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ABSTRACT

We present the analysis of multiepoch observations of a set of 12 variable, Compton-thin, local (z < 0.1) active galactic nuclei (AGN)
selected from the 100-month BAT catalog. We analyzed all available X-ray data from Chandra, XMM-Newton, and NuSTAR, adding
up to a total of 53 individual observations. This corresponds to between three and seven observations per source, probing variability
timescales between a few days and ∼20 yr. All sources have at least one NuSTAR observation, ensuring high-energy coverage, which
allowed us to disentangle the line-of-sight and reflection components in the X-ray spectra. For each source, we modeled all available
spectra simultaneously, using the physical torus models MYTorus, borus02, and UXCLUMPY. The simultaneous fitting, along with the
high-energy coverage, allowed us to place tight constraints on torus parameters such as the torus covering factor, inclination angle,
and torus average column density. We also estimated the line-of-sight column density (NH) for each individual observation. Within
the 12 sources, we detected clear line-of-sight NH variability in five of them, non-variability in five of them, and for two of them it was
not possible to fully disentangle intrinsic luminosity and NH variability. We observed large differences between the average values of
line-of-sight NH (or NH of the obscurer) and the average NH of the torus (or NH of the reflector), for each source, by a factor between
∼2 to >100. This behavior, which suggests a physical disconnect between the absorber and the reflector, is more extreme in sources
that present NH variability. We note that NH-variable AGN also tend to present larger obscuration and broader cloud distributions than
their non-variable counterparts. These trends however require a larger number of sources to confirm (or disprove) this. We observed
that large changes in obscuration only occur at long timescales, and used this to place tentative lower limits on torus cloud sizes.
Furthermore, we observed a median variation in NH between any two observations of the same source of ∼36%.
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1. Introduction

Active galactic nuclei (AGN) are powered by accreting
supermassive black holes (SMBHs), surrounded by a torus
of obscuring material. According to the unification theory
(Urry & Padovani 1995), this torus is uniform and obscures cer-
tain lines of sight, preventing us from observing the broad line
region (BLR, composed of gas clouds closely orbiting the black
hole) from certain lines of sight. However, more recent stud-
ies based on infrared (IR) spectral energy distributions (SEDs)
favor a scenario in which this torus is clumpy or patchy, rather
than uniform (e.g., Nenkova et al. 2002; Ramos Almeida et al.
2014). This has been further confirmed by direct observations
of changes in the line-of-sight (l.o.s.) obscuration (NH,los) in the
X-ray spectra of nearby AGN (e.g., Risaliti et al. 2002).

Obscuration variability in X-rays has been detected in a
large range of timescales, from .1 day (e.g., Elvis et al. 2004;
Risaliti et al. 2009) to years (e.g., Markowitz et al. 2014). Sim-
ilarly, a large range of obscuring density variations have been
observed: from small variations of ∆(NH,los) ∼ 1022 cm−2 (e.g.,
Laha et al. 2020) to the so-called changing-look AGN, which
transition between Compton-thin (NH,los < 1024 cm−2) and
Compton-thick (NH,los > 1024 cm−2) states (e.g., Risaliti et al.
2005; Bianchi et al. 2009; Rivers et al. 2015).

Despite the multiple works that detect a ∆(NH,los) between
two different observations of the same source, very few
have observations covering a complete eclipsing event (e.g.,
Maiolino et al. 2010; Markowitz et al. 2014). This is because
observing the ingress and egress of single clouds across the line
of sight may require daily observations over years. In fact, the
most extensive statistical study of NH,los variability to date is
the result of frequent monitoring of 55 sources (Markowitz et al.
2014), spanning a total of 230 years of equivalent observing
time with the Rossi X-ray Timing Explorer (RXTE, Jahoda et al.
2006). And it resulted in the detection of variability in only five
Seyfert 1 (Sy1) and three Seyfert 2 (Sy2) galaxies, with a total of
eight and four eclipsing events respectively. This study has been
used to calibrate the most recent X-ray emission models based
on clumpy tori (e.g., Buchner et al. 2019).

While it is clear that further studies such as the one men-
tioned are not possible with the current X-ray telescopes, due to
time constraints of pointed observations, studies including large
samples of sources with sporadic observations can still be partic-
ularly helpful in understanding the torus structure. The ∆(NH,los)
between two different observations, separated by a given ∆t, has
been used to set upper limits to cloud sizes and/or their distances
to the SMBH (e.g., Risaliti et al. 2002, 2005; Pizzetti et al. 2022;
Marchesi et al. 2022).
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Recently, Laha et al. (2020) studied the variability of 20
Sy2s and found that only seven out of the 20 sources showed
changes in NH,los over timescales from months to years. A par-
ticularly interesting source also showed an increase in NH,los over
a period of 3.5 yr, and then remained seemingly constant for
∼11 yr. Laha et al. (2020) further argued that obscured AGN in
which NH,los variability is not present, or is only present on yearly
timescales, are difficult to reconcile with a simple clumpy torus
scenario. Similarly, Hernández-García et al. (2015) found long-
term NH-variability in only 11 out of 25 Sy2 galaxies, and no
short-term variability in ten sources analyzed. The presence of
a two-phase medium (e.g., Siebenmorgen et al. 2015), or impor-
tant contributions of larger-scale structures in the galaxy (e.g.,
gas lines or filaments) have been suggested as possible alterna-
tives to obscuration in such cases.

Even now, the number of well-studied sources in the litera-
ture still remains small. In particular, very few works exist dedi-
cated to analyzing larger samples of AGN with multiepoch X-ray
observations. Even in such cases, they tend to use phenomeno-
logical models (e.g., Markowitz et al. 2014; Laha et al. 2020),
which do not allow for a comparison between the NH,los variabil-
ity and general torus properties.

Recently, a variety of self-consistent physical torus mod-
els aiming to better fit the reflection component of AGN X-ray
spectra have been developed. Some are based on a uniform
torus assumption, such as MYTorus (Murphy & Yaqoob 2009)
or borus02 (Baloković et al. 2018), and have been widely
tested. Others, while more recent and perhaps not as robustly
tested, include the option of a clumpy or patchy torus, such as
UXCLUMPY (Buchner et al. 2019) and XCLUMPY (Tanimoto et al.
2019). All of these models, both uniform and patchy, take
advantage of the high-energy coverage of telescopes such as
the Nuclear Spectroscopic Telescope Array (hereafter NuSTAR,
Harrison et al. 2013) to accurately model the reprocessed emis-
sion of the torus (i.e., the reflection component). Through this
process, quantities such as the torus covering factor, the incli-
nation angle, and the average torus column density can be
estimated.

In this work, we aim to analyze a sample of 12 likely variable
AGN that have multiple X-ray observations, covering timescales
of weeks to decades. These have been selected from a parent
sample of BAT-detected, Compton-thin AGN at low (z < 0.1)
redshift, which have archival NuSTAR observations. We used
three different physical torus models, with the objective of com-
paring our results on NH,los variability to various torus properties.

The sample selection and data reduction processes are dis-
cussed in Sects. 2 and 3. In Sect. 4 we discuss the physical torus
models used to model the spectra of the sources, and the vari-
ous torus properties that can be derived from each of them. In
Sect. 5 we discuss the methods we used to classify a source as
NH,los-variable, or non-variable. And finally, our results and a
discussion on those are provided in Sects. 6 and 7, respectively.
We add a conclusion in Sect. 8. Further information, such as
tables listing fit parameters, images of the spectra, and comments
on individual sources can be found in Appendices A, B, and C,
respectively.

2. Sample selection

The sample in this work was selected from Zhao et al. (2021), a
work performing a broadband X-ray spectral analysis of an unbi-
ased sample of 93 heavily obscured AGN (with line-of-sight col-
umn density 23 ≤ log(NH) ≤ 24; i.e. Compton-thin AGN) in the
nearby Universe, for which high-quality archival NuSTAR data

were available. This sample, derived from the Swift-BAT cata-
log (Burst Alert Telescope, observing in the 15–150 KeV range,
Oh et al. 2018) is the largest NuSTAR dataset analyzed to date.
Zhao et al. (2021) estimated torus geometry and NH,los for the
whole sample by jointly fitting a NuSTAR observation and a non-
simultaneous soft X-ray observation, from either XMM-Newton,
Chandra, or Swift-XRT.

It is an ideal starting sample, first of all because a BAT detec-
tion already guarantees that the sources are X-ray bright and are
typically at low redshift (z < 0.12). Secondly, all sources ana-
lyzed already have one NuSTAR observation, which is essential
in breaking the degeneracy between reflection and line-of-sight
components, allowing us to constrain torus parameters. On top
of that, it is a sample of Compton-thin AGN. These are obscured
enough to let the reflection component shine through, allowing
us to study the torus geometry, while being unobscured enough
to allow us to constrain NH,los with low uncertainty (compared to
e.g., Compton-thick AGN).

Through a preliminary study performed in their analysis
of the sample, Zhao et al. (2021) found that at least 311 of
the sources presented variability (either in NH,los or flux). This
was determined via simultaneous X-ray spectral analysis of two
archival observations for each source: one NuSTAR observa-
tion, and one soft X-ray observation (XMM-Newton, Chandra,
or Swift-XRT; in this order of priority). In the analysis, both
intrinsic flux and l.o.s. NH-variability were considered whenever
required to obtain a good fit to the data. Flux variability can often
be confused with NH,los variability when the data quality is low;
therefore, we considered all these sources possible candidates to
perform an in-depth study of NH,los variability.

Out of the mentioned 31 sources, only 18 had additional
archival data to that analyzed by Zhao et al. (2021)2. Out of
those, NGC 7479 was analyzed and published as a pilot project
(Pizzetti et al. 2022), and Mrk 477 is currently the subject of a
monitoring campaign (Torres-Albà et al., in prep.). ESO 201-
IG004 is part of a double system, which is not clearly resolved in
the NuSTAR data, and was therefore removed from our sample,
given the sensitivity required of the proposed analysis. 4C+73.08
was also removed as the XMM-Newton observations (additional
to the one used by Zhao et al. 2021) were corrupted by flares.
NGC 7582 and NGC 6300 both have a large number of obser-
vations, and have been studied in depth in previous works (e.g.,
Rivers et al. 2015; Jana et al. 2020, respectively) regarding NH,los
variability. Both sources require a more careful comparison with
previous results, which is beyond the scope of this work. In
order to complete a self-consistent analysis of the whole sample,
we present their in-depth analysis in future works (Torres-Albà
et al., in prep., Sengupta et al., in prep.).

This leaves us with 12 sources, with a total of 54 observa-
tions. These are listed in Table 1.

3. Data reduction

The data retrieved for both NuSTAR Focal Plane Modules
(FPMA and FPMB; Harrison et al. 2013) were processed using
the NuSTAR Data Analysis Software (NUSTARDAS) v1.8.0.
The event data files were calibrated running the nupipeline

1 We note that 22 out of the 93 sources analyzed in Zhao et al. (2021)
have simultaneous NuSTAR and soft X-ray observations. Moreover, 13
additional sources were analyzed using Swift-XRT data, which typically
has very low signal-to-noise ratio. It is therefore more accurate to say
that 31 out of 58 sources presented some form of variability.
2 As of January 2021.

A154, page 2 of 27



Torres-Albà, N., et al.: A&A 678, A154 (2023)

Table 1. Source properties and observation details.

Source name RA Dec z Telescope Obs ID Exp. time Obs date
[deg (J2000)] [deg (J2000)] [ks]

(1) (2) (3) (4) (5) (6) (7) (8)

NGC 612 01 33 57.75 −36 29 35.80 0.0299 XMM-Newton 0312190201 9.5 June 26 2006
NuSTAR 60061014002 16.7 September 14 2012

Chandra 1 16099 10.9 December 23 2014
Chandra 2 17577 25.1 February 2 2015

NGC 788 02 01 06.46 −06 48 57.15 0.0136 Chandra 11680 15.0 September 6 2009
XMM-Newton 0601740201 15.6 January 15 2010

NuSTAR 60061018002 15.4 January 28 2013
NGC 835/833 02 09 24.61 −10 08 09.31 0.0139 XMM-Newton 0115810301 28.5 January 1 2000

Chandra 1 923 12.7 November 16 2000
Chandra 2 10394 14.2 November 23 2008
Chandra 3 15181 50.1 July 16 2013
Chandra 4 15666 30.1 July 18 2013
Chandra 5 15667 59.1 July 21 2013
NuSTAR 60061346002 20.7 September 13 2015

3C 105 04 07 16.44 +03 42 26.33 0.1031 Chandra 9299 8.2 December 17 2007
XMM-Newton 0500850401 4.2 February 25 2008

NuSTAR 1 60261003002 20.7 August 21 2016
NuSTAR 2 60261003004 20.7 March 14 2017

4C+29.30 08 40 02.34 +29 49 02.73 0.0648 Chandra 1 2135 8.5 April 8 2001
XMM-Newton 0504120101 18.0 April 11 2008

Chandra 2 12106 50.5 February 18 2010
Chandra 3 11688 125.1 February 19 2010
Chandra 4 12119 56.2 February 23 2010
Chandra 5 11689 76.6 February 25 2010
NuSTAR 60061083002 21.0 November 8 2013

NGC 3281 10 31 52.09 −34 51 13.40 0.0107 XMM-Newton 0650591001 18.5 January 5 2011
NuSTAR 1 60061201002 20.7 January 22 2016
Chandra 21419 10.1 January 24 2019

NGC 4388 12 25 46.82 +12 39 43.45 0.0086 Chandra 1 1619 20.2 June 8 2001
XMM-Newton 1 0110930701 6.6 December 12 2002
XMM-Newton 2 0675140101 20.6 June 17 2011

Chandra 2 12291 28.0 December 7 2011
NuSTAR 1 60061228002 21.4 December 27 2013

XMM-Newton 3 0852380101 17.8 December 25 2019
NuSTAR 2 60061228002 50.4 December 25 2019

IC 4518 A 14 57 40.42 −43 07 54.00 0.0166 XMM-Newton 1 0401790901 7.4 August 07 2006
XMM-Newton 2 0406410101 21.2 August 15 2006

NuSTAR 60061260002 7.8 August 2 2013
3C 445 22 23 49.54 −02 06 12.90 0.0564 XMM-Newton 0090050601 15.4 June 12 2001

Chandra 1 7869 46.2 October 18 2007
NuSTAR 60160788002 19.9 May 15 2016

Chandra 2 21506 31.0 September 9 2019
Chandra 4 22842 55.1 September 12 2019
Chandra 3 21507 45.1 December 31 2019
Chandra 5 23113 44.2 January 1 2020

NGC 7319 22 36 03.60 +33 58 33.18 0.0228 XMM-Newton 0021140201 32.7 July 7 2001
Chandra 1 789 20.0 July 19 2001
Chandra 2 7924 94.4 August 20 2008
NuSTAR 1 60061313002 14.7 November 9 2011
NuSTAR 2 60261005002 41.9 September 27 2017

3C 452 22 45 48.787 +39 41 15.36 0.0811 Chandra 2195 80.9 August 21 2001
XMM-Newton 0552580201 54.2 November 30 2008

NuSTAR 60261004002 51.8 May 1 2017

Notes. (1): Source name. (2) and (3): RA and Dec (J2000 Epoch). (4): Redshift. (5): Telescope used in the analysis. (6): Observation ID. (7):
Exposure time, in ks. XMM-Newton values are reported for EPIC-PN, after cleaning for flares. (8): Observation date.

task using the response file from the Calibration Database
(CALDB) v. 20200612. With the nuproducts script, we gen-
erated both the source and background spectra, and the ancil-
lary and response matrix files. For both focal planes, we used
a circular source extraction region with a 50′′ diameter cen-
tered on the target source. For the background, we used an
annular extraction region (inner radius 100′′, outer radius 160′′)
surrounding the source, excluding any resolved sources. The
NuSTAR spectra have then been grouped with at least 20 counts
per bin.

