrinsic luminosity between 2-10keV in 10*2 ergs~! of XMM-Newton observation



Table 3
Best-fit results of 13 sources

Model  x?/d.o.f. r N 1.o.4® Nijof?|  cos@ine)|  ctof" norm® £ Fg_wlg Lind®

NGC 4051
free  2686/2390 1.727951  22.53+901 24457057 .95t . 0.95%591  0.45T0! o’ 1477 0.2
[OII1]  2686/2391 1.727951 22.53+501 24457097 .95 0.957001  0.4570:0} o’ 147 0.2
60°  2739/2391 1.7070:%% 22531093 24167003  0.507 1.00%Y o, 0.45700) (0 1415 0.2
87°  2738/2391 1.7070:%2 22.53709% 2416700  0.057 1.00%Y 0, 0.457003 o’ 1415 0.2

NGC 4151

free  5200/4664 1.671593 23.007007 23.947502  0.057%9%  0.80T00% 3.647015 2757029  88F] 3.6

[OIIT]  5208/4665 1.74%5:92  23.0170-9L  24.0115:94 0.717 0.887% s 4.097019 249%01l  ggtl 37

60°  5201/4665 1.6970:9% 23.007992 23981902 (.50f 0.7870:98 3751022 9681023 ggtl 36

87°  5200/4665 1.677092 23.00799! 23.9479%%  0.057 0.807004 3641016 275+020  ggtl 36
NGC 4507

free  1601/1614 1.717995 23.98%9:0% 23407059  0.43791%  0.55%59:99 2.03T940 0277015 7.1f03 25

[OIII] 1603/1615 1.8570%; 23.871502 255074 ,,  0.687 040799 1671928 0.a8t515 71192 17

60°  1603/1615 1.687002 23.987002 23.44700] 0.507 0597997 1.817014 0.23%917 71492 93

87°  1607/1615 1.6973:9% 23.977095  23.3475:06  (.057 0.63799%  1.8979:52 0431510 7.1t 24
NGC 5506

free  5378/4543 1.72%9:91 22507000 23911992 0557992  1.007%,, 1.90799% 1.33F0%4 61t 49

[OTIT]  5381/4544 1.7270%5% 22507000 23.91700} 0.17¢ 1.00%¢ , 1.90799% 1337004 g1+t 49

60°  5379/4544 1.727007 22501505 23.917002 0.507 1.00%¢ ,  1.907993 1337004 g1t: 49

87°  5380/4544 1.72700% 22501900 23.91700 0.057 1.00%¢ ,, 1.90799% 1337094 612 49
NGC 5643

free  198/170 1777027 24.657y,, 24157522 0517y, 0507935 041752 0.107330 087 05
[OII1]  199/171  1.777932  24.65%52% 2413702  0.42f 0.42799%  0.51735%  0.087528 0.8%L%, 0.6
60° 198/171  1.80%927 24.657¢,, 24.1573% 0507 049799 047795 010793 08Tl 0.6
87° 220/171  1.407%% 24357005 2344700 0.057 0437993 0.1279:00 1591921 0.8701 0.3

NGC 7674
free  240/251 22179702 24.15700% 23651502 0.25%0°%2  0.10701%  1.497287 (0 0.670% 54
[OITT]  241/252 2201517 24.1370-06  23.73%0:11 0.507 0.101907  1.2615-36 (0 07702 46
60° 241/252  2.207917  24.13%505  23.7370¢1  0.507 0.107%97  1.2670-36 o/ 07702 46

87° 245/251  2.007939 24107515 23277012 0.057 0.307%39 0.6675:55 0.607557 07701 32

aLogarithm of line-of-sight column density in cm™2; for sources which variability has been obsvered between the NuSTAR and XMM-
Newton, we report here the line-of-sight column density of the XMM-Newton observation

bLogarithm of average torus column density in cm ™2

“Inclination angle, i.e., the angle between the axis of the torus and the edge of the torus

dEffective covering factor of the torus

°normalization of the main cut-off power-law component at 1keV in 10~2 photons keV~—! cm=2 s~ ! of XMM- Newton observations

fFraction of scattering component in 10~2

gFlux between 2-10keV in 10712 ergcm =251 of XMM-Newton observation

bIntrinsic luminosity between 2-10keV in 1042 ergs~! of XMM- Newton observation



ing the flux variability results from the line-of-sight col-
umn density variability; 3. disentangling both the norm
and Ny jos between the soft X-ray observations and the
NuSTAR observations, assuming the flux variability is
caused by both the intrinsic emission variation and line-
of-sight column density variability. Here, we treat the
reprocessed emission as an invariable component during
the two observations, assuming a stable structure and
constant global properties of the obscuring torus.

The decoupling line-of-sight column density and the
torus average column density applied to fit the spectra
in this work is commonly used to approximate the non-
uniform (clumpy) torus. To interpret the obtained re-
sults, we separate the sources in three categories.

1. Obscured AGNs with log(Ny 1.0.s) >22 where the
line-of-sight does not intercept the torus (cos(finc)
>Cf tor), 1.€., Mrk 34, NGC 3783, NGC 5643. The
interpretation of this result is that an obscured
clump is above the torus along our line-of-sight.
However, we cannot exclude the possibility that the
inclination angle smaller than the half-opening an-
gle of the torus (cos(finc) >cf or) may correspond
to a clumpy torus seen edge-on (see, Fig. 3 and
Section 2.3 in Balokovi¢ et al.|2018) and (Fig. 6.1
in |Balokovi¢|[2017)).

2. Unobscured AGN log(Ny 1.0.5) <22 where the line-
of-sight intercept the torus (cos(finc) <¢ftor), i-€.,
NGC 3227. This result may suggest that the
source is observed through an underdense region
of a clumpy obscured torus.