We reduced the XMM-Newton data using the SAS v18.0.0
after cleaning for flaring periods, adopting standard procedures.
The source spectra were extracted from a 30′′ circular region,
while the background spectra were obtained from a circle that
has a radius 45′′ located near the source (avoiding contamina-
tion by nearby objects). All spectra were binned with at least 15
counts per bin.

The Chandra data were reduced using CIAO v4.12
(Fruscione et al. 2006). The source spectra were extracted from
a 5′′ circular region centered around the source, while the
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background spectra were obtained using an annulus (inner radius
6′′, outer radius 15′′) surrounding the source, excluding any
resolved sources. All spectra were binned with at least 15 counts
per bin.

All spectrum extracting regions have sizes and character-
istics as specified above unless otherwise stated in the source
comments in Appendix C. Likewise, any exceptions on the men-
tioned minimum counts per bin (which ensure good usage of χ2

statistics) are mentioned in the same appendix.
We fit our spectra using the XSPEC software (Arnaud 1996,

in HEASOFT version 6.26.1), taking into account the Galac-
tic absorption measured by Kalberla et al. (2005). We used
Anders & Grevesse (1989) cosmic abundances, fixed to the
solar value, and the Verner et al. (1996) photoelectric absorption
cross-section. The luminosity distances are computed assuming
a cosmology with H0 = 70 km s−1 Mpc−1, and ΩΛ = 0.73. We
used χ2 as the fitting statistic unless otherwise mentioned.

4. X-ray spectral analysis

All sources were fit using a physically motivated torus model,
with the addition of a soft component, generally of ther-
mal origin. Three torus models, responsible for the reflec-
tion of the AGN emission in the spectra, were used (and
are described below): MYTorus (Murphy & Yaqoob 2009),
borus02 (Baloković et al. 2018) and UXCLUMPY (Buchner et al.
2019). To account for the soft excess present in most galaxies,
we used the thermal emission model apec (Smith et al. 2001).
In multiple occasions, sources required the use of two apec
components to accurately describe the soft excess. This has
been shown to reproduce the complex thermal emission in star-
forming galaxies (Torres-Albà et al. 2018)3.

X-ray data for each source were fit simultaneously. That
is, parameters that are not expected to change in the consid-
ered timescales (of up to ∼20 yr) were linked between different
observations, and thus kept a constant value. As shown in pre-
vious works, this strategy can significantly reduce the error of
the common parameters (e.g., Marchesi et al. 2022). Parameters
kept constant include the intrinsic photon index of the AGN (i.e.
Γ) and torus geometry parameters (see individual torus model
sections for details). Any caveats and/or implications of this
approach are discussed in Sect. 7.

The model used is

Model = C ∗ phabs ∗ (Soft Model + AGN Model), (1)

where C accounts for intrinsic flux variability and/or cross-
calibration effects between different observations; and phabs is
a photoelectric model that accounts for the Galactic absorption
in the direction of the source (Kalberla et al. 2005). We note that,
for the purposes of this paper, we considered NH,los free to vary
at all epochs. However, this is not the case for C. In order to min-
imize the number of free parameters in the models4, we did not
consider intrinsic flux variability between two observations (A
and B) when: 1) χ2 did not improve significantly when adding
the additional free parameter (which we ensured via f -test); 2)

3 We note however that this approach is not necessarily superior to
using a single thermal emission model with nonsolar metalicity. In any
case, thermal emission in the centers of galaxies is likely to come from
a complex, multiphase medium, and derived values should be used only
as a first-order approximation. See Torres-Albà et al. (2018) for an in-
depth discussion.
4 This number can be as high as ∼25, which results in computational
difficulties.

CA and CB were compatible with each other within errors at 1σ;
and 3) forcing CA = CB did not result in a source that was NH,los
variable to become non-NH,los variable (and vice-versa).

The Soft Model can take the two following forms:

Soft Model = apec, or (2)
Soft Model = apec1 + zphabs ∗ apec2, (3)

and in which kT2 > kT1. As mentioned above, this is a first
approximation to a multiphase medium, in which the material
closer to the nucleus of the galaxy is hotter, as well as more
obscured (Torres-Albà et al. 2018).

The AGN Model accounts for both line of sight and reflec-
tion components, as well as a scattered component. The latter
characterizes the intrinsic powerlaw emission of the AGN that
either leaks through the torus without interacting with it, or inter-
acts with the material via elastic collisions. This component is
set equal to the intrinsic powerlaw, multiplied by a constant, Fs,
that represent the fraction of scattered emission (typically on the
order of few percent, or less).

All sources were fit in the range from 0.6 keV5 to
25–55 keV, with the higher energy limit depending on the point
in which NuSTAR data was overtaken by the background. For
every source, all models have been consistently applied to the
same energy range. Results of the X-ray spectral analysis of each
source can be found in Sect. 4 and Appendix A. The obtained
spectra along with the simultaneous borus02 best-fit can be
found, for all sources, in Appendix B. Comments on the specific
fitting details of each source can be found in Appendix C.

4.1. MYTorus

The MYTorus model (Murphy & Yaqoob 2009) assumes a uni-
form, neutral (cold) torus with half-opening angle fixed to 60◦,
containing a uniform X-ray source. It is decomposed into three
different components: an absorbed line-of sight emission, a
reflected continuum, and a fluorescent line emission. These com-
ponents are linked to each other via the same power-law nor-
malization and torus parameters (i.e. torus absorbing column
density, NH, and inclination angle θi). The inclination angle is
measured from the axis of the torus, so that θi = 0◦ represents a
face-on AGN, and θi = 90◦ an edge-on one.

Both the reflected continuum and line emission can be
weighted via multiplicative constants, AS and AL, respectively.
When left free to vary, these can account for differences in the
fixed torus geometry (i.e. metallicity or torus half-opening angle)
and time delays between direct, scattered and fluorescent line
photons.

We use MYTorus in “decoupled configuration” (Yaqoob
2012), so as to better represent the emission from a clumpy
torus. Generally, a better description of the data is possible when
decoupling the line-of-sight emission from the reflection com-
ponent (e.g., Marchesi et al. 2019; Torres-Albà et al. 2021). That
is, the NH associated to absorption, NH,los, and the NH associated
to reflection, NH,av, are not fixed to the same value. This allows
for the flexibility of having a particularly dense line of sight in a
(still uniform) Compton-thin torus, or vice versa.

In this configuration, the line of sight inclination angle is
frozen to θi = 90◦. In order to better represent scattering,
two reflection and line components are included. One set with
θi = 90◦ (forward scattering), weighted with AS,L90; and one set
with θi = 0◦ (backward scattering), weighted with AS,L0. In this

5 The MYTorus model is not valid below.
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configuration θi is no longer a variable. We note however that the
ratio between forward to backward scattering (i.e. AS,L90/AS,L0),
can give a qualitative idea of the relative orientation of the AGN,
as it indicates the predominant direction reflection comes from.

In the particular case of fitting multiple observations
together, we considered that NH,av does not vary with time,
and neither do the constants AS and AL. All of these parame-
ters are representative of properties of the overall torus, which
is assumed to not vary in the considered timescales. However,
NH,los can change as the torus rotates and our line of sight pierces
a different material. Therefore, each individual observation is
associated to a different NH,los.

In XSPEC this model configuration is as follows,

AGN Model = mytorus_Ezero_v00. f its ∗ zpowerlw+

AS,0 ∗ mytorus_scatteredH500_v00. f its+
AL,0 ∗ mytl_V000010nEp000H500_v00. f its+
AS,90 ∗ mytorus_scatteredH500_v00. f its+
AL,90 ∗ mytl_V000010nEp000H500_v00. f its+
+ Fs ∗ zpowerlw. (4)

We fixed AS,90 = AL,90 and AS,0 = AL,0, as is standard.

4.2. BORUS02

borus02 (Baloković et al. 2018) is also a uniform torus model,
but with a more flexible geometry: the opening angle is not
fixed, and can be changed via the covering factor, CF, parameter
(CF ∈ [0.1, 1]). The model consists of a reflection component,
which accounts for both the continuum and lines. Therefore, an
absorbed line-of-sight component must be added.

We also used this model in a decoupled configuration, with
NH,los and NH,av set to vary independently. In this case, however,
θi (with θi ∈ [18−87]) can still be fit in a decoupled configu-
ration. borus02 also includes a high-energy cutoff (which we
froze at ∼300 keV, consistent with the results of Baloković et al.
(2020), on the local obscured AGN population) and iron abun-
dance (which we froze at 1) as free parameters. We were not able
to constrain these two parameters with the data available.

When considering our variability analysis, we again allowed
NH,los to vary between different observations, but forced all torus
parameters (NH,av, CF, θi) to remain constant. In XSPEC this
model configuration is as follows,

AGN Model = borus02_v170323a. f its+
zphabs ∗ cabs ∗ zpowerlw
+ Fs ∗ zpowerlaw, (5)

where zphabs and cabs are the photoelectric absorption and
Compton scattering, respectively, applied to the line-of-sight
component.

4.3. UXCLUMPY

UXCLUMPY is a clumpy torus model, which uses the
Nenkova et al. (2008) formalism to describe the distribution
and properties of clouds. Possible torus geometries are fur-
ther narrowed down using known column density distributions
(Aird et al. 2015; Buchner et al. 2015; Ricci et al. 2015), as well
as by reproducing observed frequencies of eclipsing events
(Markowitz et al. 2014).

Clouds are set in a Gaussian distribution of width σ (with
σ ∈ [6−90]) away from the equatorial plane. This distribution is
viewed from a given inclination angle, θi (with θi ∈ [0◦−90◦]).

The model consists of one single component, which includes
both reflection and line of sight in a self-consistent way, allow-
ing for a high-energy cutoff, which we again freeze at Ecut = 300
keV. Although this model has the advantage of providing a
clumpy distribution of material, it does not provide an estimate
of the average column density of the torus, NH,av, which can be
compared to the that provided by MYTorus and borus02. There-
fore, NH,los is the sole column density provided by the model.

In addition to the cloud distribution, UXCLUMPY offers the
possibility of adding an inner ‘thick reflector’ ring of material,
which was shown to be needed to fit sources with strong reflec-
tion (Buchner et al. 2019; Pizzetti et al. 2022). This material has
a covering factor, CF (with CF ∈ [0−0.6]). Sources with CF = 0
do not require this additional inner reflector.

When considering our variability analysis, we again allowed
NH,los to vary between different observations, but forced all torus
parameters (CF, θi, σ) to remain constant. In XSPEC this model
configuration is as follows,

AGN Model = uxclumpy. f its+
+ Fs ∗ uxclumpy − scattered. f its, (6)

where uxclumpy-scattered is the scattered emission that
leaks through the torus. UXCLUMPY however provides a more
realistic version than a simple powerlaw, which includes the
emission that leaks after being reflected.

5. Variability estimates

The main objective of this work is to measure the variability in
obscuring column density, or NH,los, for the proposed sample of
sources. As such, a method to determine whether sources are
variable is needed. Here, we propose two estimators of source
variability. A detailed explanation on the interpretation of these
comparisons for each source can be found in Appendix C.

5.1. Reduced χ2 comparison

The parameters of the best-fit models to the data are reported in
Table 2, and Tables A.1 through A.11. The reduced χ2 (χ2

red) of
the best-fit is reported for all three models used.

As a further test for the need to introduce variability in the
models, we present a comparison with χ2

red for the best fit under
three different assumptions:

– There is no variability, either in intrinsic flux or NH,los, at
any epoch (χ2

red No Var).
– There is no intrinsic flux variability at any epoch, but NH,los

variability is allowed at all epochs (χ2
red No C Var.).

– There is no NH,los variability at any epoch, but intrinsic flux
variability is allowed at all epochs (χ2

red No NH Var.).
A χ2 distribution approximates a Gaussian for large values

of N (number degrees of freedom), with a variance σ = 1/
√

N.
χ2

red can then be used to compare different models to select the
one that best fits the data. The χ2

red of the “true” model, the
one with the true parameter values, is a Gaussian distributed
around the mean value of 1 with standard deviation σ (see e.g.,
Andrae et al. 2010). A tension can then be defined between the
proposed model and the data, as T = |1 − χ2

red|/σ.
We considered that a model fit a source significantly bet-

ter than another when the former had a T < 3σ, and the latter
yielded T > 5σ (see e.g., Andrae et al. 2010). We used this sys-
tem to classify sources as NH,los-variable, by comparing the best-
fit T with the no-NH,los-variability T . When both models yielded
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Table 2. NGC 612 fitting results.

Model MYTorus borus02 UXCLUMPY

Statred 1.01 0.99 1.05
Stat/d.o.f. 271.96/268 265.91/268 281.08/267
T 0.2σ 0.2σ 0.8σ
kT 0.72+0.11

−0.11 0.70+0.12
−0.08 0.64+0.12

−0.14

Γ 1.54+0.16
−u 1.43+0.02

−u 1.60+0.19
−0.22

NH,av 0.67+1.63
−0.33 0.50+0.13

−0.10 −

AS90 0* − −

AS0 0.12+0.06
−0.04 − −

CF – 0.10+0.03
−u 0.37+0.10

−0.27

Cos (θObs) − 0.05+0.05
−u 0.00−u

−u

σtor − − 0.36+1.45
−u

Fs (10−3) 0.84+0.51
−0.38 1.13+0.20

−0.19 1.99+3.22
−0.94

norm (10−3) 5.20+0.42
−0.22 3.58+0.10

−0.10 2.77+2.54
−1.41

NH,xmm 0.90+0.11
−0.10 0.89+0.02

−0.02 0.91+0.11
−0.13

NH,nus 0.84+0.13
−0.11 0.81+0.02

−0.02 0.84+0.18
−0.19

NH,Ch1 1.29+0.29
−0.22 1.27+0.18

−0.13 0.88+0.11
−0.13

NH,Ch2 1.39+0.28
−0.22 1.55+0.19

−0.14 1.06+0.05
−0.13

Cxmm 1.14+0.43
−0.33 1.22+0.06

−0.06 2.78+1.27
−0.88

Cnus 0.68+0.38
−0.26 0.70+0.03

−0.02 1.62+1.13
−0.51

CCh1 1 (∗) 1 (∗) 1 (∗)

CCh2 = CCh1 1.22+0.16
−0.14 1.42+0.73

−0.43

LCh1,2−10 (1043) 4.50+0.14
−0.14 4.39+0.14

−0.14 2.69
LCh1,10−40 (1043) 7.64+0.27

−0.27 8.20+0.30
−0.30 4.20

Statred No Var. 1.73 1.72 1.87
T 12.1σ 11.9σ 14.4σ
Statred No C Var. 1.03 1.02 1.19
T 0.5σ 0.3σ 3.1σ
Statred No NH Var. 1.09 1.63 1.07
T 1.5σ 10.4σ 1.2σ
p-value 3.4e−1 1.92e−29 1.00

Notes. red χ2 (or Stat): reduced χ2 or total Statistic. χ2(or Stat)/d.o.f.:
χ2 (or total Statistic) over degrees of freedom. kT : apec model tem-
perature, in units of keV. Γ: Powerlaw photon index. NH,av: Average
torus column density, in units of 1024 cm−2. AS90: Constant associated
to the reflection component, edge-on. AS0: Constant associated to the
reflection component, face-on. CF: Covering factor of the torus. cos (θi):
cosine of the inclination angle. cos (θi) = 1 represents a face-on sce-
nario. Fs: Fraction of scattered continuum. Norm: Normalization of the
AGN emission. NH,inst.,num.: Line-of-sight hydrogen column density for a
given observation, in units of 1024 cm−2. Cinst.,num.: Cross-normalization
constant for a given observation, with respect to the intrinsic flux of the
first Chandra observation. LCh1,min−max: Intrinsic luminosity of the first
Chandra observation in the (min-max) keV range, in erg s−1. For the
other observations, the luminosity can be obtained multiplying by the
cross-normalization constant. The last block shows the reduced χ2 (or
Stat) of the best-fit when considering a) No variability between different
observations; b) No intrinsic flux (i.e. C) variability; c) No NH,los vari-
ability. (−u) refers to a parameter being compatible with the hard limit
of the available range.

T < 3σ we interpreted that NH,los-variability is not required to
fit the data, and thus classified the source as non-variable. Dis-
agreement between the different torus models used resulted in
classifying the source as ‘Undetermined’.

An exception to this rule was made for NGC 4388. No model
fit the data with T < 3σ (see discussion in Appendix C), but the

difference in significance between the best-fit (which includes
NH,los variability) and the non-variability scenarios is of 30−40σ.
Therefore, we considered that including NH,los variability results
in a significant improvement to the fit, and thus we classified this
source as NH,los-variable.

We note that for two sources in our sample, NGC 612 and
4C+29.30, the fitting statistic used is a mix of C-stat and χ2 (due
to one or more of the spectra having very few cts/bin. See Sect. 6,
and individual source comments in Appendix C). In such cases,
we use T = |1 − Statred|/σ. However, given how this distribution
does not necessarily approximate a Gaussian, the interpretation
of T in such cases is not straightforward. We opt to still provide
this value as a reference.

5.2. P-value

We took the derived best-fit values of NH,los for all epochs (as
depicted in Fig. 2) and estimated the probability that they all
result from the same ‘true’ value. Here the null-hypothesis is that
no NH,los variability was found among different observations of
the source. That is, the probability that the source is not NH,los-
variable. We did this via a χ2 computation, that we later con-
verted into a p-value (probability of the hypothesis: the source is
not NH,los variable). The χ2 is generally computed as follows:

χ2 =

n∑
i=1

(NH,los,i − 〈NH,los〉)2

δ(NH,los,i)2 . (7)

However, in our particular scenario, the errors of the NH,los deter-
minations are asymmetric (i.e. not Gaussian). In order to calcu-
late the equivalent to Eq. (7) one needs to know (or, in its default,
assume) the probability distribution of the error around the best-
fit value. We followed the formalism detailed in Barlow (2003)
and opted to assume a simple scenario to describe this function:
two straight lines which meet at the central value. In such a case,
in order to evaluate the χ2 one needs only to assume as the error
δ either σ+ or σ−, as appropriate.

From the obtained χ2 we obtained the probability (p-value)
of the null-hypothesis.

– We classified a source as NH,los-variable if p-value< 0.01
for all three models used (MYTorus, borus02,UXCLUMPY).

– We classifyied a source as not NH,los-variable if p-
value> 0.01 for all three models used.

– We classified a source as ‘Undetermined’ if p-value was
above the given threshold for at least one model, and below it
for the others.

6. Results

In this section we present results on the analysis of all sources.
Figure 1 shows an example of the reduced data and simultane-
ous borus02 best-fit for one of the sources, NGC 612. Table 2
is an example of the tabulated best-fit parameters for NGC 612.
The table lists, for each of the three models used, the best-fit
statistics (reduced χ2 and χ2/d.o.f., i.e. degrees of freedom; or a
mix of χ2 and C-stat for sources with at least one spectra binned
with <15 cts/bin6) in the first block. It also includes the tension,
T , between the data and the obtained best-fit model, derived as
described in Sect. 5.1.

The second block shows parameters related to the soft emis-
sion. The third block shows the parameters corresponding to
the AGN emission models. The fourth and fifth blocks refer to
6 See Appendix C for details.
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Table 3. NH,los variability results.

Source MYTorus borus02 UXCLUMPY Classification
χ2

red P-val. χ2
red P-val. χ2

red P-val.

NGC 612 N N Y Y N N Undetermined
NGC 788 N N N N N Y Not variable
NGC 833 N N N N N N Not variable
NGC 835 Y Y Y Y Y Y Variable
3C 105 N N N N N N Not variable
4C+29.30 N N N N N N Not variable
NGC 3281 Y Y Y Y Y Y Variable
NGC 4388 Y (∗) Y Y (∗) Y Y (∗) Y Variable
IC 4518 A Y N Y N Y Y Undetermined
3C 445 N N N N N Y Not variable
NGC 7319 Y Y Y Y Y Y Variable
3C 452 Y Y Y Y Y Y Variable

Notes. NH,los-variability determinations using the χ2
red and the p-value methods described in Sect. 5. N: Not variable. Y: Variable. (∗) See Sect. 5.1

and Source Notes on NGC 4388.
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Fig. 1. borus02 fit to the data for NGC 612. Color code is as explained
in Appendix B.

source variability, either of NH or intrinsic flux (C, the cross-
normalization constant), respectively. The sixth block shows the
estimates of the intrinsic luminosity of the sources in two bands,
2–10 keV and 10–40 keV, for the first Chandra observation. To
obtain the luminosity at any other epoch, one needs to multiply
this number by the corresponding cross-normalization constant.

The final blocks show the best fit statistics that could be
achieved when considering: a) No variability at all between
observations; b) No intrinsic flux variability between observa-
tions; c) No obscuring column density variability between obser-
vations. For each of these scenarios, the tension between the
data and the best-fit models is also computed, as described in
Sect. 5.1. Finally, we computed the probability of the source
being not variable in NH,los (p-value), as described in Sect. 5.2.

Tables containing the best-fit results for the rest of the sam-
ple can be found in Appendix A. Table 3 contains a summary
of the results of applying the variability determination methods
described in Sect. 5 to all sources, for all three models used.

We classified a source as NH,los-variable or as not NH,los-
variable if at least five out of six classifications (accounting for
both variability estimation methods, applied on the NH,los deter-

minations from all three used models) agreed on the classifica-
tion. If two or more determinations disagreed for any source,
we classified it as ‘Undetermined’. This is the case for only
two sources within the sample: NGC 612, for which borus02
resulted in variability according to both determinations; and IC
4518 A, for which the p-value and the χ2

red determinations dis-
agreed for both MYTorus and borus02. Further commentary on
these disagreements can be found in Appendix C.

Following the method described above, out of the 12 sources
analyzed in this work, five are not NH,los-variable, five are NH,los-
variable, and two remain undetermined. It is worth noting that
all sources required at least one type of variability (either NH,los
or intrinsic flux) in order to explain the data, as expected from
our sample selection. This can be appreciated when comparing
the best-fit χ2

red to the no-variability χ2
red in the tables presented

in Appendix A.
Figure 2 shows the NH,los variability as a function of time

for all the sources analyzed, considering all three physical torus
models: MYTorus, borus02 and UXCLUMPY. The dashed hor-
izontal lines represent the best fit values for NH,av obtained
with MYTorus and borus02. The shaded areas correspond to
the uncertainties associated to those values. All values of NH
depicted can be found in Table 2, and Tables A.1–A.11.

7. Discussion

Using the comparison between χ2
red in the no-variability scenario

and the best-fit scenario, it is easy to see that all sources in the
sample required some form of variability in order to fit the data.
About 42% of the sample (five out of 12) presented NH,los vari-
ability for certain; a number that could be as high as ∼58% if all
our ‘Undetermined’ cases turned out to be NH,los variable. For
five sources in the sample we can confidently say no NH,los vari-
ability is present between the given observations.

When analyzing the results, however, one must take into
account the following two factors: 1) The sample was intention-
ally biased toward variable sources, meaning that we expected to
detect more NH,los variability than in a blind survey. 2) The fact
that we did not detect NH,los variability for any given source does
not mean it has never varied in NH,los.

For the two ‘Undetermined’ sources, we were not able to
claim whether flux variability or NH,los variability was needed
to fit the source, but we could claim that at least one of
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Fig. 2. NH,los as a function of time (data points) for MYTorus, borus02 and UXCLUMPY. Dashed horizontal lines and shaded areas correspond to the
best-fit values of NH,av, and their error, respectively, for MYTorus and borus02. This quantity is considered constant with time.

them is required. This showcases the difficulty in disentan-
gling the two types of variability in X-ray datasets, even when
dealing with nearby, bright AGN. In particular, this behav-
ior was amplified when fitting NuSTAR data: for both 3C
445 and NGC 7319 the clumpy model UXCLUMPY favored
higher flux variability and smaller NH,los variability between
other observations and the NuSTAR one, while the opposite
was true for borus02 and MYTorus, the homogeneous mod-
els. It is likely that simultaneous NuSTAR and XMM-Newton
observations would allow to properly disentangle the two
scenarios.

7.1. Disagreement between average torus NH and l.o.s.
NH

One of the most obvious results of our analysis can be appreci-
ated at first glance when looking at the plots in Fig. 2. For the
majority of sources, there is a large difference between the col-
umn density in the line-of-sight (at all times) and the average
column density of the torus.

If one assumes that the whole (or the majority) of the
torus is responsible for both obscuration and reflection, one
would expect that the time-averaged value of NH,los (i.e. 〈NH,los〉)
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Fig. 2. continued.

would be similar to the value of NH,av. This is because, as
the torus rotates, our line-of-sight should intercept a vari-
ety of cloud densities, representative of the density of the
torus.

To estimate the feasibility that we are probing a significant
fraction of the torus, we made some simple calculations. We
assumed Keplerian velocities, with black hole masses in the
range MSMBH = 107−108 M� (representative of the local Uni-
verse), distances in the range 1−10 pc (representative of the torus
scales), and timescales in the 8−20 yr range (representative of
our sample). Under these assumptions, we estimated the torus
to have rotated between 0.003−0.3◦ within the timespan of our

observations7. At the mentioned distances, this corresponds to a
physical size of 6 × 10−4−6 × 10−3 pc.

The number of works that place constraints on torus
cloud/clump size (hereafter rc) is small. For reference, we list
here a few determinations and/or commonly used values in the
literature. Maiolino et al. (2010) placed the most direct lower
limit on cloud size, based on their X-ray observations of a whole
eclipsing event (i.e. from ingress to egress). They estimated

7 We note that this is a very simplified calculation, given how the torus
is composed of individual clouds, with independent orbits, which are
not necessarily circular.
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Fig. 3. borus02 AGN X-ray spectrum resulting from an obscured l.o.s.
(NH,los = 1024 cm−2, in red), a scattered component (FS = 10−2, in
green), a medium-thick reflector (NH,av = 1024 cm−2, in blue), and a
thin reflector (NH,av = 1023 cm−2, in cyan). We use Γ = 1.8, CF = 0.5
and cos(θObs) = 0.5.

the size of the cloud head (i.e. denser, spherical region) to be
rc > 10−7 pc, while the size of the following ‘cometary tail’
of less-dense material would be rtail > 3 × 10−6 pc. However,
one must take into account these estimates correspond to a cloud
placed in the broad line region (BLR), which does not neces-
sarily have the same size as clouds orbiting the SMBH at larger
distances.

Infrared emission models of patchy or clumpy tori only
require the clouds to be ‘small enough’ in order to reproduce the
observed MIR SEDs (e.g., Nenkova et al. 2008). X-ray clumpy
models based on the previous work assume cloud sizes on the
order of rc = 2×10−3 pc (Tanimoto et al. 2019), or θc = 0.1′−1◦.
All of these are larger than the region sizes we estimated. These,
however, do not necessarily correspond to observed cloud sizes,
but rather to modeling or computational requirements.

The region sizes we obtained from our estimates (6 ×
10−4−6 × 10−3 pc) would not correspond to the size of a sin-
gle cloud, given how multiple of our sources show variability
at shorter timescales. However, in order to explain why we sys-
tematically see this NH,los variability at a level incompatible to
NH,av, this would need to be the size of the underdense/overdense
region.

While this is in principle not unfeasible, one needs to take
into consideration the chances of systematically looking through
overdense regions (as is the case of at least six out of 12 sources),
while in only one (or two, depending on the model considered for
NGC 3281) are observed through underdense ones. Furthermore,
one should consider that the overdense regions are so by a factor
2−10 with respect to the torus average, while the underdense
regions are so by orders of magnitude (see not only IC 4518 A
and NGC 3281 in this work, but also NGC 7479 in Pizzetti et al.
2022).