3. Obscured AGNs with their line-of-sight intercept-
ing the torus but the line-of-sight column density
is significantly different from the torus average col-
umn density (|Alog(Ng)| 21), e.g., NGC 3227,
NGC 4051, NGC 4151 and NGC 5506. This re-
sult shows that we are currently looking through
either an overdense or underdense region in their
non-uniform tori, and this could be changing with
time (see, e.g., Risaliti et al.|[2005]).

4. DISCUSSION

Thanks to the borus02 model and the [OIII] measured
inclination, we are able to properly study the role of in-
clination angle in analyzing the AGN spectra: the best-
fit results of 13 sources when fitted with different sce-
narios of applying the inclination angle are reported in
Section [3] In the rest of the work, we discuss how vary-
ing the inclination angle affects the measurement of the
other spectral parameters (Section Section and
Section 7 the correlations between the covering factor
of the obscuring torus and other AGN properties (Sec-
tion , and study the geometrical properties of the
AGNsn both X-ray and optical (Section [4.5).

4.1. Fizing the Torus Inclination Angle at i, jor

We compare the best-fit results of different spectral
parameters (i.e., )(2/d.o.f.7 I', NH,l.o.sy NH,tor, Cf tor and
BOinc), computed either leaving the inclination angle free
to vary or using the [OIII] measured values, O (o1,
reported in |Fischer et al.| (2013). The best-fit results

Table 4
Average uncertainties of different parameters assuming different
torus inclination angles

Paramter Free to vary [OIII]  60° 87°

r 10% 9%  10% 6%
NH,l.o.s 19% 18% 18% 10%
N, tor 38% 36% 37% 1%
cf,mEl 0.17 0.11  0.11 0.10

X2 1.04 1.04 1.04 1.05

2Absolute average uncertainty

obtained in two scenarios are reported in Table [2| and
Table We compare the best-fit ¢ or and Ny tor com-
puted in two methods in Fig. [2l The above comparison
is also plotted as an histogram in Figure [1| for better
readability.

e The inclination angles of 3 sources in our sample
(Mrk 34, Mrk 573 and Mrk 1066) are fully uncon-
strained when inclination angle is left free to vary
in fitting the spectra due to the poor quality (d.o.f
<200) of the data.

The best-fit inclination angles measured in X-ray
do not always match the inclination angles mea-
sured in optical using [OIII], e.g., we found 6
sources of which the differences between the two
inclination angles is A6, >20°.

e In spite of large Af;,. found in some sources, the
best-fit results of the other key parameters, e.g.,
NH l.os» NHitor and cfior are in good agreement
with each other within the uncertainties.

e The goodness of the spectral fits shows no improve-
ment or only a marginal improvement when incli-
nation angle is left free to vary in fitting the spec-
tra. The sources with most improved fit statitics
in our sample is NGC 3783, which improves from
x?/d.o.f = 3367/2930 when fixing the inclination
angle at the [OIII] measured inclination to x?/d.o.f
= 3349/2929 when letting the inclination free to
vary.

e A minor improvement on constraining the spectral
parameters are found when fixing the 6;,. at [OIII]
measured value. The average uncertainties on each
parameters are reported in Table [4]

The above results suggest that: 1. the inclination an-
gle measured in the optical band using [OIII] can be used
in the X-ray spectral analysis of AGNs, since it provides
similar best-fit results to those obtained when inclination
angle is left free to vary when fitting the spectra consider-
ing uncertainties; 2. in some sources, significant different
inclination angles measured in the optical compared to
those derived from the X-ray spectra are found, but the
other fitted parameters, as well as the best-fit statistic,
are only marginally affected by this variation, suggest-
ing that we do not have enough power to constrain the
inclination angle of these sources even with high-quality
broadband X-ray data.
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Figure 1. The figures from the left to right in the first row are the number of sources with specific best-fit torus covering factor and torus
column density when 6, is left free to vary (black histogram), when i, is fixed at [OIII] measured values (dark gray histogram), when
Oinc is fixed at 6inc = 60° (light gray histogram) and 6y, = 87° (silver histogram).

4.2. Fizing the Torus Inclination Angle at 0y, = 60°

Following the method in Section we compare the
best-fit results obtained when leaving the inclination an-
gle free to vary with the best-fit results computed when
fixing the inclination at some specific angles, e.g., Oinc
= 60°. The best-fit results when the sources are fitted
with 6in. = 60° is reported in Table 2] and Table [3] The
comparison of ¢t oy and Ny or between the two scenar-
ios are plotted in Figure[2l The above comparison is also
plotted as a histogram in Figure [1| for better readability.

We find that the differences of the best-fit results of
different parameters between when 6;,. = 60° and when
leaving 6, free to vary are marginal, e.g., the average
differences are ~1% for I', ~2% for Ny o5, ~b% for
Nu tor and 2% for c¢gor. We measure a similar average
goodness of fitting in the two scenarios as reported in Ta-
ble[d Only marginal improvements are found in the fits
of most sources when inclination angle is left free to vary
in fitting the spectra than the inclination angle is fixed
at O = 60°, except for NGC 4051, whose fit improves
from x?/d.o.f = 2739/2391 to x?/d.o.f = 2686/2390 after
letting the inclination free to vary. Fixing the inclination
angle at 6, = 60° provides similar constraints on fitting
which are consistent with those obtained when fixing 6,
at [OIII] measured values.

Although, according to our spectral fits, fixing the in-
clination angle at 6;,. = 60° provides similar goodness of
fits and similar other key properties to those when 6;, is
left free to vary, this results may be biased by the sam-
ple that we have selected, since 9 out of 13 sources in our
sample have a 0, ~60°. Indeed, we find that fixing the
inclination angle at 6;,. = 60° does not reproduce the
Ny tor and other key parameters measured when 6, is
left free to vary in some heavily obscured sources out of
our sample, e.g., we reanalyze the spectra of a Compton
thick (CT-) AGN, NGC 1358, and the best-fit N o, and
cf.tor Obtained when fixing the inclination angle at 6. =
60° is about 5 times lager than those obtained when the
inclination is left free to vary as reported in |Zhao et al.
(2019b), which measured a best-fit inclination angle of
Oinc,NGCo1358 ~87°.