A study of the actual feasibility of this geometry would
require: 1) A dynamical model to generate and sustain these
underdense/overdense regions within a torus; and 2) An analysis
of the probability of systematically observing overdense regions
in a sample of 12 sources. Both of these studies are beyond the
scope of this paper.

In the sections below we explore other possibilities that
could explain the observed disagreement, by assuming that the
material responsible for obscuration (characterized by NH,los and,
hereafter, the obscurer) and the material responsible for reflec-

tion (characterized by NH,av and, hereafter, the reflector) are not
the same.

7.1.1. Inner reflector ring

The need for an additional, thick reflector, disentangled from
the rest of the torus material, has been proposed in the
past. As already mentioned above, Pizzetti et al. (2022) sug-
gested this possibility to explain the NH,los variability curve in
NGC 7479. Furthermore, the only clumpy model used in this
work, UXCLUMPY, required the addition of one such thick ring
to reproduce the spectrum of sources with strong reflection
(Buchner et al. 2019). In fact, both IC 4518 A and NGC 7479
require this inner ring component to model the spectrum when
using UXCLUMPY, which is in agreement with the large column
densities invoked by MYTorus and borus02.

This theory could explain the large differences in NH
between the two structures in the torus (of factors between
10−100) without the need to invoke a particularly under-
dense region of size up to ∼0.3◦ through which we observe
the source. It has been suggested that such a ring could
correspond to a launch site for a Compton-thick cloud
wind (e.g., Krolik & Begelman 1988), an inner wall (e.g.,
Lightman & White 1988), the inner rim of a hot disk, as seen
in proto-planetary disks (e.g., Dullemond & Monnier 2010), or
a warped disk (e.g., Buchner et al. 2019, 2021, particularly suit-
able to explain the spectrum of Circinus).

However, we note that this UXCLUMPY inner ring component
was also required to explain the spectrum of NGC 612 in this
work. NGC 612 does not have a particularly large torus column
density, as modeled by both MYTorus and borus02. An alterna-
tive solution for the source exists, with the caveat that it gives
an unreasonable intrinsic luminosity estimate for the source (see
Appendix C for details).

7.1.2. Multiple reflectors

The majority of sources in our sample have a thin reflector, rather
than a thick one. This is of particular interest, given how even
if one assumes a disentangled thinner reflector near the SMBH,
one needs to explain why then the thicker cloud distribution does
not reflect.

Figure 3 shows the overall X-ray spectrum in the 1−50 keV
range resulting from an obscured l.o.s. (with NH,los = 1024 cm−2,
in red), a scattered component (with FS = 10−2, in green), a
medium-thick reflector (with NH,av = 1024 cm−2, in blue), and a
thin reflector (with NH,av = 1023 cm−2, in cyan).

As can be appreciated in the model, thin reflectors have more
significant contributions in the 2–5 keV range, where the line-
of-sight component (in the case of heavily obscured AGN) does
not contribute. The medium-thick reflector, while also having a
minor contribution in that range, has a shape more similar to
that of the line-of-sight component. It is thus possible that when
only one reflector is considered, the thin reflector is made neces-
sary by the detected emission in the 2–5 keV range. However, the
medium-thick reflector, if present, could could be more difficult
to recognize given the degeneracies with the combined contribu-
tion of the line-of-sight component and the thin reflector.

While this possibility is brought forward when observing the
spectra in Fig. 3, it must be thoroughly tested. We propose to
do that in future works, using sources with good quality data, in
which we may be able to disentangle the three components.

If such was the case, the idea of a two-phase medium (as
propsoed by e.g., Siebenmorgen et al. 2015) could explain the
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Fig. 4. Histograms containing the averaged best-fit properties of all sources in the sample, grouped by variability class. All models providing the
plotted parameter are shown (MYTorus in blue, borus02 in orange, UXCLUMPY in red). Source properties are as follows: Top left, time average of
all NH,los (i.e. average value of the obscurer column density) for each single source. Top right, NH,av (i.e. column density of the reflector) considered
constant with time. Middle left, absolute value of the difference between the two properties plotted above. Middle right, cosine of the inclination
angle, θObs. Bottom left, covering factor of the torus. Bottom right, dispersion of the torus cloud distribution.

observations: a thinner, inter-cloud medium could act as the
thin reflector, while the cloud distribution itself would be the
medium-thick reflector.

7.2. Torus geometry as a function of variability

Figure 4 shows a series of histograms, which showcase how cer-
tain torus properties depend on source variability. We computed

the plots by averaging a given parameter for sources in each of
the three variability categories defined (i.e. Variable, Not Vari-
able, and Undetermined).

Each of these categories contains a low number of sources
(particularly, we only classify two sources as ‘Undetermined’,
which results in large error bars), and thus we are unable to make
strong claims about torus geometry differences for (NH,los-) vari-
able and non-variable sources. However, possible trends are seen
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in the plots in Fig. 4, which should be further explored with an
increased sample size.

The top, left panel of the figure shows the histogram for
the average value of NH,los across time. Meaning, the average
column density of the obscurer. We observe a tendency for NH,los-
variable sources to have thicker obscurers compared to their non-
variable counterparts. However, the p-value of a t-test is between
0.20–0.25 (depending on the model), which is much larger than
the p < 0.05 required to claim a significant difference.

When it comes to the average torus column density, NH,av,
this trend is not necessarily maintained. When considering the
MYTorus results, we find overall thin reflectors for the whole
sample, as already mentioned. However, the results are appar-
ently different when considering borus02. We note that the error
bar of the borus02 bar for Variable sources is particularly large,
and that the high average value is largely due to the borus02
model yielding NH,av > 1025 cm−2 for a single source (NGC
3281, but also IC 4518 A for the Undetermined sources data
point).

This effect is similarly present in the center, left plot. In here,
we show the absolute value of the difference between the NH of
the obscurer and that of the reflector. The large value and large
error bar of borus02 are again due to the two sources men-
tioned above. However, MYTorus also suggests a larger differ-
ence between the absorber and the reflector for variable sources.
Meaning, non-variable sources are more consistent with having
homogeneous tori. However, the p-value of a t-test is 0.12 for
MYTorus and 0.33 for borus02.

We see no significant difference between inclination angles
for the two different source populations. This means the
observed variability (or lack thereof) is not a result of relative
orientation.

We again see no difference between the two samples when
it comes to CF, as determined by borus02. However, some
difference is present when considering σT, as determined by
UXCLUMPY. This is interesting, as both parameters are represen-
tative of the height of the material responsible for reflection. It is
not obvious what could be the cause of such discrepancy, but it
likely lays in the different shapes assumed for the reflector: for
borus02, a homogeneous sphere with two conical cut-outs; for
UXCLUMPY, a cloud distribution of different densities. UXCLUMPY
thus already contains the ‘multiple reflector’ concept, and is per-
haps more representative of the whole shape of the torus. If we
assume, however, that borus02 only models the thin reflector,
the actual CF of the medium-thick material is left unknown. In
any case, UXCLUMPY results suggest that NH,los-variable sources
have broader cloud distributions. However, the p-value of a t-test
is 0.16, meaning this trend is also not significant enough with the
current data-set.

Previous work by Marchesi et al. (2022) successfully used a
small borus02 CF to select a variable source, NGC 1358. They
argued that, in some cases, as small CF can represent a patchy
and broad cloud distribution, rather than a homogeneous and flat
one. If the theory is correct, one should expect a difference in the
average values for variable and non-variable sources. However,
once again, the discrepancy may be due to our inability to model
all reflectors in the source.

We observed no clear difference in average X-ray luminosity
among the three different populations.

7.3. ∆(NH,los) vs. ∆(t)

Figure 5 shows the change in NH,los between any two observa-
tions of the same source, as a function of the time difference

Fig. 5. ∆(NH,los) as a function of ∆(t). Top: borus02-obtained values of
∆(NH,los) between all observation pairs for each source, as a function of
the time difference between said observations. Bottom: fractional dif-
ference in NH,los between all observation pairs for each single source,
with respect to the minimum NH,los of the two, as a function of the time
difference between said observations. The 25%, 50% and 75% quartiles
of the distribution (Q1,Q2,Q3, respectively) are also shown as dashed
horizontal lines.

between said observations. We opt to show results of only one
model, borus02, in order to make the plot more easily readable.

As can be appreciated in the figure, while small changes
in NH,los can be observed at all given time differences between
observations (∆(t) ∼ 1−5000 days), large changes in NH,los
(∆(NH,los) > 50 × 1022 cm−2) are only observed with large ∆(t)
(>100 d).

This is likely a consequence of the fact that individual clouds
are not homogenous in NH (as already shown for BLR clouds by
e.g., Maiolino et al. 2010), but rather present a density gradient
toward their centers. Performing calculations similar to those in
Sect. 7.1, imposing that a ∆(t) > 100 d is needed for a signif-
icant change in NH,los implies clouds are generally larger than
rc > 6 × 10−6−2 × 10−5 pc, depending on underlying assump-
tions (such as black hole mass and cloud distance to the black
hole).

Considering that events with ∆(NH,los) > 50 × 1022 cm−2 are
still rare for ∆(t) < 1000 d, one could further infer that the major-
ity of clouds have minimum sizes rc > 6×10−5−2×10−4 pc. The
lower limits we derive are ∼2−60 times larger than the ones for
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the ‘cometary tails’ of BLR clouds obtained by Maiolino et al.
(2010).

However, this estimate is highly dependent on the fact that
the majority of timescales probed are at ∆(t) > 1000 d. A much
larger sample than the one considered in this work is needed to
fully populate the plot in Fig. 5 and derive more reliable con-
straints on typical torus cloud size.

Figure 5 also shows the fractional change of NH,los between
two different observations (i.e. normalized to the value of the
lowest NH,los in each pair). The tendency to higher variability
with larger timescales is maintained. We also provide the three
quartiles for the ∆NH,los/NH,los distribution for the whole sam-
ple, which are Q1 = 0.1, Q2 = 0.36, Q3 = 0.94. Meaning, the
median percentual variability between any two random observa-
tions of the same source is ∼36% (with respect to the observation
with lowest NH,los). For a quarter of the observation pairs in the
sample, the increase is above 100%.

7.4. Constant parameters and treatment of reflection

In order to fit the data across multiple observations, we assumed
that the following parameters remain unchanged across time:
Γ for all three models, NH,av for MYTorus and borus02, θObs
and CF for borus02 and UXCLUMPY, and σT for UXCLUMPY. The
inclination angle of the torus with respect to the observer, θObs is
not a quantity that is expected to change with time. Similarly, due
to the large scale of the torus (∼1−10 pc), its overall geometry is
not expected to vary significantly in timescales of up to ∼20 yr.
Therefore, all parameters associated to the reflection component
(NH,av,CF,σT), can be considered constant across different obser-
vations.

A recent work on multiepoch observations of NGC 1358
performed by Marchesi et al. (2022) found that fitting the torus
parameters individually at each epoch produced results that were
compatible with those of the joint fit, but with much higher
uncertainties. This is compatible with our assumption. We note
that an equivalent test cannot easily be performed unless one
possesses multiple sets of simultaneous XMM-Newton and NuS-
TAR observations, which is unlikely to be the case for any other
source.

For a handful of sources in the literature, with extremely
good data quality, further tests on the treatment of the reflection
component may also be performed. One such example is NGC
4388 in this work, which is not well-fit under our assumptions.
While large variations of torus geometry still seem unlikely,
other assumptions are present in our treatment of reflection. One
of them is the already-discussed assumption of one single reflec-
tor. As such, NGC 4388 is a good candidate for a future study
including multiple reflectors. Another assumption lays in the
relation between the normalization of the line-of-sight compo-
nent and the reflection component. In the analysis of obscured
AGN, the widely used assumption is that the two compo-
nents have the same normalization (e.g., Baloković et al. 2018;
Marchesi et al. 2019; Zhao et al. 2021; Torres-Albà et al. 2021;
Esparza-Arredondo et al. 2021; Tanimoto et al. 2022). However,
due to the nonsimultaneous origin of the intrinsic and the
reflected emission, this is not necessarily the case. In sources
with very large flux variability, it is possible that the normaliza-
tion of the reflection component corresponds to a past flux level
of the intrinsic emission. We will explore these possibilities for
sources with good data quality in the future.

We also assumed that the photon index did not vary between
different observations. While some works have suggested vari-
ability of Γ with strong luminosity variability in AGN (e.g.,

Connolly et al. 2016)8, we note that none of the sources for
which we had multiple NuSTAR observations suggested a need
for Γ variability. Furthermore, we did not observe extreme intrin-
sic luminosity variability for the sources in this sample9.

7.5. Agreement with previous results and model comparison

Our results show satisfactory agreement with those obtained by
Zhao et al. (2021). However, for 4/12 sources we obtained NH,av
values that are incompatible with (and in 3 sources, much lower
than) those of their work. This could be a result of introducing
the 0.5−2 keV emission into the fit, which Zhao et al. (2021) did
not do. If the hypothesis of the thin reflector is correct, this could
result in a different sub-component disentanglement needed to
explain the emission at around ∼2 keV. Alternatively, it could
also mean that a larger number of observations is needed to break
degeneracies between parameters, and obtain reliable values of
NH,av (i.e. not pinned at the model hard limit).

Within our sample, there is reasonable agreement within the
three used models. The most notable differences are the follow-
ing:

– As already mentioned, borus02 has a slight tendency to
move to very large values of NH,av, sometimes even pegged at
the upper limit, in sources for which MYTorus suggests more
moderate densities.

– UXCLUMPY may favor scenarios in which, instead of higher
obscuration, a combination of lower obscuration and lower
intrinsic flux is preferred. This is particularly true for NuSTAR
data (see Fig. 2, sources 3C 445 and NGC 7319).

– The three models tend to give slightly different NH,los
results. While the agreement is still remarkable, and very often
the values stay within errors, Fig. 4 (top, left) shows a system-
atic trend between the three models. MYTorus yields the high-
est NH,los values, followed by borus02 and further followed by
UXCLUMPY, with the lowest values. Interestingly, this is in dis-
agreement with the results obtained by Saha et al. (2022, see
their Fig. 13), who saw large agreement between MYTorus and
borus02 while UXCLUMPY had a tendency to yield larger NH,los
values. Both our results and theirs, however, agree that these dif-
ferences tend to remain small.

8. Conclusions

In this work we have analyzed multiepoch X-ray data for a sam-
ple of 12 local Compton-thin AGN, selected from the work of
Zhao et al. (2021). We have derived the amount of obscuring
column density in our line-of-sight (NH,los) for each source, for
each epoch available. We have also obtained values of the aver-
age torus column density, NH,av, covering factor, CF, inclina-
tion angle, θObs, and cloud dispersion, σT, among others. In this
section we summarize our main conclusions:

– At least 42% (five out of 12) sources in the sample
present NH,los variability (through the available observations).
All sources required some form of variability, either in flux,
in NH,los, or both. This is expected, given how the sample was
selected to target variable sources.

8 We note that the mentioned work used Swift-XRT data, which makes
the disentanglement of NH,los, Γ and intrinsic luminosity variability addi-
tionally complicated.
9 The largest flux variation observed was of a factor of ∼4, and all
others are under a factor of 3.
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– For the sources in this sample, the median variation in
NH,los for any two observations of the same source is of ∼36%
(with respect to the lowest NH,los value in the pair).

– The majority of sources show strong disagreement between
the time-average of NH,los (or average density of the obscurer)
and NH,av (average density of the reflector). This behavior is
particularly strong in NH,los-variable sources. The difference
between the two oscillates between a factor of ∼2−100.

– Based on the previous point, if the reflector and the
obscurer are the same (and representative of the density of
the torus), we must be observing the torus through over-
dense/underdense regions. We estimate those to have angular
sizes between 0.003−0.3◦ (i.e. 6 × 10−4−6 × 10−3 pc). These
regions would have to contain a number of clouds of differ-
ent densities to explain the observed NH,los variability at shorter
timescales. Furthermore, it is unclear how statistically feasible
it is that we observe six out of 12 sources through underdense
regions, while observing only one (or two) through an over-
dense one. It is equally unclear if such structures are dynamically
feasible.

– We provide alternative explanations to the disagreement
between NH,los and NH,av. These imply the possibility that the
material responsible for reflection and the material responsible
for obscuration are not the same. We suggest the possible pres-
ence of an inner, thicker ring for sources with NH,av > NH,los. We
suggest the possibility of a two-phase medium (or the presence
of multiple reflectors) for sources with NH,los > NH,av.

– We observe a tendency for NH,los-variable sources to have,
on average, larger obscuring density (i.e. NH,los) and broader
cloud distributions than their non-variable counterparts. These
trends however are not significant up to a 95% confidence level,
and thus a larger number of sources is needed to confirm (or dis-
prove) the claims.

– We observe no difference between inclination angle or
torus covering factors for variable and non-variable sources.

– We observe small changes in ∆(NH,los) at all timescales,
but we only observe large changes (∆(NH,los) > 50 × 1022 cm−2)
at large timescales (>100 d). This suggests clouds are extended,
with a density profile increasing toward their centers. While this
is not unexpected, we use these numbers to place rough con-
straints on minimum cloud sizes. We obtain that, even in the
most rapid variability scenarios, rc > 6 × 10−6−2 × 10−5 pc for
smaller clouds. And, for the majority of cases, rc > 6×10−5−2×
10−4 pc. However, we note that these estimates are highly depen-
dent on availability of observations spanning smaller timescales.

– We observe a tendency for UXCLUMPY to result in system-
atically lower NH,los values than MYTorus and borus02. This is
in disagreement with behavior observed in previous works.

Future work will extend this analysis to include the follow-
ing: 12 more sources, for which new observations have been
taken since 2019 (Pizzetti et al., in prep.); NGC 6300 (Sengupta
et al., in prep.), Mrk 477 and NGC 7582 (Torres-Albà et al., in
prep.) and NGC 4507 (Cox et al., in prep.). This will result in the
completion of the ∼30 source sample of variable sources selected
from Zhao et al. (2021). We will further expand the sample by
selecting potential NH,los-variable galaxies by applying the newly
developed method of Cox et al. (2023).
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Baloković, M., Brightman, M., Harrison, F. A., et al. 2018, ApJ, 854, 42
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Connolly, S. D., McHardy, I. M., Skipper, C. J., & Emmanoulopoulos, D. 2016,

MNRAS, 459, 3963
Cox, I., Torres-Alba, N., Marchesi, S., et al. 2023, ArXiv e-prints

[arXiv:2301.07142]
Dullemond, C. P., & Monnier, J. D. 2010, ARA&A, 48, 205
Elvis, M., Risaliti, G., Nicastro, F., et al. 2004, ApJ, 615, L25
Esparza-Arredondo, D., Gonzalez-Martín, O., Dultzin, D., et al. 2021, A&A,

651, A91
Fruscione, A., McDowell, J. C., Allen, G. E., et al. 2006, in Observatory

Operations: Strategies, Processes, and Systems, eds. D. R. Silva, & R. E.
Doxsey, Int. Soc. Opt. Photonics (SPIE), 6270, 586

González-Martín, O., Hernández-García, L., Masegosa, J., et al. 2016, A&A,
587, A1

Harrison, F. A., Craig, W. W., Christensen, F. E., et al. 2013, ApJ, 770, 103
Hernández-García, L., Masegosa, J., González-Martín, O., & Márquez, I. 2015,

A&A, 579, A90
Isobe, N., Tashiro, M., Makishima, K., et al. 2002, ApJ, 580, L111
Jahoda, K., Markwardt, C. B., Radeva, Y., et al. 2006, ApJS, 163, 401
Jana, A., Chatterjee, A., Kumari, N., et al. 2020, MNRAS, 499, 5396
Kalberla, P. M. W., Burton, W. B., Hartmann, D., et al. 2005, A&A, 440, 775
Krolik, J. H., & Begelman, M. C. 1988, ApJ, 329, 702
Laha, S., Markowitz, A. G., Krumpe, M., et al. 2020, ApJ, 897, 66
Lightman, A. P., & White, T. R. 1988, ApJ, 335, 57
Maiolino, R., Risaliti, G., Salvati, M., et al. 2010, A&A, 517, A47
Marchesi, S., Ajello, M., Zhao, X., et al. 2019, ApJ, 882, 162
Marchesi, S., Zhao, X., Torres-Albà, N., et al. 2022, ApJ, 935, 114
Markowitz, A. G., Krumpe, M., & Nikutta, R. 2014, MNRAS, 439, 1403
Murphy, K. D., & Yaqoob, T. 2009, MNRAS, 397, 1549
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Appendix A: X-ray fitting results

This Appendix is a compilation of tables showing the best-fit
results for all sources analyzed in this work (except for NGC
612, which can be found in Table 2, in the main text).

Table A.1. NGC 788 fitting results

Model MYTorus borus02 borus02 UXCLUMPY

χ2
red 1.13 1.13 1.13 1.17

χ2/d.o.f. 572/508 571/507 570/507 596/508
T 2.9σ 2.9σ 2.9σ 3.8σ
kT 0.25+0.07

−0.05 0.24+0.04
−0.05 0.24+0.04

−0.05 0.24+0.01
−0.04

E1 0.89+0.01
−0.01 0.90+0.01

−0.01 0.90+0.01
−0.01 0.90+0.01

−0.01
E2 1.86+0.04

−0.05 1.86+0.04
−0.06 1.86+0.04

−0.06 1.87+0.03
−0.04

E3 2.38+0.07
−0.05 2.39+0.05

−0.05 2.39+0.04
−0.05 2.39+0.05

−0.05
Γ 1.92+0.11

−0.12 1.77+0.04
−0.04 1.88+0.09

−0.04 1.93+0.16
−0.09

NH,av 0.19+0.02
−0.02 0.21+0.06

−0.03 31.6−u
−18.2 −

AS 90 0.92+0.21
−0.16 − − −

AS 0 0* − − −

CF − 0.34+0.05
−0.05 0.44+0.05

−0.23 0*
Cos (θObs) − 0.21+0.05

−0.13 0.46+0.13
−0.14 0.79−u

−u
σtor − − − 12.6+32.7

−5.4
Fs (10−3) 2.96+1.04

−0.95 4.07+2.00
−1.31 5.09+1.18

−0.29 1.51+1.02
−0.11

norm (10−2) 1.45+0.74
−0.51 0.906+0.091

−0.098 0.731+0.675
−0.282 1.09+0.493

−0.226
NH,Ch 0.79+0.08

−0.08 0.73+0.05
−0.05 0.62+0.06

−0.05 0.59+0.04
−0.03

NH,xmm 0.82+0.08
−0.08 0.76+0.04

−0.04 0.65+0.05
−0.04 0.62+0.06

−0.02
NH,nus 1.10+0.10

−0.09 1.04+0.07
−0.07 0.86+0.08

−0.08 0.88+0.03
−0.03

CCh 1* 1* 1* 1*
Cxmm =CCh =CCh =CCh =CCh
Cnus =CCh =CCh =CCh =CCh

LCh1,2−10 (1043) 1.68+0.21
−0.21 1.32+0.16

−0.16 1.03+0.11
−0.11 1.32

LCh1,10−40 (1043) 1.66+0.07
−0.07 1.52+0.06

−0.06 1.00+0.05
−0.05 1.26

χ2
red No Var. 1.47 1.47 1.37 1.49

T 10.6σ 10.6σ 8.4σ 11.1σ
χ2

red No C Var. 1.13 1.13 1.13 1.17
T 2.9σ 2.9σ 2.9σ 3.8σ

χ2
red No NH Var. 1.15 1.15 1.13 1.19

T 3.4σ 3.4σ 2.9σ 4.3σ
P-value 1.4e-1 1.3e-2 2.2e-1 2.8e-5

Notes: Same as Table 2, with the following additions: En: Central
energy of the added nth Gaussian line, in keV.

Table A.2. NGC 833 fitting results

Model MYTorus borus02 UXCLUMPY

χ2
red 0.93 0.93 0.93

χ2/d.o.f. 193/208 193/206 192/207
T 1.0σ 1.0σ 1.0σ
kT 0.60+0.05

−0.08 0.59+0.06
−0.11 0.59+0.06

−0.11
Γ 1.69+0.26

−0.25 1.58+0.26
−u 1.55+0.37

−0.32
NH,av 0.06+0.08

−u 0.08+u
−u −

AS 90 1* − −

AS 0 1* − −

CF − 0.52+0.30
−u 0*

Cos (θObs) − 0.15+u
−u 0.0+u

−u
σtor − − 3.8+u

−u
Fs (10−2) 0.61+0.59

−0.31 1.24+0.41
−0.77 0.90+7.41

−0.86
norm (10−4) 4.44+4.62

−2.28 3.19+3.03
−1.24 6.50+6.05

−4.75
NH,xmm 0.34+0.07

−0.06 0.31+0.07
−0.07 0.26+0.04

−0.03
NH,Ch1 0.21+0.07

−0.06 0.19+0.05
−0.05 0.16+0.04

−0.03
NH,Ch2 − − −

NH,Ch3 0.33+0.06
−0.05 0.34+0.07

−0.06 0.28+0.05
−0.03

NH,Ch4 0.27+0.05
−0.05 0.27+0.05

−0.05 0.22+0.04
−0.04

NH,Ch5 0.28+0.05
−0.04 0.29+0.05

−0.06 0.24+0.04
−0.04

NH,nus 0.18+0.10
−0.10 0.14+0.08

−0.09 0.10+0.09
−0.06

Cxmm 1.20+0.33
−0.17 1.18+0.13

−0.14 1.21+0.29
−0.18

CCh1 1* 1* 1*
CCh2 − − −

CCh3 0.55+0.16
−0.12 0.66+0.14

−0.10 0.66+0.16
−0.12

CCh4 = CCh3 = CCh3 = CCh3
CCh5 = CCh3 = CCh3 = CCh3
Cnus = CCh1 = CCh1 = CCh1

LCh1,2−10 (1042) 0.86+0.13
−0.13 0.71+0.02

−0.02 1.16
LCh1,10−40 (1042) 1.05+0.10

−0.10 0.66+0.06
−0.06 1.98

χ2
red No Var. 1.98 2.00 1.69

T 14.3σ 14.6σ 10.1σ
χ2

red No C Var. 1.18 1.19 1.19
T 2.6σ 2.7σ 2.7σ

χ2
red No NH Var. 0.99 1.02 1.05

T 0.1σ 0.3σ 0.7σ
P-value 9.7e-1 9.2e-1 8.5e-1

Notes: Same as Table 2. The second Chandra observation of the system
formed by NGC 833 and NGC 835 did not include the former, hence the
missing parameters corresponding to the observation. See Appendix C
for details.
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Table A.3. NGC 835 fitting results

Model MYTorus borus02 UXCLUMPY

χ2
red 1.07 1.08 1.05

χ2/d.o.f. 479/446 479/445 468/446
T 1.5σ 1.7σ 1.1σ
kT 0.61+0.02

−0.02 0.61+0.04
−0.03 0.61+0.02

−0.02
E1 0.68+0.03

−0.02 0.68+0.03
−0.19 0.68+0.02

−0.03
E2 1.29+0.06

−0.09 1.29+0.05
−0.10 1.29+0.06

−0.06
Γ 1.68+0.13

−0.13 1.63+0.15
−0.12 1.55+0.22

−0.25
NH,av 0.19+0.08

−0.09 0.21+0.10
−0.10 −

AS 90 0.52+0.18
−0.18 − −

AS 0 0* − −

CF − 0.18+0.08
−0.04 0*

Cos (θObs) − 0.05+0.17
−u 0.86+0.04

−0.45
σtor − − 6.8+3.8

−4.5
Fs (10−3) 7.06+1.94

−1.68 6.88+1.82
−1−38 4.93+12.16

−u
norm (10−3) 1.08+0.41

−0.29 0.96+0.38
−0.24 1.90+0.19

−0.48
NH,xmm 1.53+1.07

−0.26 1.48+1.50
−0.23 1.35+0.05

−0.02
NH,Ch1 0.89+0.25

−0.14 0.88+0.28
−0.14 1.04+0.18

−0.19
NH,Ch2 0.86+0.32

−0.14 0.85+0.33
−0.14 0.94+0.24

−0.16
NH,Ch3 0.31+0.02

−0.03 0.30+0.03
−0.02 0.28+0.04

−0.03
NH,Ch4 0.32+0.03

−0.03 0.32+0.03
−0.03 0.31+0.04

−0.04
NH,Ch5 0.33+0.03

−0.03 0.32+0.03
−0.03 0.32+0.03

−0.03
NH,nus 0.46+0.06

−0.05 0.45+0.06
−0.05 0.27+0.16

−0.12
Cxmm 1.34+0.10

−0.09 1.25+0.07
−0.07 1.28+0.18

−0.16
CCh1 1* 1* 1*
CCh2 = CCh1 = CCh1 = CCh1
CCh3 = CCh1 = CCh1 = CCh1
CCh4 = CCh1 = CCh1 = CCh1
CCh5 = CCh1 = CCh1 = CCh1
Cnus = CCh1 = CCh1 0.63+0.12

−0.22
LCh1,2−10 (1042) 1.74+0.93

−0.93 1.67+0.88
−0.88 1.61

LCh1,10−40 (1042) 2.61+0.21
−0.21 2.56+0.20

−0.20 2.51
χ2

red No Var. 4.44 4.63 4.55
T 73.2σ 77.2σ 75.6σ

χ2
red No C Var. 1.17 1.18 1.18

T 3.6σ 3.8σ 3.8σ
χ2

red No NH Var. 2.31 3.84 3.85
T 27.6σ 59.9σ 60.2σ

P-value 4.7e-20 3.1e-13 5.7e-52

Notes: Same as Table 2, with the following additions: En: Central
energy of the added nth Gaussian line, in keV.