4.3. Fizing the Torus Inclination Angle at 0y, = 87°

We also fit the spectra when fixing the inclination an-
gle at 0, = 87°. The differences of the best-fit results
of I' and Ny 1.0.s between obtained when 6, = 87° and
when leaving ;. free to vary are marginal, e.g., the aver-
age differences are ~2% for I, ~9% for Ny 1 o 5. However,
the measurement of Ny (o when 6. = 87°, especially for
some sources with CT torus (i.e., log(Nm tor)>>24), are
considerably different (the average difference is ~30%)
from those obtained when 6;,. is left free to vary. The
discrepancy of cftor between the two cases is large as
well, e.g., the average difference is 22%. However, un-
like the Ny tor case where the measurements of higher
N tor tend to a lower value, such trend is not found in
¢t or- Notably, ~30% of the sources in our sample are
measured with best-fit photon indices stuck at I' ~1.4,
which is the lower limit of the parameter in borus02
model. Such a result can be explained by the fact that a
flatter I' is needed to compensate the change of the spec-
tral shape caused by the unrealistic measurement of ¢t or
and Ny or. It is worth noting that fixing the inclination
angle at 6, = 87° leads to significant different best-
fit torus covering factor and torus column density than
when the inclination angle is left free to vary even when
fitting the CT-AGNSs, which are plot in red in Fig.

To illustrate the torus column density bias mentioned
above, we take NGC 5643 as an example. The source is
a CT-AGN and the spectrum of the source is dominated
by reprocessed component. We plot the spectra and dif-
ferent components of the model predictions of NGC 5643
with inclination angle being fixed at 6, = 87° and be-
ing left free to vary in Fig. The best-fit inclination
angle measured for NGC 5643 is 6, ~59°. When the
inclination is left free to vary, the spectra above 2keV
are dominated by the reprocessed component and the
measured best-fit torus column density is log(Nu tor free)
~24.15. However, when the inclination angle is fixed
at Oin. = 87°, the best-fit torus column density is mea-
sured as 1og(Ny tor free) ~23.44. Such result can be un-
derstood by looking at the bottom left panel of Fig.
where we plot the borus02 model prediction of the re-
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compared to when the inclination angle is left free to vary in fitting the spectra and when the inclination angle at 6;,. = 60°.

unfolded spectra of NGC 5643 with inclination angle being fixed at 6;,c = 87° and being left free to vary. The NuSTAR data are plotted
in blue and the XMM-Newton data are plotted in red. The best-fit model prediction is plotted as cyan solid lines. The single components
of the model are plotted in black with different line styles, i.e., the absorbed intrinsic continuum with solid lines, the reflection component
with dashed lines, the scattered component, the mekal component and emission lines with dotted lines. Bottom: borus02 model predictions
of the reprocessed component when inclination angle are fixed at 6inc = 87° (dashed line) and 0;, = 60° (solid line). Left: the model
predictions for log(Ny,tor) = 24 (red) and log(Ng,tor) = 25 (black): a photon index with I' = 1.8 and torus covering factor with cy or
= 0.6 are assumed. Right: the model predictions for cf 1oy = 0.1 (red) and cf or = 1.0 (black): a photon index with I' = 1.8 and torus

column density with log(N tor)

= 24 are assumed.




processed component when the inclination angles are 6y,
= 60° and 6;,. = 87° and the torus column densities
are log(Ny tor,free) = 24 and 1og(Ny tor,free) = 25. When
the inclination moves from #;,. = 60° to 0, = 87°, the
spectra are suppressed significantly and nonlinearly: the
spectra with energy below ~20keV are much affected.
Therefore, the torus column density decreases to com-
pensate this reduction, which better describes the energy
between ~5keV to ~20keV. The discrepancy of the spec-
tra in other energy bands thus needs other components
to make up, e.g., the line-of-sight component contributes
more to the spectra at energy >20keV by decreasing the
line-of-sight column density and the scattering compo-
nent dominates the spectra at energy below ~4keV by
artificially increasing f.

The discrepancy of ¢t tor, however, is more complex due
to the fact that the reprocessed component is energy de-
pendent with respect to cf tor, as plotted in the bottom
right panel of Figure [3] which plots the spectra of re-
processed component with different combinations of ;¢
and cf tor. For more information about the reprocessed
component of the borus02 model, we plot the borus02
model predictions with varying different parameters in
Appendix A.

Fixing the inclination angle at 6;,. = 87° puts the
strongest constraint on the parameters, e.g., Ny 1.5 and
Ny tor, among other cases. Such a results is caused by
the fact that by fixing the inclination angle at 6, = 87°,
the change in other parameters will lead to large varia-
tion on the spectrum: for example, in figure 3| we find
that the spectral shape variation is much larger for 6,
= 87° than for i, = 60° when Ny (o, varies, thus, the
uncertainty of Ny ¢or is much less when using ;. = 87°
than using 6in. = 60°. However, the ctor-related spec-
tral variation is energy dependent in both 6, = 87° and
Oinc = 60° cases, therefore the average uncertainties of
¢t tor are similar in the two cases.

4.4. Distribution of the obscuring material

In Section[d.1] Section[f:2]and Section[f.3] we discussed
how varying the inclination angle affects the measure-
ment of the other spectral parameters of AGNs. Thanks
to the flexible and powerful borus02 model, we could
explore a larger parameter space in modeling the spec-
trum of AGN, e.g., we could now directly measure the
average column density and the covering factor of the
obscuring torus in AGN. Therefore, in this section, we
focus on the correlations among different physical and
geometrical properties of the sources in our sample.