Table A.4. 3C 105 fitting results

Model MYTorus borus02 UXCLUMPY

χ2
red 1.01 1.01 1.01

χ2/d.o.f. 240/237 240/236 240/237
T 0.2σ 0.2σ 0.2σ
kT 0.21+0.03

−0.03 0.20+0.03
−0.03 0.20+0.03

−0.03
Γ 1.48+0.15

−u 1.44+0.14
−u 1.57+0.17

−0.03
NH,av 0.40+0.57

−0.21 0.43+0.24
−0.15 −

AS 90 0.75+0.48
−0.40 − −

AS 0 0* − −

CF − 0.30+0.13
−0.12 0*

Cos (θObs) − 0.10+0.80
−u 0.00−u

−u
σtor − − 15.9+20.8

−6.9
Fs (10−3) 2.67+1.18

−1.13 2.75+0.95
−0.93 2.93+4.21

−1.26
norm (10−3) 2.92+1.65

−0.84 2.50+0.06
−0.69 5.09+2.64

−1.56
NH,ch 0.45+0.08

−0.05 0.46+0.04
−0.04 0.49+0.03

−0.09
NH,xmm 0.39+0.05

−0.04 0.39+0.03
−0.03 0.39+0.02

−0.03
NH,nus1 0.45+0.08

−0.07 0.45+0.03
−0.03 0.44+0.03

−0.08
NH,nus2 0.39+0.06

−0.06 0.39+0.06
−0.03 0.40+0.03

−0.07
Cch 1* 1* 1*

Cxmm 0.63+0.16
−0.15 0.62+0.04

−0.08 0.59+0.03
−0.13

Cnus1 0.28+0.08
−0.07 0.27+0.02

−0.06 0.25+0.08
−0.06

Cnus2 =Cnus1 =Cnus1 =Cnus1

LCh1,2−10 (1044) 2.38+0.26
−0.26 2.39+0.26

−0.26 3.46
LCh1,10−40 (1044) 4.37+0.20

−0.20 4.39+0.19
−0.19 6.11

χ2
red No Var. 2.66 2.67 2.65

T 25.8σ 26.0σ 25.7σ
χ2

red No C Var. 1.20 1.21 1.23
T 3.1σ 3.3σ 3.6σ

χ2
red No NH Var. 1.05 1.02 1.01

T 0.8σ 0.3σ 0.2σ
P-value 9.2e-1 9.2e-1 8.0e-1

Notes: Same as Table 2.
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Table A.5. 4C+29.30 fitting results

Model MYTorus borus02 UXCLUMPY
Statred 425/432 421/431 437/433

Stat/d.o.f. 0.98 0.98 1.01
T 0.4σ 0.4σ 0.2σ
kT 0.640.04

−0.04 0.63+0.04
−0.04 0.64+0.04

−0.04
Γ 1.72+0.22

−0.20 1.70+0.19
−0.19 1.90+0.14

−0.20
NH,av 0.21+0.04

−0.02 0.22+0.07
−0.03 −

AS 90 0.81+0.19
−0.15 − −

AS 0 0* − −

CF − 0.28+0.06
−0.03 0*

Cos (θObs) − 0.10+0.09
−u 0.16+0.14

−u
σtor − − 17.5+8.6

−7.4
Fs (10−3) 2.07+1.79

−0.88 1.75+0.70
−0.68 2.22+1.58

−0.80
norm (10−3) 2.66+2.47

−1.36 2.14+1.45
−0.56 3.22+2.18

−1.69
NH,Ch1 0.72+0.16

−0.16 0.68+0.14
−0.06 0.61+0.10

−0.11
NH,xmm 0.87+0.18

−0.19 1.08+0.04
−0.11 0.98+0.08

−0.10
NH,Ch2 0.65+0.06

−0.06 0.65+0.06
−0.03 0.61+0.04

−0.04
NH,Ch3 0.59+0.05

−0.05 0.60+0.05
−0.01 0.55+0.04

−0.02
NH,Ch4 0.60+0.06

−0.05 0.60+0.05
−0.02 0.56+0.04

−0.02
NH,Ch5 0.62+0.07

−0.06 0.58+0.05
−0.02 0.54+0.03

−0.02
NH,nus 0.61+0.17

−0.13 0.62+0.16
−0.13 0.63+0.09

−0.14
CCh1 1* 1* 1*
Cxmm 1.31+0.59

−0.35 1.61+0.70
−0.07 1.82+0.83

−0.47
CCh2 1.15+0.50

−0.29 1.30+0.49
−0.29 1.38+0.37

−0.25
CCh3 = CCh2 = CCh2 = CCh2
CCh4 = CCh2 = CCh2 = CCh2
CCh5 = CCh2 = CCh2 = CCh2
Cnus 0.73+0.18

−0.13 0.84+0.04
−0.28 = CCh1

LCh1,2−10 (1044) 1.01+0.26
−0.26 0.90+0.22

−0.22 0.71
LCh1,10−40 (1044) 1.25+0.06

−0.06 1.09+0.05
−0.05 0.80

Statred No Var. 2.40 2.41 2.41
T 29.4σ 29.6σ 29.7σ

Statred No C Var. 0.99 0.99 1.03
T 0.2σ 0.2σ 0.6σ

Statred No NH Var. 0.98 1.16 1.07
T 0.4σ 3.3σ 1.5σ

P-value 9.9e-1 6.7e-1 5.4e-1

Notes: Same as Table 2.

Table A.6. NGC 3281 fitting results

Model MYTorus borus02 UXCLUMPY

χ2
red 1.10 1.04 1.07

χ2/d.o.f. 469/427 444/427 460/428
T 2.1σ 0.8σ 1.4σ
kT 0.58+0.05

−0.09 0.58+0.04
−0.11 0.57+0.10

−0.06
Γ 1.65+0.11

−0.12 1.81+0.14
−0.07 1.75+0.04

−0.05
NH,av 0.31+0.10

−0.06 31.6−u
−8.4 −

AS 90 0.21+0.23
−u − −

AS 0 0.31+0.30
−0.17 − −

CF − 0.52+0.04
−0.14 0*

Cos (θObs) − 0.53+0.15
−0.08 0.00−u

−u
σtor − − 28.0+16.5

−8.4
Fs (10−4) 8.17+6.76

−3.39 17.3+6.8
−3.2 51.9+24.6

−51.6
norm (10−2) 1.65+1.15

−0.75 0.90+0.48
−0.24 1.06+0.45

−0.15
NH,xmm 1.16+0.17

−0.16 0.86+0.09
−0.10 0.89+0.06

−0.07
NH,nus 2.25+0.24

−0.26 2.05+0.28
−0.38 3.01+0.62

−0.35
NH,Ch 1.04+0.17

−0.17 0.76+0.10
−0.10 0.76+0.08

−0.06
Cxmm =CCh =CCh =CCh
Cnus 1.43+0.22

−0.17 1.53+0.16
−0.15 1.53+0.14

−0.15
CCh 1* 1* 1*

LCh1,2−10 (1043) 1.66+0.31
−0.31 0.77+0.13

−0.13 0.84
LCh1,10−40 (1043) 2.35+0.10

−0.10 0.85+0.07
−0.07 1.30

χ2
red No Var. 1.53 1.43 1.99

T 11.0σ 8.9σ 20.6σ
χ2

red No C Var. 1.16 1.10 1.18
T 3.3σ 2.1σ 3.7σ

χ2
red No NH Var. 1.43 1.25 1.48

T 8.9σ 5.2σ 9.9σ
P-value 8.3e-3 2.4e-5 1.2e-27

Notes: Same as Table 2.
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Table A.7. NGC 4388 fitting results

Model MYTorus borus02 UXCLUMPY

χ2
red 1.28 1.25 1.31

χ2/d.o.f. 6708/5224 6532/5224 6847/5225
T 20.2σ 18.0σ 22.4σ
kT 0.28+0.02

−0.02 0.26+0.02
−0.02 0.27+0.02

−0.02
kT2 0.70+0.03

−0.04 0.68+0.06
−0.04 0.69+0.14

−0.06
NH,apec 0.59+0.09

−0.10 0.62+0.12
−0.17 0.60+0.09

−0.09
Γ 1.58+0.01

−0.01 1.53+0.02
−0.02 1.81+0.03

−0.03
NH,av 0.10+0.01

−0.01 0.12+0.01
−0.01 −

AS 90 1.23+0.20
−0.21 − −

AS 0 0.53+0.12
−0.12 − −

CF − 0.52+0.04
−0.04 0*

Cos (θObs) − 0.45+0.03
−0.03 0.00+0.14

−u
σtor − − 66.7+8.7

−5.0
Fs (10−3) 1.01+0.59

−0.52 0.84+0.56
−0.54 11.52.0

−0.9
norm (10−2) 1.54+0.10

−0.10 1.40+0.05
−0.05 2.41+0.24

−0.14
NH,Ch1 0.71+0.03

−0.03 0.71+0.04
−0.03 0.66+0.08

−0.05
NH,xmm1 0.37+0.01

−0.01 0.36+0.02
−0.01 0.33+0.01

−0.01
NH,xmm2 0.235+0.003

−0.003 0.231+0.003
−0.003 0.211+0.002

−0.003
NH,Ch2 0.91+0.05

−0.05 0.93+0.05
−0.04 0.90+0.04

−0.03
NH,nus1 0.30+0.01

−0.01 0.29+0.02
−0.02 0.26+0.02

−0.02
NH,xmm3 0.267+0.004

−0.004 0.260+0.004
−0.004 0.243+0.003

−0.003
NH,nus2 0.219+0.004

−0.005 0.214+0.004
−0.005 0.195+0.003

−0.003
CCh 1* 1* 1*

Cxmm1 1.25+0.07
−0.05 1.20+0.06

−0.06 = CCh2

Cxmm2 1.57+0.08
−0.07 1.53+0.09

−0.08 1.55+0.09
−0.08

CCh2 1.11+0.06
−0.06 1.13+0.06

−0.05 1.16+0.07
−0.06

Cnus1 0.35+0.02
−0.02 0.33+0.02

−0.02 0.33+0.02
−0.01

Cxmm3 1.40+0.07
−0.08 1.36+0.07

−0.07 1.38+0.08
−0.07

Cnus2 = Cxmm3 = Cxmm3 = Cxmm3

LCh1,2−10 (1043) 1.15+0.08
−0.08 1.14+0.07

−0.07 1.22
LCh1,10−40 (1043) 1.93+0.01

−0.01 1.95+0.01
−0.01 1.94

χ2
red No Var. 23.9 23.9 24.1

T 1727σ 1727σ 1741σ
χ2

red No C Var. 1.61 1.62 1.80
T 44.1σ 44.8σ 57.8σ

χ2
red No NH Var. 1.84 1.71 1.73

T 60.7σ 51.3σ 52.7σ
P-value 0 0 0

Notes: Same as Table 2, with the following additions: kT2: Second (hot-
ter) apec component temperature, in units of keV. NH,apec: Obscuring
column density associated to the second apec component, in units of
1022 cm−2.

Table A.8. IC 4518 A fitting results

Model MYTorus borus02 UXCLUMPY

χ2
red 1.07 1.06 1.16

χ2/d.o.f. 413/386 408/385 448/385
T 1.4σ 1.2σ 3.1σ
kT 0.66+0.03

−0.03 0.67+0.03
−0.03 0.67+0.03

−0.03
Γ 1.91+0.15

−0.14 1.84+0.09
−0.08 1.76+0.03

−0.06
NH,av 3.46−u

−1.29 14.0−u
−11.1 −

AS 90 0* − −

AS 0 2.65+0.75
−0.58 − −

CF − 0.87+0.02
−0.19 0.29+0.03

−0.09
Cos (θObs) − 0.95−u

−0.57 0.50+0.42
−0.24

σtor − − 84.0−u
−0.14

Fs (10−2) 1.22+0.46
−0.37 1.26+0.25

−0.34 23.5+0.30
−0.62

norm (10−3) 2.18+0.85
−0.60 1.85+0.46

−0.31 2.19+0.27
−0.13

NH,xmm1 0.21+0.02
−0.02 0.21+0.02

−0.01 0.21+0.08
−0.06

NH,xmm2 0.31+0.04
−0.03 0.33+0.03

−0.03 0.32+0.01
−0.02

NH,nus 0.14+0.04
−0.03 0.15+0.04

−0.03 0.13+0.02
−0.02

Cxmm1 1* 1* 1*
Cxmm2 0.88+0.06

−0.06 0.90+0.06
−0.06 0.93+0.05

−0.05
Cnus 1.45+0.15

−0.13 1.49+0.15
−0.14 1.44+0.10

−0.05
LCh1,2−10 (1042) 4.00+0.17

−0.17 3.48+0.16
−0.16 4.17

LCh1,10−40 (1042) 3.83+0.18
−0.18 3.51+0.16

−0.16 7.07
χ2

red No Var. 2.66 2.94 3.04
T 32.7σ 38.3σ 40.2σ

χ2
red No C Var. 1.25 1.24 1.27

T 4.9σ 4.7σ 5.3σ
χ2

red No NH Var. 1.33 1.32 1.43
T 6.5σ 6.3σ 8.5σ

P-value 3.6e-2 1.8e-2 1.7e-5

Notes: Same as Table 2.
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Table A.9. 3C 445 fitting results