A corner plot is drawn in Fig. to explore the
correlation among different parameters, i.e., line-of-
sight column density, log(Ny 1.0.5), torus column den-
sity, log(Ny tor), torus covering factor, ¢, 2-10keV in-
trinsic luminosity, Lint,2—10, and Eddington ratig’} Agad.
Kendalls tau tests are performed for each pair of param-
eters and are labeled in each subplot. The best-fit values
used are obtained when the inclination angle is left free

9 The Eddington ratio is calculated by Agqq = Lypo1/LEdq, where
Lpo is the bolometric luminosity. Bolometric luminosity is calcu-
lated by Lyo1 = & Lint,2—10, assuming a bolometric correction x =
20 (Vasudevan et al|2010). Eddington luminosity is calculated as
LEdd = 47TGMBHmpC/O'T, where MBH is the mass of SMBH and
my is the mass of proton.
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to vary in fitting the spectra. We also plot the inclina-
tion angle as functions of other properties in Appendix B
to explore the correlation between the inclination angle
and other properties of the sources.

e We find no correlation between the measured AGN
inclination angle and the other physical and geo-
metrical properties of the AGN as show in Fig.
Such a result is reasonable since the sources are ran-
domly observed and the properties of the sources
should not be related to the angle at which they
are observed.

e We find no correlations between intrinsic luminos-
ity and torus column density (p = 0.68), torus col-
umn density and line-of-sight column density (p =
0.31), intrinsic luminosity and line-of-sight column
density (p = 0.25), Eddington ratio and 2-10keV
intrinsic luminosity (p = 0.25) and torus covering
factor and torus column density (p = 0.22).

e We find a correlation with confidence level ~ 2.9 o
between the line-of-sight column density and Ed-
dington ratio (p = 0.004), i.e., as the line-of-sight
column density increases, the Eddington ratio also
increases. We also find an inverse correlation with
confidence level ~ 2 o between the line-of-sight col-
umn density and torus covering factor (p = 0.05),
i.e., as the line-of-sight column density increases,
the torus covering factor decreases. However, such
trends are less evident if we exclude the sources
which have been observed to be variable due to
the shift of line-of-sight column density, which are
marked as gray in Figure [4] from our analysis: the
p values become p = 0.07 for line-of-sight column
density and Eddington ratio and p = 0.22 for line-
of-sight column density and torus covering factor.
Therefore, we are not able confirm the correlation
found between line-of-sight column density and Ed-
dington ratio and the inverse correlation between
the line-of-sight column density and torus covering
factor.

e We find a correlation with confidence level ~ 2.6 o
between the 2-10keV intrinsic luminosity and the
torus covering factor (p = 0.01), i.e., as the intrin-
sic luminosity increases, the torus covering factor
decreases. Such a trend has been reported in many
previous works with larger samples and higher sta-
tistical accuracy in different redshift range (e.g.,
Lawrence & Elvis|[1982; [Hasinger, G.|[2008} Ueda
et al.[|2014). The covering factor of the torus in
these works is derived from the X-ray hardness ra-
tio or the fraction of the obscured Compton thin
sources (22<log(Ny)<24) in these works. Simi-
lar trend has also been found by Balokovid| (2017)),
which measured the individual torus covering fac-
tors and their intrinsic luminosities as in this work.

e We find an inverse correlation with confidence level
~ 3 o between the Eddington ratio and torus cover-
ing factor (p = 0.003), i.e., as the Eddington ratio
of the AGN increases, the covering factor of the ob-
scuring torus decreases. We also find a correlation
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column density variability are plotted in gray. The tau values and p values in the Kendalls tau test are computed for each pair of parameters
and are also labeled in each sub-plot.

with confidence level ~ 2.6 0 between the Edding-
ton ratio and torus column density (p = 0.01), i.e.,
as the Eddington ratio of the AGN increases, the
average column density of the obscuring torus de-
creases. Such results are in good agreement with
those reported in Ricci et al.| (2017), who found
that the torus covering factor and the torus average
column density strongly depends on the Edding-
ton ratio of the AGN using a larger BAT selected
sample of 392 AGNs. The dependence of torus
covering factor and torus average column density
on the Eddington ratio can be explained assum-
ing that the distribution of the circumnuclear ma-
terial around the SMBH is mainly regulated by
the radiative feedback: as the accretion rate in-
creases, the radiation pressure from the accretion
disk blows the less dense (log(Ny) <24) materi-
als away and leaves only the CT materials, thus
decreasing the torus covering factor and increas-
ing the torus average column density (Fabian et al.
2006, [2009; Ricci et al.|[2017). We point out that
in Ricci et al.| (2017)), the covering factors are indi-
rectly measured, using are the fraction of obscured

(22 <log(Np)) AGNs with respect to all AGNs with
20 <log(Ny) in their sample. To better visualize
the above correlations, we display the best-fit torus
covering factors as a function of their measured Ed-
dington ratio and the best-fit torus column density
as a function of their measured Eddington ratio
separately in Fig. [f]l To compare with the results
obtained in |Ricci et al.|(2017), we rebin our results
in plotting the torus covering factors as a function
of Eddington ratio. We find that our average torus
covering factor are in good agreement with what
Ricci et al.| (2017) obtain, especially at large Ed-
dington ratio.

The fact that no correlation is found between 2-10 keV

intrinsic luminosity and torus average column density, to-
gether with the correlations found between torus cover-
ing factor and torus average column density with respect
to the Eddington ratio, suggests that the distribution of
the obscuring materials surrounding the SMBH of the
AGNs in our sample is mainly regulated by the Edding-
ton ratio rather than the intrinsic luminosity, which is
in agreement with what is found in [Ricci et al.| (2017).
Nevertheless, the exploration of the distribution of the
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materials in the obscuring torus in AGN needs to be
further studied in a larger unbiased sample with high-
quality spectra.