Model MYTorus borus02 UXCLUMPY

χ2
red 1.02 1.03 1.00

χ2/d.o.f. 2220/2178 2248/2177 2180/2178
T 0.9σ 1.4σ 0.0σ
kT 0.62+0.04

−0.04 0.56+0.09
−0.08 0.56+0.10

−0.31
kT2 0.71+0.56

−0.24 1.63+0.09
−0.09 1.29+0.33

−0.09
NH,apec 26.1+5.7

−5.4 5.14+0.16
−0.15 6.04+0.65

−0.74
Γ 1.75+0.07

−0.07 1.62+0.01
−0.01 1.60+0.04

−0.03
NH,av 0.14+0.02

−0.01 0.13+0.02
−0.03 −

AS 90 7.99+5.70
−u − −

AS 0 4.26+7.29
−u − −

CF − 0.93+0.04
−0.03 0*

Cos (θObs) − 0.95−u
−0.02 0.00−u

−u
σtor − − 84.0−u

−5.9
Fs (10−2) 0.60+0.41

−0.37 1.96+0.16
−0.06 21.8+2.3

−3.1
norm (10−3) 4.36+0.95

−1.11 2.76+0.03
−0.03 3.31+0.24

−0.20
NH,xmm 0.28+0.03

−0.03 0.24+0.01
−0.01 0.20+0.01

−0.01
NH,Ch1 0.26+0.03

−0.01 0.23+0.01
−0.01 0.22+0.02

−0.01
NH,nus 0.33+0.03

−0.03 0.29+0.01
−0.01 0.13+0.01

−0.02
NH,Ch2 0.33+0.03

−0.03 0.30+0.01
−0.01 0.25+0.02

−0.02
NH,Ch3 0.32+0.03

−0.03 0.28+0.01
−0.01 0.24+0.01

−0.01
NH,Ch4 0.33+0.03

−0.03 0.28+0.01
−0.01 0.25+0.01

−0.01
NH,Ch5 0.31+0.02

−0.02 0.27+0.01
−0.01 0.26+0.01

−0.01
Cxmm = CCh4 = CCh4 = CCh4

CCh1 1* 1* 1*
Cnus = CCh2 = CCh2 0.77+0.05

−0.05
CCh2 1.16+0.07

−0.06 1.14+0.03
−0.03 1.11+0.05

−0.05
CCh3 = CCh2 = CCh2 = CCh2

CCh4 1.26+0.08
−0.05 1.21+0.02

−0.02 1.21+0.05
−0.04

CCh5 = CCh2 = CCh2 = CCh2

LCh1,2−10 (1044) 1.15+0.04
−0.04 0.96+0.03

−0.03 0.42
LCh1,10−40 (1044) 1.38+0.03

−0.03 1.33+0.03
−0.03 1.86

χ2
red No Var. 1.16 1.18 1.18

T 7.5σ 8.4σ 8.4σ
χ2

red No C Var. 1.04 1.06 1.07
T 1.9σ 2.8σ 3.3σ

χ2
red No NH Var. 1.03 1.05 1.06

T 1.4σ 2.3σ 2.8σ
P-value 9.9e-1 6.3e-1 2.7e-3

Notes: Same as Table 2, with the following additions: kT2: Second (hot-
ter) apec component temperature, in units of keV. NH,apec: Obscuring
column density associated to the second apec component, in units of
1022 cm−2.

Table A.10. NGC 7319 fitting results

Model MYTorus borus02 UXCLUMPY

χ2
red 1.08 1.07 1.10

χ2/d.o.f. 542.71/501 538.10/501 553.84/502
T 1.8σ 1.6σ 2.2σ
kT 0.41+0.11

−0.09 0.35+0.10
−0.06 0.34+0.06

−0.06
kT2 0.73+0.16

−0.12 0.67+0.15
−0.07 0.66+0.14

−0.06
NH,apec 0.72+0.14

−0.20 0.71+0.13
−0.14 0.72+0.09

−0.09
Γ 1.73+0.15

−0.17 1.75+0.15
−0.14 2.04+0.22

−0.13
NH,av 0.25+0.07

−0.04 0.33+0.09
−0.07 −

AS 90 0.95+0.30
−0.44 − −

AS 0 0.15+0.27
−u − −

CF − 0.31+0.06
−0.04 0*

Cos (θObs) − 0.26+0.03
−0.04 0.00−u

−u
σtor − − 77.9−u

−10.7
Fs (10−4) 9.78+10.0

−9.61 3.23+9.88
−u 0*

norm (10−3) 3.55+0.15
−0.12 3.70+1.59

−1.03 7.92+2.96
−2.50

NH,xmm 0.87+0.05
−0.05 0.87+0.06

−0.05 0.84+0.07
−0.08

NH,Ch1 0.46+0.04
−0.04 0.47+0.04

−0.04 0.47+0.04
−0.05

NH,Ch2 0.46+0.03
−0.03 0.47+0.03

−0.03 0.46+0.03
−0.05

NH,nus1 2.17+0.36
−0.26 2.11+0.26

−0.22 0.71+0.25
−0.15

NH,nus2 1.78+0.34
−0.34 1.73+0.30

−0.32 0.98+0.14
−0.17

Cxmm 1.31+0.08
−0.08 1.32+0.09

−0.08 1.29+0.09
−0.08

CCh1 1* 1* 1*
CCh2 = CCh1 = CCh1 = CCh1

Cnus1 = CCh1 = CCh1 0.32+0.11
−0.07

Cnus2 0.83+0.13
−0.16 0.85+0.13

−0.15 0.44+0.08
−0.08

LCh1,2−10 (1043) 1.56+0.13
−0.13 1.62+0.13

−0.13 1.78
LCh1,10−40 (1043) 1.96+0.18

−0.18 1.88+0.17
−0.17 1.73

χ2
red No Var. 5.44 5.47 5.71

T 99.9σ 100σ 106σ
χ2

red No C Var. 1.19 1.19 1.20
T 4.3σ 4.3σ 4.5σ

χ2
red No NH Var. 1.91 1.88 1.92

T 20.4σ 19.7σ 20.6σ
P-value 5.3e-46 4.5e-42 8.0e-5

Notes: Same as Table 2, with the following additions: kT2: Second (hot-
ter) apec component temperature, in units of keV. NH,apec: Obscuring
column density associated to the second apec component, in units of
1022 cm−2.
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Table A.11. 3C 452 fitting results

Model MYTorus borus02 UXCLUMPY

χ2
red 1.03 1.03 1.08

χ2/d.o.f. 1394/1353 1388/1352 1459/1353
T 1.1σ 1.1σ 2.9σ
kT − − −

Γ 1.53+0.05
−0.05 1.42+0.03

−u 1.57+0.01
−0.01

NH,av 0.05+0.01
−0.01 0.06+0.01

−0.01 −

AS 90 2.55+0.46
−0.40 − −

AS 0 0* − −

CF − 1.00−u
−0.10 0*

Cos (θObs) − 0.00+0.13
−u 1.00−u

−0.73
σtor − − 7.10+22.41

−0.10
norm(10−3) 2.24+0.41

−0.32 1.72+0.02
−0.18 1.87+0.06

−0.06
Γjet 1.40+0.19

−0.18 1.36+0.09
−0.09 0.75+0.06

−0.05
NH,ch 0.55+0.03

−0.03 0.52+0.02
−0.03 0.44+0.03

−0.02
NH,xmm 0.52+0.03

−0.03 0.49+0.01
−0.03 0.46+0.02

−0.02
NH,nus 0.39+0.03

−0.03 0.36+0.01
−0.02 0.28+0.01

−0.01
norm jet,ch(10−6) 8.26+1.01

−1.01 7.52+0.82
−0.82 8.13+0.73

−0.73
norm jet,xmm(10−5) 2.46+0.47

−0.37 2.00+0.08
−0.08 2.40+0.63

−0.03
norm jet,nus =norm jet,xmm =norm jet,xmm =norm jet,xmm

LCh1,2−10 (1044) 1.84+0.14
−0.14 1.65+0.09

−0.09 1.47
LCh1,10−40 (1044) 3.16+0.05

−0.05 3.04+0.05
−0.05 2.40

χ2
red No Var. 1.50 1.49 1.55

T 18.4σ 18.0σ 20.2σ
χ2

red No C Var. 1.25 1.25 1.31
T 9.2σ 9.2σ 11.4σ

χ2
red No NH Var. 1.25 1.26 1.33

T 9.2σ 9.6σ 12.1σ
P-value 1.4e-3 1.9e-16 2.5e-8

Notes: Same as Table 2, with the following additions: norm jet,instrument:
Variable normalization on the added jet component required to model
the source.
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Appendix B: Source spectra

In this section we present the best fit borus02 models to
the multiepoch spectra of all sources in the sample, shown in
Figs. B.1 and B.2. We opt to show the borus02 fits over those
of the other models, since MYTorus has a reflection compo-
nent divided into four different individual subcomponents, which
makes the spectra much more difficult to interpret. UXCLUMPY,
on the other hand, does not show a distinction between l.o.s. and
reflection components, therefore providing less information in
the spectral decomposition. The spectra shown in Figs. B.1 and
B.2 should be read as follows:

– All observations for a single source are shown together, each
one in a different color. Meaning, all detectors in the same
telescope are colored the same in each individual observa-
tion (i.e. MOS1, MOS2, PN for XMM-Newton, and FPMA,
FPMB for NuSTAR).

– Soft band observations (XMM-Newton and Chandra) are col-
ored chronologically, as listed in Tables 2 and A.1-A.11. The
color order is as follows, from first to last observation: Black,
red, green, blue, cyan, magenta.

– Hard band observations (i.e. NuSTAR) are colored, also
chronologically, but separated from the soft-band observa-
tions. This is done to avoid confusion between different
bands. From first to second, the colors are gray and orange.

– For each individual observation, we plot the overall best-
fit model as a solid line, the l.o.s. component as a dashed
line, the reflection as a dotted line, the scattering as a dot-
dash line, and the soft emission component (single or double
mekal and any added lines) as a dash-dot-dot-dot. We note
that 3C 452 has a jet component instead of a soft component
+ scattering, and we use a dash-dot-dot-dot (equivalent to the
soft emission component) to represent it.
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Fig. B.1. From left to right, top to bottom: borus02 fits to the data for NGC 788, NGC 833, NGC 835, 3C 105, 4C+29.30, NGC 3281. Color code
is as explained in Appendix B.
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Fig. B.2. From left to right, top to bottom: borus02 fits to the data for NGC 4388, IC 4518 A, 3C 445, NGC 7319 and 3C 452. Color code is as
explained in Appendix B.
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Appendix C: Comments on individual sources

In this section we provide a detailed explanation about specific
analysis and fitting details for each source, that may deviate
(or need clarification) from the methods described in sections
3 and 6. We also comment on the fitting results for each spe-
cific source, add comments on model comparison if discrepan-
cies are present, and compare the obtained fitting parameters to
those obtained by Zhao et al. (2021), from which this sample is
selected, and who used borus02 on only two observations per
source.

C.1. NGC 612

Data reduction/fitting: C-statistic was used to fit Chandra
observations 1 and 2, given how the data quality forced us to
bin them with 3 and 5 cts/bin, respectively. Table 2 thus refers
to Stat. (total statistic, a mix of χ2 and C-statistic) instead of χ2.
apec was applied to model solely the XMM-Newton data, as the
Chandra data did not show any excess (again, probably due to
the lower quality data).

Analysis of results: All models fit this source well, and
our results are compatible with those derived by Zhao et al.
(2021). The best-fit values for the torus parameters are in
good agreement, within errors, for all models. However, that
is not the case when it comes to the variability determination.
While all models required some form of variability (T> 10σ
for the non-variability scenario), MYTorus is not able to dis-
cern between a pure NH,los variability scenario and a pure flux
variability with enough significance. borus02, on the other
hand, clearly favors an NH,los-variable scenario10. And finally,
UXCLUMPY favors a scenario in which the spectral variability
is predominantly caused by intrinsic flux changes, rather than
absorption. Another significant difference between model deter-
minations is the needed addition of a thicker, inner reflection ring
by UXCLUMPY. Generally, when this component is needed, it is an
indicator of strong reflection, which both MYTorus and borus02
reproduce with a high NH,av (see e.g., Pizzetti et al. 2022, and IC
4518 A in this work). This source is an exception to the trend,
making the case for the existence of a strong reflection compo-
nent unclear. We note that an alternative solution exists for this
source, without the additional inner ring component, but with
an unreasonable normalization value (i.e. resulting in an intrin-
sic luminosity estimation two orders of magnitude above that of
the other two models). Given the two different variability deter-
minations between MYTorus and borus02, and UXCLUMPY, we
classified this source as ‘Undetermined’.

C.2. NGC 788

Data reduction/fitting: Three Gaussian lines (zgauss in
xspec) were added to model the source soft emission. The
reduced χ2 showed significant improvement for all models, jus-
tifying this decision (1.24 to 1.13 for MYTorus, 1.27 to 1.13 for
borus02 and 1.29 to 1.17 for UXCLUMPY).

Analysis of results: The models and the data show a more
significant tension than for the majority of sources in this sample,
at around the 3σ level. For this source we present two borus02
configurations that can explain the data with the same good-
ness of fit. The two configurations can be described as a low-

10 We note that, while MYTorus and borus02 give practically identical
best-fit parameters, the errors of MYTorus are much larger. This results
in the source being compatible with a non NH,los-variability scenario

NH,av scenario and a high-NH,av one. The former is statistically
preferred by MYTorus, which cannot reproduce the latter with-
out forcing NH,av to stay at a very high value. UXCLUMPY, while
not directly comparable (it does not provide a value for NH,av),
results in values of NH,los that are more similar to those of the
high-NH,av borus02 option. Given how the first configuration is
practically identical to the MYTorus results, we opt to show the
second borus02 configuration (the high-NH,av scenario) in all
plots regarding the source. The degeneracy between the reflec-
tion and line-of-sight component modeling results in different
estimates for NH,los for each model, although the upward trend
of NH,los vs time is maintained (see Fig. 2).

The analysis of Zhao et al. (2021) favored the high-NH,av sce-
nario, and preferred pure flux variability over the pure NH,los
variability depicted here. However, as shown by our χ2

red com-
parisons, either option can explain the data at a similar level
for all models. UXCLUMPY is the only model that, when con-
sidering the p-value determination, flags this source as variable.
This is likely due to the smaller errors and slightly larger dif-
ferences between NH,los values at different epochs, compared to
the MYTorus and borus02 results. However, given how the χ2

red
comparison doesn’t show a significant preference for NH,los vari-
ability over intrinsic flux variability, we classified this source as
‘Non-variable in NH,los’.