4.5. Geometrical properties of torus and NLR

According to the unified model, the dusty torus ob-
scures the radiation from the center engine of the AGN,
and is therefore thought to form the biconical shape of
the NLR or the ionization cone (Malkan et al.|1998)). |Fis-
cher et al.| (2013) report the opening angle of the outer
edge of the NLR obtained by modeling the kinematics of
the sources’ NLR observed with the Hubble Space Tele-
scope (HST) and the Space Telescope Imaging Spectro-
graph (STIS). In this section, we explore the relation
between the geometrical properties of the AGNs in our
sample measured in optical and measured in X-ray.

In Figure [6] we plot the covering factor of the region
excluding the NLR measured in optical, i.e., 1-¢f NLR,
as a function of the covering factor of the torus mea-
sured in X-ray, i.e., ¢y mor- We find that: 1. there is
no correlation between ¢y o and 1-c; nLr (7 = 0.18 and
p = 0.42); 2. while ¢s 1o, span all values from 0.1 to 1,
¢y NLr does not (ie., ¢y nrr < 0.5). However, our results
may be biased by the fact that: borus02 assumes a uni-
formly distributed obscuring material scenario, therefore
the ¢y mor measured in borus02 is the effective fraction of
the sky that is covered by the obscuring material, which
thus gives the lower limit of the realistic clumpy c¢ ror;
the optical emission associated with the NLR measured
by [Fischer et al.| (2013) may contain the emission from
star formation process, which might lead to inaccurate
measurement of the geometry of the NLR. Therefore,
further studies with larger sample of AGNs with multi-
wavelength datasets are needed to understand the geo-
metrical properties of different components of the AGN.

5. CONCLUSION

We performed a broadband X-ray spectral analysis on
a sample of AGNs selected from |Fischer et al.[(2013) with
[OIII] measured inclination angle, using high-quality
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Figure 6. Relationship between the covering factor of the region
excluding the NLR, i.e., 1 — ¢y NLR, With respect to the covering
factor of the torus, i.e., ¢f ror. The gray solid line represents the
1:1 result.

NuSTAR, XMM-Newton and Chandra archival data. To
model the spectra, we utilized the recently published self-
consistent borus02 model, which is effective in charac-
terizing the physical and geometrical properties of the
obscuring materials near the SMBH. The main findings
of this work are reported as follows.

e The best-fit values of the spectral parameters ob-
tained when the sources are fitted with the inclina-
tion angle being fixed at the [OIII] measured values
are similar to those obtained when inclination an-
gle is left free to vary. Fixing the inclination angle
at O, = 60° also gives similar spectral fit results,
but incorrect fit results may be obtained for some
CT sources out of our sample; fixing the inclina-
tion angle at 6, = 87° leads to significant different
measurements of the torus covering factor and the
torus column density even for CT-AGNs, but gives
the best constraints on different parameters.
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e In AGN X-ray spectral analysis, one should always
let the inclination angle free to vary. If one in-
tends to better constrain the properties of sources
when fitting low quality X-ray spectra (i.e., <300
d.o.f), one should fit the spectra by letting 6, free
to vary at first, then fix 6;,. at some reasonable
values, e.g., 0, = 60° or [OIII] measured values.
Comparing the best-fit results of the two methods:
only when the best-fit values of all parameters fit-
ted when fixing the 6y, are in good agreement with
those obtained when letting 6;,,. free to vary in fit-
ting the spectra, one could fix 6;,. at those val-
ues, otherwise, fixing 6;,. at some preferred values
should always be avoided and 6, should be left
free to vary in fitting these spectra.

e The properties of AGNs in our sample are not de-
pendent on the direction at which they are ob-
served, i.e., the inclination angle.

e We confirm a strong inverse correlation between
the torus covering factor and the Eddington ratio,
and a correlation between the torus average column
density and the Eddington ratio measured in the
sources of our sample, which is in good agreement
with the radiative feedback model. We also find
an inverse correlation between the torus covering
factor and the 2-10keV intrinsic luminosity, which
has also been measured in previous works. How-
ever, we do not find any correlation between the
torus average column density and the 2-10keV in-
trinsic luminosity, suggesting that the distribution
of the materials in the obscuring torus are regulated
by the Eddington ratio rather than the intrinsic lu-
minosity.

e We found no geometrical correlation between the
two components of AGN, i.e., obscuring torus and
NLR: the torus covering factors span all values,
while the covering factors of NLR do not. The
ability to robustly measure the covering factor of
the torus in the X-ray band is currently limited by
the data quality, sample size, and the lack of suf-
ficiently realistic spectral model, which we expect
to improve in future work. However, this result al-
ready suggests that AGN geometry might be more
complex than what is assumed in the simplistic uni-
fied model of AGN.
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APPENDIX

A. borus02 MODEL

We plot the spectra of borus02 model prediction of the reprocessed component when varying different parameters,
i.e., torus covering factor, ¢ tor, inclination angle, 6i,¢, torus column density, Ny tor, and relative iron abundance, Ape,
in Figure[7]

B. DEPENDENCE OF THE PROPERTIES OF AGNS ON THEIR INCLINATIONS

We plot the best-fit inclination angle of the 13 sources in our sample as functions of their line-of-sight column density,
torus covering factor, torus column density, Eddington ratio, 2-10keV intrinsic luminosity in Figure [§| The tau and
p values for each pair of properties are calculated and reported in each subplot. We find no correlation between the
measured inclination angle of AGN and the other physical and geometrical properties of AGNs.
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Figure 8. Best-fit inclination angle of the 13 sources in our sample as functions of their line-of-sight column density, torus covering factor,
torus column density, Eddington ratio, 2-10keV intrinsic luminosity in Figure The tau and p values for each pair of properties are
calculated and reported in each subplot. Sources which have been observed to be variable due to the variability of line-of-sight column

density are marked as gray.
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C. FITTING DETAILS AND SPECTRA OF 13 SOURCES
Fitting Details