C.3. NGC 833

Data reduction/fitting: NGC 833 is part of a closely interacting
system with NGC 835 (separation ∼ 1′). The second Chandra
observation (Obs. ID: 10394) considered for this merging system
does not include NGC 833, but rather only NGC 835. We opted
to add this observation to the table (with blank data) to avoid
confusion with the epochs shown for NGC 835. Similarly, in
the XMM-Newton observation we used data from only the MOS
modules, as NGC 833 falls on a prominent CCD line on the PN
observation. The NuSTAR extraction region was limited to 40′′
to avoid contamination from NGC 835. For the same reason, the
background was extracted from a circular region (instead of the
usual annulus) of radius 60′′. Nearby source NGC 838, a star-
burst galaxy at ∼ 3.5′ from NGC 835, shows no NuSTAR emis-
sion, and therefore is not contaminating the spectrum. The Chan-
dra spectrum was also extracted from a circular region (15′′)
radius, to avoid contamination.

Analysis of results: This source is well-fit by all mod-
els. The torus parameters are highly unconstrained, likely
due to a very subdominant reflection component (see e.g.,
Torres-Albà et al. 2021). The χ2

red comparison shows, for all
models, that NH,los variability is unnecessary to explain the data.
Likewise, the p-value of all NH,los being the same is large enough
that one cannot rule out the hypothesis. Thus, we classified this
source as ‘Non-variable in NH,los’.

C.4. NGC 835

Data reduction/fitting: The NuSTAR extraction region was lim-
ited to 40′′ to avoid contamination from NGC 833. For the same
reason, the background was extracted from a circular region
(instead of the usual annulus) of radius 60′′. Nearby source NGC
838, a starburst galaxy at ∼ 3.5′ from NGC 835, shows no NuS-
TAR emission, and therefore is not contaminating the spectrum.
The Chandra data was taken using a larger-than-usual 8′′ circu-
lar region to include all the soft emission (this source is a known
Luminous Infrared Galaxy, or LIRG), for easier comparison to
the XMM-Newton data. Again, the background was extracted
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from a circular region (15′′) radius, to avoid contamination. To
fit the soft emission in this source we tried both adding Gaus-
sian lines, or adding a second apec component (justified by this
source being in a merging system, as well as a known LIRG, see
Torres-Albà et al. 2018, for details). Adding two lines improved
the χ2 over adding a second apec, and the apec addition resulted
in inverted temperatures (i.e. the ‘cooler’ gas was more obscured
that the ‘hotter’ gas, which is physically implausible). We thus
opted to use the Gaussian lines.

Analysis of results: The data is well-fit by all models, which
are in reasonable agreement. However, the best-fit values for
cos(θObs) derived with borus02 and UXCLUMPY are incompati-
ble. The former favors an edge-on configuration, while the latter
favors an almost face-on one. Our results are compatible with
those of Zhao et al. (2021), whose analysis also favors an edge-
on scenario. The NH,los determinations are also in perfect agree-
ment with those of (González-Martín et al. 2016), for the Chan-
dra data. All models agree that this source shows significant
NH,los variability. We classified this source as ‘variable in NH,los’.

C.5. 3C 105

Data reduction/fitting: No issues to report.
Analysis of results: The data is well-fit by all models, which

are in good agreement. Our results are also consistent with those
of Zhao et al. (2021). Introducing NH,los variability is not nec-
essary to explain the data, and the p-value is also > 0.01 for
all models. We thus classified this source as ‘Non-variable in
NH,los’.

C.6. 4C+29.30

Data reduction/fitting: The Chandra data shows a complex
morphology in the soft band, including a jet further out from
the nucleus (see e.g., Siemiginowska et al. 2012). The usual 5′′-
radius source region was used, but the background was extracted
from a nearby 10′′-radius circle, rather than an annulus, in order
to avoid contamination. Furthermore, Chandra observation 1 has
low quality, which forced us to use 5 cts/bin, and fit with C-
statistic. The table shows therefore total Stat. instead of χ2. The
XMM-Newton emission was extracted as usual (avoiding the jet
emission), but the larger region (needed to include the XMM-
Newton PSF) resulted in including a larger fraction of hot gas.
An additional constant was used to weight the normalization of
apec, but both Chandra and XMM-Newton data were compatible
with having the same exact kT . A second XMM-Newton observa-
tion exists (Obs. ID: 0504120201) which was not used, as it fell
on the same day as the used XMM-Newton observation (Obs. ID:
0504120101) and was much shorter (see e.g., Sobolewska et al.
2012). All emission at >2 keV originates in the nucleus, there-
fore the NuSTAR data is not affected by the jet presence.

Even though the cross-normalization constants are compat-
ible with 1 within errors, forcing them all to stay equal to 1
resulted in meaningful shifts in NH,los. Therefore, we opted to
leave the necessary ones free to vary in this case.

Analysis of results: The data is well-fit by all models, which
are in good agreement. We note that Chandra observations 2−5
took place within ∼1 week, which likely explains the lack of
flux/NH,los variability among those observations. While it is clear
from the χ2

red comparison that the data requires some form of
variability (T > 20σ), neither intrinsic flux nor NH,los variability
is preferred over the other. The one exception to this is perhaps
borus02, which shows a tension of > 3σ between model and

data when no NH,los variability is allowed. This is likely due to
the high obscuration the model predicts for the XMM-Newton
observation. In any case, the tension is not significant enough,
and we classified this source as ‘Non-variable in NH,los’.

C.7. NGC 3281

Data reduction/fitting: The Chandra data was extracted using
a circle of radius 10′′ (background region, annulus 11−20′′) to
include all the extended emission (thus, making the compari-
son with the XMM-Newton data easier). An additional NuSTAR
observation exists that was not public at the moment this analysis
took place.

Analysis of results: The data is well-fit by all models,
although they are not in strong agreement: MYTorus favors a
low-NH,av scenario, while borus02 favors a high-NH,av one. Both
models are able to find an equivalent scenario to the best fit of the
other, although with worse statistics (χ2

red=1.14 for a MYTorus
configuration with high NH,av, and χ2

red=1.09 for a borus02 one
with low NH,av). Our borus02 best-fit is consistent with the
results of Zhao et al. (2021).

The models show significant disagreement in the best-fit val-
ues of NH,los, probably arising from different disentanglements of
the degeneracy with Γ and NH,av. borus02 and UXCLUMPY show
the best agreement, although the NuSTAR observation is signifi-
cantly more obscured in the UXCLUMPY best fit. MYTorus, on the
other hand, generally prefers higher obscuration. However, the
NuSTAR observation is compatible with the borus02 determi-
nation. Overall, this results in UXCLUMPY painting a much more
variable picture of the source. In any case, all models agree that
the source is indeed ‘NH,los variable’, and we thus classified it as
such.

C.8. NGC 4388

Data reduction/fitting: Chandra observations with Obs. ID
9276, 9277 and 2983 were not considered because they used
HETG/LETG grating. This galaxy has a prominent extended
emission, likely the result of star formation. We used a 12′′-
radius region (background annulus at radii 20−30′′) to include
it all in the analysis of Chandra data. The brightness and close-
ness of this galaxy results in great data quality, and therefore
more substructure is appreciated in the soft emission. We used a
two-apec model to describe it.

We note that the third XMM-Newton and the second NuSTAR
observations took place simultaneously. Another XMM-Newton
observation (Obs. ID: 0110930301) was not included, as it was
completely affected by flares.

Analysis of results: The best-fit of all models to the data
shows significant tension (T ∼20σ). This may be a result of
the large number of counts available for this source, compared
to that of the rest of the sample. It may be that our model is
too simple to adequately fit it. However, no obvious problem is
seen in the fit residuals that may point toward any specific issues.
This source is likely a good candidate to implement a more com-
plex treatment of the reflection component, such as the scenarios
mentioned in Sect. 7.

Despite the poorer fit, the models show remarkable agree-
ment, particularly in the NH,los determinations. The largest dis-
crepancy is in the photon index obtained by UXCLUMPY, which
is largely incompatible with those of borus02 and MYTorus.
The values of θobs obtained via UXCLUMPY and borus02 are
also incompatible, with UXCLUMPY favoring an edge-on scenario,
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while borus02 suggests a much more inclined viewing angle.
Our borus02 results are mostly in agreement with those of
Zhao et al. (2021), although they obtain much higher NH,av, on
the order of 1024 cm−2.

Even if the fit to the data might be improved by using more
complex models, it is clear that allowing both intrinsic flux and
NH,los variability significantly improves the fit. Taking this into
account, as well as the derived p-values, we classify this source
as ‘NH,los variable’.

C.9. IC 4518 A

Data reduction/fitting: For the second XMM-Newton observa-
tion, MOS2 was not used as it was corrupted.

Analysis of results: The data is well-fit by MYTorus and
borus02, with UXCLUMPY showing poorer statistics. This may be
a result of the strong reflection seemingly needed to fit the data.
In fact, this is one of the only two sources in our sample that
require the addition of an inner, CT reflection ring in UXCLUMPY.
This component was introduced into the UXCLUMPY model pre-
cisely because of difficulty fitting sources with strong reflec-
tion with only a cloud distribution (see Buchner et al. 2019).
MYTorus and borus02 also yield large values of NH,av, which
agrees with this interpretation. This scenario is remarkably sim-
ilar to that described in Pizzetti et al. (2022).

The results obtained from our best fit are consistent with
those of Zhao et al. (2021), although we obtained higher values
for NH,av (∼ 2 × 1024 cm−2 in the mentioned work).

While both the χ2
red comparison for all models and the p-

value obtained for UXCLUMPY suggest the need for NH,los vari-
ability, the p-values for MYTorus and borus02 remain above
the threshold. Therefore, we classified this source as ‘Undeter-
mined’.

C.10. 3C 445

Data reduction/fitting: We used an extraction region of 7′′ for
Chandra, as some extended emission is present. The background
was taken from an annulus, of radii 10−20′′. The source spectra
shows a prominent excess at around 2 keV that is best-fit with
a second, very hot apec component. It is not obvious whether
star-formation, or perhaps the presence of a jet, could result
in such very hot gas. Torres-Albà et al. (2018) used the two-
apec model to explain the soft emisson of a large sample of
U/LIRGs, and obtained a T2 distribution of median 0.97±0.18
keV, with a long tail extending up to 4.5 keV. However, this
galaxy is not classified as a U/LIRG, nor does it show obvi-
ous morphological signs of a merger (that could explain the
dense star formation required). The detection of radio emis-
sion points toward the presence of a jet, as does the slightly
elongated Chandra morphology. However, it is not obvious if
the jet presence could justify the addition of the second apec
component, from a physical point of view. We still opted to
use it in the model, given how it was required to explain the
data.

Analysis of results: The data is well-fit by all models,
although MYTorus requires unusually large reflection constants
(As90 and As0). It also results in a larger Γ than the other mod-
els. Furthermore, MYTorus and borus02 are barely in agree-
ment in their NH,los determinations, while UXCLUMPY results in
systematically lower values (incompatible with the other models
in three out of five observations). The most remarkable differ-
ence is in the NuSTAR observation, in which UXCLUMPY models

the observed flux with lower obscuration than the other models,
and compensates this with a lower intrinsic flux value. Precisely
because of this, UXCLUMPY is the only model that classifies the
source as ‘NH,los variable’, according to the p-value. However,
the χ2

red comparison shows that, even for UXCLUMPY, an alterna-
tive fit exists when imposing no NH,los variability, with T < 3σ.
Therefore, we opted to classify this source as ‘Non-variable in
NH,los’.

Our borus02 results are in good agreement with those of
Zhao et al. (2021), with the exception of the NH,av, for which
they obtain a much higher value of 1024 cm−2.

C.11. NGC 7319

Data reduction/fitting: We used an annulus of radii 10−20′′
to extract the Chandra background, in order to avoid a nearby
source. Similarly, we used a circular source extraction region
of only 15′′ for XMM-Newton, to avoid both extreme soft
excesses and CCD lines present around the source. No source
was detected in XMM-Newton Obs. ID 0021140401, and there-
fore it was not used in this analysis.

A double-apec model was used to fit the soft emission of
this galaxy, since it is part of a closely interacting system, which
is known to increase star forming activity.

Analysis of results: The data is well-fit by all models. How-
ever, UXCLUMPY yields significantly different values for NH,los for
the NuSTAR observations. Similarly to the case of 3C 445, it
models the NuSTAR observed flux by using both lower NH,los
and lower intrinsic flux values. This scenario is more simi-
lar to the best-fit Zhao et al. (2021) found for the source using
borus02. They detected no significant NH,los variability between
Chandra and NuSTAR, while needing a much lower intrinsic
flux for the NuSTAR observation. We recovered this solution
with MYTorus and borus02, with worse statistics. Interest-
ingly, the Zhao et al. (2021)/UXCLUMPY solution is statisti-
cally the best when not accounting for the soft X-ray emis-
sion (for borus02 and MYTorus). However, this solution
always has NH,av at the maximum value allowed by the
models.

Despite the mentioned differences, all models agree that
NH,los variability is required to explain the data, although this
effect is larger for MYTorus and borus02. We thus classified
this source as ‘NH,los variable’.

C.12. 3C 452

Data reduction/fitting: We used an annulus of radii 12−20′′
to extract the Chandra background, in order to avoid a nearby
source. 3C 452 also shows diffuse, soft, (very) extended emis-
sion, which is coming from a jet (see Isobe et al. 2002). Given
how the extraction region used by Chandra is smaller than that
of NuSTAR and XMM-Newton, when including the jet emission it
is necessary to use different jet normalization (i.e., the variation
of the parameter norm jet does not imply that the jet is varying
in flux). This source did not require any cross-normalization for
the AGN emission, with the exception of that associated to the
jet.

Analysis of results: The data is well-fit by all models, even if
they are not in perfect agreement. borus02 yields a significantly
smaller Γ value, and the determinations of θObs by UXCLUMPY
and borus02 are incompatible within errors. borus02 favors
an edge-on scenario, while UXCLUMPY favors a face-on one,
although with very large errors. Additionally, UXCLUMPY results
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in a much harder spectrum for the jet emission, when compared
to MYTorus and borus02. Our results for borus02 are compati-
ble with those obtained by Zhao et al. (2021), with the exception
of θObs, which in their case results in a face-on scenario. Addi-
tionally, Zhao et al. (2021) introduced some AGN flux variabil-

ity, which in our case was modeled via changes in the normal-
ization of jet flux.

All models agree that NH,los variability is required to explain
the data, but UXCLUMPY yields smaller values for all observa-
tions. We thus classified this source as ‘NH,los variable’.
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