Mrk 3: the cut-off energy FE., of the source is found to be much less than the default 500keV, thus we let Ey
free to vary in fitting the spectra of Mrk 3 and a FE.y = 8538 keV is measured. The relative iron abundance is
found to be less than the default value, thus the relative iron abundance is left free to vary in fitting the spectrum
of Mrk 3 and an Ap, = O.44f81(1)§ Are o is measured. The best-fit statistic of the scenario of letting i, free to vary
is x2/degree of freedom (d.o.f) = 1056/1073 ~0.98. The best-fit photon index for Mrk 3 is T' = 1.487%! where u
means the parameter cannot be constrained at 90% confidence level within the range of the parameter in the borus02
model, which is [1.4-2.6] for I'. The best-fit line-of-sight column density is log(Nu 1.05) = 23.947005 and the best-fit

torus column density is log(N tor) = 23.301573. The best-fit inclination angle is cos(fine) = 0.4715 85 and the best-fit

covering factor is c¢f tor = 0. 5O+O 96

Mrk 34: an energy range of 0. 6 keV 78 keV rather than 0.5 keV-78keV is used in fitting the spectrum of Mrk 34 since
we found that the spectrum between 0.5keV-2keV cannot be fitted by a single mekal model, however, the spectrum
between 0.6 keV—2keV can be well fitted by a single mekal model. In addition, we added a number of unresolved
Gaussian lines as needed to reach a good fit of Mrk 34. The best-fit statistic of Mrk 34 is x?/d.o.f = 74/82 ~0.90.
The best-fit photon index is I' = 1.45t3~67. The best-fit line-of-sight column density is log(Ng 1.0.s) >24.28 and the
best-fit torus column density is log(Ny tor) = 25.0414 5, where the parameter range of log(Ny or) in borus02 table

is [22.0-25.5]. The best-fit inclination angle is cos(fin.) = 0.421", suggesting that the inclination angle of Mrk 34 is

unconstramed with current data. The best-fit covering factor of Mrk 34 is ¢t tor = 0. 40JrO ‘21‘%

Mrk 78: We adopted NuSTAR data from 4keV to 78keV since the NuS TAR data between 3-4keV showed strong
discrepancy with XMM-Newton and Chandra data. We found a strong emission line at ~8.265keV in the spectrum,
which belongs to the Ni Kf emission line. Thus a gaussian line centered at E; = 8.265keV with zero width is added
to better fit the spectrum. We compare the flux of the Ni KB emission line and Fe K line: the measured flux of the
Fe Ko line of Mrk 78 is Flux Feka = 4.5 x 107 ergem ™2 57! between 6.39keV and 6.41keV and the measured flux
of the Ni Kf line is Fiyx nikg = 3.8 x 107 ergem™2s™! between 8.255keV and 8.275 keV. Strong variability is also
found between the NuSTAR observations and the three soft X-ray observations. The 2-10keV flux of Mrk 78 observed
in NuSTAR increased by ~135% with respect to the flux observed in XMM-Newton. We found that the variability
observed in Mrk 78 is caused by both the variability of intrinsic emission and Ny 0.5 variability. The intrinsic emission
of Mrk 78 measured using NuSTAR observation increased by ~38% with respect to the intrinsic emission measured
using XMM-Newton observation and the Ny 1,5 observed in NuSTAR decreased by 49% with respect to the Ny j.o.s

observed in XMM-Newton, i.e., 10g(N 1.0.s Nus) = 23.62f8:8§ from log(Ny 1.0.s xMM) = 23.91f8:(1)g. The best-fit statistic
of Mrk 78 is x?/d.o.f = 276/271 ~ 1.02. The best-fit photon index of Mrk 78 is T = 1.407%?!. The best-fit torus

column density is log(Ny tor) = 24.21J_r8::1,)§. The best-fit inclination angle is cos(fine) = 0.43f82%g and the best-fit
covering factor is found to be cftor >0.22.

Mrk 573: an energy range of 0.3 keV-78keV rather than 0.5keV-78keV is used in fitting the spectrum of Mrk 573
because we found the spectrum of Mrk 573 between 0.5 keV—-2keV can not be fitted by a single mekal model. Although
the spectrum between 0.8 keV—2keV can be fitted by a single mekal model, to exploit the high-quality XMM-Newton
data below 0.8keV, which provide ~2600 more counts (the total counts in the spectra between 0.8 keV—-78keV are
~2400 cts), we fit the spectra of Mrk 573 in the 0.3 keV-78keV energy band and add another mekal in our modeling.
The best-fit statistic of Mrk 573 is x2/d.o.f = 152/194 ~ 0.78. The best-fit photon index is T' = 2.357 ;.. The best-fit
line-of-sight column density is log(Ny 1.0.5) >24.22 and the best-fit average torus column density is log(Ny or) >24.23.
The best-fit inclination angle is cos(finc) = 0.601% and the best-fit torus covering factor is ¢t 1or <0.98, suggesting that
we are unable to constrain both the inclination and the torus covering factor of Mrk 573.

Mrk 1066: the cut-off energy F.,; of Mrk 1066 is found to be F.,; <28keV. The relative iron abundance is found to
be Ape = 3.2797 Ape . In addition, we added a number of unresolved Gaussian lines as needed to reach a good fit of
Mrk 1066. The best-fit statistic of Mrk 1066 is x?/d.o.f = 142/147 =~ 0.97. The best-fit photon index is T' = 1.527%-92,
The best-fit line-of-sight column density is log(Ny,1.0.5) = 23.97+8 82 and the best-fit average torus column density is
log(N tor) = 24.16753. The best-fit inclination angle is cos(fin.) = 0.657%, suggesting that the inclination angle of
Mrk 1066 is fully unconstrained with current data. The best-fit covering factor is cf tor >0.64.

NGC 3227: the source is found to be an unobscured AGN with N o6 < 10?2 cm~2. We found that the scattering
component contribute marginally to the spectrum and abandon of this component does not worsen the fit. Therefore,
we set the fraction of the scattering component to be fs = 0 to decrease the free parameters in fitting. The spectra below
1keV has no obvious emission signature and is hard to be well fitted by mekal. We add an phenomenological gaussian
and an unabsorbed cut-off power law with a different photon index to fit the soft X-ray spectrum of NGC 3227. The
center of the gaussian is at E; = 0.62keV and the width is 0 = 0.05keV. The photon index of this phenomenological
cut-off power law is measured as I'gopy = 3.9f8: % compared to the best-fit photon index of the intrinsic cut-off power-law
is T = 1.687001. The best-fit statistic of NGC 3227 is x?/d.o.f = 4684/4008 ~ 1.17. The best-fit line-of-sight column

density is log(Ny 1.0.5) = 21.39+8 8‘;’ and the best-fit average torus column density is log(Ny tor) = 23.141'8:8%. The
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best-fit inclination angle is cos(finc) <0.29 and the best-fit covering factor is ¢ o >0.93.

NGC 3783: NuSTAR data above 70keV are polluted by background and the data <10keV show strong discrepancy
with XMM-Newton, so we fit the NuSTAR spectrum only between 10-70keV following the approach adopted in
previous works (Mehdipour et al.[2017; Mao et al.|[2019; [De Marco et al.[2020). The cut-off energy E..; of NGC 3783
is found to be E.u = 371221 keV. In addition, we added a number of unresolved Gaussian lines as needed to reach a good
fit of Mrk 3783. The best-fit statistic of NGC 3783 is x?/d.o.f = 3349/2929 ~ 1.14. The best-fit photon index is I' =
1.5170 07, The best-fit line-of-sight column density is log(Np 1,.5) = 22.85700; and the best-fit average torus column
density is log(Ng tor) = 25.0070:53. The best-fit inclination angle is cos(6inc) = 0.5470:03 and the best-fit covering
factor is cf tor = 0.411‘8:82.

NGC 4051: the source is known to exhibit strong spectra and flux variation in X-ray (Turner et al.[2017). Variability
is also found between the NuSTAR and XMM-Newton observations that we analyzed. The 2-10keV flux of the NuSTAR
observation is ~24% less than the XMM-Newton observation. This flux variability is caused by the variability of the
intrinsic emission rather than the Ny 1, variability based our analysis. The source is also known to possess a warm
absorber outflow (Mizumoto & Ebisawa/2016)), due to its absorption signature, especially the O yyi1 absorption feature
~0.65keV, which is difficult to be fitted by the default mekal model. We tried to use a complex phenomenological
model to fit the spectrum below 1keV and found that the best-fit results of the key parameters did not vary compared
with those obtained when we fitted the spectra only above 1keV. Therefore, we fit the spectra of NGC 4051 with
energy only above 1keV. The cut-off energy Feu of NGC 4051 is found to be Eey; = 4473 keV. The best-fit statistic

of NGC 4051 is x?/d.o.f = 2686/2389 ~ 1.12. The best-fit photon index is T' = 1.7270 1. The best-fit line-of-sight

column density is log(Ng1.0s) = 22.5370 01 and the best-fit average torus column density is log(Ng o) = 24.457007.

The best-fit inclination angle is cos(fine) >0.94 and the best-fit covering factor is ¢¢ tor = 0.951‘8:81.

NGC 4151: the source is known to exhibit spectral and flux variability in X-ray (Beuchert et al||2017). Strong
variability was also found between the NuSTAR and XMM-Newton observations in our analysis. The 2-10keV flux
of the NuSTAR observation is ~103% larger than the XMM-Newton observation. This flux variability is caused
by both the variability of the intrinsic emission and the Ng .. variability based on our analysis. The intrinsic
emission measured using NuSTAR observation is ~80% larger than the intrinsic emission measured using XMM-

Newton observation. The line-of-sight column density of the two observations are log(Nm 1.0.5,Nus) = 22.86‘:8:8? and

log(N,1.0.5,xMM) = 23.001’8:8%, respectively. The cut-off energy E.,; of NGC 4151 is found to be E.y = 1121‘%8 keV.

The relative iron abundance is found to be Ap, = 0.664_'8182 Ape o when the inclination is fixed at [OIII] measured value
in fitting. In addition, we added a number of unresolved Gaussian lines as needed to reach a good fit of NGC 4151.
The best-fit statistic of NGC 4151 is x?/d.o.f = 5200/4664 ~ 1.11. The best-fit photon index of NGC 4151 is T

= 1.677003. The best-fit average torus column density is log(Ng tor) = 23.947005. The best-fit inclination angle is

cos(finc) <0.08 and the best-fit covering factor is ¢t tor = 0.801'8:8?.

NGC 4507: the source is known to exhibit spectral and flux variability in X-ray (Braito et al.[2012; Marinucci et al.
2013). Variability was also found between the NuSTAR and XMM-Newton observations in our analysis. The 2-10keV
flux of the NuSTAR observation is ~51% larger than the XMM-Newton observation. This flux variability is caused
by the variability of the intrinsic emission rather than the Ng .. variability based on our analysis. The intrinsic
emission measured using NuSTAR observation is 50% larger than the intrinsic emission measured using XMM- Newton
observation. The spectrum below 1keV is difficult to model with a single mekal, so we add another mekal in fitting
the spectrum. The relative iron abundance is found to be Ap, = 0.5701 Ap. o. In addition, we added a number of
unresolved Gaussian lines as needed to reach a good fit of NGC 4507. The best-fit statistic of NGC 4507 is x2/d.o.f =
1601/1614 = 0.99. The best-fit photon index is T' = 1.717003. The best-fit line-of-sight column density is log(N1.0.5)
= 23.9870-0% and the best-fit average torus column density is log(Np or) = 23.4070:09. The best-fit inclination angle
is cos(Oine) = 0.43f8'_%g and the best-fit covering factor is ¢f yor = 0.55f8:82.

NGC 5506: the source is known to exhibit spectral and flux variability in X-ray (Sun et al[[2018). Variability was
also found between the NuSTAR and XMM-Newton observations that we adopted. The 2-10keV flux of the NuSTAR
observation is ~18% less than the XMM-Newton observation. This flux variability is caused by both the variability of
the intrinsic emission and the Ny 1 .5 variability based on our analysis. The intrinsic emission measured using NuSTAR
is 25% less than the intrinsic emission measured using XMM-Newton observation and the line-of-sight column density

measured in two observations are log(Ny 1.0.5,Nus) = 22.291‘8:83 and log(Ny 1.0.s,xMM) = 22.50f8:81, respectively. The

relative iron abundance is found to be Ap, = 5.8f8'_3 Ape . The cut-off energy Eqyc of NGC 5506 is found to be
Eey < 21keV. In addition. we found that the fit was significant improved (from x?/d.o.f = 5590/4544 to x?/d.o.f =
5378/4543) if we let the photon index of the scattering component free to vary from the one of the intrinsic emission.
We measured the photon index of the scattering component as I'sof, = 1.02703% and the best-fit photon index of

intrinsic emission is I' = 1.72100]. The best-fit statistic of NGC 5506 is y?/d.o.f = 5378/4543 ~ 1.18. The best-fit

average torus column density is log(Np or) = 23.917095. The best-fit inclination angle is cos(fin.) = 0.5570 5 and

the best-fit covering factor is ¢t tor >0.98.
NGC 5643: a strong emission line at ~1.836 keV, which belongs to the Si K emission line is found. Therefore, a
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gaussian line with zero width is added to better fit the spectrum. The best-fit statistic of NGC 5643 is x?/d.o.f =
198/170 ~1.16. The best-fit photon index of NGC 5643 is I' = 1.7770-27. The best-fit line-of-sight column density is
log(N,1.0.s) >24.33 and the best-fit average torus column density is log(Nu tor) = 24151—3::2’,? The best-fit inclination
angle is cos(finc) >0.27 and the best-fit covering factor is ¢t tor = 0.501'832.

NGC 7674: the source is known to exhibit spectra and flux variation in X-ray (Gandhi et al.|[2017)). Variability was
also found between the NuSTAR and XMM-Newton observations that we adopted. The 2-10keV flux of the NuSTAR
observation is ~29% larger than the XMM-Newton observation. This flux variability is caused by both the variability
of the intrinsic emission and the Ny, variability according to our analysis. The intrinsic emission measured using
NuSTAR observation is 113% larger than the intrinsic emission measured using XMM-Newton observation and the
line-of-sight column density measured in two observations are log(N 1,05 Nus) = 24.451'8:83 and log(Ny 105 xMM) =

24.15f8:8§, respectively. The relative iron abundance is found to be Ag, = 0.421'8:82 Age.o. The best-fit statistic of
NGC 7674 is x?/d.o.f = 240/251 = 0.96. The best-fit photon index is T' = 2.217012. The best-fit average torus column

density is log(Ng tor) = 23.651‘8:5‘5". The best-fit inclination angle is cos(finc) = 0.251'8:‘8421 and the best-fit covering
factor is cf tor <0.25.

Spectra of 18 Sources

Unfolded NuSTAR, XMM-Newton and Chandra spectra of different sources fitted with borus02 model when the
inclination angle is left free to vary and the residuals between the data and best-fit predictions of the model are
plotted in Fig. [9]and Fig. The NuSTAR data are plotted in blue, the XMM- Newton data are plotted in red and the
Chandra data are plotted in green. The best-fit model prediction is plotted as cyan solid lines. The single components
of the model are plotted in black with different line styles, i.e., the absorbed intrinsic continuum with solid lines, the
reflection component and Fe Ko line with dashed lines, the scattered component, the mekal component and gaussian
lines with dotted lines.
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Figure 9. Unfolded NuSTAR, XMM-Newton and Chandra spectra of different sources fitted with borus02 model when the inclination
angle is left free to vary and the residuals between the data and best-fit predictions of the model. The NuSTAR data are plotted in blue,
the XMM-Newton data are plotted in red and the Chandra data are plotted in green. The best-fit model prediction is plotted as cyan solid
lines. The single components of the model are plotted in black with different line styles, i.e., the absorbed intrinsic continuum with solid
lines, the reflection component with dashed lines, the scattered component, the mekal component and emission lines with dotted lines.



22

NGC 3743 NGC 4051

(1

& L 7002
- >
o £}
= ] 2
PRCION 3 & 001
’E ‘E
g P o
£ [ 810+
= " 2
= i ]
T 10 é E 8
A i 2x10
= z 2
A
2
E g i di‘
E 5 ol }Mhﬂ‘\ I
= = i Al e
3 3 il
£ g -2
| |
3 g
: ER
Eneray (key) Energy (keV)
NGC 4151 NGC 4507
o X
Z 01 Z
= <
3 i
5, 5
E 11 2
= =]
= S
= =
& 8
B %
- =
5 5
3
ERT g
g
T =2 1
3 8
E ] <
= A

Energy (kev) Energy (keV)

NG 5506 NGC 7674
001 ¢

eV (Phostons crns 570 keVoLy
keV? (Photons cm= s~! keV-")

mmﬁi g, i ,.[ .! i
[T

(elta=tnolue] permor

1
5 10 20
Energy (kev) Energy (keV)

(data—model)/error
=)
——

Figure 10. Unfolded NuSTAR, XMM-Newton and Chandra spectra of different sources fitted with borus02 model when the inclination
angle is left free to vary and the residuals between the data and best-fit predictions of the model. The NuSTAR data are plotted in blue,
the XMM-Newton data are plotted in red and the Chandra data are plotted in green. The best-fit model prediction is plotted as cyan solid
lines. The single components of the model are plotted in black with different line styles, i.e., the absorbed intrinsic continuum with solid
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